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Background: Theophylline has been used in the treatment of
asthma and chronic obstructive pulmonary disease formore than
80 years. In addition to bronchodilator and anti-inflammatory
activity, clinical studies have suggested that theophylline acts as
an antitussive agent. Cough is the most frequent reason for
consultation with a family doctor, and treatment options are
limited. Determining how theophylline inhibits cough might lead
to the development of optimized compounds.
Objective: We sought to investigate the inhibitory activity of
theophylline on vagal sensory nerve activity and the cough reflex.
Methods: Using a range of techniques, we investigated the effect
of theophylline on human and guinea pig vagal sensory nerve
activity in vitro and on the cough reflex in guinea pig challenge
models.
Results: Theophylline was antitussive in a guinea pig model,
inhibited activation of single C-fiber afferents in vivo and
depolarization of human and guinea pig vagus in vitro, and
inhibited calcium influx in airway-specific neurons in vitro.
A sequence of pharmacological studies on the isolated vagus and
patch clamp and single-channel inside-out experiments showed
that the effect of theophylline was due to an increase in the open
probability of calcium-activated potassium channels. Finally, we
demonstrated the antitussive activity of theophylline in a
cigarette smoke exposure model that exhibited enhanced tussive
responses to capsaicin.
Conclusion: Theophylline inhibits capsaicin-induced cough
under both normal and ‘‘disease’’ conditions by decreasing the
excitability of sensory nerves through activation of small- and

intermediate-conductance calcium-activated potassium
channels. These findings could lead to the development of
optimized antitussive compounds with a reduced side effect
potential. (J Allergy Clin Immunol 2014;nnn:nnn-nnn.)
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Theophylline has been used in the treatment of respiratory
diseases, such as asthma and chronic obstructive pulmonary
disease (COPD), for more than 80 years. Although in
industrialized countries b-agonists and steroids are the preferred
treatment, globally, theophylline remains a widely prescribed
drug, particularly in patients with more severe disease, because it
is cheap and readily available.1 Although it has been primarily
prescribed for its bronchodilator activity, there is a large body
of evidence suggesting that it also possesses anti-inflammatory
activity in both asthmatic patients and patients with COPD.2-4

Furthermore, clinical studies have shown that adding theophyl-
line to inhaled steroids in patients with mild-to-moderate asthma
and to long-actingb-adrenoceptor agonists in patients with severe
COPD provides additional clinical improvement. In addition to
these properties, preclinical and clinical studies have suggested
that both theophylline and another methylxanthine, theobromine,
act as antitussive agents in several preclinical studies and in
patients with a range of clinical conditions.5,6 In children and
adults with poorly controlled asthma, theophylline significantly
improved symptom scores for cough and wheeze compared
with placebo.7 Theophylline has also been recommended for
the treatment of cough in patients with COPD8 and has been
shown to be effective for treating angiotensin-converting enzyme
inhibitor–related cough.9

Cough is a protective reflex and defense mechanism in healthy
subjects.10 However, cough is also the most common respiratory
complaint for which medical attention is sought,11 often presents
as the first and most persistent symptom of many respiratory
diseases, and can be idiopathic in nature.12 Chronic persistent
cough has a profoundly detrimental and debilitating effect on
quality of life that can lead to social isolation and clinical
depression.13 Cough is a major problem that leads patients to
use over-the-counter remedies as first-line treatments; United
Kingdom sales were greater than £350 million in 2004, and
US sales were greater than $2 billion.14 However, a recent
meta-analysis established that there was no good evidence for
the effectiveness of such remedies.15 Therefore the mechanisms
underlying chronic cough and the identification of novel
therapeutic targets for its treatment present a grossly neglected
and unmet clinical need.

In this study we have demonstrated that theophylline inhibits
sensory nerve activation and the cough reflex and uncovered a
possible mechanism of action. This study highlights a previously
unrecognized benefit of theophylline that could explain the
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Abbreviations used

BKca channel: Large-conductancecalcium-activatedpotassiumchannel

[Ca21]i: Intracellular calcium

COPD: Chronic obstructive pulmonary disease

DiI: DilC18(3)-1,19-dioctacetyl-3,3,39,39-
tetramethyl-indocarbocyanine perchlorate

ECS: Extracellular solution

IK channel: Intermediate-conductance calcium-activated

potassium channel

PDE: Phosphodiesterase

PGE2: Prostaglandin E2

SK channel: Small-conductance calcium-activated potassium channel

TRP: Transient receptor potential

positive effects seen in patients with respiratory disease.
Elucidating the mechanism of action could lead to the develop-
ment of optimized compounds with a reduced side effect profile.

METHODS
For a more detailed discussion of the methods used in this study, please see

the Methods section in this article’s Online Repository at www.jacionline.org.

Animals
Male guinea pigs (Dunkin-Hartley, Harlan, United Kingdom) weighing

350 to 450 g (400-750 g for single-fiber in vivo studies) were housed in

temperature-controlled (218C) facilities with food and water ad libitum for

at least 1 week before the experiment. All experiments were performed in

accordance with the UK Home Office guidelines for animal welfare based

on the Animals (Scientific Procedures) Act of 1986.

Effect of theophylline on citric acid–and capsaicin-

evoked cough in conscious guinea pigs
Conscious unrestrained guinea pigs were placed in individual plastic,

transparent, whole-body plethysmograph chambers, and cough was detected,

as previously described.16,17

Effect of theophylline on capsaicin-induced firing of

single-fiber afferents and bronchospasm in vivo
Guinea pigs were anaesthetized with urethane (1.5 g/kg) intraperitoneally.

The trachea was cannulated, and pressure was measured with an air pressure

transducer connected to a side arm of the tracheal cannula. Animals

were paralyzed with vecuronium bromide, initially administered at a dose

of 0.10 mg/kg intravenously, followed every 20 minutes with 0.05 mg/kg

administered intravenously to maintain paralysis. Firing of single-fiber

afferents and bronchospasm was measured, as previously described.18

Effect of theophylline on depolarization of the

vagus nerve preparation to various tussive agents
Guinea pigs were culled with an overdose of pentobarbitone (200 mg/kg

administered intraperitoneally). The 2 vagus trunks were carefully dissected

free and placed inKrebs–Henseleit solution. Segments of the vagus nervewere

mounted in a ‘‘grease-gap’’ dual recording chamber system, as previously

described.19,20

Primary culture of sensory neurons
Calcium imaging of primary sensory jugular ganglia was performed,

as previously described.21 Identification of airway sensory neurons was

done by means of intratracheal administration of the retrograde neuronal

tracer DilC18(3)-(1,19-dioctacetyl-3,3,39,39-tetramethyl-indocarbocyanine

perchlorate) (DiI; Invitrogen, Carlsbad, Calif) 2 weeks before collecting

the ganglia and isolating the cells. Camptothecin was used to inhibit

mitotic cell growth during the primary culture of neurons, and airway

neuron staining with DiI was assessed with 531/40 nm and 593/40 nm

excitation/emission filters (BS 565) before experimentation. Intracellular

calcium [Ca21]i and membrane voltage changes were simultaneously

optically measured in primary cultured dissociated jugular neurons

(see the Methods section in this article’s Online Repository). The

effect of theophylline on small-conductance calcium-activated potassium

channel (SK channel) and intermediate-conductance calcium-activated

potassium channel (IK channel) currents and analysis of the direct effect

of theophylline on calcium-activated potassium channels in the jugular

ganglia were also investigated (see the Methods section in this article’s

Online Repository).

Cigarette smoke exposures
Guinea pigs were exposed to cigarette smoke from research cigarettes

(3R4F, with filters removed; University of Kentucky, Lexington, Ky) for

1 hour twice daily, with 4 hours between each bidaily exposure period.

Cigarette smoke exposure protocols are described in the Methods section in

this article’s Online Repository and were similar to those described by

Eltom et al.22

Drugs and solutions
All compounds and drugs used are described in the Methods section in this

article’s Online Repository. The amount of vehicle (dimethyl sulfoxide) was

limited to 0.1% to avoid possible side effects, and the effect of theophylline

at each concentration was obtained in the presence of the same amount of

vehicle each time. In all the experimental design paradigms, the effect of

vehicle alone was assessed, and no significant effect observed.

RESULTS

Effect of theophylline in a conscious guinea pig

cough model
Theophylline (1 hour before treatment) decreased the

number of coughs induced by aerosolized capsaicin (60 mmol/L,
n 5 15; Fig 1, A) and citric acid (300 mmol/L, n 5 12-15;
Fig 1, B).

Effect of theophylline on C-fiber activation by

capsaicin in vivo
Capsaicin, when nebulized into the lungs of anaesthetized

guinea pigs, induced a burst of vagal C-fiber firing that was
significantly reduced by theophylline (Fig 2, A-C). Theophylline
administration per se did not modify the spontaneous firing
observed in the vagal C-fibers (Fig 2, C). Capsaicin also induced
a prolonged bronchoconstriction (which followed the C-fiber
firing) that was almost entirely abolished in the presence of
theophylline (Fig 2, A, D, and E). The possibility exists that
some of the C-fiber firing could be induced indirectly after the
bronchoconstrictor response elicited by capsaicin and that
theophylline is merely acting as a bronchodilator. Aerosolized
prostaglandin E2 (PGE2) was also used to induce bursts of C-fiber
firing to address this concern. Action potential trains were
obtained that were, on average, similar in total duration to
capsaicin and were not associated with any bronchoconstriction
(Fig 2, F, top panel). Theophylline significantly decreased
PGE2-induced firing (Fig 2, F, bottom panel).
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Characterizing theophylline inhibition of vagal axon

excitation
Theophylline inhibited capsaicin-induced depolarization of

the guinea pig vagus axon in a concentration-dependent fashion
(Fig 3, A and B). A submaximal concentration of theophylline (10
mmol/L) similarly inhibited depolarization to a range of sensory
nerve stimulants, concentrations of which were selected from pre-
vious studies: capsaicin (1 mmol/L), PGE2 (10 mmol/L),17,19

acrolein (300 mmol/L),16 bradykinin (3 mmol/L),21 resinifera-
toxin (3 nmol/),16 and low pH (pH 5)16 (Fig 3, C).

Effect of potassium channel blockers on the

inhibitory effect of theophylline on capsaicin-

induced depolarization of guinea pig vagus
The general inhibitory effect of theophylline suggested that,

rather than blocking a specific receptor, it could activate a
mechanism that combats the depolarization of the neuronal
membrane by decreasing its excitability. Using pharmacological
agents at previously determined concentrations,23 we investigated
the role of potassium channels on the inhibitory effect of
theophylline. Preincubation with paxilline (a large-conductance
calcium-activated potassium channel [BKCa channel] blocker)
or glibenclamide (an ATP-sensitive potassium channel [KATP

channel] blocker) did not modify the inhibitory effect of theoph-
ylline on capsaicin (1 mmol/L)–induced depolarization of the va-
gus. In contrast, apamin (a highly selective SK1, SK2, and SK3
channel blocker) and clotrimazole (a selective IK blocker) signif-
icantly decreased the inhibitory effect of theophylline (Fig 4, A).
We reproduced the inhibitory effect observed with theophylline
using NS309 (an SK channel opener), and this inhibition was
significantly reduced in the presence of UCL1684 (10 mmol/L;
an SK channel blocker; Fig 4, C).

Effect of theophylline on human vagal sensory

nerve activation
Theophylline significantly inhibited capsaicin-induced depo-

larization, an effect that was blocked in the presence of apamin
but not clotrimazole (in contrast to the data generated in guinea
pig vagus; Fig 4, D and E).

Effect of theophylline on capsaicin-induced changes

in [Ca21]i levels and membrane voltage in primary

guinea pig sensory jugular neurons
The free resting calcium level was calculated under our

experimental conditions to be between 60 and 132 nmol/L
(average, 122 6 28 nmol/L; n 5 5) at rest in primary cultured
jugular neurons. This is lower than the estimated median effective
concentration of calmodulin (an SK channel calcium sensor) for
calcium (approximately 300-500 nmol/L) and suggests that the
SK channel will not be activated under basal conditions.
Capsaicin (1 mmol/L) in extracellular solution (ECS) was applied
through a fast perfusion for 30 seconds, and the response
was recorded until the signal returned to baseline. Theophylline
produced a concentration-dependent inhibition of capsaicin-
induced [Ca21]i increase and membrane depolarization (Fig 5,
A). From these experiments, a working concentration of
theophylline (0.1 mmol/L) was chosen as an approximate median
effective concentration (an effective concentration that blocks
50% of the maximal response) for future studies. Theophylline
also inhibited capsaicin-induced excitation of airway sensory
neurons originating from the jugular ganglion (Fig 5, B). The
inhibition achieved was similar to the inhibition obtained on
the response of all neurons (both airway-specific and nonairway
neurons).

Effect of theophylline on SK and IK channel

potassium currents in the jugular ganglia and

analysis of the direct effect of theophylline on

calcium-activated potassium channels
The effect of theophylline on the resting membrane potential of

primary jugular neurons was investigated with a patch clamp.
A perforated patch configuration was used to preserve the
intracellular content and [Ca21]i levels, and the cells were
constantly perfused with ECS at 378C. Theophylline significantly
hyperpolarized the membrane (Fig 6, A). Because the SK and IK
channel blockers apamin and clotrimazole blocked the inhibitory
effect of theophylline on vagus nerve activation, we investigated
the effect of theophylline on these currents. However, before
recording the potassium currents, the cell perfusion was switched
to calcium-free modified ECS to prevent calcium entry into
the cell during depolarization and to maintain the [Ca21]i

FIG 1. Effect of theophylline on induced cough in a conscious guinea pig

model. The effect of theophylline on the number of coughs induced

by nebulized solutions of capsaicin (5 minutes, n 5 15; A) or citric acid

(10 minutes, n 5 12-15; B) into the plethysmograph recording chamber

and recorded over 10 minutes from the start of nebulization is shown.

The vehicle (Veh; 0.5%methylcellulose and 0.2% Tween 80 in saline admin-

istered intraperitoneally) or theophylline (administered intraperitoneally)

dose 1 hour before cough challenge is indicated. Data are presented as

means 6 SEs. **P < .01 and ***P < .001 using 1-way ANOVA with the

Dunnett multiple comparison post hoc test.
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concentration at its resting value. Modified ECS was switched
back to ECS (calcium, 2.5 mmol/L) for all washout periods to
prevent the cells from depleting their calcium stores. Sodium
and calcium currents were blocked with nifedipine, tetrodotoxin,
and salt substitution with choline. We used recording subtraction
to isolate the potassium current generated by the SK and IK

populations of channels: recordings made in the presence of
clotrimazole (10 mmol/L, a selective IK channel blocker) or
apamin (1 mmol/L, a selective SK1, SK2, and SK3 blocker) in
modified ECS were subtracted from their respective control
recordings also done in modified ECS to obtain the clotrimazole-
or apamin-sensitive currents (ie, the portion of the whole

FIG 2. Effect of theophylline on airway vagal sensory afferent nerve firing and bronchospasm. A, Firing of a

single vagal C-fiber (top trace) and simultaneous airway/tracheal pressure change (bottom trace). Capsaicin

(100 mmol/L aerosol for 15 seconds, solid triangles), saline (Sal; 10 mL/kg, open triangles), or theophylline

(100 mg/kg administered intravenously) was administered as indicated. B-E, Histograms representing the

average total impulse count over time (5-minute window from nebulization) recorded from single vagal

C-fibers or average changes in airway/tracheal pressure in response to capsaicin in the presence of saline

(Fig 2, B and D) or theophylline (Fig 2, C and E), respectively. Data are expressed as means 6 SEs. *P <

.05 after analysis with the paired t test (n 5 3). F, Example recording of the effect of theophylline on PGE2

(100 mg/mL, aerosol for 1 minutes)–induced changes in airway/tracheal pressure change (top trace) and

simultaneous vagus nerve single C-fiber firing (bottom trace).
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potassium current blocked by each specific blocker). Fig 6, B
(left panel), shows clotrimazole-sensitive currents obtained in
control conditions (modified ECS 1 vehicle 2 theophylline
free) and after incubation with theophylline (0.1 mmol/L) in
modified ECS. The current density-voltage relationship displayed
in the right panel indicates that the clotrimazole-sensitive current
(IK) was significantly increased after incubation with theophyl-
line (0.1 mmol/L) at resting calcium levels (n 5 4). However,
the difference between the 2 curves only reached significance
(P <.05) when the potential reached160 mV with a 56% current
density increase from 0.256 0.04 pA/pF up to 0.396 0.05 pA/pF
at160 mV (n5 4). The apamin-sensitive current (Fig 6, C) was
also significantly increased after incubation with theophylline
(0.1 mmol/L) at resting calcium levels (n 5 4). The difference
between the 2 current-voltage curves reached significance for a

membrane potential of 230 mV (P < .05), with a 105% current
density increase from 1.06 6 0.10 pA/pF up to 2.17 6 0.21 pA/
pF at 230 mV (n 5 4).

In single-channel inside-out experiments an excised patch
of membrane was successively exposed to control solutions
containing vehicle and supplemented with high and low
free calcium concentrations. The patch was then exposed to
theophylline (0.1 mmol/L) in solutions containing high and low
calcium concentrations to compare the open probability of the
same patch in all 4 conditions. Fig 7, A, shows the opening of the
channels from a patch of membrane with or without theophylline
in the bath. The theophylline effect appeared to be calcium
dependent because it did not induce any further channel opening
in low calcium. Unitary current was not changed after theophyl-
line application (0.97 6 0.16 pA in control vs 1.01 6 0.17 pA
in the presence of theophylline, n 5 5), whereas the channel
open probability increased by 62% 6 7% at 2100 mV voltage
in the presence of 500 nmol/L free calcium (Fig 7, B).

Effect of theophylline on enhanced cough caused

by capsaicin
In this model exposure to cigarette smoke significantly

enhanced cough induced by capsaicin (Fig 8). Pretreatment
with theophylline almost abolished this enhanced cough.

DISCUSSION
Theophylline has been used in the treatment of asthma and

COPD for many years and is still prescribed for its bronchodilator
activity and low cost.1 However, the need for therapeutic drug
monitoring and the hesitancy of clinicians to use theophylline
because of a perceived poor side effect profile has resulted in
the drug not being widely used. In the developed world it is
more commonly used as a third-line treatment, particularly in
patients with poorly controlled disease.1 Despite current COPD
guidelines indicating that theophylline is of limited value in the
routine management of COPD, many controlled clinical trials
support its utility in patients with stable COPD24,25 and also
observed worsening of the clinical state when theophylline was
withdrawn. Furthermore, it has also been recommended for the
treatment of cough in patients with COPD.8,26 In children and
adults with poorly controlled asthma, theophylline significantly
improved symptom scores for cough and wheeze compared
with placebo,7 and it has been shown to be effective for treating
angiotensin-converting enzyme inhibitor–related cough.9

The antitussive activity of another methylxanthine, theobro-
mine, has also been demonstrated in preclinical and clinical
studies.5,6 However, in previous studies it was suggested that this
property was particular to theobromine and not related to its
methylxanthine activity.27,28 However, the data presented
suggest that theophylline might present a readily available and
inexpensive alternative therapy to opioids for the treatment of
cough, which might be better tolerated and could be prescribed
for chronic cough throughout the developing and developed
world. The aim of these studies was to test the hypothesis that
theophylline possesses general antitussive activity by inhibiting
sensory nerve activity, thus highlighting a new application for
an old drug and potentially identifying a novel antitussive
mechanism that can be targeted by new therapeutic agents with
a more optimal therapeutic ratio.

FIG 3. Effect of theophylline on vagus nerve depolarization. A, Effect of

theophylline or vehicle (0.1% dimethyl sulfoxide, white bar) on capsaicin

(1 mmol/L)–induced depolarization of the guinea pig vagus nerve

(n 5 6-13). The gray bar indicates the working concentration chosen for

further experiments. *P < .05 and ***P < .001 using 1-way ANOVA with

the Dunnett multiple comparison post hoc test. B and C, Representative

trace (Fig 3, B) and box-and-whiskers diagram (Fig 3, C) showing the

percentage inhibition of TRPA1 and TRPV1 agonist–induced vagal

depolarization induced by theophylline (10 mmol/L, n 5 4-6 per agonist)

in which the middle line of the box indicates the median, the lower line

indicates the minimum, and the upper line indicates the maximum.

Whiskers indicate the 25th and 75th percentiles. Selected agonists were

capsaicin (Cap; 1 mmol/L), acrolein (Acro; 300 mmol/L), resiniferatoxin

(RTX; 3 nmol/L), acidity (pH 5, low pH), PGE2 (10 mmol/L), and bradykinin

(BK; 3 mmol/L).
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FIG 4. Inhibition of the effect of theophylline on guinea pig vagus sensory nerve depolarization.

A, Theophylline inhibition of capsaicin (1 mmol/L)–induced depolarization in the presence of various ion

channel blockers: paxalline (BKCa channel, n 5 5), apamin (SK channel, n 5 5), clotrimazole (IK channel,

n5 4), glibenclamide (KATP channel, n5 5), and vehicle (0.1% dimethyl sulfoxide, n5 7). Data are expressed

as means 6 SEs. *P < .05 and **P < .01 using 1-way ANOVA with the Bonferroni multiple comparison post

hoc test. B, Inhibitory effect of NS309 (SK channel opener) on capsaicin-induced depolarization (n5 4-6). C,

Point and line graphs showing the inhibition of capsaicin-induced depolarization by NS309 (30 mmol/L; left

panel, n 5 4) and the reversal induced by preincubation with the SK blocker UCL1684 (10 mmol/L; right

panel, n 5 3). D, Representative traces showing responses to capsaicin (1 mmol/L, solid triangles) recorded

by using human vagus nerve before and after incubation with theophylline (10 mmol/L) in the presence

of vehicle (0.1% dimethyl sulfoxide, top trace) or the SK channel blocker apamin (1 mmol/L, bottom trace,

n 5 4). E, Effect of vehicle, apamin, or clotrimazole on theophylline-induced inhibition of capsaicin-

induced depolarization of human vagus nerve (n 5 4). Data are expressed as means 6 SEs. *P < .05 after

analysis with the paired t test.
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In the present study the antitussive activity of theophylline was
demonstrated in a conscious guinea pig cough model against both
capsaicin and citric acid challenge, which are commonly used
tussive stimuli in human challenge studies.29 This is consistent
with a previous study that found significant inhibition of citric

acid–induced cough using theophylline at 10 mg/kg.5 To confirm
an inhibitory effect on airway vagal afferents, we demonstrated an
effect of theophylline on capsaicin-induced excitation of airway
sensory neurons originating from the jugular ganglion. Further-
more, single-fiber recording studies demonstrated an inhibitory

FIG 5. Inhibition of capsaicin-induced activation of vagal sensory ganglia. A, Concentration-related

inhibitory effect of theophylline on capsaicin (1 mmol/L)–induced [Ca21]i signal (left panel) and membrane

depolarization (right panel) of jugular sensory neurons (n 5 10-22 per concentration; N 5 4 animals). Data

are presented as means 6 SEs. *P < .05 and ***P < .001 using 1-way ANOVA with the Bonferroni multiple

comparison post hoc test. B, Left panel, The top image shows primary cultured neurons dissociated from

jugular sensory neurons in bright field (open triangles). Of these 5 neurons, only 1 neuron stained with

retrograde tracer DiI originated from the airway (bottom image, indicated by white arrow). Top right panel,

Trace (F340/F380 ratio, vertical left scale) showing [Ca21]i levels recorded with Fura2 for the airway neuron

exposed to potassium solution (K50; KCl 50 mmol/L) and then capsaicin (solid triangles) before and after

incubation with theophylline. Lower right panel, Histogram showing inhibition of capsaicin-induced

[Ca21]i signal and membrane depolarization by theophylline in sensory neurons (N 5 4 animals; n 5 6

airway and n 5 15 nonairway). Data are presented as means 6 SEs.
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action of theophylline on capsaicin-induced action potential
generation in C-fiber afferents. The inhibitory activity on
capsaicin-sensitive C-fibers was also accompanied by an

inhibition of capsaicin-induced bronchospasm, confirming the
bronchodilator activity of theophylline at a similar dose range.
Antitussive activity of compounds, such as b2-adrenoceptor

FIG 6. Theophylline hyperpolarizes neurons by potentiating calcium-activated potassium currents. A, Left

panel, Box-and-whisker graph showing the range of membrane potentials at rest. Middle panel, Trace of

membrane potential change recorded during incubation with vehicle or theophylline in current clamp

mode (I 5 0) and perforated patch whole-cell configuration. Right panel, histogram of the averaged resting

membrane potential change recorded on 4 cells. Data are expressed as means 6 SEs. *P < .05 compared

with the control (vehicle, 0.1% dimethyl sulfoxide) using the Mann-WhitneyU test. B, Currents were elicited

by 800-ms square depolarizing pulses from 2100 mV up to 1120 mV with a 10-mV increment and 270 mV

holding potential. The zero current levels are indicated by an arrow on the left of the traces. Left panel,

Clotrimazole (10 mmol/L)–sensitive current obtained under control (0.1% dimethyl sulfoxide) conditions

and after incubation with theophylline. Right panel, Current density-voltage relationships in the control

condition (open circles, n 5 4) and after incubation with theophylline (0.1 mmol/L, solid circles, n 5 4).

C, Left panel, Apamin (1 mmol/L) sensitive current obtained control condition (0.1% dimethyl sulfoxide)

and after incubation with theophylline. Right panel, Current density-voltage relationships under control

conditions (open circles, n 5 4) and after incubation with theophylline (0.1 mmol/L, solid circles, n 5 4).

Data are expressed as means 6 SEs. Current density amplitudes were compared by using 2-way ANOVA

and Bonferroni post hoc tests. *P < .05.
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agonists,23 has been attributed previously to bronchodilator
activity.30 Aerosolized PGE2 was also used to induce bursts of
C-fiber firing to validate our hypothesis that theophylline has a
direct inhibitory effect on C-fiber afferents in vivo, rather than
acting simply as a bronchodilator. Theophylline inhibited the
action potential trains obtained to aerosolized PGE2, an agent
that activates C-fibers without evoking bronchoconstriction.

In further experiments to circumvent the potentially con-
founding bronchodilator properties of theophylline and to

explore its pharmacology in more detail, an isolated vagus
nerve preparation was used to study its effects directly on
sensory nerve depolarization, which is a measure of sensory
nerve activity.20,31 This technique has previously been charac-
terized, and the vagus axon has been shown to respond to a
range of agents known to cause cough both in preclinical
models and human cough studies. Furthermore, it provides the
opportunity to conduct a comprehensive pharmacologic assess-
ment of the direct action of drugs on the vagus without the phar-
macokinetic and numerous other considerations that limit the
interpretation of in vivo data. Although there are certain caveats
to using this technique, which have been extensively discussed
in other publications,19 it appears that responses in guinea pig
and human tissues are comparable and that the results translate
to in vivo models, suggesting that this technique is amenable for
use in studying the mechanisms involved in sensory nerve mod-
ulation.16,17,21 Theophylline inhibited capsaicin-induced depo-
larization of both guinea pig and human isolated vagus nerve
preparations. These data and the in vivo single-fiber recording
studies would suggest that the antitussive effect of theophylline
is due to a peripheral action on airway vagal sensory nerve
activity and not its bronchodilator activity.

Even in its recognized clinical role as a bronchodilator, the
underlying mechanism of action of theophylline is unclear.
However, it is known that theophylline is a weak and nonselective
phosphodiesterase (PDE) inhibitor that breaks down cyclic
nucleotides in the cell, leading to an increase in cyclic AMP
and cyclic GMP concentrations. Furthermore, there have been
some reports suggesting that certain PDE4 inhibitors can inhibit
cough to inhaled capsaicin in normal guinea pigs32,33 and in
allergic guinea pigmodels of asthma.32,34-36 However, in contrast,

FIG 7. Theophylline directly activates the SK channel independently from intracellular machinery.

Application of theophylline increases the open probability of SK channels in the presence of calcium.

A, Traces acquired at 2100 mV of channel openings recorded from the same patch of membrane in the

presence of the control (0.1% dimethyl sulfoxide, top panel) and in the presence of theophylline

(bottom panel)with high or low free calcium levels ([Ca21]i). The channel closed state (i5 0 pA) is indicated

on the right by a solid triangle. Open states are indicated with a bracket on the left and identified by a dotted

line. Current and time scales are indicated between both panels by black bars. B, Normalized amplitude

histograms of the single-channel traces from the patch displayed in Fig 7, A, recorded at high calcium levels

over 30 seconds and fitted by using a Gaussian function. The current level corresponding to the closed state

of the channel (0 pA) is indicated by a solid triangle. The amplitude scale is indicated below the histograms

on the x-axis.

FIG 8. Theophylline inhibits cigarette smoke–enhanced capsaicin-evoked

cough. Histograms showing cough counts per 10 minutes in response to

nebulized capsaicin (30 mmol/L for 5 minutes) for air-exposed (white bar) or

smoke-exposed (black bars) animals. Data are expressed asmeans6 SEMs

(n5 12). **P < .01when comparing the response of air-exposed and smoke-

exposed animals to capsaicin. ���P < .001 when comparing smoke-exposed

animals’ response to capsaicin after treatment with theophylline

(100 mg/kg administered intraperitoneally 1 hour before the experiment)

or vehicle alone (0.5% methylcellulose and 0.2% Tween 80 in saline).
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a lack of effect of PDE4 inhibition on citric acid–induced cough in
normal guinea pigs has also been reported.35 It is unlikely that
PDE inhibition can account for the inhibitory effect of theophyl-
line on sensory nerve depolarization and thereby its antitussive
activity, given that theophylline is reported to inhibit PDE1,
PDE2, PDE3, PDE4, and PDE5 with inhibitory concentration
of 50% (IC50’s) values of 280, 55, 98, 100 and 630 mmol/L in
human cell–based assay systems,37-39 whereas theophylline in-
hibited vagal sensory nerve depolarization in this study with an
approximate IC50 of 3 mmol/L. However, an in vivo inhibitory ef-
fect of theophylline on PDE4 activity cannot be completely ruled
out with regard to its in vivo antitussive activity. At therapeutic
concentrations, theophylline can also act as an antagonist of aden-
osine A1, A2, and A3 receptors. Furthermore, adenosine has been
shown to activate sensory afferents through A1 and A2a recep-
tors.40 However, we have established that theophylline inhibits
depolarization to a variety of tussive agents, including transient
receptor potential (TRP) V1 agonists (capsaicin and resinifera-
toxin), TRPA1 ligands (acrolein), PGE2, bradykinin, and low
pH, suggesting that theophylline acts as a general inhibitor of
neuronal excitability rather than an adenosine receptor
antagonist.

This study shows that theophylline decreases the excitability of
sensory nerves and thereby induced cough. Further investigation of
themechanism of action using the isolated vagus nerve preparation
and a pharmacological approach demonstrated it to be an activator
of calcium-activated potassiumchannels, which are involved in the
control of many neuronal processes, including regulation of the
firing rate along axons.41We showed the effect of theophyllinewas
due to activation of apamin-sensitive SK channels (SK1, SK2, and
SK3) and, to a lesser extent, IK channels in guinea pig and human
vagal afferents. These data are consistent with articles suggesting
that these channels are expressed in human peripheral sensory
nerves.42 Inhibition by theophylline of the calcium and voltage sig-
nals to the tussive agent was not preceded by an increase in [Ca21]i
levels, indicating that the concentrations of theophylline used did
not modify basal [Ca21]i levels in isolated sensory neurons.

To investigate this in more detail, we used a perforated patch
clamp system to preserve all intracellular content while prevent-
ing calcium influx, which would change basal [Ca21]i levels
through calcium-induced calcium release. Our electrophysiolog-
ical data indicated that theophylline activates guinea pig IK and
apamin-sensitive SK channels at resting [Ca21]i levels to inhibit
the depolarization of jugular neurons and are consistent with
data from Schroder et al43 demonstrating that methylxanthines
activate potassium channels without an increase in [Ca21]i levels.
Although the activation was not secondary to an increase in
[Ca21]i levels, single-channel recording suggested a requirement
for calcium to be present. The reduced activation of the IK channel
in comparison with the SK channel and the absence of an effect on
the BKCa channel could be linked to the different calcium
sensitivity and voltage dependence of these channels. Indeed,
IK channel open probability is poorly dependent on voltage and
is largely regulated by [Ca21]i. Its opening concentration
threshold can vary over a range of concentrations depending on
the conditions but remains higher than for SK. The BKCa channel
open probability is voltage dependent and requires high [Ca21]i
levels, suggesting that theophylline’s effect at the concentration
used was not enough to enhance activation of the BKCa channel
by [Ca21]i levels.

44,45 On the other hand, the SK channel is highly
sensitive to calcium and voltage insensitive. This gives it the

ability to open at low [Ca21]i levels independent from the
membrane potential, and it has been shown to be important in
controlling neuronal excitability and firing rate along axons.46

The wide range of calcium sensitivity for IK channel gating and
the need for high depolarization/increase in [Ca21]i levels to
open BKCa suggests that the resting [Ca21]i levels under these
conditions would not be sufficient for theophylline to open these
channels. Theophylline binding to the SK channel could either
directly modify the open probability independently from the
gating or increase the binding of calcium, thereby acting as cal-
cium sensitizer. However, the possible activation of the IK chan-
nel, BK channel, or both by theophylline, when sensory neurons
are activated, [Ca21]i levels are increased, and the membrane is
depolarized, also remains a possibility. As mentioned previously,
an in vivo inhibitory effect of theophylline on PDE4 activity
cannot be completely ruled outwith regard to its invivo antitussive
activity, and in fact, protein kinase A activation has been shown to
indirectly activate the SK channel through an increase in [Ca21]i
levels.47 However, although protein kinase A regulates IK chan-
nels in oocytes,48 this is not apparent in mammalian cells.43,49

Therefore the possibility exists that the effect of theophylline on
SK channels could be mediated indirectly through an inhibition
of PDE activity.

Recently, ion channels of the TRP class, such as TRPV1, have
been implicated in the heightened cough sensitivity seen in
disease, and several studies have demonstrated an increase in
cough reflex sensitivity to capsaicin challenge in patients with
COPD.50,51 These datamight indicate that TRPV1 channels could
be key effectors of tussive responses in this disease and that these
channels could be associated with long-term potentiation of the
cough reflex. Capsaicin-induced tussive responses are also
increased in our conscious guinea pigmodel after cigarette smoke
exposure, modeling the human pathophysiology. The ability of
theophylline to decrease this exaggerated tussive response
suggests that this therapeutic approach might be effective in the
treatment of cough associated with COPD.

In conclusion, the antitussive activity of theophylline under
normal and disease conditions highlights a previously unrecog-
nized beneficial property of theophylline, and the discovery of its
mechanism of action might lead to the development of optimized
compounds with a reduced side effect potential.

Key messages

d Clinical studies have suggested that theophylline acts as
an antitussive agent in a range of conditions; however,
the mechanism of action is not known.

d Here we show that theophylline inhibits sensory nerve
activation (human and guinea pig) to a range of tussive
stimuli through increasing the open probability of
calcium-activated potassium channels (predominantly
the SK channel).

d These findings could highlight a previously unrecognized
beneficial property of theophylline and lead to the
development of optimized antitussive compounds.

REFERENCES

1. Barnes PJ. Theophylline. Am J Respir Crit Care Med 2013;188:901-6.

2. Barnes PJ, Pauwels RA. Theophylline in asthma: time for reappraisal? Eur Respir

J 1994;7:579-91.

J ALLERGY CLIN IMMUNOL

nnn 2014

10 DUBUIS ET AL

http://refhub.elsevier.com/S0091-6749(13)01781-8/sref1
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref2
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref2


3. Culpitt SV, de Matos C, Russell RE, Donnelly LE, Rogers DF, Barnes PJ.

Effect of theophylline on induced sputum inflammatory indices and neutrophil

chemotaxis in COPD. Am J Respir Crit Care Med 2002;165:1371-6.

4. Lim S, Tomita K, Carramori G, Jatakanon A, Oliver B, Keller A, et al. Low-dose

theophylline reduces eosinophilic inflammation but not exhaled nitric oxide in

mild asthma. Am J Respir Crit Care Med 2001;164:273-6.

5. Mokry J, Nosalova G, Mokra D. Influence of xanthine derivatives on cough and

airway reactivity in guinea pigs. J Physiol Pharmacol 2008;60:87-91.

6. Usmani OS, Belvisi MG, Patel HJ. Theobromine inhibits sensory nerve activation

and cough. FASEB J 2005;19:231-3.

7. Bose B, Cater JI, Clark RA. A once daily theophylline preparation in preven-

tion of nocturnal symptoms in childhood asthma. Eur J Pediatr 1987;146:

524-7.

8. Irvin RS, Baumann MH, Bolser DC, Boulet L-P, Braman SS, Brightling CE.

Diagnosis and management of cough executive summary: ACCP evidence based

clinical practice guidelines. Chest 2006;129(Suppl):1S-23S.

9. Cazzola M, Matera MG, Liccardi G, De Prisco F, D’Amato G, Rossi F.

Theophylline in the inhibition of angiotensin-converting enzyme inhibitor-

induced cough. Respiration 1993;60:212-5.

10. Widdicombe JG. Neurophysiology of the cough reflex. Eur Respir J 1995;8:

1193-202.

11. Cherry DK, Burt CW, Woodwell DA. National ambulatory medical care survey:

2001 summary. Adv Data 2003;337:1-44.

12. O’Connell F, Thomas VE, Pride NB, Fuller RW. Capsaicin cough sensitivity

decreases with successful treatment of chronic cough. Am J Respir Crit Care

Med 1994;150:374-80.

13. Haque RA, Usmani OS, Barnes PJ. Chronic idiopathic cough: a discrete clinical

entity? Chest 2005;127:1710-3.

14. Kogan MD, Alexander GR, Kotelchuck M, Nagey DA, Jack BW. Over-the-

counter medication use among US preschool-age children. JAMA 1994;272:

1025-30.

15. Schroeder K, Fahey T. Systematic review of randomised controlled trials of

over the counter cough medicines for acute cough in adults. BMJ 2002;324:

329-31.

16. Birrell MA, Belvisi MG, Grace M, Sadofsky L, Faruqi S, Hele DJ, et al. TRPA1

agonists evoke coughing in guinea pig and human volunteers. Am J Respir Crit

Care Med 2009;180:1042-7.

17. Maher SA, Birrell MA, Belvisi MG. Prostaglandin E2 mediates cough via the

EP3 receptor: implications for future disease therapy. Am J Respir Crit Care

Med 2009;180:923-8.

18. Adcock JJ, Douglas GJ, Garabette M, Gascoigne M, Beatch G, Walker M, et al.

RSD931, a novel anti-tussive agent acting on airway sensory nerves. Br J Phar-

macol 2003;138:407-16.

19. Belvisi MG, Patel HJ, Freund-Michel V, Hele DJ, Crispino N, Birrell MA.

Inhibitory activity of the novel CB2 receptor agonist, GW833972A, on

guinea-pig and human sensory nerve function in the airways. Br J Pharmacol

2008;155:547-57.

20. Birrell MA, Crispino N, Hele DJ, Patel HJ, Yacoub MH, Barnes PJ, et al. Effect of

dopamine receptor agonists on sensory nerve activity: possible therapeutic targets

for the treatment of asthma and COPD. Br J Pharmacol 2002;136:620-8.

21. Grace M, Birrell MA, Dubuis E, Maher SA, Belvisi MG. Transient receptor

potential channels mediate the tussive response to prostaglandin E2 and

bradykinin. Thorax 2012;67:891-900.

22. Eltom S, Stevenson CS, Rastrick J, Dale N, Raemdonck K, Wong S, et al.

P2X7 receptor and caspase 1 activation are central to airway inflammation

observed after exposure to tobacco smoke. PLoS One 2011;6:e24097.

23. Freund-Michel VC, Birrell MA, Giembycz MA, Hele DJ, Haj-Yahia S, Belvisi

MG. Beta(2)-agonists block tussive responses in guinea pigs via an atypical

cAMP-dependent pathway. Eur Respir J 2010;35:647-54.

24. ZuWallack RL, Mahler DA, Reilly D, Church N, Emmett A, Rickard K, et al.

Salmeterol plus theophylline combination therapy in the treatment of COPD.

Chest 2001;119:1661-70.

25. Ram FS, Jones PW, Castro AA, De Brito JA, Atallah AN, Lacasse Y, et al.

Oral theophylline for chronic obstructive pulmonary disease. Cochrane Database

Syst Rev 2002;(4):CD003902.

26. Kirsten DK, Wegner RE, Jorres RA, Magnussen H. Effects of theophylline

withdrawal in severe chronic obstructive pulmonary disease. Chest 1993;104:

1101-7.

27. Saano V, Minker E, Joki S, Virta P, Nuutinen J, Korbonits D. Influence of

chinoin-170, a novel antitussive, on the mucociliary activity in respiratory

airways of rats, rabbits, guinea-pigs and man. J Pharm Pharmacol 1993;45:

799-802.

28. Mikus EG, Revesz J, Minker E, Korbonits D, Saano V, Pascal M, et al.

Experimental studies on the antitussive properties of the new xanthine deriva-

tive 1H-purine-2,6-dione, 3,7-dihydro-3-methyl-7[(5-methyl-1,2,4-oxadiazol-3-

yl)methyl]. 1st communication: in vivo demonstration of the effects on animal

models of cough and of mucociliary clearance. Arzneimittelforschung 1997;47:

395-400.

29. Laude EA, Higgins KS, Morice AH. A comparative study of the effects of citric

acid, capsaicin and resiniferatoxin on the cough challenge in guinea-pig and man.

Pulm Pharmacol 1993;6:171-5.

30. Smith CA, Adamson DL, Choudry NB, Fuller RW. The effect of altering airway

tone on the sensitivity of the cough reflex in normal volunteers. Eur Respir J

1991;4:1078-9.

31. Patel HJ, Birrell MA, Crispino N, Hele DJ, Venkatesan P, Barnes PJ, et al.

Inhibition of guinea-pig and human sensory nerve activity and the cough reflex

in guinea-pigs by cannabinoid (CB2) receptor activation. Br J Pharmacol 2003;

140:261-8.

32. Mokry J, Mokra D, Nosalova G, Beharkova M, Feherova Z. Influence of selective

inhibitors of phosphodiesterase 3 and 4 on cough and airway reactivity. J Physiol

Pharmacol 2008;59(Suppl 6):473-82.

33. Mokry J, Nosalova G. The influence of the PDE inhibitors on cough reflex in

guinea pigs. Bratisl Lek Listy 2011;112:131-5.

34. L€u HJ, Qiu ZM, Wei WL, Yu L, Liu RL, Zhang M. Effects of phosphodiesterase

4 inhibitor on cough response in guinea pigs sensitized and challenged with

ovalbumin. Chin Med J (Engl) 2004;117:1620-4.

35. Mokry J, Joskova M, Mokra D, Christensen I, Nosalova G. Effects of selective

inhibition of PDE4 and PDE7 on airway reactivity and cough in healthy and

ovalbumin-sensitized guinea pigs. Adv Exp Med Biol 2013;56:57-64.

36. Fujimura M, Liu Q. Selective inhibitors for phosphodiesterase 3 and 4 in

antigen-induced increase of cough reflex sensitivity in guinea pigs. Pulm

Pharmacol Ther 2007;20:543-8.

37. Schudt C, Winder S, M€uller B, Ukena D. Zardaverine as a selective inhibitor of

phosphodiesterase isozyme. Biochem Pharmacol 1991;42:153-62.

38. Cortijo J, Bou J, Beleta J, Cardel�us I, Llenas J, Morcillo E, et al. Investigation into

the role of phosphodiesterase IV in bronchorelaxation, including studies with

human bronchus. Br J Pharmacol 1993;108:562-8.

39. Hatzelmann A, Tenor H, Schudt C. Differential effects of non-selective and

selective phosphodiesterase inhibitors on human eosinophil functions. Br J Phar-

macol 1995;114:821-31.

40. Chuaychoo B, Lee MG, Kollarik M, Pullmann R Jr, Undem BJ. Evidence for both

adenosine A1 and A2A receptors activating single vagal sensory C-fibres in

guinea pig lungs. J Physiol 2006;575:481-90.

41. Faber ES, Sah P. Calcium-activated potassium channels: multiple contributions to

neuronal function. Neuroscientist 2003;9:181-94.

42. Boettger MK, Till S, Chen MX, Anand U, Otto WR, Plumpton C, et al.

Calcium-activated potassium channel SK1- and IK1-like immunoreactivity in

injured human sensory neurones and its regulation by neurotrophic factors. Brain

2002;125:252-63.

43. Schroder RL, Jensen BS, Strobaek D, Olesen SP, Christophersen P. Activation of

the human, intermediate-conductance, Ca21-activated K1 channel by methyl-

xanthines. Pflugers Arch 2000;440:809-18.

44. Cui J, Cox DH, Aldrich RW. Intrinsic voltage dependence and Ca21 regulation

of mslo large conductance Ca-activated K1 channels. J Gen Physiol 1997;109:

647-73.

45. Dai S, Hall DD, Hell JW. Supramolecular assemblies and localized regulation of

voltage-gated ion channels. Physiol Rev 2009;89:411-52.

46. Weatherall KL, Goodchild SJ, Jane DE, Marrion NV. Small conductance

calcium-activated potassium channels: from structure to function. Prog Neurobiol

2010;91:242-55.

47. Riegel AC, Williams JT. CRF facilitates calcium release from intracellular stores

in midbrain dopamine neurons. Neuron 2008;57:559-70.

48. Gerlach AC, Gangopadhyay NN, Devor DC. Kinase-dependent regulation of the

intermediate conductance, calcium-dependent potassium channel, hIK1. J Biol

Chem 2000;275:585-98.

49. Gerlach AC, Syme CA, Giltinan LA, Adelman JP, Devor DC. ATP-dependent

activation of the intermediate conductance, Ca21-activated K1 channel, hIK1,

is conferred by a C-terminal domain. J Biol Chem 2001;276:10963-70.

50. Blanc FX, Macedo P, Hew M, Chung KF. Capsaicin cough sensitivity in

smokers with and without airflow obstruction. Respir Med 2009;103:

786-90.

51. Doherty MJ, Mister R, Pearson MG, Calverley PM. Capsaicin responsiveness and

cough in asthma and chronic obstructive pulmonary disease. Thorax 2000;55:

643-9.

J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

DUBUIS ET AL 11

http://refhub.elsevier.com/S0091-6749(13)01781-8/sref3
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref3
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref3
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref4
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref4
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref4
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref5
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref5
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref6
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref6
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref7
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref7
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref7
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref8
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref8
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref8
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref9
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref9
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref9
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref10
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref10
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref11
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref11
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref12
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref12
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref12
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref13
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref13
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref14
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref14
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref14
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref15
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref15
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref15
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref16
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref16
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref16
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref17
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref17
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref17
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref18
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref18
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref18
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref19
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref19
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref19
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref19
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref20
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref20
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref20
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref21
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref21
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref21
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref21
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref22
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref22
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref22
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref23
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref23
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref23
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref24
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref24
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref24
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref25
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref25
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref25
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref26
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref26
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref26
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref27
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref27
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref27
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref27
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref28
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref28
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref28
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref28
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref28
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref28
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref29
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref29
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref29
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref30
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref30
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref30
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref31
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref31
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref31
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref31
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref32
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref32
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref32
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref33
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref33
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref34
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref34
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref34
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref34
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref35
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref35
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref35
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref36
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref36
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref36
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref37
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref37
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref37
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref38
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref38
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref38
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref38
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref39
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref39
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref39
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref40
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref40
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref40
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref41
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref41
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref42
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref42
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref42
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref42
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref43
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref43
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref43
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref43
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref43
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref44
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref44
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref44
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref44
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref44
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref45
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref45
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref46
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref46
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref46
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref47
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref47
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref48
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref48
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref48
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref49
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref49
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref49
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref49
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref49
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref50
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref50
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref50
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref51
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref51
http://refhub.elsevier.com/S0091-6749(13)01781-8/sref51


1

Online Data Supplement

Theophylline inhibits sensory nerve activation and the cough reflex via activation of

small and intermediate calcium-activated potassium channels.
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METHODS

Effect of theophylline on citric acid and capsaicin evoked cough in conscious guinea pigs

Conscious, unrestrained guinea pigs were placed in individual plastic transparent whole-body

plethysmograph chambers (Buxco, Wilmington, NC, USA), and cough was detected as

previously described (E1, E2). Guinea pigs were dosed with vehicle (0.5% methylcellulose +

0.2% Tween 80 in 0.9% sterile saline) or theophylline (Sigma Aldrich, 0.3, 3, 30, or 100

mg/kg, 10 ml/kg) intraperitoneally 1h prior to exposure experiments. Cough was evoked by

exposing the animals to aerosolised citric acid (0.3M) for 10 min or capsaicin (60mM) for 5

min. Coughs were detected both by pressure change and sound recorded by the analyser and

confirmed by a trained observer and counted for a 10 min period from the start of the drug

delivery (E1, E2).

Effect of theophylline on capsaicin induced firing of single fibre afferents and bronchospasm

in vivo

Guinea-pigs were anaesthetized with urethane (1.5 g/kg) intraperitoneally. If required,

anaesthesia was supplemented with additional urethane. The trachea was cannulated and

pressure was measured with an air pressure transducer (SenSym 647) connected to a side arm

of the tracheal canula. Blood gases and pH were maintained at physiological levels by

artificial ventilation (Ugo Basile small animal ventilator), with a tidal volume of 10 ml/kg

and 50-60 breaths per min of laboratory air. The right jugular vein and carotid artery were

cannulated for injecting drugs and measuring systemic arterial blood pressure (Gould P23XL

transducer), respectively. Body temperature was continuously monitored with a rectal

thermometer and maintained at 37ºC with a heated blanket and control unit (Harvard

Apparatus).  Animals were paralysed with vecuronium bromide, initially administered at a

dose of 0.10 mg.kg-1 i.v., followed every 20 min with 0.05 mg.kg-1 i.v. to maintain paralysis.
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The depth of anaesthesia was frequently assessed by monitoring the response of heart rate

and blood pressure to noxious stimuli. Both cervical vagus nerves were located, via a cervical

incision, and dissected free from the carotid artery, sympathetic and aortic nerves; both vagus

nerves were cut at the central end. The left vagus nerve was used for sensory nerve fibre

recording and was cleared of its surrounding fascia. The skin and muscle in the neck at either

side of the incision were lifted and tied to a metal ring to form a well, which was filled with

light mineral oil. Bipolar Teflon-coated platinum electrodes (exposed at the tips) were used

for recording purposes, using fascia positioned on one electrode for a reference. The vagus

nerve was placed on a small black perspex plate to facilitate subsequent dissection. Thin

filaments of nerve were teased from the vagus nerve, under a binocular microscope, until a

single active unit or one of not more than two or three units was obtained, and placed on the

second electrode. Action potentials were recorded in a conventional manner using electrodes

connected to a pre-amp headstage (Digitimer NL100K). The signal was amplified (x5000,

Digitimer NL104), filtered (LF30Hz – HF8.5kHz, Digitimer NL125) and passed through a

Humbug noise reducer (AutoMate Scientific) before input sampling and recording. All

signals were sampled (50 kHz) and recorded using the Spike 2 software data acquisition

system via a CED Micro1401 interface. The software allowed pulse train counting over

selected time periods. In addition, monitoring of the input signal to the Spike software was

also carried out on a digital storage oscilloscope (Tektronix DPO 2012). The input signal was

also fed through an audio amplifier to a loud speaker. All animals were killed at the end of

the experiments with an overdose of pentobarbitone.

Conduction velocities were measured to distinguish slow conducting non-myelinated

C-fibres from fast conducting myelinated A-fibres by stimulating the vagus nerve close to the

thorax with bipolar silver electrodes, using a supra threshold voltage at 0.5 ms, 1 Hz (Grass

stimulator). The corresponding action potential was recorded in the nerve fibre under
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observation. The stimulus and the recorded action potential were captured on the Spike

software in a single sweep and the time interval between them was measured to calculate the

velocity using the distance from the cathode stimulating electrode and the recording

electrode. Aerosols were generated by an Aerogen nebulizer (Buxco Nebulizer Control – 5)

connected to the ventilator and arranged so that the inspired air passed through the

medication chamber before entering the lungs of anaesthetized animals via the tracheal

cannula. Single vagal nerve fibres were identified as originating from the three groups of

airway sensory nerve endings, i.e., slowly adapting stretch receptors (SARs), irritant

receptors (rapidly adapting stretch receptors, RARs, Aδ-fibres) and pulmonary/bronchial C-

fibre receptors using several criteria (E3). These included pattern of spontaneous discharge,

response to hyperinflation and deflation, adaptation indices (AIs), and response to capsaicin

aerosol administration and conduction velocities. As a rule, a receptor that had no obvious

pattern to the spontaneous activity (often very sparse), didn’t respond to hyperinflation or

hyperdeflation, and responded to capsaicin aerosol was considered for further investigation.

Finally, verification of a C-fibre was confirmed at the end of the experiment by determining

conduction velocity. After surgery the animals were allowed to stabilize for at least 30 min.

Following identification of a lung afferent fibre and its sensitivity to capsaicin aerosol, the

ensuing protocol was pursued: After a control baseline recording of at least 2 min, capsaicin

(100 µM) was administered by aerosol for 15 s and the changes in fibre activity, intra-

tracheal pressure and blood pressure were continuously recorded until baseline or a steady

state was re-established. After an interval of 10 min, saline (vehicle, 10 ml/kg) was injected

i.v. while recording variables. After another interval of 10 min, the capsaicin aerosol was

repeated. Ten min later, either saline (10 ml/kg) or theophylline (100 mg/kg i.v.) were

injected i.v. followed 10 min later by the capsaicin aerosol.
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Effect of theophylline on depolarisation of the vagus nerve preparation to various tussive

agents.

Guinea pigs were culled with an overdose of pentobarbitone (200 mg/kg i.p.). The two vagus

trunks were carefully dissected free and placed in Krebs–Henseleit solution (Krebs) solution

(in mM: NaCl 118; KCl 5.9; MgSO4 1.2; NaH2PO4 1.2; CaCl2 2.5; glucose 6.6; NaHCO3

25.5,) bubbled with 95% O2 / 5% CO2. The vagus was carefully cleared of connective tissue

and desheathed under a dissecting microscope, with care taken to avoid stretching or

damaging it, and then cut into 15-20 mm long segments. Throughout the dissection, the nerve

remained in oxygenated cold Krebs. The segments of vagal nerve were mounted in a ‘grease-

gap' dual recording chamber system as previously described (E4, E5). Briefly, the nerve

segment was inserted longitudinally through a narrow cylindrical chamber (2 mm diameter,

10 mm length) in a Perspex chamber with one end being the test chamber and the second end

being the reference chamber. Both chambers were electrically and chemically isolated by

injection of high electrical resistant inert petroleum jelly between them through a side arm

once the nerve was in place. One end of the nerve segment was apparent in the test chamber

which was constantly perfused with oxygenated 37°C Krebs at a flow rate of 2 ml/min.

During experiments, perfusate was maintained at 37°C by the mean of in house designed

water jacketed heat exchanger and change of solution was made through a manifold with

minimum solution mixing and a delay of approximately 10 s. Drugs were applied at chosen

concentrations into the test chamber only. The other nerve ending remained in the referenced

chamber filled with oxygenated Krebs. Krebs filled borosilicate glass electrodes mounted on

an Ag/AgCl pellet (World Precision Instruments) were put in contact at both ends of the

nerve trunk and changes in surface charges between the test and reference chamber nerve

ending were recorded using an extracellular potential differential amplifier (DAM 50 Bio-

amplifier, World Precision Instruments). Depolarisations were amplified ×50, filtered at 0.3
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kHz, and recorded onto a chart recorder (Lectromed Multi-Trace 2). Capsaicin (Caps, 1µM,

Sigma), Resiniferatoxin (RTX, 3nM, Sigma), Bradykinin (BK, 3 µM, Sigma), Acrolein

(Acro, 300µM, Sigma), Prostaglandin-E2 (PGE2, 10µM, Sigma), or low pH (5) were used to

initiate depolarisation of the vagal tissue. The effect of theophylline (Sigma-Aldrich, vehicle

0.1% DMSO in KH) was assessed at specified concentrations. The mechanism of action of

theophylline was investigated using the potassium channel blockers paxilline (1µM, Sigma),

apamin (1µM, Sigma), glibenclamide (10µM, Sigma) and clotrimazole (10µM, Sigma).

In vivo staining of airways neurons

DiI (DilC18(3))-(1,1’-dioctacetyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate,

Invitrogen) was prepared in 100% ethanol (25mg/ml) and dissolved by ultrasonication

overnight, in the dark. On the day of dosing, DiI stock solution was mixed with 0.9% saline

(25µl/ml) immediately prior use and instilled intra-nasally using a GilsonTM pipette and a fine

tip (1ml/kg). Tissues were collected for analysis 14 days after the procedure.

Enzymatic Dissociation of Sensory Neurons from Jugular Ganglia

The jugular ganglia were dissected from the same guinea pigs used for vagus nerve

experiments, and separately placed in ice cold Hank’s balanced salt solution (HBSS: in mM

KCl 5.33; KH2PO4 0.44; NaCl 133.0; Na2HPO4 0.3; glucose 10.0; HEPES 5.0; pH 7.4 with

NaOH). The dissected ganglia were carefully cleaned of remaining connective tissue under a

microscope in a sterile hood. The jugular ganglia were first incubated for 5 min with type IV

collagenase (Worthington, USA) in the presence of 300 μM free calcium. Enzymatic

digestion was stopped by immersion of the ganglia in ice cold HBSS (5 times the volume of

the enzymatic solution).  The pre-digested ganglia were then collected with fine tweezers and

incubated for 30 minutes in activated Papain (Sigma) 20 U/ml solution at 37°C; the solution
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being agitated every 5 minutes. The solution was then changed for a Collagenase IV

(Worthington, USA) 2 mg/ml and Dispase II (Roche) 2.4 mg/ml containing solution at 37°C.

The cells were incubated for 40 min and the solution was gently agitated every 10 min. After

2nd and 3rd enzymatic isolation, tissues were pelleted by centrifugation (410 g for 2 min) and

the supernatant was carefully removed using sterile disposable plastic Pasteur pipettes. After

the 3rd enzymatic isolation, the dissociated ganglia and tissue pellet was triturated in 1 ml

room temperature HBSS using F12 medium-coated and fire-polished glass Pasteur pipettes

with decreasing diameter from 1 mm to 0.3 mm. The released neurons were collected by

centrifugation in a density gradient medium (L15 medium containing 20% Percoll, Sigma) at

25°C. The neuron-containing fraction was homogenised in 2 ml room temperature L15

Medium to wash off the Percoll. The L15 medium was discarded after centrifugation (1100 g

for 3 min) and the neurons were resuspended in 250 μl complete F-12 medium containing

10% Foetal Bovine Serum (Invitrogen) and 10 µl/ml Penicillin/Streptomycin (Invitrogen, 200

U/ml).

Primary Culture of Jugular Sensory Neurons

Calcium imaging of primary sensory jugular ganglia was performed as previously described

(E6). The neurons were plated onto culture dishes double coated with 0.01% Poly-L-Lysine

(World Precision Instruments) and Laminin (Gibco-Invitrogen, 40 µg/ml) in complete F-12

medium (Invitrogen) containing 10% Foetal bovine serum and 1% penicillin/streptomycin

(Invitrogen). Camptothecin (20 µM) (Sigma) was added to the culture medium to inhibit

Schwann cells and fibroblasts growth. The neurons were incubated for 24 h (95% O2 and 5%

CO2 at 37°C) and used within 10 h afterward. No growth factor was added to the medium in

culture.
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Loading of neuron with fluorescent dyes and imaging

Intracellular calcium and membrane voltage changes were simultaneously measured in

primary cultured dissociated jugular neurons. The neurons were loaded with Fura2-AM (5

µM; Invitrogen, 40 min) at room temperature followed by 30min resting to de-esterify the

Fura2-AM in the dark. Neurons were then loaded with 40 µM Di-8-ANEPPS (Invitrogen, 20

min) in the dark at room temperature for 20 min. The responsiveness of the cells were

assessed with responses to 50 mM potassium solution (K50, in mM: 50 KCl, 101.4 NaCl, 1

MgCl2, 2.5 CaCl2, 0.33 NaH2PO4, 10 D-Glucose, 10 HEPES; 297mOsm, pH adjusted to 7.4

with NaOH at 37°C) at the start and end of experiments. Culture petridishes were placed onto

the stage of a widefield inverted microscope (Zeiss Axiovert 200) inside a full incubation

chamber with temperature and CO2 maintained at 37°C and 5% respectively. Cells were

excited with a Xenon gas arc lamp’s light driven at 120W (Cairn, ARC Optosource

Illuminator) and filtered by 335/7 nm and 387/11 nm filters for Fura-2 and 472/30 nm for Di-

8-ANEPPS using filter wheels. Background fluorescence values were obtained by measuring

the fluorescence in a neuron free area for each wavelength and were substracted from the

neuronal 340, 380 and 472 nm measurements before calculating the 340/380 and F/F0 ratio

values. Light emissions were filtered at 520/10 nm for Fura-2 (BS 410) and 660/50 nm for

Di-8-ANEPPS (BS 515) and recorded using LD Achroplan 40x 0.60 KORR Ph2 objective

and a Hamamatsu EM-CCD C9100-02 camera driven by Simple-PCI software (Hamamatsu).

Airway neuron staining with DiI was assessed using 531/40 nm and 593/40 nm

excitation/emission filters (BS 565). The cells were constantly perfused with HEPES buffered

physiologic extracellular solution (ECS, in mM: 5.4 KCl, 136 NaCl, 1 MgCl2, 2.5 CaCl2,

0.33 NaH2PO4, 10 D-Glucose, 10 HEPES; 297 mOsm, pH adjusted to 7.4 with NaOH at

37°C) held at 37°C using a house-designed pressurized perfusion and solution changing

system allowing rapid bath volume (0.6 ml) replacement in 3 s. Prior to the experiment the
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cells were perfused for 5-10 min with ECS to wash off the culture medium. Membrane

depolarisation and calcium influx were elicited using capsaicin (1 µM). A concentration

response curve to theophylline (in µM: 0.01, 0.1, 1 and 10) was performed in order to

determine the concentration which inhibited the capsaicin response by 50% which was later

used on airway specific stained neurons. In some experiments, the resting free intracellular

calcium concentrations were calculated using the Grynkiewicz method: Ca2+=Kd[(R-

Rmin)/(Rmax-R)](Fd/Fs) where Rmin and Rmax are the ratios obtained in absence and in

presence of excess calcium, and Fd/Fs the ratio of 380 nm fluorescence in these two

conditions (E7). The cells were successively perfused with  A-23187 (10µM) in ECS and

solutions made of ECS added with various calcium chloride amounts and  EDTA (1mM) to

achieved free calcium concentrations of 0, 0.1, 0.3, 0.1, 1, 3 and 30 µM. Fluorescence (340

and 380 nm) was recorded until a plateau was reached before perfusing the next solution. In

situ Kd was calculated using Kd calculator software available at invitrogen© website

(www.invitrogen.com) giving a value of 1.081±0.12 µM for primary cultured jugular neurons

under our recording conditions.

Electrophysiology

Petridishes containing primary cultured neurons were mounted onto a heated stage (TH60-16,

MC60, Linkam Scientific Instrument) housed in an Olympus IX-71 inverted microscope and

were held at 37°C throughout the experiment. Potassium currents were recorded in a whole

cell perforated patch mode and voltage clamp technique using an EPC-9 patch amplifier

(HEKA Instruments Inc., New York, USA). Micro-pipettes were pulled from borosilicate

glass capillary tubes (O.D. 1.55±0.05 mm, I.D. 1.15±0.05 mm, Hawksley & Sons Limited,

Sussex, UK) using a double pull technique on a vertical glass puller (PC-10, Narishige,

London, UK) and their tips were fire-polished using a microforge (MF-900, Narishige,
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London, UK) to achieve a resistance of 2-3 MΩ with the intracellular solution used in this

study. Micro-pipettes were advanced to contact the neuron using a PC-6000 Burleigh ®

micromanipulator (Thorlabs, Newton, New Jersey, USA) and a high resistance seal (sealing

resistance 2-8 GΩ) was formed. The amphotericin-B used to perforate the patched membrane

was dissolved in DMSO and diluted in intra-pipette solution to a final concentration of 350

µg/ml (1% DMSO); the Amphotericin B solution was renewed every 2 h. The micro-pipette

were front filled with Amphotericin-B free intrapipette solution (in mM: K-Gluconate 120,

KCl 20, Choline-Cl 10, HEPES 10 and Sucrose 20. pH 7.2 using KOH, 330 mOsm/L) and

back filled using 34 gauge Microfil™ (World Precision Instruments Inc., Saratosa, USA)

with an Amphotericin-B containing intra-pipette solution. Pulse ™ software (HEKA

Instruments Inc., New York, USA) was used to record and analyse the digitized currents.

Signals were filtered at 3 kHz and sampled at 10 kHz. Electrode difference potential was

always zeroed before gigasealing. Junction potential was reduced using a 3 M KCl 5% Agar

Bridge between recording chamber and the bath electrode immersed in closed chamber

containing intrapipette solution. The cells were kept at 37°C throughout experiment with a

heated stage insert (World Precision Instrument) and the bath was perfused with warmed

solutions (1ml/min) at 37°C. Currents were not leak subtracted. Before recordings, cells were

perfused with ECS for 5 min after perforation of the membrane and stabilisation of measured

cell capacitance and access resistance. The bath was constantly perfused with ECS at the rate

of 1 ml/min which was occasionally changed for modified ECS in which calcium and sodium

were substituted with choline (mECS ; in mM: KCl 5.4, Choline-Cl 143.75, MgCl2 1,

NaH2PO4 0.33, D-Glucose 10, HEPES 10. pH 7.4 using KOH, 321.96 mOsm/L) prior to

recordings as stated. All compounds were applied by perfusion (250 µl/min) in direct

proximity to the cell. Changes of membrane potential were recorded in zero current clamp

mode and elicited by perfusion of theophylline (0.1 µM) or vehicle (0.1% DMSO) containing
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ECS. For Whole cell perforated patch recordings, potassium currents (IK) were elicited using

800 ms depolarising square pulses at voltage ranging from -100 mV up to 120 mV (10 mV

increments) with a holding potential of -70 mV. Current amplitude was measured as the

average of the current value during the last 50 ms of the pulse. Immediately prior to each

recording, the ECS was replaced mECS supplemented with tetrodotoxin (300 nM), nifedipine

(1 µM), paxilline (1 µM) and glibenclamide (10 µM) to block sodium, calcium and some of

the potassium currents apart from those of interest. The perfusion was reverted back to ECS

between recordings and for all wash outs. Clotrimazole- and apamin-sensitive currents

recorded in control (0.1%DMSO) or theophylline (0.1µM) conditions were calculated by the

current difference between control recordings in mECS and currents recorded during

perfusion of mECS containing clotrimazole (10 µM) or apamin (1 µM). The blocker sensitive

currents were calculated by subtracting the recording obtained in presence of channel blocker

from the recording done in control condition before perfusion of the blocker.

For excised inside-out recording, petridishes were mounted as for whole cell patch

clamp. Micro-pipettes were pulled from plain capillary tubes (O.D. 1.55±0.05 mm, I.D.

1.15±0.05 mm, Hawksley & Sons Limited, Sussex, UK) using a double pull technique on a

vertical glass puller (PC-10, Narishige, London, UK) and their tips were fire-polished using a

microforge (MF-900, Narishige, London, UK) to achieve a resistance of 6-8 MΩ. Micro-

pipettes were advanced to contact the neuron using a PC-6000 Burleigh micromanipulator

(Thorlabs, Newton, New Jersey, USA) and a gigaseal >10 GΩ was formed before the patch

membrane was ripped and placed under the nozzle of a fast solution changing perfusion

manifold. Currents were recorded in inside-out patch configuration using an EPC-9 patch

amplifier (HEKA Instruments Inc., New York, USA). Pulse ™ software (HEKA Instruments

Inc., New York, USA) was used to record and analyse the digitized currents. Signals were
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filtered at 5 kHz using and sampled at 50 kHz. Electrode difference potential was always

zeroed before gigasealing. Junction potential was reduced using a 3 M KCl 5% agar bridge

between recording chamber and the bath electrode immersed in closed chamber containing

intrapipette solution. Inside-out potassium currents were recorded in iso-potassium condition

with the intracellular side bath solution composed of (in mM) K-Gluconate 120, KCl 30,

HEPES 10 and EGTA 10; pH adjusted to 7.2 using KOH). Bath concentrations of 20 nM and

500 nM of free calcium were achieved by adding 540 µM and 5.9 mM calcium, respectively,

to the solutions (osmolarity was adjusted to 330 mOsm/L with 9.46 mM and 4.1 mM sucrose

respectively). Channel activity was recorded in control (0.1%DMSO) or theophylline

(0.1µM) conditions. Free calcium was calculated using the Stanford University software “Ca-

EGTA Calculator v1.3” based on constants from Theo Schoenmakers' Chelator. The micro-

pipette was filled with intrapipette solution composed of (in mM; K-Gluconate 120, KCl 30,

EGTA 10, HEPES 10 and Sucrose 15; pH adjusted to 7.4 using KOH, 335 mOsm/L). The

intra-pipette solution was also supplemented with tetrodotoxin (300 nM), nifedipine (1 µM),

clotrimazole (1 µM), paxilline (1 µM) and glibenclamide (10 µM).

To record the potassium currents as close as possible to the physiological conditions

the cells were used as soon as their level of attachment to their substrate allowed perfusion,

and within 24h of isolation. Membrane depolarisation, which occurs on excitation, opens

voltage-gated calcium channels, and the resulting calcium influx modifies the sub-membrane

[Ca2+]i which in turn increases the activity of the calcium-activated potassium channels SK

and IK. We chose a perforated patch configuration to preserve the intracellular content and

[Ca2+]i, but since we wanted to record potassium channel activity as close as possible to the

resting state of the neurons prior to any excitation, we replaced the solution surrounding the

patched cell with a sodium and calcium free mECS immediately prior and during recording

of the potassium channel activity. To prevent calcium store depletion, the perfusion was
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switched back to ECS between recordings. Clotrimazole (10 µM) - and apamin (1 µM)-

sensitive currents were obtained by subtracting the current recorded in presence of the

blockers from the current previously obtained in control conditions. A 10 min washout period

was then applied before incubation with the theophylline (0.1 µM) and the channel activities

were assessed again using the same subtraction method.

Cigarette smoke exposures:

Guinea pigs were exposed to cigarette smoke (CS) from research cigarettes (3R4F - with

filters removed; University of Kentucky, KY) for 1h, twice daily, with 4h between each bi-

daily exposure period. During smoke exposures, food and water was removed, with animals

having ad libitum access to food and water at all other times. Animals were exposed to

cigarette smoke using a negative pressure system; animals were placed into Teague chambers

(volume 225L), with a pinch valve connected to one side of the chambers, and an air pump

connected to the opposite side. The air pump drew air through the whole system at a constant

flow-rate of 1.5L/min. The pinch valve was programmed to alternate between drawing flow

through a lit cigarette for 2s, then from the room for 4s. This generated a mock ‘puff’ on the

cigarette, with each 6s ‘cycle’ drawing 50ml of smoke followed by 100ml of room air. The

air and smoke was drawn into the Teague chamber containing caged but otherwise

unrestrained guinea pigs, with a small fan at the bottom ensuring even smoke dispersal.

Finally, air was extracted from the opposite side of the chambers. For air-exposed negative-

control comparator groups, the same protocol was applied, except the cigarette was not lit.

Each exposure period of one hour consisted of 50 minutes of ‘active’ smoke exposure, with

10 minutes at the end allocated for venting of cigarette smoke. CS exposure protocols were

similar to those described in Eltom et al., (2012) (E6).



14

Compounds and Materials

In vivo cough experiments: Capsaicin (Sigma, UK) was prepared as a 10 mM solution in

ethanol and was diluted in vehicle to obtain 1% ethanol and 1% Tween 80 in 0.9% saline.

Working solution of citric acid (Sigma-Aldrich, U.K.) was prepared as 0.3 M dissolved in

0.9% saline, (total dosing volume 10 ml/kg i.p). Theophylline was prepared with vehicle

(0.5% methylcellulose + 0.2% Tween 80 in saline, 10 ml/kg, i.p., n = 15) at concentration of

0.3, 3, 30, or 100 mg/kg and injected i.p. at a dose of 10 ml/kg one hour prior to exposure to

citric acid (0.3 M).

In vivo single fibre afferents and bronchospasm experiments:  Capsaicin (Sigma-Aldrich,

U.K.) was dissolved in 1% ethanol and 1% Tween 80 in 0.9% saline to a working solution of

100 µM. Theophylline (Boehringer Ingleheim) was dissolved in 0.9% saline at a

concentration of 100 mg/kg and injected i.v. at a dose of 10 ml/kg 10 min prior to

nebulisation of capsaicin. Vecuronium Bromide (Sigma-Aldrich, U.K.) was dissolved in

distilled H2O at 2.5mg/ml stock and diluted in distilled H2O as required.

In vitro experiments: Capsaicin, resiniferatoxin, acrolein, theophylline, NS309, UCL1684 and

bradykinin were purchased from Sigma-Aldrich (Dorset, UK). PGE2 was purchased from

Cayman Chemical (Ann Arbor, Michigan, USA). Apamin, glibenclamide, clotrimazole and

paxilline were purchased from Tocris (Bristol, UK). Stock solutions were prepared in DMSO

except for apamin and bradykinin which were prepared in distilled water, and PGE2 which

was dissolved in ethanol. On the day of experiment the compounds were diluted in the

appropriate medium.
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In vitro Vagus nerve experiments: Krebs solution was made fresh on a daily basis. All salt

were purchased from BDH (Dorset, U.K.). On the day of experiment, stocks were diluted in

Krebs to obtain the appropriate concentration with 0.1% DMSO. The low pH solution (pH

5.0) was prepared by titrating HCl into Krebs solution.

In vitro imaging experiments: ECS and K50 solutions were made fresh daily. All salts were

from B.D.H. (Dorset, U.K.) and Sigma-Aldrich (Dorset, UK). Fura2-AM stocks were

prepared in DMSO, frozen at -20°C and diluted in ECS when used. Compounds stock

solutions were diluted in ECS to the desired final concentrations. Final vehicle concentration

was 0.1%.

In vitro Electrophysiology experiments: For patch clamp, ECS, mECS, intrapipette solutions

were made fresh on the day of experiment. Amphotericin-B stock solution was prepared in

DMSO and diluted in intrapipette solution as needed (0.1% DMSO). For inside-out

recording, iso-potassium solutions were made fresh daily. All salts were from B.D.H.

(Dorset, U.K.) and Sigma-Aldrich (Dorset, UK). Tetrodotoxin and nifedipine stock solutions

were respectively prepared in acidic ECS (pH 5.0) and DMSO and were diluted as

appropriate to obtain the working concentration with 0.1% vehicle.

Data Analysis and Statistics

Inhibition of capsaicin or citric acid induced cough was analyzed by a non-parametric

Kruskal-Wallis test with Dunn's post-hoc test. In the in vivo single fibre experiments,

inhibition was determined by students paired t test, comparing responses (absolute values)

after treatment to the control stimulus immediately preceding the treatment. Inhibition of

agonist induced vagus nerve depolarisation was analyzed by two-tailed paired t test,

comparing responses to agonist (in the same piece of vagus nerve) in the absence and
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presence of antagonist. Blockade of the theophylline inhibitory effect on vagus nerve

depolarisation was analysed by the non-parametric Kruskal-Wallis test with Dunn's post-hoc

test. Differences between current-voltage relationships obtained before and after incubation

with theophylline were analysed using two-way ANOVA followed by Bonferroni posthoc

tests. Channels in a patch were considered to reach an open state (n) using a criterion of the

50% crossing method when the instant current (i) was > (n-½)*I/Σn and < (n+ ½)*I/ Σn

where Σn and I are respectively the total number of current levels and the highest current

amplitude observed in this patch. The unitary current, defined as zero for the closed state (C),

was determined as the mean of the best-fit Gaussian distribution of the amplitude histograms.

When more than one channel was present in a patch, the unitary current was calculated as the

average of the unitary current determined for each observed level. The open probability

(NPO) was calculated as the ratio of the time spent in an open state divided by the total time

of the analyzed records. In order to determine the effect of theophylline incubation of

channels activity, with each patch being acting as its own control, the percentage of change of

NPO between control and theophylline conditions (100*(NPOcontrol-NPOTP)/NPOcontrol) was

calculated. Currents were analysed using Clampfit 9.0, Fetchan 8, PSTAT 8 (Molecular

Devices, Foster City, CA) and Origin 6 softwares (Microcal Software, Northampton, USA).

Data are presented as means ± SEM and statistical significance is denoted as * p < 0.05, **

p<0.1 and *** p<0.01.
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