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Preface

The last decade or so has seen remarkable advances in our knowledge of cough. This
applies especially to its basic mechanisms: the types of airway sensors, the pharma-
cological receptors on their membranes, the brainstem organization of the ‘cough
centre’, and the involvement of the cerebral cortex in the sensations and the volun-
tary control of cough. With the exception of the last of these, nearly all the studies
have been on experimental animals rather than humans, for obvious reasons. One
group of experimental studies has particular relevance to human patients, and that is
the demonstration of the sensitization of cough pathways both in the periphery and
in the brainstem. Similar sensitizations have been shown for patients with chronic
cough or who have been exposed to pollutants, and it is reasonable to suppose that
this is the basis of their cough and that the underlying mechanisms are generally
similar in humans and other species.

Important advances are also being made in clinical cough research. For the
three main causes of clinical cough, asthma, post-nasal drip syndrome, and gastro-
oesophageal reflux disease, we are beginning to understand the pathological
processes involved. There remains a diagnostically obdurate group of idiopathic
chronic coughers, but even for them approaches are being devised to clarify under-
lying mechanisms and to establish diagnoses.

Perhaps surprisingly, the field in which there has been the least spectacular ad-
vance is the therapy of cough. This is not because current therapies work; indeed
most seem to work little better than a placebo. This applies not only to the many
remedies bought over the counter at the pharmacist and to those administered as part
of complementary and alternative medicine, but also to those available on prescrip-
tion (only codeine, pholcodine, and dextromethorphan in the UK). Basic studies are
pointing to many potentially valuable approaches to the treatment of cough, based
on understanding the basic peripheral receptor mechanisms, the brainstem pathways
in the control of cough, and the sensitization processes that may apply in disease.
The pharmacological industry is following up these leads, and clinicians are waiting
hopefully for the fruits of their research.

An indication of the growth of interest in cough is the recent surge in publica-
tions dedicated to the subject. Before 1996, the editors can only think of two or
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vi Preface

three. Since then there have been two multiauthor books, at least ten international
symposia, with the proceedings of nearly all of them being published as journal
supplements, and at least five task-force reports set up by national and international
organizations such as the American College of Chest Physicians and the European
Respiratory Society. These publications will be frequently referred to in the chapters
in the present volume. If asked ‘Does this justify more description and analysis?’,
the answer is an emphatic yes! The field is being explored very fast; and new and
emerging results are very important for understanding and alleviating one of the
commonest disease symptoms of mankind. In this volume, we hope to show that
basic mechanisms are helping us to understand clinical cough and also the other
way round.

The editors are grateful to all the contributors, including co-authors, who, as
is well known, often do most of the hard work; and to the diligent but tolerant
publishers, especially Susanne Dathe, for their help and encouragement.

London, UK Kian Fan Chung
John G. Widdicombe
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1 Introduction

This introductory chapter is intended to bring a wide variety of physiological, clin-
ical, and therapeutic aspects of cough together, but with a minimum of overlap. In
general, it is true to say that the last decade or so has seen dramatic advances in
our knowledge of the physiological mechanisms of acute cough in experimental an-
imals, and that these are now moving in the direction of understanding increased
sensitivity of cough in chronic conditions. This latter aspect has clear implications
for patients in whom acute cough may be an irritation but is seldom a major cause
of concern, while chronic cough can destroy the quality of life and arouse serious
concerns in both patient and carer.

K.F. Chung
National Heart and Lung Institute, Imperial College, Dovehouse Street, London SW3 6LY, UK
f.chung@imperial.ac.uk
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2 K.F. Chung, J.G. Widdicombe

2 Definition and Semantics

Physiology textbooks describe cough as consisting of a three- or four-phase action:
(1) the inspiratory phase, consisting of a deep inspiration; (2) the compressive phase,
with closure of the larynx and a forced expiratory effort; (3) the expulsive phase,
when the larynx opens and rapid expiration occurs with characteristic first cough
sound; and (4) the restorative phase, when a final deep breath is taken (Fig. 1). All
phases are characteristic of a voluntary cough, but a reflex cough such as that evoked
by inhalation of an irritant substance, or one occurring spontaneously in disease
may be quite different. There may be a second (or third or even fourth) closure
of the larynx during the expulsive phase, producing a second (or third or fourth)
cough sound, although this is often absent. Little is understood about conditions
that lead to these extra cough sounds or that are associated with their absence. The
initial inspiration may be absent; this is seen with the expiration reflex from the
larynx or tracheobronchial tree. This starts with closure of the larynx and a forced

Fig. 1 The changes of the following variables during a representative cough: sound level, lung
volume, flow rate, subglottic pressure. During inspiration the flow rate is negative; at the glottic
closure the flow rate is zero; and during the expiratory phase the flow rate is positive. The last phase
can be divided into three parts: growing, constant, and decreasing. (From Bianco and Robuschi
1989)
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expiratory effort (the compressive phase) followed by an expulsive phase (Korpas
and Tomori 1979; Widdicombe and Fontana 2006; Fontana and Widdicombe 2007;
Tatar et al. 2008). Whether the expiration reflex should be called a cough is debated,
although it possesses all the features of a cough except for the lack of the initial
inspiration. It may have a different function from that of a cough, in that it should
prevent aspiration of pharyngeal material into the lungs, whereas a cough expels
material already in the lungs and requires a reserve of air deep in the lungs to make
it efficient.

We have described the reflex cough and the expiration reflex as if they were
isolated three- or four-phase activities, but in disease and on cough provocation
they often consist of a sequence of expiratory efforts, usually interspersed with in-
spirations. These episodes are usually called cough epochs, but there is no clear
distinction between a repeated cough or expiration reflex and an epoch. An arbi-
trary definition suggests that a 2-s gap between expulsive efforts is needed to call
them separate events, and with less than a 2-s gap they become an epoch (Kelsall
et al. 2008). There have been recent and valuable detailed analyses of the reflex
cough and expiration reflex events during cough epochs (Smith Hammond 2008;
Vovk et al. 2007; Kim et al. 2008). With auditory records of cough, it is difficult to
analyze events during an epoch; however, it is possible with flow, pressure, or elec-
tromyographic records, although this may not be practical in the clinic. Therefore,
for clinical purposes, it may be convenient to describe cough as “a forced expulsive
manoeuvre, usually against a closed glottis and which is associated with a charac-
teristic sound” (Morice et al. 2007). The presence of a forced expulsive maneuver
and a characteristic sound of cough can be used to define cough clinically, and is the
basis for many instruments used to measure coughs, either as single discrete events
or as cough epochs.

The semantics of cough is confusing. You can have wet, dry, and moist coughs,
depending on the ear of the listener. The first cough sound is usually called expul-
sive or explosive. The second cough sound has been called glottal or voiced. An
epoch has been given a variety of names: bout, attack, peal, even peel. A new word
“dystussia” has been suggested (Paul Davenport, personal communication) to de-
scribe a disordered cough airflow pattern (Smith Hammond 2008). This is a general
term referring to a cough that is “abnormal” on the basis of altered cough patterns. It
seems an attractive word for a cough that has reduced expiratory airflow rates and/or
altered compression phase. In addition, perhaps, we should also consider eutussia
(normal cough), atussia (absence of cough), hypotussia (reduced cough), and hyper-
tussia (increased cough). Our view is that, while uniformity is desirable if it can be
agreed, it is more important to define precisely what is being described, and to try
to understand its mechanism.

3 Cough Triggers and Sensors

What transduces the cough response? A lot of research is still being undertaken
to understand the “receptors” that can transduce the cough response since the first
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description of the irritant rapidly adapting receptor as being a cough “receptor”
(Widdicombe 1954). We now prefer to call these sensors rather than receptors, since
the latter term is now almost always used for membrane pharmacological recep-
tors (Yu 2005). We also believe that there are an embarrassing number of cough
sensors in the airways, i.e., those that can sense and transduce the cough response
(Canning 2002, 2007; Canning and Chou 2008; Canning et al. 2006). Embarrassing
because there is an embarras de richesses of both sensors and membrane recep-
tors (Table 1). The sensors must all have slightly different reflex actions, and we
do not know what the differences are. It is unlikely that they all cause identical
respiratory reflex patterns of cough, and their nonrespiratory (e.g., cardiovascular,
bronchomotor, mucosecretor, sensation) actions may also be different. Presumably,
the primary first-order neurones in the vagi link up with different patterns of
medullary second-order neurones. The different sensors may “sense” different ir-
ritant stimuli that cause cough (see below). The sensors include, for the tracheo-
bronchial tree, bronchial C-fiber, Aδ-nociceptors, “cough receptors,” and “rapidly
adapting receptors” (Canning et al. 2006) and, for the laryngopharyngeal region,
“irritant receptors” and C-fiber sensors (Widdicombe et al. 1988; Sant’Ambrogio
and Sant’Ambrogio 1996). Full details of these sensors, their response to various
stimuli, and the reflexes they induce are given elsewhere in this volume (Canning
and Chou 2008).

Other airway and lung sensors may also influence cough, although they may not
cause it. Pulmonary C-fiber sensors have been claimed to cause cough, but there is
also evidence that they inhibit it (Tatar et al. 1988); their action may be determined
or modulated by other influences such as inputs from other bronchopulmonary
sensors and brainstem conditions. Slowly adapting pulmonary stretch receptors
strongly enhance the expiration reflex, and probably also strengthen the reflex cough
(Korpas and Tomori 1979; Tatar et al. 2008), although they do not themselves cause
cough. Other bronchopulmonary sensors, e.g., neuroepithelial bodies (Adriaensen
et al. 2003) and visceral pleural sensors (Pintelon et al. 2007), and other laryngeal
sensors, such as “drive” and “temperature” sensors (Widdicombe et al. 1988), have

Table 1 Some characteristics of bronchopulmonary sensors probably responsible for cough

Receptor Agonist Nodose Aδ Nodose C Jugular C Jugular Aδ Nodose RARs

TRPV-1 Capsaicin,
acid, heat,
AA

No Yes Yes Yes No

5-HT3 5-HT No Yes No No No
P2X Purines No Yes No No Yes
ASIC Acid No Yes Yes Yes No
Nicotinic Nicotine No Yes? Yes? Unknown Unknown
BKB2 Bradykinin No Yes Yes Yes No
Adenosine Adenosine No Yes No No No

Modified from Kollarik and Undem (2006)
RARs rapidly adapting receptors, TRPV-1 transient receptor potential vanilloid-1, AA arachidonic
acid, 5-HT 5-hydroxytryptamine, ASIC acid-sensing ion channel, BKB2 bradykinin B2
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not been shown to influence cough, although no-one may have looked for this effect.
How these sensors may interact and modulate the ultimate cough output remain to
be explored.

There have been many studies on the morphology of sensors in the airways and
lungs. Some, such as slowly adapting pulmonary stretch receptors and neuroep-
ithelial bodies, have had their structures well delineated (Krauhs 1984; Adriaensen
et al. 2003). But for the majority of sensors thought to be involved in cough, al-
though they ramify within and below the airway epithelium, identification of the
histological structure of the sensor is tenuous. Similarly, it is difficult to ascribe any
one type of reflex associated with cough with a particular sensor and afferent path-
way. A partial exception may be the expiration reflex from the larynx, which has a
latency of 15–25 ms from mucosa to muscle in cats and humans (Tatar et al. 2008),
and therefore must be conducted by myelinated afferent nerves, but this still leaves
several possibilities open.

The membrane receptors on the sensors show as much diversity as the sen-
sors themselves (Table 1). They include at least eight “specific” receptors, which
when activated open ion-selective channels leading to production of action poten-
tials. Other receptors, e.g., cannabinoid receptors, may close excitatory channels and
thus inhibit cough, or they may open “inhibitory” channels (e.g., potassium chan-
nels). Extensive reviews of cough membrane receptors are included in this volume
(Belvisi and Hele 2008; Lee and Gu 2008; Materazzi et al. 2008; Mazzone and
Undem 2008). We will give one illustration. Acid stimulates at least three cough
sensors (Aδ-nociceptors, C-fiber sensors, and probably rapidly-adapting receptors),
but with different patterns and timings of neuronal activity (Kollarik and Undem
2006; Kollarik et al. 2007). The membrane receptors involved belong mainly to two
families, the transient receptor potential and the acid-sensing ion channel families
(note the word “family”!). The actual number of membrane receptor types may add
up to dozens. Their concentration and distribution are not known in detail even for
the guinea pig, the species most studied. Yet, there are great species differences in
cough reflexes (Belvisi and Bolser 2002), so even these partial results cannot be
applied accurately to humans.

The problem can be illustrated in a different way by three other examples.
Firstly, alkalis such as ammonia are powerful stimulants of cough (Widdicombe
1954; Boushey et al. 1972; Van Hirtum and Berckmans 2004; Li et al. 2006;
Rahman et al. 2007). Yet as far as we can discover, no-one has identified the sensors
and membrane receptors that respond to alkali. It is unlikely that, when they cause
cough, they have an “antiacid effect” or else they would inhibit cough; that is pre-
cisely what weak concentrations of ammonia have been shown to do to citric acid
induced cough (Mercaux et al. 2000). Secondly, both hyperosmolar and hypoos-
molar solutions of sodium chloride provoke cough (Koskela et al. 2008; Lavorini
et al. 2007) (one might expect the two to have opposite actions), yet the mediating
sensors and membrane receptors have not been identified. Thirdly, cold air is an es-
tablished cause of cough (Cho et al. 2003), and may be one of the factors causing
high-altitude cough. Yet, exercising polar explorers do not complain of cough (Ma-
son and Barry 2007) and, as far as we can determine, no-one has identified airway
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sensors that respond to cold and cause cough. Possibly the laryngeal “cold” sensors
are a candidate (Widdicombe et al. 1988); however, they also respond to airflow,
which has not been shown to cause cough. There must be hundreds of different
agents that can cause cough, but there are only basic detailed studies on acid and
capsaicin, and to a lesser extent on nicotine, adenosine compounds, bradykinin, and
5-hydroxytryptamine.

The whole subject of cough sensors and membrane receptors is a tangled web;
an appropriate term to apply to cough sensory neurones and their tortuous terminals
at both ends. However, the web continues to be unraveled by persistent research.

4 Cough Pathways

As far as we know, all afferent pathways for cough, either from the larynx or from
the tracheobronchial tree, travel in the vagus nerves. Vagotomy or vagal block with
local anesthesia abolishes all reflex cough in humans and other animals (Korpas and
Tomori 1979; Guz et al. 1970). There are some afferent pathways from the lungs that
travel in the sympathetic nerves, for example, coming from neuroepithelial bodies
and visceral pleural sensors, but these have not been shown to mediate cough. The
vagal nerves have their cell bodies in the nodose and jugular ganglia; Undem and
his colleagues have differentiated between cough sensors with cell bodies in each
type of ganglion, and have shown that the ganglia have different embryonic ori-
gins, from placodes and neural crest, respectively (Kollarik et al. 2007). Whether
they correspond to different types of cough is not known. The vagal afferent nerves
(first-order neurones) travel to the nucleus of the solitary tract (NTS), especially the
caudal part of the tract (Mutolo et al. 2008), where they synapse with second-order
neurones. From thereon, the picture becomes very complicated. Second- (or later-)
order neurones travel not only to cause cough, but also to influence modalities such
as breathing, the cardiovascular system, skeletal muscle tone, airway mucosecretion,
and sensation (inter alia). With the exception of cough, none of these connections
has been worked out in any detail. When cough is initiated, the central respiratory
rhythm generator is “switched off” and “gates” are thought to open to allow ac-
tivation of the cough generator (Bolser and Davenport 2004; Bolser et al. 2006).
Presumably these gates are closed in the absence of a stimulus that leads to a cough.

Detailed maps of the brainstem pathways that mediate cough have been deter-
mined (Shannon et al. 2000, 2004), and their relationship to the brainstem neuronal
control of breathing described (Bolser and Davenport 2004). They are too com-
plicated to summarize here, but their importance can be illustrated in five ways.
Bolser et al. (2006) have proposed a “holarchical” system for cough in the brain-
stem whereby different functional control elements regulate the different behaviors
related to cough, including cough itself. This system includes “gates” which, by
opening and closing, can determine whether or not a particular activity, e.g., cough,
is permitted. Secondly, they are a site of sensitization (and possibly desensitiza-
tion) of the cough reflex (Bonham et al. 2006; Chen et al. 2008), and are therefore
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very relevant to what happens in diseases associated with cough. Thirdly, they are
the site of action of many antitussive drugs (Bolser 2008; Takahama et al. 2008).
The understanding of these medullary pathways could lead to important advances
in antitussive therapy (Chung 2007, 2008). Fourthly, the circuitries for the tracheo-
bronchial reflex cough and for the laryngeal expiration reflex have been established
as different (Baekey et al. 2004). Since the two reflexes have different physiological
and pharmacological controls (Tatar et al. 2008), this observation is of potential sig-
nificance in the development of future antitussive therapeutic strategies. And fifthly,
there seem to be different gating systems for cough from the larynx compared with
cough from the lower airways (Bolser and Davenport 2004); this could correspond
to the different circuitries for the expiration reflex compared with the reflex cough,
and these have similar implications for therapy.

But the influence of cough inputs extends far beyond the brainstem. They cause
the sensations of “irritation” and “urge-to-cough” (see later), and activate many
parts of the cerebral cortex and upper brain. This has been well illustrated by the
functional magnetic resonance brain imaging studies in humans that associate the
urge-to-cough sensation with cortical neuronal activation pathways (Mazzone et al.
2007). We do not know whether these supramedullary pathways are enhanced in dis-
eases associated with a chronic cough. A comparison with pain has been drawn; the
latter elicits many reflexes, sensations, and emotive changes, and similar processes
are now being studied in relation to cough (Gracely et al. 2007; Widdicombe 2008).

5 Peripheral and Central Cough Sensitization

There have been many recent studies that show that peripheral cough sensors can
be “sensitized” in animals (Carr 2004, 2007; Carr and Lee 2006; McAlexander and
Carr 2008); these studies show that exposure to an appropriate peripheral stimulus,
for example, by development of an allergic sensitivity or irritation by pollutants
or their constituents, can lower the threshold and increase the cough response to
tussigenic agents such as citric acid or capsaicin, and increase the action potential
response in fibers thought to originate from cough sensors. Histological examination
of the sensors shows that their structure may change, in particular to contain more
inclusions such as those of neuropeptides (Chuachoo et al. 2006). It seems almost
certain that the same process of sensitization can occur in humans. For example,
atmospheric exposure to pollutants or experimental exposure to ozone lowers the
cough threshold to agents such as citric acid and capsaicin (Joad et al. 2007).

To what extent the same process applies to patients with cough is more diffi-
cult to decide. The disease process could cause a greater stimulus to cough sen-
sors otherwise of “normal” sensitivity; for example, the presence of excess mucus,
edema in the mucosa, and greater release of tussigenic agents such as bradykinin
or neuropeptides could move the cough sensor response up the stimulus/response
curve and give the impression of sensitization, while in reality it is the stimulus
that is increased (Widdicombe 1996). It is not known whether mediator release in
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the airways’ mucosa sensitizes the nerves there. One might even speculate that the
increased acidity of the airway surface liquid in asthmatics (Koutsokera et al. 2008)
is a sensitizing or cough-promoting agent. Inhalation of weak ammonia concentra-
tions may inhibit cough (Moreaux et al. 2000). For the clinician, this should not be
a semantic quibble; if there is an added cough stimulus (such as mucus) then it may
be preferable to decrease the stimulus rather than depress the cough, whereas if the
cough is sensitized, a symptomatic (antitussive) approach may be better.

Neural mechanisms of reflex cough are regulated by the inspiratory and expi-
ratory networks of the brainstem, pons, and cerebellum, particularly in brainstem
nuclei in the NTS where there are connections to respiratory related neurones in
the central respiratory generator (Shannon et al. 2000, 2004). Changes in the cen-
tral processing at the level of the ganglia or brainstem (“central sensitization”)
encompass changes in sensory pathways with the release of neurotransmitters or
neuromodulators, or in excitability of postsynaptic neurones, or in a change in the
structure of the nerve (Bonham et al. 2006). Central nervous system sensitization of
the cough reflex has also been shown in animals, including primates In particular,
the role of substance P released from first-order neurones and acting on second-order
neurones in the NTS has been established, and the membrane receptor mechanisms
on the second-order neurones have been analyzed in detail (Chen et al. 2008). With
an upregulated cough reflex, due, for example, to inhaled pollutants, the substance P
levels in the NTS are increased, just as they are in the first-order neurones (the sen-
sory fibers) (Chen et al. 2008). Injections of substance P into the NTS enhance
coughing due to a peripheral stimulus, and neurokinin 1 receptor antagonists de-
press cough in animals (Advenier and Emonds-Alts 1996; Bonham et al. 2006). For
obvious reasons it is impossible to repeat these studies in humans, and in patients
who have a sensitized cough reflex it is difficult to partition the response between
periphery and brainstem. On theoretical grounds, it seems likely that both sites are
involved. Disease processes in the airways will sensitize the sensors there, which
in turn will cause sensitization at the first- and second-order neurones in the brain-
stem, as seems to happen in experimental animals. From the therapeutic point of
view, effective neurokinin 1 receptor antagonists might act at both levels (Advenier
and Emonds-Alts 1996).

6 Sensory Correlates of Cough

Reflex coughing, as distinct from voluntary or habit coughing, is often associated
with unpleasant sensation in the chest or throat; however, this is not always present,
especially with conditions in the lower airways involving, for example, excessive
mucus. The terms used to describe the sensations are various, and include “irrita-
tion,” “rawness,” and even “pain” (Widdicombe 2008).

Urge-to-cough is a distinct sensation that, with increasing levels of cough stim-
ulation, has a lower threshold and occurs before the cough itself (Davenport 2008;
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Vovt et al. 2007), Other respiratory sensations, such as tightness, air-hunger, sense
of effort and sense of lung volume are not usually associated with cough.

Patients with chronic cough often complain of a persistent tickling or irritating
sensation in the throat (feeling of an itch) or a choking sensation, and it is some-
times felt in the chest, that often leads to paroxysms of coughing. Triggers such
as changes in ambient temperature, taking a deep breath, laughing, talking over
the phone for more than a few minutes, cigarette smoke, aerosol sprays, perfumes
or eating crumbly dry food are common. Unpleasant sensation related to cough
may be localized vertically, in the throat or in the chest, but not usually more pre-
cisely or laterally. Vagotomy or vagal anesthesia prevents the sensation (Petit 1970;
Winning et al. 1988), and that from the chest is absent in patients with bilateral lung
transplant (Butler et al. 2001)

Urge-to-cough has been extensively studied in the last few years, especially by
Davenport and colleagues. It is described in detail elsewhere in this volume by
Davenport (Davenport 2008). The parts of the cerebral cortex and upper brain that
are activated by these sensations have also been mapped out (Mazzone et al. 2007).
Urge-to-cough can occur with stimuli, such as aerosols of capsaicin, citric acid,
and distilled water, and intravenous injections of lobeline and capsaicin, which are
too weak to cause cough, and in the presence or absence of unpleasant sensation
(Widdicombe 2008). While urge-to-cough has no particular location in the body,
unpleasant sensation related to cough may be felt in the chest or the throat (Butler
et al. 2001). In the latter case it must be referred from another site, since intra-
venously administered lobeline is thought to act on bronchopulmonary sensors but
arouses a raw sensation in the larynx. A similar referred unpleasant sensation is seen
with some patients with unilateral lung disease, when the sensation is identified as
coming from the ipsilateral side of the face (Sarlani et al. 2003). But cough is not
usually associated with this condition.

We cannot say which sensor or sensors in the lungs are responsible for the respi-
ratory sensations, but it seems likely that there are different combinations of activity
for cough, urge-to-cough, and rawness. For example, distilled water aerosol pro-
duces cough and urge-to-cough but no rawness (Lavorini et al. 2007), while anec-
dotally many lung conditions produce cough and rawness but no urge-to-cough, or
cough with neither rawness nor urge-to-cough. The complexity of the airway sen-
sory system mediating cough, as already described, makes it unlikely that identical
pathways are responsible to all three reactions.

7 Epidemiology of Clinical Cough

Chronic cough is not uncommon and its prevalence varies from 9 to 33% of the
population, and there is an association with cigarette smoking (Cullinan 1992;
Ford et al. 2006; Zemp et al. 1999), in that chronic smokers have a threefold in-
crease in prevalence of chronic cough compared with never smokers and ex-smokers
(Zemp et al. 1999). Other associations are reported too with asthma or respiratory
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wheeze, or with symptoms of gastroesophageal reflux disease (GORD) (Janson et al.
2001; Ford et al. 2006). Exposure to environmental pollutants, particularly PM10
particulates, is also associated in adults and schoolchildren with productive cough
or chronic nocturnal dry cough (Braun-Fahrlander et al. 1997; Pierse et al. 2006). In-
creases in levels of PM10 and of nitrogen dioxide have been correlated to reductions
in peak expiratory flows and to increasing reporting of cough, sputum production,
and sore throat in children. Clearly more research is needed to firm and explain
the link with environmental pollution. For the respiratory physician, patients with a
chronic cough probably account for 10–38% of his/her outpatient practice. Only a
minority of the population identified in epidemiological surveys seek medical help
or advice about their symptom. It is important to find out whether there are any med-
ical associations with chronic cough in the community and of the natural history of
this symptom.

8 Clinical Associations of Cough

Cough has been divided into an acute self-limiting cough lasting less than 3 weeks
or a chronic persistent cough, usually defined as lasting for more than 8 weeks.
Acute cough is usually the result of an upper respiratory tract virus infection that
usually clears within 2 weeks in two thirds of people. Nonviral causes of acute
cough include exacerbation of existing asthma or potential exposure to environmen-
tal pollutants. Other types of cough last for a limited period of 3–8 weeks, which
is referred to as subacute cough, reported to be postinfective (Kwon et al. 2006).
Eleven to 25% of patients with chronic cough report a postinfectious cough (Poe
et al. 1989). Persistent cough following Mycoplasma or Bordetella pertussis infec-
tions have been highlighted (Davis et al. 1995), but no doubt other infections may
be involved and further research in this area is needed.

In North America and Europe, the most common conditions associated with
causing chronic cough, with normal findings on a chest radiograph, include
the corticosteroid-responsive eosinophic airway diseases (asthma, cough-variant
asthma, and eosinophilic bronchitis), and a range of conditions typically associated
with an inhaled corticosteroid-resistant cough, including GORD and the postnasal
drip syndrome or rhinosinusitis. The frequency of these causes has varied in dif-
ferent series depending on the location of the clinic and its particular interest, on
the age of the patient, and on local definition of the disease entities (Chung and
Pavord 2008). For example, with regard to the latter, in Japan, atopic cough and
sinobronchial disease are more commonly diagnosed, while GORD is much less so
(Niimi 2007; Kohno et al. 2006). The associations of various diseases with chronic
cough still need to be worked out carefully, and the mechanisms of cough in disease
are in need of clarification.

Asthma may present predominantly with cough, often nocturnal, and the diagno-
sis is supported by the presence of bronchial hyperresponsiveness. Three other con-
ditions, cough-variant asthma, atopic cough, and eosinophilic bronchitis, are related
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to classic asthma, and are all associated with an eosinophilic airway inflammation
and the cough responds well to inhaled corticosteroid therapy. This raises the possi-
bility that eosinophils may directly contribute to increasing cough sensitivity.

GORD encompasses symptoms or complications such as heart burn, chest pain,
sour taste, or regurgitation, and also a chronic persistent cough. Direct aspiration
of gastric contents into the larynx and upper airways that could directly stimulate
cough sensors and increases in tracheal acidity have been recorded during episodes
of reflux (Jack et al. 1995). On the other hand, direct infusion of acid into the dis-
tal esophagus of patients with chronic cough due to GORD induces cough (Ing
et al. 1994), through vagal cholinergic pathways. However, the majority of coughs
in GORD do not coincide with an acid reflux episode (Ours et al. 1999; Irwin et al.
1989). Nonacid components such as pepsin, bile, and other gastric enzymes may
induce cough. In addition, associated dysmotility of the esophagus is implicated but
with not much evidence.

Postnasal drip (“nasal catarrh”) is characterized by a sensation of nasal secre-
tions or of a “drip” at the back of the throat, accompanied very often by frequent
need to clear the throat (“throat-clearing”) associated with nasal discharge or nasal
stuffiness. The term “upper airway cough syndrome” is proposed as an alternative
to stress the association of upper airways disease with cough (Pratter 2006). The
pathogenesis of cough in the postnasal drip syndrome may be related to the direct
pharyngeal, laryngeal, or sublaryngeal stimulation by the mucoid secretions from
the rhinosinuses, which contain inflammatory mediators to induce cough.

9 Idiopathic Cough

Earlier series of chronic cough patients rarely identified patients in whom no identi-
fiable cause was found or failure of treatment of identifiable causes occurred. More
recent series have identified a significant proportion of patients labeled as “idio-
pathic” cough, ranging from 7 to 46%, despite thorough diagnostic workup (Irwin
et al. 1981, 1990, 2006; Poe et al. 1989; O’Connell et al. 1994; Pratter et al. 1993;
Smyrnios et al. 1995; Mello et al. 1996; French et al. 1998; McGarvey et al. 1998;
Brightling et al. 1999; Birring et al. 2004b; Niimi et al. 2005; Kastelik et al. 2005;
Fujimura et al. 2005; Shirahata et al. 2005; Palombini et al. 1999; Carney et al.
1997). It may be interesting to determine whether this represents a genuine change
or whether different methods were being used regarding diagnostic approaches.
The initiating cause of the cough may have disappeared, but its effect on enhancing
the cough reflex may be more prolonged. An example could be the transient ap-
pearance of an upper respiratory tract virus infection or an exposure to toxic fumes
that results in prolonged damage of the airways’ mucosa. The repetitive mechanical
and physical effects of coughing bouts on airway cells could activate the release
of various chemical mediators that could enhance chronic cough through inflam-
matory mechanisms (Heino et al. 1990), providing a positive feed-forward system
for cough persistence. It is quite possible that there is an induction of changes in
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the upper airways of inflammation and tissue remodeling induced by various causes
associated with cough or by the act of coughing itself that could lead to an en-
hanced cough reflex, which in turn is responsible for maintaining cough. The cough
becomes “idiopathic” when the primary inciting cause has resolved while cough
is persistent. It is clear that more needs to be learned about idiopathic cough, and
whether it is all “idiopathic” is the big question; in the meantime, it is reasonable to
study this group as a separate entity.

10 Enhanced Cough

Patients with chronic cough often complain of a persistent tickling or irritating sen-
sation in the throat (feeling of an itch), or a choking sensation and sometimes felt in
the chest, that often leads to paroxysms of coughing. Triggers such as changes in am-
bient temperature, taking a deep breath, laughing, talking over the phone for more
than a few minutes, cigarette smoke, aerosol sprays, perfumes, or eating crumbly
dry food are common.

The mechanisms of idiopathic cough are unclear, but we assume that the initiat-
ing cause of the cough has disappeared, leaving an enhancement of the cough reflex
which can be measured by the tussive response to inhalation of citric acid or cap-
saicin, as compared with noncoughers (Choudry and Fuller, 1992). The increase in
cough sensitivity to capsaicin is related to the presence of a tickling or irritating sen-
sation localized to the throat or lower-chest area that often leads to a paroxysm of
coughing which patients with chronic cough find most distressing because it cannot
be controlled. The paroxysm can be triggered in some patients by inhaling cold air,
by a deep breath, by the act of laughing, and by breathing irritants such as cigarette
smoke, aerosol sprays, or perfumes. The urge-to-cough is a sensory measure of this
sensation of tickling or irritation that is induced at concentrations of inhaled cap-
saicin that are lower than those necessary to elicit a cough reflex, which is a motor
cough behavior (Davenport et al. 2007), but may also be present in patients with
chronic cough. This sensation may be a “referred” sensation since very often there
are no visible abnormalities of the pharynx and larynx that are associated with it.

This enhanced cough reflex may result from an increased sensitivity of cough
receptors with plasticity of the afferent innervation such as changes in nerve den-
sities or in ion channels (peripheral sensitization) (Lee and Undem 2004; Carr and
Lee 2006). The presence of increased expression of the transient receptor poten-
tial vanniloid-1 (TRPV-1) receptor in epithelial nerves of patients with nonasth-
matic chronic cough indicates a potential mechanism of peripheral sensitization
(Groneberg et al. 2004). Inflammation and remodeling of the airway submucosa
with an increase in submucosal mast cells and airway wall remodeling with gob-
let cell hyperplasia, subepithelial fibrosis, and increased vascularity is reported in
chronic cough patients (Niimi et al. 2005). Increased mast cells have also been
observed in bronchoalveolar lavage fluid (McGarvey et al. 1999), with increased
neutrophils (Jatakanon et al. 1999), and higher histamine, prostaglandins D2 and
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E2, tumor necrosis factor α, and interleukin-8 concentrations in induced sputum
(Birring et al. 2004a). These inflammatory changes could certainly contribute to pe-
ripheral sensitization of the cough reflex. However, while the changes observed in
the airways could also result from physical damage from the coughing act, they
could nevertheless contribute to the chronicity of the cough, a possibility worth
exploring. Some of the mechanisms underlying the enhanced cough response in
chronic cough are illustrated in Fig. 2.

11 Measuring Cough

There has been a great deal of progress made in the field of cough measurement
over the last 10 years (Chung 2006). Cough can be measured subjectively using
symptom scores and specific quality-of-life measures, and objectively by measuring
cough numbers and intensity, and by assessing the cough response to capsaicin or
citric acid. Most previous reported clinical series of chronic cough do not state how
the clinical response of the chronic cough patients was measured, and yet provide
success of intervention as “yes/no.” This could be the reason why there is a diversity
of success in treating chronic cough in the literature. In the small studies of the anti-
tussive effects of various agents, a variety of instruments have been used, including
a cough scoring system or visual analogue scale completed by the patient, or tussive
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response to capsaicin or citric acid. Cough visual analogue scores are used most
commonly in clinical trials. Typically these assess cough according to the patient’s
own experience: for example, the patient will be asked to rate his/her cough on a
10-cm scale fixed at both ends by “no cough” and “the worst cough ever.” Assess-
ments are responsive and repeatable but they are of no value in comparing cough
severity between individuals or populations.

Cough-specific quality-of-life questionnaires have been used to identify the many
different components of impaired health status seen in patients with chronic cough
(French et al. 1998; Birring et al. 2003). The Leicester Cough Questionnaire com-
prises of 19 items and three domains made of physical, psychological, and social
attributes, with a seven-point Likert response scale, and responsiveness to treatment
has been shown in a group of patients with cough that were successfully treated
(Birring et al. 2006).

The ultimate objective assessment of cough is to measure its frequency and in-
tensity (Chung 2006) and there are now reliable ambulatory systems to measure
cough, although measurement of cough intensity may not be easy (Birring and
Yousaf 2008).

Measurement of the cough reflex has been studied using inhalation of citric acid
or of capsaicin; both techniques have been well validated and the methods are well
standardized. Capsaicin cough sensitivity is probably the most widely used test, as
it induces cough reliably and assessments of the cough reflex with inhaled capsaicin
are reproducible (Dicpinigaitis 2003; Dicpinigaitis and Alva 2005). An increase in
cough sensitivity has been reported in most conditions associated with a chronic
cough and improvements in cough sensitivity are seen in patients whose chronic
cough has been successfully treated (O’Connell et al. 1994).

The need for objective measures in clinical trials is demonstrated by the more
recent studies that have shown the limitation of available antitussives in the treat-
ment of chronic cough. Codeine is probably the most commonly prescribed opioid-
derived antitussive and recent studies using objective counts have shown that it is
ineffective against the acute cough of the common cold (Freestone and Eccles 1997),
or against cough in patients with COPD (Smith et al. 2006), despite the findings re-
ported in previous publications on its antitussive effects. The correct use of these
instruments to measure cough in the clinic as well as in the clinical trials assess-
ing antitussive therapies will certainly be defined in the years to come (Pavord and
Chung 2008).

12 Need for More Effective Antitussive Therapies

In patients with idiopathic cough or in those in whom treatments directed against
associated cause (termed “specific antitussives”) are not successful, there is a need
for symptomatic antitussive therapies. The efficacy of codeine or dextrometorphan
in chronic cough is limited at the recommended doses, and higher doses causes
unacceptable side effects. There continues to be great interest from the pharmaceu-
tical industry to develop new antitussives on the basis of our understanding of the
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mechanisms of the enhanced cough reflex (Chung 2005). New-generation opioids
or inhibitors that target afferent nerves involved in sensitization of the cough reflex
such as TRPV-1 antagonists, tachykinin receptor antagonists, or chloride channel
blockers have been identified as potential antitussives. There has been little progress
in translating this research to effective antitussives and few studies have been done
in chronic cough patients (Chung 2005). This may relate to the fact that most targets
for antitussive therapies are derived from animal models that differ from humans and
that the human cough reflex pathway is difficult to study.

On the other hand, potential antitussives have arisen from clinical reports of ex-
isting drugs in the treatment of cough, particularly the use of centrally acting drugs
such as the antiepileptics gabapentin and carbamazepine, and the antidepressants
amitriptyline and paroxetine (Chung 2007). There is a pressing need to demonstrate
their antitussive effects in controlled trials using appropriate cough-assessment tools
and to investigate their mechanism of action. They may have an effect on the sen-
sitization process, akin to the effect of these agents in controlling neuropathic pain,
through inhibition of various neural inflammatory pathways, or through effects
on supramedullary pathways (Widdicombe et al. 2006). For example, there have
been reports of positive findings for the use of amitriptyline in 12 cough patients
(Bastian et al. 2006), and in an open controlled study of postviral persistent cough
(Jeyakumar et al. 2006). The applicants had anecdotal experience of the beneficial
antitussive actions of this drug in chronic idiopathic cough patients. However, con-
firmation of the antitussive effects in double-blind controlled trials using validated
measures of cough is urgently needed and the potential antitussive mechanisms need
to be investigated.

13 Conclusions: The Future of Cough

In the next 10 years, we expect to continue to increase our understanding of the
physiological mechanisms of acute and chronic cough, including from the point of
view of peripheral and central sensitizations of the cough reflex. From the clini-
cal aspect, we may expect to understand better the relationship of diseases that are
linked to chronic cough to the pathogenesis of cough. Better tools available to mea-
sure cough should allow us to pick up efficacious treatments for chronic cough. As
a result we should start to assess the real impact of potential symptomatic antitus-
sives in chronic cough. If successful antitussives become available, they will change
dramatically our approach to the management of chronic cough.
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Abstract The afferent nerves regulating cough have been reasonably well defined.
The selective effects of general anesthesia on C-fiber-dependent cough and the op-
posing effects of C-fiber subtypes in cough have led to some uncertainty about their
regulation of this defensive reflex. But a role for C-fibers in cough seems almost
certain, given the unique pharmacological properties of these unmyelinated vagal
afferent nerves and the ability of many C-fiber-selective stimulants to evoke cough.
The role of myelinated laryngeal, tracheal, and bronchial afferent nerve subtypes
that can be activated by punctate mechanical stimuli, inhaled particulates, accu-
mulated secretions, and acid has also been demonstrated. These “cough receptors”
are distinct from the slowly and rapidly adapting intrapulmonary stretch receptors
responding to lung inflation. Indeed, intrapulmonary rapidly and slowly adapting
receptors and pulmonary C-fibers may play no role or a nonessential role in cough,
or might even actively inhibit cough upon activation. A critical review of the studies
of the afferent nerve subtypes most often implicated in cough is provided.
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1 Introduction

Cough is a defensive reflex initiated primarily from the larynx, trachea, and large
bronchi. Stimuli initiating cough include punctate mechanical stimuli, accumulated
secretions, aspirate, particulate (e.g., powder, dust), capsaicin, bradykinin, and in-
terventions that alter the pH or tonicity of airway surface liquid. Although afferents
throughout the upper and lower airways and sensory nerves innervating the medi-
astinum, respiratory muscles, and chest wall all likely contribute to the encoding of
cough thresholds and intensity, vagal afferent nerves innervating the large extrapul-
monary and intrapulmonary airways are the primary regulators of cough. The phys-
iological properties of airway vagal afferent nerves have been described in detail
elsewhere (Canning et al. 2006). In this review, a description of the known physio-
logical, morphological, and pharmacological properties of the vagal afferent nerve
subtypes primarily implicated in cough is provided, as well as a summary of the
important contributions of Widdicombe.

2 Widdicombe’s Studies of Cough and Description
of the “Cough Receptors”

The landmark studies by Widdicombe published in 1954 and cited in subsequent
papers nearly 1,000 times since remain the best characterization of the afferent
nerves regulating cough (Widdicombe 1954a,b,c). Three attributes of those stud-
ies account for their importance and lasting impact on the field. First, the methods
for maintaining and monitoring respiration and respiratory reflexes while isolating
the trachea and bronchi for selective afferent stimulation were highly novel and
have served as the model for many subsequent studies of airway neural control.
Second, the combination of respiratory reflex measurements with parallel single
and/or multifiber afferent nerve recordings as well as phrenic nerve recordings in
some preparations provided unmatched insight into the cause and effect of airway
neural control. Finally, the rigor with which the studies were carried out – comparing
different anesthetics (pentobarbital and chlorolase) with decerebrate preparations,
the care with which the afferents were described (see Table 1), the identification
of afferent nerve termination sites, the first-ever comparison of pulmonary stretch
receptors with tracheal/bronchial stretch receptors, and the differentiation of nearly
300 units into four subtypes – have greatly influenced subsequent studies of airway
neural control. Notably, these studies formed the basis of Widdicombe’s graduate
thesis (Widdicombe 2001). Because this work has been so influential and affirmed
repeatedly in the years following, a summary of the key findings serves well as an
introduction to this review.

Focusing initially on afferents stimulated by lung inflation in cats, Widdicombe
described two mechanically sensitive afferent nerve subtypes. The majority of the
afferents identified by lung inflation were slowly adapting, with adaptation indices
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Table 1 Tracheal, bronchial, and lung stretch receptor subtypes in cats identified by Widdicombe

Slowly
adapting
receptors

Rapidly
adapting
receptorsa

Intermediate
receptors

Stretch receptors responsive to whole lung inflation

Adaptation index <70 ≥70
Response to lung deflation Not activated Activated
Pressure/volume threshold Low Moderate
Tracheal/bronchial inflation Not activated Activated
Tracheal/bronchial deflation Not activated Activated
Termination sites Peripheral

airways/lung
Trachea/carina/
mainstem
bronchi

Stretch receptors responsive to tracheal/bronchial inflation and deflationa

Pressure/volume threshold Low Not assessed High
Active at eupnea Yes No No
Termination site Bronchi Trachea/carina Trachea/bronchi
Tracheal/bronchial mucosal probing Unresponsive Activated Activated
Sulfur dioxide inhalation 11% sensitized 15% sensitized 80% sensitized
Powder inhalation Not activated Activated Not activated
Response to topical anesthesia Insensitive Sensitive Moderately sensitive
Response to repetitive stimulation Sustained Sustained Decrementing
aRapidly adapting receptors as defined by whole lung inflation correspond to the tracheal/bronchial
stretch receptors described in the lower portion of the table. Many of the attributes listed (e.g.,
activated, not activated, low, high) are generalized, not uniformly expressed in each subtype. See
the text for further details

of 40 or less. Amongst all fibers classified as slowly adapting receptors (SARs;
adaptation index of less than 70), just 19% responded to lung deflation. The majority
of SARs could be activated by mechanically probing the lung but not by tra-
cheal/bronchial distension, suggesting a peripheral lung termination. About 80%
of rapidly adapting receptors (RARs; defined by an adaptation index 70 or more)
responded to lung deflation. Vagal cooling poorly differentiated the subtypes, while
distension/volume thresholds were positively correlated with adaptation index.

Using catheters that allowed partition of the airways into pulmonary and tracheal/
mainstem bronchial segments, each region subject to selective distension, and the
trachea and bronchi accessible to mechanical probing, Widdicombe subsequently
localized the terminals of RARs (as defined by whole lung inflation). In contrast to
SARs, RARs terminated in the trachea and bronchi, not in the lung. When only the
trachea and bronchi were distended, a highly heterogeneous group of afferent nerves
was identified. The physiological properties of 166 such stretch receptors innervat-
ing the trachea and bronchi (thus differentiating this study from those of Adrian and
of Knowlton and Larrabee (Adrian 1933; Knowlton and Larrabee 1946) were then
characterized. Three subtypes were identified. Half of the tracheal and bronchial
stretch receptors (82/166) gave a regular discharge in response to modest lung in-
flations and deflations. Adaptation indices amongst this group of stretch receptors
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varied widely, with about half of those fully characterized having adaptation in-
dices to tracheal/bronchial inflation of 0–50%. Receptor discharge amongst these
tracheal/bronchial SARs increased or decreased incrementally as the tracheal pres-
sure was altered. Most (approximately 90%) SARs in Widdicombe’s analysis of
the tracheal/bronchial stretch receptors terminated in the mainstem bronchi. Tra-
cheal/bronchial SARs were unaffected by topically applied procaine, just partially
inhibited by ether vapor, and only modestly responsive to mechanical stimulation of
the airway mucosa.

The two additional subtypes of tracheal and bronchial stretch receptors were de-
scribed as RARs (46 of 166 fibers) and intermediate receptors (38 of 166). The
tracheal and bronchial RARs produced a burst of activity only during the dynamic
phases of either inflation or deflation of the trachea/bronchi, all having an adaptation
index of 100%. The RARs were more responsive to airway deflation than inflation.
The majority (approximately 90%) of tracheal/bronchial RARs terminated in the
trachea or carina. Topically applied procaine and ether vapor prevented RAR dis-
charge but had little effect on the other tracheal/bronchial stretch receptors. RARs
were also more responsive to dust/powder inhalation and to punctate mechanical
stimulation of the airway mucosa than the other airway stretch receptor subtypes.
As the name suggests, the intermediate receptors had characteristics of both RARs
and SARs, but with one significant difference being a progressive diminution of
responsiveness to repeated airway inflations/deflations. The ability of sulfur diox-
ide to sensitize the majority (80%) of intermediate receptors to airway distension
or collapse relative to its inability to sensitize tracheal/bronchial RARs (15%) or
SARs (11%) to airway pressure changes also differentiated this subtype from the
other tracheal/bronchial stretch receptors. Intermediate receptors were distributed
throughout the trachea, carina, and bronchi and had inflation pressure thresholds for
activation nearly 10 times that of the tracheal/bronchial or pulmonary SARs.

Because the tracheal/bronchial RARs identified by Widdicombe were most re-
sponsive to negative luminal pressures, their inflation pressure thresholds were not
evaluated. It is also unclear whether tracheal/bronchial RARs and intermediate re-
ceptors would have been activated by whole lung inflation unless very high intratra-
cheal pressures were sustained (see later).

Taken together and using responsiveness to whole lung and then tracheal/
bronchial inflation and deflation for differentiation, Widdicombe described at least
four subtypes of airway and lung stretch receptors in his initial studies: pulmonary
SARs, tracheal/bronchial SARs (which adapt rapidly to whole lung inflation), tra-
cheal/bronchial RARs, and intermediate receptors, with characteristics of both the
tracheal/bronchial RARs and SARs (Table 1). In subsequent studies, Widdicombe
and colleagues (Mills et al. 1969, 1970; Sellick and Widdicombe 1969, 1971;
Widdicombe et al. 1962) described another subtype of stretch receptor, the lung
irritant receptors, also known as the intrapulmonary RARs, which are described
in a subsequent section. Only the pulmonary and tracheal/bronchial SARs and the
intrapulmonary RARs (lung irritant receptors) are thought to have any activity at
eupnea (owing to their low pressure thresholds). On the basis of the characteristics
of the subtypes described above and parallel studies of the stimuli initiating cough,
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Widdicombe concluded that tracheal/bronchial RARs and intermediate receptors
regulate the coughing initiated by mechanical and chemical (sulfur dioxide) stim-
ulation, respectively. These conclusions have not been refuted in the more than
50 years that have passed since their original publication.

In several places throughout the text of these papers, Widdicombe used the term
“cough receptor” to describe the vagal afferent nerves that were activated by stim-
uli that initiated cough (Widdicombe 1954a,c). Used sparingly by Widdicombe
and other physiologists since, the term has nevertheless achieved some degree of
acceptance in the clinical literature but with little regard for what specific affer-
ent nerves are being described (Barry et al. 1997; Chang et al. 1996; Fujimura
et al. 1992, 1993; Malik et al. 1978). There are several arguments against using this
term to describe an airway afferent nerve subtype. For starters, the term is nonsensi-
cal, and read literally may conjure images of one’s hands, or perhaps handkerchief,
amongst the more refined. Second, it is nonspecific, and might prompt grouping
of afferent nerve subtypes that can all initiate coughing upon activation but oth-
erwise share no other physiological attributes. The term is also limiting, implying
that these afferents may subserve no other reflex functions, and also implying a
somewhat circular approach to characterization. Yet for better or worse, it seems,
cough researchers are stuck with the term “cough receptor.” If so, then cough re-
ceptor should refer only to afferent nerves with attributes similar to those of the
tracheal/bronchial RARs and intermediate receptors identified by Widdicombe, and
should not be used to describe any other afferent nerve subtypes implicated in cough
(e.g., C-fibers, intrapulmonary RARs) but possessing their own unique physiologi-
cal characteristics.

3 Identification of the Afferent Nerves Regulating Cough
in Anesthetized Guinea Pigs

Guinea pigs have become the most frequently used species in studies of cough de-
spite the fact that up until the past decade or so very little information about the
physiological properties of their airway and lung afferent nerves had been pub-
lished. Most cough studies in guinea pigs have been carried out in conscious an-
imals, arguably the most clinically relevant approach for pharmacological analysis
but providing limited physiological insight (Belvisi and Bolser 2002; Canning 2008;
Karlsson and Fuller 1999; Lewis et al. 2007). Still, there are many advantages to the
guinea pig for cough research. Guinea pigs can be used in both conscious and anes-
thetized models of cough, largely infeasible in cats and dogs (because it is difficult
to study conscious cough in these species), or in human subjects and nonhuman pri-
mates (because the desirable, invasive aspects of cough studies done in anesthetized
animals are generally not possible in humans or nonhuman primates). Guinea pigs
are also small enough (as are rabbits, cats, and the rodents rats and mice; guinea pigs
may not be rodents; D’Erchia et al. 1996) such that stereotaxic methods for study-
ing central processes relevant to cough can be employed, as well as tracing and in
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vitro electrophysiological studies. Guinea pigs also cough to the same stimuli (e.g.,
capsaicin, bradykinin, acid, punctate mechanical stimuli) that initiate coughing in
human subjects, while there is some controversy as to whether mice or rats cough
(Belvisi and Bolser 2002; Kamei et al. 1993; Ohi et al. 2004; Tatar et al. 1996, 1997).
Studies from the laboratories of Advenier, Belvisi, Bolser, Chung, Fujimura, Kamei,
Karlsson, McLeod, Morice, Sekizawa, Tatar and colleagues, and others have defined
the pharmacology and pathophysiology of cough in guinea pigs (Bolser et al. 1991,
1994, 1997; Daoui et al. 1998; El-Hashim and Amine 2005; Forsberg et al. 1988;
Fox et al. 1996; Gatti et al. 2006; Girard et al. 1995; Hara et al. 2008; Jia et al. 2002;
Kamei and Takahashi 2006; Kamei et al. 2005; Karlsson et al. 1991a,b; Lalloo
et al. 1995; Laude et al. 1993; Leung et al. 2007; Lewis et al. 2007; Liu et al. 2001;
McLeod et al. 2001; O’Connell et al. 1994; Pinto et al. 1995; Plevkova et al. 2004;
Tatar et al. 1996, 1997; Trevisani et al. 2004; Xiang et al. 2002). These advan-
tages and the careful electrophysiological analyses by Bergren (Bergren 1997, 2001;
Bergren et al. 1984; Bergren and Kincaid 1984; Bergren and Myers 1984; Bergren
and Sampson 1982), Fox (Fox et al. 1993, 1995), Joad (Bonham et al. 1995, 1996;
Joad et al. 1997, 2004; Mutoh et al. 1999), Tsubone (Sano et al. 1992; Tsubone
et al. 1991), Undem (Canning et al. 2004; Chuaychoo et al. 2005, 2006; Kollarik
and Undem 2002; Lee et al. 2005; McAlexander et al. 1999; McAlexander and
Undem 2000; Riccio et al. 1996; Ricco et al. 1996; Undem et al. 2004), and col-
leagues have made it feasible to identify the afferent nerves regulating cough in
guinea pigs.

Working from the pre-existing knowledge base about laryngeal, tracheal, and
bronchial afferent nerves in guinea pigs, Canning et al. (2004) established a model
in anesthetized guinea pigs whereby cough could be evoked electrically, mechani-
cally, or by acid applied topically to the laryngeal and tracheal mucosa. Capsaicin
or bradykinin applied topically to the tracheal mucosa of these anesthetized guinea
pigs did not evoke coughing. It was also observed that cutting the recurrent laryn-
geal nerves prevented cough evoked from the rostral trachea and larynx, while cut-
ting the superior laryngeal nerves was without effect. A subsequent analysis of the
responsiveness and projections of the various afferent nerve subtypes innervating
the trachea and larynx was compared with the results of these cough studies. Re-
sponsiveness to mechanical and acid stimulation did not reliably differentiate the
afferents that regulate cough, nor did recurrent laryngeal nerve transections. Thus,
all three known tracheal/laryngeal afferent nerve subtypes project axons to the tra-
chea and larynx via the recurrent laryngeal nerves, and all subtypes, albeit with
varying sensitivities, are responsive to acidic and mechanical stimuli (Kollarik and
Undem 2002; Ricco et al. 1996; Undem et al. 2004). But the inability of capsaicin
or bradykinin to acutely initiate coughing when applied topically to the tracheal
and laryngeal mucosa of anesthetized guinea pigs strongly implicated the capsaicin-
insensitive afferent nerves arising from the nodose ganglia (Myers et al. 2002; Ricco
et al. 1996). Conversely, the inability of the superior laryngeal nerves to sustain a
cough reflex following recurrent laryngeal nerve transection argued against affer-
ent nerves arising from the jugular ganglia, given that very few nodose ganglia
neurons project to the airways via the superior laryngeal nerves, while about half
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of the jugular ganglia neurons innervating the larynx and rostral trachea project
to these airways via the superior laryngeal nerves. The evidence described above
combined with the inability of capsaicin desensitization (which renders jugular gan-
glia neurons unresponsive to any stimuli) to prevent electrical-, mechanical-, or acid-
induced coughing led to the conclusion that the capsaicin-insensitive nodose ganglia
neurons innervating the trachea and larynx were both sufficient and necessary for
initiating the cough reflex in anesthetized guinea pigs (Canning et al. 2004).

The nodose ganglia neurons innervating the larynx, trachea, and mainstem
bronchi of guinea pigs had in previous studies by Undem and colleagues been called
RARs on the basis of their response to punctate mechanical stimuli (McAlexander
et al. 1999; Myers et al. 2002). To better define these afferent nerves regulating
cough, we compared their physiological properties wit those of intrapulmonary re-
ceptors innervating the guinea pig airways and lungs. Using a whole lung prepa-
ration, we identified intrapulmonary afferent nerve subtypes that adapted either
rapidly or slowly to distending pressures applied to the trachea. Like the tracheal
afferent nerves regulating cough, both stretch receptor subtypes innervating the in-
trapulmonary airways and lung had cell bodies in the nodose ganglia. But in contrast
to the tracheal/bronchial cough receptors, which have axonal conduction velocities
of approximately 5ms−1, the intrapulmonary stretch receptors have axon conduc-
tion velocities of approximately 16ms−1. Other differences, including responsive-
ness to distending pressures, airway smooth muscle contraction, and ATP receptor
activation, led to the conclusion that the afferent nerves regulating cough evoked
from the trachea and larynx are distinct from the well-defined RARs, SARs, and
C-fibers of the airways and lungs (Canning et al. 2004).

The afferent nerves regulating cough in guinea pigs are similar to those described
by Widdicombe in the cat (Widdicombe 1954a). Differences may, however, exist.
Widdicombe’s studies leave it unclear whether all of the fibers responding to tra-
cheal/bronchial pressure changes and comprising three tracheal/bronchial subtypes
would have been identified as RARs in whole lung inflation studies (Widdicombe
1954a). In the guinea pig, cough receptors are unresponsive to changes in lu-
minal pressure (Canning et al. 2004). In fact, the cough receptors described in
cats were activated by selective tracheal/bronchial distension or collapse, stimuli
that reportedly caused cough in this species, whereas the guinea pig cough re-
ceptors were insensitive to airway pressure changes, even highly unphysiologi-
cal distending and collapsing pressures, and these pressure changes also failed to
cause cough in guinea pigs. This may simply reflect the physical/structural dif-
ferences in cat and guinea pig airways. It is also possible, however, that the ap-
parent species difference is nonexistent. Thus, of the eight RARs (as identified by
whole lung inflation) characterized by Widdicombe using both whole lung and tra-
cheal/bronchial lung inflation and prompting his conclusion that lung RARs were
in fact tracheal/bronchial stretch receptors, all eight were described as SAR-type
tracheal/bronchial stretch receptors (Widdicombe 1954a). The tracheal/bronchial
SARs are essentially identical in sites of termination (bronchi) and function to
the intrapulmonary RARs described by Widdicombe in subsequent studies (Mills
et al. 1969, 1970; Sellick and Widdicombe 1969, 1971). They are also the only
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tracheal/bronchial stretch receptor subtype not implicated in cough in cats by this
investigator, and they represent only about half of the stretch receptors activated by
tracheal bronchial luminal pressure changes. Also, while Widdicombe stated in the
text that changes in tracheal/bronchial luminal pressures evoked coughing, the data
presented in support of this assertion are not convincing (Widdicombe 1954c). As
the reader can test, forceful expiratory and inspiratory efforts against a closed glot-
tis can generate very large positive and negative airway pressures and sensations,
and yet does not evoke coughing (Davies et al. 1984; Green and Kaufman 1990;
Rao et al. 1981). In fact, Widdicombe argued against the notion that luminal
pressure changes were a relevant stimulus for initiating cough, given the high
pressure thresholds for the tracheal/bronchial RARs and intermediate receptors
(Widdicombe 1954a, 1954c).

Widdicombe’s studies in anesthetized cats (Widdicombe 1954a, 1954c) and our
studies in anesthetized guinea pigs (Canning et al. 2004) concluded that the affer-
ent nerves that regulate cough were myelinated (on the basis of axonal conduction
velocities or sensitivity to vagal cooling). It has not been established whether the
axons of cat cough receptors are also relatively slowly conducting (approximately
5ms−1), as in guinea pigs. It is also unclear whether the cough receptors in cats
are insensitive to smooth-muscle contraction, as are guinea pig cough receptors, in
contrast to the intrapulmonary RARs in all species (see later).

Through the combination of electrophysiological studies with intravital label-
ing methods, retrograde neuronal tracing, organotypic cultures, and immunohisto-
chemistry, the peripheral terminals of cough receptors in the guinea pig trachea
and bronchus have been identified (Canning et al. 2006b). Terminating between
the epithelium and smooth-muscle layers of the airways mucosa, the cough re-
ceptors assume a circumferential position in the extracellular matrix. Branching
is extensive at the terminals, with axons projecting from longitudinal nerve bun-
dles through the smooth-muscle layer. Similar structures have been described in
the airway mucosa of other species but their identity as cough receptors is unclear
(De Proost et al. 2007; Gaylor 1934; Larsell 1921, 1922; Yamamoto et al. 1995;
Yu 2005). Immunohistochemistry confirms the selective expression of subtypes of
Na+–K+–ATPase and Na+–K+–2Cl− transporter in guinea pig cough receptors
(Canning et al. 2006b; Mazzone and McGovern 2006). More recently, Tetrodotoxin-
insensitive Na+ channels have been localized to these cough receptors (Kwong
et al. 2008). Pharmacological analyses suggest that these regulators of ion flux
and gradients, as well as Cl− channels and voltage-sensitive K+ channels may be
critical to the regulation of cough receptor responsiveness to chemical (acid) and
punctate mechanical stimuli (Canning 2007; Canning et al. 2006a; Fox et al. 1995;
Mazzone and McGovern 2006; McAlexander and Undem 2000). No other stimuli
thus far studied, including a variety of autacoids and neurotransmitters and ion chan-
nel modulators, alter cough receptor excitability or the ability of acid or mechanical
stimuli to initiate coughing in guinea pigs.
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4 Intrapulmonary Rapidly Adapting Receptors

The term “rapidly adapting receptor” (RAR) was originally used to describe a sub-
type of airway and lung stretch receptor that is activated during the dynamic phase
of lung inflation, but that unlike SARs becomes quiescent during static lung inflation
(Knowlton and Larrabee 1946; Widdicombe 1954a). While elegant in clarity and as
a means of differentiating the stereotypical responses of these subtypes of airway
sensory nerves to this specific stimulus, the term “rapidly adapting” has also been
the source of considerable confusion. Often, describing an afferent nerve as rapidly
adapting or slowly adapting based on responsiveness to one stimulus fails to ade-
quately describe the properties of the spectrum of afferent nerves captured by this
term (Canning et al. 2004; Widdicombe 1954a; Yu 2000, 2005). Indeed, there are
reports of rapidly adapting SARs (Bergren and Peterson 1993; Widdicombe 1954a;
Yu 2000, 2005). Other studies have shown that RARs, as defined by their response to
static lung inflation, may adapt very slowly to lung deflation, airway smooth muscle
contraction, pulmonary embolism, and carbon dust inhalation (Armstrong and Luck
1974; Bergren 1997; Canning et al. 2004; Ho et al. 2001; Mills et al. 1969, 1970;
Sellick and Widdicombe 1969, 1971; Widdicombe, 1954a). Still another problem is
use of the term “rapidly adapting receptors” to describe subtypes of airway sensory
nerves (extrapulmonary irritant receptors (cough receptors), intrapulmonary irri-
tant receptors or RARs) that share few physiological or morphological properties
(Canning et al. 2004; Sellick and Widdicombe 1969, 1971; Widdicombe 1954a).
Thus, in this review article, the term “rapidly adapting receptor” refers only to those
intrapulmonary stretch receptors that rapidly adapt to sustained lung inflation.

Intrapulmonary RARs in most species display some activity during the dynamic
phase of inspiration. Basal activity in RARs varies widely within and amongst
species (Fig. 1), which may reflect heterogeneity of this subtype but also in how
these receptors are defined. In general, RARs are considerably less active than
SARs but more active than C-fibers during tidal breathing. Given their response to
lung stretch/inflation, it is perhaps not surprising that RARs are activated (either
directly or indirectly) by a variety of mechanical stimuli in the lung, including
airway smooth muscle contraction, pulmonary edema, decreased lung compliance,
lung collapse, and negative airway luminal pressures. The responsiveness of RARs
to airway smooth muscle contraction implies that RARs may be associated with air-
way smooth muscle. Direct evidence for such an association in the intrapulmonary
airways is, however, lacking, as there are no morphological studies adequately iden-
tifying the peripheral terminals of RARs.

Intrapulmonary RAR activation initiates bronchospasm and mucus secretion via
parasympathetic reflexes and tachypnea, characterized by decreased postexpira-
tory/preinspiratory pause (Canning et al. 2001; Haxhiu et al. 1997, 2000; Mills
et al. 1969; Raj et al. 1995; Widdicombe et al. 1962; Yu et al. 1989) (Fig. 2). But
intrapulmonary RAR activation does not initiate coughing. Intrapulmonary RAR
stimulants, including lung deflation/collapse, pulmonary embolism, decreased lung
compliance, and airway smooth muscle contraction, are highly ineffective at initi-
ating cough in either conscious or anesthetized animals or humans (Canning et al.



32 B.J. Canning, Y.-L. Chou

Rats Guinea pigs Rabbits Cats Dogs
0

10

20

30

40

50

60

70

SARs

C-fibers

RARs
im

pu
ls

es
/s

ec

Fig. 1 Basal activity of rapidly adapting receptors (RARs), slowly adapting receptors (SARs),
and C-fibers during tidal breathing in various species (Adcock et al. 2003; Armstrong and Luck
1974; Bergren 1997, 2001; Bergren and Peterson 1993; Bonham et al. 1995; Coleridge and
Coleridge 1977, 1984; Coleridge et al. 1965, 1983; Davies et al. 1996; Delpierre et al. 1981; Green
et al. 1986; Gu et al. 2003; Gu and Lee 2002; Hargreaves et al. 1993; Ho et al. 2001; Jonzon
et al. 1986; Karlsson et al. 1993; Kaufman et al. 1980; Kunz et al. 1976; Lee and Morton 1993; Lin
and Lee 2002; Matsumoto 1997; Matsumoto et al. 1990; Mills et al. 1970; Mohammed et al. 1993;
Paintal 1969; Sellick and Widdicombe 1971; Vidruk et al. 1977; Yu et al. 1987, 1987, 1991)

1µg /kg Histamine 2µg /kg Capsaicin 0.6 mg/kg Adenosine
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Fig. 2 Representative traces illustrating the respiratory reflex effects initiated in anesthetized
guinea pigs by activation of RARs by intravenous histamine and C-fibers by intravenously admin-
istered capsaicin and adenosine. Adenosine acts selectively on C-fibers arising from the nodose
ganglia in guinea pigs, whereas capsaicin activates all bronchopulmonary C-fibers in this species.
Note that none of these challenges initiate coughing and the distinct differences in reflex effects ini-
tiated by the nonselective C-fiber stimulant capsaicin, which evokes both apnea and tachypnea, and
the nodose C-fiber-selective stimulant adenosine, which evokes only tachypnea. In these same an-
imals, mechanically probing the laryngeal, tracheal, or bronchial mucosa, or acid applied topically
to the mucosa readily evokes coughing. These studies illustrate the distinct reflex effects initiated
by RAR and C-fiber subtypes and facilitates differentiation of the afferent nerves regulating cough
from other afferent nerve subtypes in the airways
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2006b). Conversely, stimuli that do initiate coughing (e.g., capsaicin, bradykinin,
acid) are either modestly effective or ineffective at activating RARs (Armstrong
and Luck 1974; Bergren 1997; Coleridge and Coleridge 1984; Ho et al. 2001;
Mohammed et al. 1993) (Fig. 3 a–d). It is unclear whether intrapulmonary RARs
can even modulate the cough reflex. Pulmonary edema is a potent RAR (and pul-
monary C-fiber) stimulant but fails to induce cough and may even inhibit cough
acutely (Korpas et al. 1993; Polacek et al. 1986; Sellick and Widdicombe 1969).
In humans, there is a poor correlation between lung function and responsive-
ness to tussive stimuli. Asthmatics, for example, may have a cough response
to experimental challenge that is indistinguishable from that of normal subjects
(Dicpinigaitis 2007). Similarly, acute pretreatment with bronchodilators or bron-
choconstrictors has no effect on cough responsiveness despite profoundly and op-
positely altering airway smooth muscle tone and likely RAR activity (Fujimura
et al. 1992, 1993). The data in animals are less clear. There is a very poor corre-
lation between the ability of stimuli to initiate coughing and bronchospasm. The
bronchoconstrictor substance P is ineffective at inducing cough and without effect
on cough evoked subsequently by citric acid (El-Hashim and Amine 2005). We have
found similar results in anesthetized guinea pigs using histamine as a means of in-
ducing bronchospasm (Fig. 4). By contrast, in dogs, histamine and allergen (both of
which induce bronchospasm) fail to evoke coughing but greatly enhance coughing
evoked subsequently by mechanical stimulation of the airways (House et al. 2004).
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Fig. 4 Selective activation of pulmonary C-fibers arising from the nodose ganglia with either
adenosine or 2-methyl-5-hydroxytryptamine (a 5-HT3 receptor selective agonist) markedly inhibits
citric acid induced coughing in anesthetized guinea pigs, while intrapulmonary RAR activation by
histamine is without effect. Citric acid (0.001–2 M) was applied topically to the tracheal mucosa
in 100−µL aliquots at 1-min intervals and in ascending concentrations. Each bar represents the
mean ± SEM cumulative number of coughs evoked by citric acid in five to six experiments
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Problematic in interpreting these results, however, are the indirect consequences of
bronchospasm on the airways that might influence subsequently evoked reflexes,
including changes in respiratory pattern and blood gases and perhaps a coinci-
dently evoked reflex mucus secretion (Cohn et al. 1978; Coleridge et al. 1982; Green
et al. 1986; Lin et al. 2005; Olgiati et al. 1981). Histamine may also modulate ex-
citability or activate some airway C-fibers (Coleridge and Coleridge 1984; Lee and
Morton 1993). Taken together, however, the data suggest more of a modulatory,
nonessential role of intrapulmonary RARs in cough.

5 C-Fibers

Given their defining physiological attribute of an axonal conduction velocity of
2ms−1 or less, bronchopulmonary C-fibers are the most readily identifiable vagal
afferent nerve subtype innervating the airways. C-fibers can be activated by several
chemical and mechanical stimuli, with responses depending upon the stimulus and
the C-fiber subtype studied (Coleridge and Coleridge 1984; Lee and Pisarri 2001;
Ricco et al. 1996; Undem et al. 2004). The majority of C-fibers innervating the
airways and lungs of all species are activated by the TRPV1 receptor agonist cap-
saicin, a predictable observation, given the known expression patterns of TRPV1
in afferent C-fibers throughout the body of most species (Caterina et al. 1997). But
it is inappropriate to conclude from these data that responsiveness to capsaicin is
the defining characteristic of airway C-fibers. C-fibers in dogs, rats, and mice that
are not activated by lung capsaicin challenge have been described (Coleridge and
Coleridge 1984; Ho et al. 2001; Kollarik et al. 2003). Moreover, perhaps secondary
to the end organ effects associated with C-fiber activation (mucus secretion, vascular
engorgement, airway smooth muscle contraction, altered respiratory pattern, and
cough), other afferent nerve subtypes, especially intrapulmonary RARs, can be ac-
tivated by capsaicin challenge (Bergren 1997; Mohammed et al. 1993; Morikawa
et al. 1997). A lack of responsiveness to mechanical stimulation and basal activ-
ity may also fail to differentiate C-fibers from other subtypes of bronchopulmonary
afferent nerves. While C-fibers are generally less responsive to mechanical stimula-
tion, they can be activated by punctate mechanical stimulation or lung inflation,
and can have basal activity comparable to that of some RARs (Coleridge and
Coleridge 1984; Fox et al. 1993; Lee and Pisarri 2001; Ricco et al. 1996).

C-fibers are found throughout the airways and lungs of all species. The exten-
sively branched terminals of C-fibers in guinea pig and rat tracheae can be im-
munohistochemically labeled for the neuropeptides calcitonin gene-related peptide
(CGRP), substance P, and neurokinin A (Baluk et al. 1992; Hunter and Undem 1999;
Kummer et al. 1992; McDonald et al. 1988; Yamamoto et al. 2007). Comparable
structures can be found in the airways of other species and in the peripheral airways
of guinea pigs (Dey et al. 1990; Lamb and Sparrow 2002; Watanabe et al. 2006;
Yamamoto et al. 1998). C-fiber terminals can also be found in the airway mi-
crovasculature and airway smooth muscle layer, and comprise at least a portion
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of Paintal’s J-receptors, suggesting peripheral/interstitial lung terminations (Baluk
et al. 1992; McDonald et al. 1988; Paintal 1973). To date, however, very little spe-
cific information about the intrapulmonary airway and lung terminations of C-fibers
is available.

The chemical stimuli most effective at activating bronchopulmonary C-fibers,
including capsaicin, bradykinin, and acid, are similarly very effective at initiating
cough in conscious human subjects and in conscious animals (Dicpinigaitis 2007;
Forsberg et al. 1988; Jia et al. 2002; Karlsson and Fuller 1999; Laude et al. 1993;
Trevisani et al. 2004). These stimuli work entirely or partly through TRPV1,
and immunohistochemical and single-cell PCR confirms expression of TRPV1 in
airway C-fibers (Groneberg et al. 2004; Kwong et al. 2008; Myers et al. 2002;
Watanabe et al. 2006). Prior capsaicin desensitization prevents citric acid induced
coughing in awake guinea pigs, as does pretreatment with TRPV1 receptor antago-
nists (Bolser et al. 1991; Forsberg et al. 1988; Gatti et al. 2006; Lalloo et al. 1995;
Leung et al. 2007; Trevisani et al. 2004). Taken together, these and other observa-
tions argue strongly for a role of bronchopulmonary C-fibers in cough (Canning
et al. 2006b).

Some controversy about the role of C-fibers in cough has arisen from the utter
inability of C-fiber-selective stimulants to evoke coughing in anesthetized animals
(Canning et al. 2004, 2006a; Karlsson et al. 1993; Tatar et al. 1988, 1994) (Fig. 2).
Anesthesia has no effect on coughing evoked by mechanical or acid stimulation
of the airway mucosa and does not prevent C-fiber activation or other C-fiber-
dependent reflexes, and yet capsaicin and bradykinin have been consistently ineffec-
tive at evoking cough in anesthetized animals (Canning et al. 2006a; Coleridge and
Coleridge 1984; Tatar et al. 1988). But perhaps it should be expected that C-fiber-
selective stimulants would fail to evoke coughing in anesthetized animals. Airway
and lung C-fibers share many characteristics with somatosensory nociceptors, and
it is the objective of general anesthesia to prevent the sensations and reflexes asso-
ciated with nociceptor activation.

While the effects of anesthesia on nociceptor signaling may explain the in-
ability of C-fiber-selective stimulants to evoke coughing in anesthetized animals,
anesthesia cannot account for the known acute inhibitory effects C-fiber activa-
tion may have on cough in anesthetized animals, or the inability of some C-fiber
stimuli to evoke coughing in conscious animals and in conscious human subjects
(Tatar et al. 1988, 1994). We speculated that C-fiber subtypes might account for
these opposing effects on cough. Subtypes have been described in several species
(Coleridge and Coleridge 1984; Kollarik et al. 2003; Undem et al. 2004). In guinea
pigs, airway vagal C-fiber subtypes can be differentiated by their ganglionic origin,
distribution in the airways, and responsiveness to ATP, adenosine, and serotonin
5-HT3 receptor agonists (Chuaychoo et al. 2005, 2006; Undem et al. 2004). The
ability of C-fiber activation to evoke coughing in awake guinea pigs is reasonably
well established, and we also reported a facilitating effect of C-fiber activation on
cough (Canning et al. 2006b; Mazzone et al. 2005). In these latter studies, capsaicin
or bradykinin applied topically to the tracheal mucosa greatly enhanced sensitiv-
ity to subsequent tussive stimuli. On the basis of the location of these bradykinin
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and capsaicin challenges, C-fibers arising from the jugular ganglia likely promote
coughing. By inference, then, we further speculated that nodose C-fiber activation
might acutely inhibit coughing. Consistent with this hypothesis, we found that selec-
tive activation of nodose C-fibers with adenosine or 2-methyl-5-hydroxytryptamine
did not evoke coughing but greatly reduced the ability of citric acid to evoke
coughing in anesthetized animals (Fig. 4). Prior adenosine inhalation also inhibited
capsaicin-induced coughing in conscious guinea pigs.

The results of studies carried out in other species are at least consistent with the
notion that C-fiber subtypes may have opposing effects on cough. In anesthetized
dogs and cats, C-fiber activation by either capsaicin or phenyldiguanide (a 5-HT3
receptor agonist) can inhibit cough (Tatar et al. 1988, 1994). There is no published
evidence that capsaicin, bradykinin, or citric acid can evoke coughing in awake dogs
and cats, but if they cannot, these would be the only species studied that are known
to cough but do not cough in response to these stimuli when awake. Similarly, in
rats, a species in which we (and others) have been unable to evoke cough, it is
unclear from the published literature whether the jugular type (which are insensi-
tive to ATP, adenosine, and serotonin receptor activation), cough-promoting C-fibers
that can be found in guinea pigs innervate the airways of rats, a species that may
have little or no capacity to cough (Belvisi and Bolser 2002; Lee and Pisarri 2001;
Ohi et al. 2004; Tatar et al. 1996, 1997). In rabbits, a species in which cough can
be evoked by citric acid aerosol inhalation (at least suggestive of a TRPV1 and
C-fiber-dependent mechanism; Adcock et al. 2003; Tatar et al. 1997), it has also
been reported that acute sulfur dioxide inhalation is acutely inhibitory on cough
(Hanacek et al. 1984). These data have been reasonably interpreted as evidence for
a permissive effect of SARs in cough, given the peculiar sensitivity of rabbit SARs
to sulfur dioxide inhalation. But sulfur dioxide is also known to activate lung C-
fibers (Ho et al. 2001). Adcock and colleagues even speculated that the inhibitory
effects of the compound RSD931 in cough induced in rabbits might be due to its
ability to activate pulmonary C-fibers (Adcock et al. 2003). In humans, who cough
readily in response to capsaicin and bradykinin challenge, serotonin and adenosine
challenge may not cause coughing (Burki et al. 2005; Stone et al. 1993). There is
also at least one report of serotonin-mediated inhibition of cough in human sub-
jects (Stone et al. 1993). A comparable inability of intravenous capsaicin to evoke
coughing has been reported in studies using conscious nonhuman primates (Deep
et al. 2001).

6 Central Terminations and Pharmacology of Airway and Lung
Afferent Nerves

Studies of airway reflexes in response to stimuli known to be selective for the
various airway afferent nerve subtypes largely substantiate the accepted classifi-
cation schemes for afferent nerves. Implicit in the observation that afferent nerve
subtypes subserve distinct reflex functions is that central termination sites of the
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various afferent nerve subpopulations must diverge to some extent, allowing for re-
flex specificity. From the little published evidence available, this notion would seem
to be substantiated. Most of the work on central terminations of airway sensory
nerves has been carried out in cats and rats. Bronchopulmonary C-fibers and RARs
terminate extensively and often bilaterally in nucleus tractus solitarius (nTS), par-
ticularly in the commissural and medial subnuclei (Bonham and Joad 1991; Davies
and Kubin 1986; Ezure et al. 1991; Kalia and Richter 1988; Kubin et al. 1991, 2006;
Lipski et al. 1991; Mazzone and Canning 2002; Otake et al. 1992). SARs terminate
primarily ipsilateral to their vagal origin, rostral to obex in the lateral and interstitial
subnuclei (Bonham and McCrimmon 1990; Davies et al. 1987; Ezure et al. 2002;
Kalia and Richter 1985; Kubin et al. 2006). No attempt at differentiating termination
sites of RAR, SAR, or C-fiber subtypes has been described.

With respect to the central terminations of the afferent nerve subtypes primar-
ily implicated in cough (cough receptors, tracheal/bronchial C-fibers, as opposed
to pulmonary C-fibers), very little specific information derived from physiological
studies has been published. The complex multichannel recordings of Shannon and
colleagues, and the anatomical results from c-fos and tracing studies provide some
insight (Bolser et al. 2006; Gestreau et al. 1997; Jakus et al. 2008; Ohi et al. 2005;
Shannon et al. 2004), but to date there have been no electrophysiological or func-
tional studies definitively implicating specific nTS subnuclei as primary sites of
cough receptor or tracheal/bronchial C-fiber termination. There are several potential
explanations for this gap in our knowledge. For starters, while any brainstem record-
ing in a freely breathing animal is problematic, it would be especially problematic
in an animal that was coughing. Similarly, while it is somewhat complicated to de-
liver stimuli selectively to the airways while an animal is held in a stereotaxic frame,
it would be even more difficult to deliver stimuli selectively to the larynx, trachea,
and/or mainstem bronchi in such restrained animals. Even if an experimenter could
devise a way in which stimuli could be isolated to these large airways and maintain
viable recordings while the animals were coughing, the number of afferents targeted
would represent only a fraction of those targeted in whole lung challenges (lung in-
flations or deflations, intravenous capsaicin) to search for nTS termination sites of
intrapulmonary RARs, SARs, or C-fibers. In short, an experimenter would have to
be both very lucky and very skilled to position an electrode near enough to the re-
lay neurons of the very few afferent nerves targeted by a stimulus confined to the
extrapulmonary airways.

As an alternative approach, we have employed a functional assay combined with
stereotaxic microinjections to identify the location of the primary synapses of the
tracheal afferent nerves regulating cough in guinea pigs (Canning et al. 2006b).
What made this approach feasible was the ease with which we could transition
from microinjection to subsequent cough challenges in guinea pigs, and the rela-
tively small portion of the airway from which cough is evoked in our studies. We
varied the concentration of glutamate receptor antagonists and the location of bilat-
eral microinjection in an attempt to locate the nTS location likely corresponding to
the cough receptor termination sites. Bilateral microinjections of a combination of
the glutamate receptor antagonists CNQX (6-Cyano-7-nitroquinoxaline-2,3-dione)



Cough Sensors. I. Physiological and Pharmacological Properties 39

and AP-5 (D-(-)-2-Amino-5-phosphonopentanoic acid) about 1 mm rostral from
obex and 1 mm lateral from midline, near the medial and/or intermediate subnuclei
of nTS, readily blocked cough at doses that were without effect when microin-
jected into adjacent nTS/brainstem locations (0.5–2 mm distal). Importantly, these
same microinjections were without effect on basal respiratory rate (largely SAR de-
pendent) or tachypnea evoked by either intravenous histamine (an intrapulmonary
RAR-dependent reflex) or intravenous bradykinin (a bronchopulmonary C-fiber-
dependent reflex). Subsequent anterograde and retrograde tracing experiments have
confirmed a preponderance of cough receptor terminations in this discrete region
of nTS.

Establishing this cough model and the stereotaxic locations relevant to cough
will guide subsequent electrophysiological analyses. These methods also permit
more thorough pharmacological analyses of the central regulation of cough. Ini-
tial studies have documented a prominent role of glutamate N-methyl-D-aspartate
receptors in the regulation of cough. As has been reported by other investiga-
tors, γ-aminobutyric acid (inhibiting) and substance P (facilitating) were found to
have opposing effects on cough (Bolser et al. 1994; Joad et al. 2004; Mazzone
et al. 2005; Mutolo et al. 2007). Previous studies have implicated a role for neu-
rokinins acting centrally in the regulation of cough and other C-fiber-dependent
reflexes, even though neurokinins seem to have little or no direct role in RAR-,
SAR-, or cough-receptor-dependent signaling in nTS (Bolser et al. 1997; Canning
et al. 2001; Mazzone and Canning 2002; Mazzone et al. 2005).

7 Conclusions

Much of what we know about the afferent nerves regulating cough was established
in the initial studies of Widdicombe. Unfortunately, these relatively firmly estab-
lished notions relating to cough have been obscured by an imprecise nomenclature.
The role of C-fibers in cough may be the most widely accepted notion, given their
unique pharmacological properties and the ability of C-fiber-selective stimulants
to initiate coughing in awake animals and human subjects. A role for the laryn-
geal/tracheal/bronchial mechanoreceptors activated by mechanical stimulation and
acid has also been well established. What has not been so well established, how-
ever, is an appropriate name for these mechanoreceptors. While they rapidly adapt
to a punctate mechanical stimulus, they share few other physiological characteris-
tics with other afferent nerve subtypes called RARs. Cough receptors might be an
appropriate name, but only if used to describe these nerves alone. Future studies
of the afferent nerves regulating cough should fill gaps in our knowledge about the
central pathways regulating cough, and potential targets for cough therapy at the
nerve terminals and perhaps also at the central terminations of these vagal afferent
nerves.
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Abstract The transient receptor potential (TRP) family of channels is represented
by at least six members in primary sensory neurons. These include the TRP vanil-
loid subtypes 1 (TRPV1), 2, 3, and 4, the cold and menthol receptor TRPM8, and
TRPA1. Much interest has been directed to the study of the TRPV1, because cap-
saicin has been instrumental in discovering the unique role of a subset of primary
sensory neurons in causing nociceptive responses, in activating reflex pathways in-
cluding cough, and in producing neurogenic inflammation. TRPV1 is now regarded
as an integrator of diverse sensory modalities because it undergoes marked plas-
ticity and sensitization through a variety of mechanisms, including activation of
G-protein-coupled or tyrosine kinase receptors. Evidence in experimental animals
and in patients with airway diseases indicates a marked hypersensitivity to cough
induced by TRPV1 agonists. Recent studies with newly developed high-affinity and
selective TRPV1 antagonists have revealed that TRPV1 inhibition reduces cough
induced by citric acid or antigen challenge.
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1 The Transient Receptor Potential Family of Channels

Few areas of research have known such an intense process of investigation in health
and disease like that directed at the identification of the pathophysiological roles of
the transient receptor potential (TRP) family of proteins, most likely because these
ion channels have been recognized to sense a vast range of stimuli and because of
their ubiquitous distribution in different tissues and organs. TRPs putatively consist
of six transmembrane-domain proteins that assemble as tetramers to form cation-
permeable pores. Three main subclasses of TRP channels have been defined: TRPC,
TRPM, and TRPV (V stands for vanilloid) (Clapham 2003; Montell et al. 2002).
TRPP, TRPML and TRPN are additional and newly proposed subtypes of TRPs
(Clapham 2003; Montell et al. 2002). More recently, a novel TRP-like channel that
responds to cold temperature (below 19◦C) has been cloned and termed ANKTM1
or TRPA1 (Jaquemar et al. 1999; McKemy et al. 2002; Nilius et al. 2007; Peier
et al. 2002).

Uncertainty exists as regard to the precise and multiple roles of TRPs. Their lo-
calization at the plasma membranes of neurons (or additional intracellular sites) or
other cells and a large body of evidence collected using a plethora of stimuli indicate
that these channels are sensors of chemical and physical stimuli. TRPs are the mole-
cular structures used by living organisms from worm to man to sense osmolarity, cell
stretching, appreciate sweet and bitter tastes, and discriminate warmth, heat, and
cold. However, intracellular localization (e.g., in the endoplasmic reticulum) (Karai
et al. 2004) and evidence obtained about the cellular regulation of ion flux has sug-
gested a role as modulators of Ca2+ homeostasis (Clapham 2003; Montell 1997),
downstream to G-protein-coupled receptors, most probably via the phospholipase C
(PLC) pathway. However, this otherwise fascinating hypothesis is not supported yet
by the identification of a messenger molecule, which directly binds and activates
the channel (Clapham, 2003). Phosphatidylinositol 4,5-bisphosphate (PIP2) bind-
ing and PIP2 hydrolysis inhibits and activates, respectively, TRP-like (TPRL) in the
Drosophila (Hardie 2003) and the mammalian TRPV1 (Chuang et al. 2001; Prescott
and Julius 2003). However, a major role of PIP2 as a TRP regulator has been chal-
lenged by the observation that constitutive activity of TRPM7 is increased by PIP2
binding and reduced by PIP2 hydrolysis (Runnels et al. 2002). For some TRPs, in-
cluding TRPC3, TPPC6, and TRPC7, diacylglycerol has been proposed to act as
the intracellular activator (Clapham 2003); however, this does not seem to be the
case for TRPV1 (Hofmann et al. 1999; Hwang et al. 2000). Finally, TRPs have been
proposed to regulate the so-called capacitance Ca2+ entry or store-operated Ca2+

entry. Store-operated Ca2+ entries are considered channels that link Ca2+ store de-
pletion with Ca2+ entry. However, final proof for this hypothesis is still lacking
(Clapham 2003). Although there is no evidence for one or more specific and high-
affinity endogenous ligands for TRPs, a series of lipid derivatives, including arachi-
donic acid metabolites, have been claimed to gate TRPs.
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2 TRPV1

A 426-unit amino acid protein in the rat (Caterina et al. 1997) uniquely sensitive to
vanilloid molecules, including capsaicin, the hot principle contained in the plants of
the genus Capsicum (Szallasi and Blumberg, 1999), and activated by low extracel-
lular pH (pH 6–5) (Bevan and Geppetti, 1994; Geppetti et al. 1991; Tominaga et al.
1998) and elevated concentrations (in the micromolar range) of the endocannabinoid
anandamide (Zygmunt et al. 1999), the lipoxygenase metabolites of arachidonic
acid, leukotriene B4 or 12-hydroperoxyeicosatetraenoic acids (Hwang et al. 2000),
and N-arachidonoyl dopamine (Huang et al. 2002) has been termed TRPV1. Mod-
erate noxious temperature between 42 and 53◦C also stimulates TRPV1 (Caterina
et al. 1997), which with the contribution of other TRP channels expressed on sen-
sory neurons (TRPA1, TRPM8, TRPV3, TRPV4, and TRPV2) has been proposed to
enable mammals to discriminate different temperatures from noxious cold to nox-
ious heat (Clapham 2003; Montell 1997; Montell et al. 2002). A subset of primary
sensory neurons of the trigeminal, vagal, and dorsal root ganglia with C- and A-δ
fibers are highly enriched with TRPV1. Because of their ability to detect noxious
chemical, thermal, and high-threshold mechanical stimuli these neurons have been
defined as polymodal nociceptors. Limbic system, striatum, hypothalamus, thalamic
nuclei, substantia nigra, reticular formation, locus coeruleus, and cerebellum are ar-
eas of the central nervous system where high levels of messenger RNA (mRNA) for
TRPV1 have been reported (Mezey et al. 2000). Nonneuronal cells, including ep-
ithelial cells of the urothelium (Birder et al. 2001), keratinocytes (Inoue et al. 2002)
and epithelial cells of the palatal rugae (Kido et al. 2003), seem to express significant
amounts of TRPV1 mRNA and protein. However, the physiological and pathophysi-
ological role, if any, of TRPV1 either in nonneuronal cells or in nonsensory neuronal
cells has not been established yet.

The nocifensor role of sensory neurons, that now we know express TRPV1,
was proposed by Sir Thomas Lewis in 1936 following the proposal that stimula-
tion of the nerve terminal results in a depolarization that initiates action potentials,
propagated not only orthodromically, but also antidromically. Whereas orthodromic
depolarization contributes to reflex responses, including cough, urinary bladder
voiding, peristalsis in the gut, and other responses, antidromic diffusion of action
potentials to collateral nerve fibers is associated with sensory-neuron-dependent va-
somotor responses. There is compelling evidence that neurogenic vasodilatation and
plasma protein extravasation result from the local release of neuropeptides, includ-
ing calcitonin gene-related peptide (CGRP) and the tachykinins substance P (SP)
and neurokinin A (NKA) (Geppetti and Holzer, 1996).

TRPV1 does not seem to be required for appropriate temperature sensing, as
TRPV1-deficient mice show a normal phenotype for temperature detection (Davis
et al. 2000). However, TRPV1 is required to develop thermal hyperalgesia (Davis
et al. 2000). Deletion of TRPV1 resulted also in altered urinary bladder func-
tion (Birder et al. 2002). The possibility that TRPV1 contributes also to mechan-
ical hyperalgesia derives not from genetic studies (Davis et al. 2000), but from
more recent pharmacological evidence obtained with first-generation (capsazepine)
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(Walker et al. 2003) and second-generation (Lee et al. 2003; Pomonis et al. 2003)
TRPV1 antagonists. The possibility that TRPV1 senses acidic pH and mediates
thermal and mechanical hyperalgesia justifies its localization to peripheral termi-
nals of primary sensory neurons. However, TRPV1 expression on central terminals
in the dorsal horn of the spinal cord and medulla oblongata raises the question as
to whether endogenous ligands activate terminals of primary sensory neurons at
this anatomical site and on the pathophysiological role of this activation (Tognetto
et al. 2000)

3 TRPA1 and Other TRP Channels

TRPA1 is a recently identified excitatory ion channel (Jaquemar et al. 1999;
Nilius et al. 2007), coexpressed with the “capsaicin receptor,” TRPV1, by a sub-
population of primary afferent somatosensory neurons, which contain the neuropep-
tides SP, NKA, and CGRP and mediate pain and neurogenic inflammation (Bautista
et al. 2006; Caterina et al. 1997; Geppetti and Holzer, 1996; Story et al. 2003).
TRPA1 is activated by some pungent ingredients present in various spices, includ-
ing mustard, garlic, and cinnamon (Jordt et al. 2004; Nilius et al. 2007), and by en-
vironmental irritants such as formaldehyde (McNamara et al. 2007). More recently,
TRPA1 has been recognized as the target of a series of endogenous α,β-unsaturated
aldehydes, which are produced by lipid peroxidation in response to oxydative
stress at sites of inflammation and tissue injury (Bautista et al. 2006; Macpherson
et al. 2007; Trevisani et al. 2007). These aldehydes include 4-hydroxy-2-nonenal
(HNE), which is produced by peroxidation of omega-6 polyunsaturated fatty acids,
such as linoleic acid and arachidonic acid (Benedetti et al. 1980; Esterbauer et al.
1991). HNE is produced in large amounts (1µM to 5 mM) in various organs in re-
sponse to oxidative insults (Uchida et al. 1993), as in the lungs of patients with
chronic obstructive pulmonary disease (COPD) (Rahman et al. 2002). HNE is a
highly diffusible molecule in cells and tissues and has been proposed to medi-
ate many of the toxic effects of reactive oxygen species far from the site of free-
radical formation (Esterbauer et al. 1991; Uchida et al. 1993). Acrolein is another
α,β-unsaturated aldehyde able to stimulate TRPA1, and is produced endogenously
or can be generated from the metabolism of chemotherapeutic agents, and is con-
tained in large amounts in cigarette smoke (Bautista et al. 2006). A variety of known
TRPA1 agonists, including acrolein and other α,β-unsaturated aldehydes, possess an
electrophilic carbon or sulfur atom that is subjected to nucleophilic attack (Dalle-
Donne et al. 2006) by cysteine, lysine, or histidine. Indeed, mutagenesis studies have
clarified that such reactivity promotes channel gating through covalent modifica-
tion of residues within the cytoplasmic N-terminal domain of the channel (Hinman
et al. 2006; Macpherson et al. 2007; Trevisani et al. 2007).

The number of agents with a proposed pathophysiological role in airways
diseases and that gate TRPA1 is increasing fast. Among these, two constituents of
cigarette smoke should be highlighted. Recent reports showed that the saturated
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aldehyde, acetaldehyde, at millimolar concentrations, was able to gate TRPA1 ex-
pressed in mouse neurons and in recombinant systems (Bang et al. 2007) and
that H2O2 produces a delayed activation of the neuronal wild-type or recombinant
TRPA1 channel (Andersson et al. 2008). Much less is known on the other TRP
channels expressed by sensory neurons regarding their distribution and function in
the airways. Nonneuronal localization in smooth-muscle cells or epithelial cells of
TRPV2 and TRPV4 (Dietrich et al. 2006; Jia et al. 2004), although of great interest,
is beyond the scope of the present chapter. TRPM8 is not coexpressed in capsaicin-
sensitive TRPV1-positive dorsal root ganglion neurons (Story et al. 2003). In addi-
tion, TRPM8 does not seem to be expressed in mouse vagal neurons (Nassenstein
et al. 2008).

4 The Contribution of Neurogenic Inflammation to Cough

Biological responses produced by neuropeptides released from peripheral endings
of capsaicin-sensitive and TRPV1-expressing sensory neurons are collectively re-
ferred to as “neurogenic inflammation.” In the upper and lower airways, neurogenic
inflammatory responses encompass vascular and nonvascular effects. Arterial va-
sodilatation (CGRP) and plasma protein extravasation and leukocyte adhesion to
the vascular endothelium of postcapillary venules (both SP/NKA) are the main vas-
cular components of neurogenic inflammation (Geppetti and Holzer, 1996), whereas
nonvascular responses are bronchoconstriction, secretion of mucus from seromucus
glands (Geppetti et al. 1993), and excitation of postganglionic cholinergic nerve ter-
minals (Myers et al. 2005). However, it should be underlined that in man although
tachykinins, though stimulation of NK2 and NK1 receptors, mediate a robust bron-
choconstriction (Amadesi et al. 2001), sensory nerve stimulation by capsaicin or
other irritant stimuli does not seem to produce significant bronchoconstriction.

Seromucous secretion or bronchocostriction, effects which are produced by
tachykinins through NK1 and NK2 receptor activation, may contribute to cough ex-
acerbation. No evidence supports a direct role of CGRP in cough. However, CGRP
levels were found to be significantly higher in coughers with esophagitis than in
noncoughers with esophagitis, and elevated CGRP, but not SP or NKA, is associ-
ated with chronic cough in children with esophagitis. The level of CGRP in bron-
choalveolar lavage appeared to be related to cough sensitivity and at least could be
important as a marker of a chronic cough condition (Chang et al. 2007). On the other
hand, tachykinins have been proposed to stimulate cough by acting at the peripheral
level (Kohrogi et al. 1988). Central localization of tachykinin receptors and a series
of pharmacological studies have suggested the possibility that tachykinin released
from central endings of airway sensory neurons modulates tussive responses. How-
ever, these proposals have not been confirmed by clinical studies, as cough produced
by different stimuli, including hypertonic saline (Fahy et al. 1995), was not inhibited
by tachykinin NK1 receptor antagonists. Thus, the contribution to cough of the in-
flammatory neuropeptides that are released in the airways upon stimulation of TRP
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channels on sensory neurons remains controversial. Nevertheless, the ability of in-
flammation, and possibly of neurogenic inflammation, to exaggerate responses to
TRP channels is supported by robust evidence and, accordingly, the ability to limit
inflammation may be a contributing factor to reduce the cough mediated by TRP
channels.

5 Localization and Function and Plasticity of TRPV1
in the Airways

In the guinea pig TRPV1-positive nerve fibers are localized within the epithelium of
the trachea and around smooth muscle and blood vessels and within the lower air-
ways, in the vicinity of bronchi and bronchioles, and around alveolar tissue, whereas
no TRPV1 was found within airway epithelial cells (Watanabe et al. 2005). The
physiological relevance of TRPV1 mRNA expression, together with that of other
ion channels in bronchial epithelial cells (Agopyan et al. 2003), remains question-
able. Similarly, expression of TRPV1 in dendritic cells (Basu and Srivastava, 2005)
and the associated hypothesis that TRPV1 orchestrates an early immune response
has been challenged by failure to detect any functional TRPV1 in these inflamma-
tory cells (O’Connell et al. 2005). We cannot exclude that in the airways, as in
other tissues, TRPV1 occurs in extraneuronal cells, from where it may contribute
to homeostasis, inflammation, and ultimately the regulation of the tussive response.
However, we underline that this hypothesis lacks conclusive experimental proof.

TRPV1 expression of mRNA/protein and function, as those of other TRP chan-
nels, including TRPA1, undergo plasticity by a series of regulatory and inflamma-
tory mediators. Nerve growth factor, which is required for survival of newborn
rat dorsal root ganglia neurons and for expression of the TRPV1 phenotype in
adult rat dorsal root ganglia neurons in culture (Bevan and Winter 1995), increases
TRPV1 protein transportation to the peripheral endings of sensory neurons, a phe-
nomenon associated with an increased neuronal sensitivity (Ji et al. 2002). A ma-
jor proinflammatory peptide, bradykinin, via the B2 receptor, sensitizes TRPV1
through different mechanisms, including protein kinase C-ε (Premkumar and Ah-
ern 2000; Sugiura et al. 2002), displacement of PIP2 from TRPV1 binding (Chuang
et al. 2001), and production of 12-lipoxygenase and 5-lipoxygenase metabolites
(Carr et al. 2003; Shin et al. 2002). Trypsin and tryptase are signaling molecules
that activate protease-activated receptor-2 (PAR-2) via receptor proteolysis. PAR-
2 is expressed in TRPV1-positive sensory neurons and its stimulation promotes
neurogenic inflammation and sensory neuronal hyperactivity (Steinhoff et al. 2000;
Vergnolle et al. 2001) also in airway tissue (Schmidlin et al. 2002; Su et al. 2005).
PAR-2 stimulation upregulated the function of TRPV1 through a protein kinase C
(PKC) dependent mechanism (Amadesi et al. 2004) (Fig. 1).

Sensitization of TRPV1 by PKC and cyclic AMP dependent protein kinase
(PKA) pathways seems to be promiscuously used by different stimuli, includ-
ing capsaicin, anandamide, heat, and protons (Bhave et al. 2002; De Petrocellis
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Fig. 1 Transient receptor potential vanilloid 1 (TRPV1) and other transient receptor potential chan-
nels expressed in primary sensory neurons and their regulation by inflammatory mediators and ex-
ogenous or putative endogenous ligands. NFG nerve growth factor, PAR protease activated receptor
2, B2 bradykinin B2 receptor, ASIC acid-sensing ion channel, EP1/2 prostanoid E receptor

et al. 2001; Premkumar and Ahern, 2000; Vellani et al. 2001), but these mecha-
nisms are not unique to TRPV1 as also TRPA1 appears to be regulated by similar
pathways. Thus, TRPA1 sensitivity is upregulated by PAR-2 via a PLC- and PIP2-
dependent pathway (Dai et al. 2007), and by bradykinin B2 receptor via PLC-
and PKA-dependent pathways (Wang et al. 2008). Neuronal sensitivity to TRPV1
agonists in the cough response is regulated by activation of G-protein-coupled re-
ceptors, as indicated by the observation that PAR-2 stimulation exaggerates TRPV1-
dependent cough by activation of different mechanism(s), including PKC, PKA, and
prostanoid release (Gatti et al. 2006). Clinical findings that treatment of asthmatic
patients with prostaglandin I2 increases cough reflex sensitivity to capsaicin indicate
that the mechanism described in guinea pigs may be present in man under specific
pathological conditions (Ishiura et al. 2007).

6 Cough and TRPV1

The ability of TRPV1 agonists to cause cough is well established in animal models,
in healthy volunteers, and in asthmatic or COPD patients (Chung 2007; Dicpinigaitis
and Alva, 2005). Previous review articles have covered these issues (Geppetti
et al. 2006; Jia and Lee, 2007; Kollarik and Undem, 2006; Mazzone and McGovern,
2007). Here, we will review more recent data that further underline the importance
of TRPV1 in cough pathophysiology and the potential of TRPV1 antagonists as new
antitussive drugs.
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The demonstration that endogenously produced agonists of TRPV1 can cause
cough supports the view that TRPV1 is relevant in the cough mechanism. The
endocannabinoid anandamide has been recognized as a TRPV1 agonist (Zygmunt
et al. 1999), and an anandamide membrane transporter inhibitor reduced anandamide-
induced cough, an effect that is most likely produced through TRPV1 activation
(Kamei et al. 2006). Low extracellular pH is often found in the inflammatory milieu
and citric acid is a commonly used stimulus to induce cough. Conflicting findings
have been reported on the molecular mechanism by which protons cause cough. A
recent paper has shown that citric acid evoked coughing in anesthetized guinea pigs
is mediated by direct activation of capsaicin-insensitive vagal afferent nerves most
likely through sequential activation of acid-sensing ion channels and chloride chan-
nels without the contribution of TRPV1 (Canning et al. 2006). However, previous
studies using first-generation antagonists (Lalloo et al. 1995; Trevisani et al. 2004)
and more recent evidence with second-generation and chemically unrelated TRPV1
antagonists (Bhattacharya et al. 2007; Leung et al. 2007) showed that all these drugs
selectively inhibited citric acid induced cough in guinea pigs, thus providing robust
circumstantial evidence that TRPV1 contributes to acidic-media-induced cough.

Cough is caused by exposure to environmental pollutants or by endogenous
proinflammatory mechanisms. Exposure to the irritant pollutant, sulfur dioxide
(SO2) enhanced TRPV1 receptor function at the level of the nodose ganglia, and
this effect occurred in parallel with an increase sensitivity of the cough response to
capsaicin (McLeod et al. 2007). The TRPV1 antagonist N-(4-Tertiarybutylphenyl)-
4(3-cholorphyridin-2-yl)-tetrahydro-pyrazine1(2H)-carboxamide (BCTC) inhibited
capsaicin-induced cough and also inhibited antigen-evoked cough responses in
ovalbumin-sensitized guinea pigs. Thus, TRPV1 channel activation seems to play
a major role in cough mediated by the allergic reaction in guinea pigs (McLeod
et al. 2006).

Gender difference has been detected previously in the cough threshold to cap-
saicin, and more recent findings have confirmed that women appear more sensitive
to capsaicin-induced cough (Yamasaki et al. 2008). In addition to women, patients
with chronic inflammatory diseases are often characterized by hypersensitivity to,
or exhibit a lower threshold for capsaicin or citric acid induced cough. However,
little is known about the underlying mechanisms of this hypersensitivity. Consider-
ing that the cough stress to airway wall may induce a self-perpetuating cough-reflex
cycle it has been speculated that the act of coughing itself may contribute to the
release of proinflammatory mediators that, in turn, may exaggerate the cough re-
sponse (Jatakanon et al. 1999). An intriguing observation reports that in guinea pigs
the number of neutrophils in the bronchoalveolar lavage correlated significantly with
the number of coughs and that hydroxyurea, which depletes neutrophils, inhibited
both the cough-stress-dependent increase in the number of coughs and the associ-
ated increase in airway neutrophil accumulation (Hara et al. 2008). It is possible that
cough itself by producing a traumatic mechanical stress to the airway wall induces
neutrophilic airway inflammation and cough-reflex hypersensitivity to capsaicin.
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7 Conclusions

One of the commonest causes of chronic cough is gastroesophageal reflux disease.
Selectivity of TRPV1 regulation by acidic-induced inflammation is suggested by the
observation that in asthmatics inhibition of gastric acid secretion does not influence
bronchial hyperresponsiveness to methacholine, but decreases tussive sensitivity to
capsaicin and this effect is related to proximal reflux (Ferrari et al. 2007). The in-
teraction between sensory nerve supply with the inflamed or injured tissue may
follow nonobvious anatomical circuitry as acid instillation in the esophagus acutely
increases the cough reflex sensitivity to capsaicin in patients with gastroesophageal
reflux disease and chronic cough (Javorkova et al. 2008). This phenomenon suggests
that cough due to acid reflux does not require the actual presence of acidic media
in the airways. The complexity of the pathophysiology of chronic cough has ham-
pered the identification of common underlying mechanisms that may represent the
ideal target for efficacious and safe antitussive medicines. The molecular and clini-
cal findings reported in this chapter start from the notion that chronic inflammation
determines the tussive phenotype by diverse and sometimes unexpected mechanisms
which ultimately regulate the sensitivity sensory neurons to a large variety of pro-
tussive endogenous mediators and exogenous irritants. In this scenario, the TRPV1
channel seems to play a role. The introduction of TRPV1 antagonists in clinical in-
vestigations should soon answer the question as to whether and to what extent this
role is pivotal in chronic cough.
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Abstract Cough is a persistent symptom of many inflammatory airways’ diseases.
Cough is mediated by receptors sited on sensory nerves and then through vagal af-
ferent pathways, which terminate in the brainstem respiratory centre. Cough is often
described as an unmet clinical need. Opioids are the only prescription-based anti-
tussives currently available in the UK. They possess limited efficacy and exhibit
serious unwanted side effects, such as physical dependence, sedation, respiratory
depression and gastrointestinal symptoms. There are three classical opioid recep-
tors: the mu, kappa and delta receptors. Peripheral opioid receptors are sited on
sensory nerves innervating the airways. A greater understanding of the role of the
peripheral and centrally sited opioid receptors is necessary to allow the development
of targeted treatments for cough. Because of the limited efficacy and the side-effect
profile of the opioids, potential new treatments are sought to alleviate cough. One
class of compounds that is currently under examination is the cannabinoids. Like the
opioids, cannabinoids have peripheral and centrally sited receptors and also suffer
from the blight of unwanted centrally mediated side effects such as sedation, cog-
nitive dysfunction, tachycardia and psychotropic effects. Two cannabinoid recep-
tors have been identified, the CB1 and CB2 receptors, and their distribution varies
throughout the peripheral and central nervous system. Encouragingly, early studies
with these compounds suggest that it may be possible to separate their antitussive
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activity from their centrally mediated side effects, with CB2 agonists showing po-
tential as putative new treatments for cough. In this chapter, we describe the opioid
and cannabinoid receptors, their distribution and the effects they mediate. Moreover,
we highlight their potential advantages and disadvantages in the treatment of cough.

1 Introduction

Cough is a dominant and persistent symptom of many inflammatory lung diseases,
including asthma, chronic obstructive pulmonary disease (COPD), viral infections
and bronchiectasis, and is also thought to be induced by gastro-oesophageal disor-
ders (Kastelik et al. 2005). Chronic cough can also be idiopathic in nature, where
no obvious causal mechanism is evident. Cough is mediated by the activation of va-
gal afferent pathways, which converge in brainstem respiratory centres (Canning
et al. 2006; Canning 2007). All afferent nerve subtypes innervating the airways
can modulate the cough reflex. Rapidly adapting and slowly adapting stretch re-
ceptors (RARs and SARs, respectively) innervating the intrapulmonary airways and
lung may facilitate coughing. Extrapulmonary C-fibres (sensitive to anaesthesia)
and RARs can initiate coughing upon activation. Tracheal and bronchial C-fibres
may also interact with other afferents to enhance coughing. Recent studies in anes-
thetised guinea pigs have identified a myelinated afferent nerve subtype that can be
differentiated from intrapulmonary RARs and SARs and plays an essential role in
initiating cough. These have been termed ‘cough receptors’ and are stimulated by
low-pH solutions, e.g. citric acid (Canning et al. 2006).

In chronic cough, changes in intrinsic and synaptic excitability at the ganglionic,
spinal or brainstem level may be the mechanism by which the cough reflex is
enhanced (Chung 2007a). Sensory nerve activity may be enhanced during inflam-
mation such that the protective cough reflex becomes exacerbated and troublesome
(Barnes 2001; Belvisi 2002). The cough reflex is often enhanced in airway diseases
such as asthma and COPD (Higenbottam 2002). In COPD this can occur owing
to increased vagal afferent nerve activity and increased sensitivity to inflammatory
mediators (Undem and Kollarik 2005; Carr and Lee 2006).

Cough is the most common complaint for which medical attention is sought, and
there are few, if any, effective treatments for cough. Those treatments that exist use
opioids, which target receptors on both peripheral sensory nerves and receptors sited
in the central nervous system (CNS) and, as such, often display unwanted side ef-
fects (Schroeder and Fahey 2002; Eccles 2002; Chung 2007b). Opioids have long
provided the mainstay for cough treatment (Sevelius et al. 1971; Chung 2007b), and
currently there are three prescription-based medicines available for the treatment of
cough in the UK. These are codeine, pholcodeine and the opiate-like dextromethor-
phan (Widdicombe and Chung 2007). The clinical evidence for the use of opioids
to treat cough is sketchy at best, but recently low-dose morphine has been shown
to be an effective antitussive in the treatment of intractable chronic cough (Morice
et al. 2007). As always with studies conducted with the opioids, it is difficult to
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achieve beneficial effects while avoiding undesirable side effects, and in this study,
an increase in dose produced sedation and drowsiness. It is for these reasons that
new and effective treatments for cough are constantly being sought. One of the
areas currently being explored to provide a potential new treatment for cough in-
volves the study of the cannabinoids and their receptors (Patel et al. 2003; Chung
2005). One of the potential advantages with the cannabinoids is that by developing
receptor-selective treatments it may be possible to separate their antitussive efficacy
from their unwanted centrally mediated effects, a problem that has so bedevilled the
use of opioids. In this chapter, we will discuss the opioid and cannabinoid recep-
tors involved in the cough response and attempt to highlight their advantages and
their failings.

2 Opioid Receptors

Opioids are widely used drugs in the treatment of severe pain, and they have long
been advocated for the treatment of cough (Chung 2007b). Agents such as mor-
phine, diamorphine and codeine have all laid claim to efficacy in the treatment of
cough but there are few clinical trial data to support these claims. Small, single-
dose trials of codeine in chronic bronchitis have shown some benefit (Sevelius and
Colmore 1966; Sevelius et al. 1971; Aylward et al. 1984) but a further more recent
trial in COPD patients suggested little or no effect of codeine when compared with
that of a placebo (Smith et al. 2006). Studies conducted with opiates in acute cough
and cough challenge in normal volunteers also suggest a lack of efficacy (Freestone
and Eccles 1997). Added to their modest success in controlling cough, opioids suffer
from the major drawback that at the dose levels used to treat cough they may cause
physical dependence, sedation, respiratory depression and gastrointestinal symp-
toms such as constipation and colic. However, despite these drawbacks, morphine
and diamorphine have proved useful in treating severe distressing cough in patients
with a terminal illness such as bronchial carcinoma where dependence is not an
issue (Belvisi and Geppetti 2004; Morice et al. 2007).

Originally four opioid receptors were identified, µ, δ, κ and σ (mu, delta, kappa
and sigma, respectively). They were initially named after the drugs used to identify
them: mu for morphine, kappa for ketocyclazocine and sigma for SKF 10047. The
delta receptor was named after deferens for mouse vas deferens (Martin et al. 1976;
Lord et al. 1977) (Table 1). However, it was later discovered that the sigma re-
ceptor (activated by dextramethorphan) was a non-opioid receptor; therefore, three
classical opioid receptors remain (Gundlach et al. 1986). Of these the delta recep-
tor is thought to have two subtypes, delta-1 and delta-2 (Jiang et al. 1991), and
recent work has been carried out to determine the role of these subtypes in medi-
ating cough or antitussive effects (Kamei 2002). The three opioid receptors have
now been cloned, and there is a high structural homology between the clones.
It has also been confirmed that they belong to the superfamily of seven trans-
membrane G-protein-coupled receptors. More recently, another endogenous opioid
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Table 1 Opioid receptor classification: proposed terminology

Proposed nomenclaturea Previous nomenclature Endogenous ligands

µ, mu, MOP, MOR OP3 ß-endorphin
enkephalins
endomorphin-1;
endomorphin-2

δ, delta or DOP, DOR OP1 Enkephalins
ß-endorphin

κ, kappa or KOP, KOR OP2 Dynorphin A; dynorphin
B; α-neoendorphin

NOP, NOR OP4 N/OFQ

aSome nomenclature guidelines suggest that when first described in a publication, the receptor
should be defined as MOP, DOP, KOP or NOP. Some authors simply use the well-established
Greek terminology for µ, δ and κ receptors. Others have suggested that MOR, DOR and KOR
should be used to refer to the genes for these receptors

peptide nociceptin/orphanin FQ has also been discovered, which has some homol-
ogy to the dynorphin family but lacks the N-terminal tyrosine residue, which is
essential for binding classical opioid receptors (see Table 1). Nociceptin binds to
the G-protein-coupled opioid receptor-like 1 receptor (NOP, formerly ORL1).

Shortly after their first characterisation, it was recognised that opioid receptors
are not only expressed in the CNS but also in peripheral tissues, including the lung
(Hughes et al. 1975). Autoradiographic binding studies established the presence of
dense localisations of opioid receptors in many areas of the brainstem, including
the parabrachial nuclei, the superior colliculus, the ventral median raphe nucleus
and the nucleus tractus solitarius (Atweh and Kuhar 1977). Some of these areas,
such as the raphe nucleus, have been shown to have a role to play in cough (Baekey
et al. 2001), and stimulation of laryngeal afferent nerves demonstrated enhanced im-
munoreactivity in the dorsal raphe nucleus in cat (Ambalavanar et al. 1999). Results
from in vivo experiments have suggested that centrally acting opioid antitussives
primarily act on the brainstem cough centre. It has also been reported that fictive
cough selectively increased immunoreactivity in the nucleus tractus solitarius, the
reticular formation, the ambigual complex and the medial parabrachial nucleus in
the cat. In all of these areas, codeine significantly reduced the increase in immunore-
activity (Gestreau et al. 1997). These nuclei and the dorsal vagal nerve nucleus show
intense expression of mu and kappa opioid receptors. Delta opioid receptors are less
abundant in these areas, with the exception of the nucleus parabrachialis, which
has a high density of delta receptors. It has been suggested that the nucleus tractus
solitarius contains the cough centre, as this region primarily receives sensory input
from the airways and its stimulation causes cough-like responses (Takahama and
Shirasaki 2007). The nucleus tractus solitarius is also more heavily labelled by a
mu ligand than by a kappa ligand in guinea pigs and cats (Dashwood et al. 1988),
and microinjection of codeine into the nucleus tractus solitarius inhibited a fictive
cough reflex in the guinea pig (Ohi et al. 2005). The raphe nuclei may also be a
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candidate for the site of action of opioid antitussives, since stimulation of this re-
gion depresses the reflex activity caused by stimulation of the superior laryngeal or
vagal nerve (Sessle et al. 1981).

Opioid receptors are also located in peripheral sensory nerves, and opioid antitus-
sives have been shown to be effective via these receptors (Adcock 1991). Inhalations
of aerosolised codeine, morphine and a peripherally acting specific mu-opioid
receptor agonist have demonstrated antitussive effects in guinea pigs (Karlsson
et al. 1990; Callaway et al. 1991). It is thought that opioid antitussives delivered
directly into the airways exert their effect on sensory nerve endings via activation
of mu-opioid receptors in the airways. Further studies by Atweh et al. (1978) estab-
lished the presence of opioid receptors in sensory nerve fibres in the vagus nerve.
Autoradiographic binding studies in rat lung using [3H]morphine demonstrated the
presence of high- and low-affinity binding sites with high densities in the alveo-
lar wall and lower densities in the smooth muscle of the trachea and main bronchi
(Cabot et al. 1994). The high density of opioid binding sites within the alveolar wall
is consistent with the results of early electron micrograph studies, which showed that
axons of sensory nerve fibres innervated the alveolar wall of both rat and human lung
(Merick and Reid 1971; Fox et al. 1980). However, it is not likely that these recep-
tors play a role in the inhibitory effects of opioids on the cough reflex given cough is
not initiated from this site. A further study employing selective ligands for each of
the opioid receptors demonstrated receptor binding in the rat trachea, main bronchi,
parenchyma and pulmonary artery (Bhargava et al. 1997). Cabot et al. (1996) spec-
ulated that the opioid binding sites located within the trachea and main bronchi of
the rat airways may be the prejunctional opioid receptors on C-afferent nerve fi-
bres, which modulate the release of potent inflammatory neuropeptides. These are
the same nerve fibres known to be involved in bronchoconstriction and the cough
reflex. It has been shown that opioids can inhibit non-adrenergic non-cholinergic
nerve-mediated bronchoconstrictor responses both in vitro in guinea pig bronchi
(Frossard and Barnes 1987) and in vivo in guinea pig airways (Belvisi et al. 1988).

With regard to cough, various studies have shown that all three opioid receptors
may have a role to play, and agonists for each of these receptors have been shown
to produce antitussive effects (see Table 2 for a list of receptor-selective ligands).
Codeine, which is considered to be a mu-opioid receptor agonist, has been shown
to inhibit citric acid induced cough in guinea pigs by a peripheral action (Karlsson
et al. 1990). Kappa-opioid receptor selective agonists, such as U-50,488H and U-
62,066E, have been shown to inhibit cough in animal models by a central action
(Kamei et al. 1990), and delta agonists such as SB227122 have been shown to in-
hibit citric acid induced cough in guinea pigs (Kotzer et al. 2000). As mentioned
earlier, work by Kamei (2002) has been carried out to determine the role of the
delta receptor subtypes in the cough response and it has been suggested that delta-1
opioid receptors may play an inhibitory role, whereas delta-2 receptors may play a
synergistic role, in antitussive processes mediated by delta receptors. Kamei (2002)
showed that the delta receptor antagonists naltrindole and 7-benzylidenenaltrexone
produce potent antitussive effects and further showed that these effects may be me-
diated by the antagonism of delta-1, but not delta-2 opioid receptors. They further
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Table 2 A selection of the commercially available tools for the opioid receptors

µ δ κ NOP

Endogenous ligands

Endomorphin-1 [Met]-enkephalin Dynorphin A Nociceptin
Endomorphin-2 [Leu]-enkephalin Dynorphin B

Agonists

DAMGO-[D-Ala2,
N-Me-Phe4,
Gly5-ol]-enkephalin

DPDPE-[D-Pen2,
d-Pen5]-enkephalin

U-69593 NNC 63–0532

SB 205607 dihydrobromide (δ1) U-50488 Nociceptin (1-13)NH2
BW 373U86 BRL 52537

hydrochloride
[Arg14,Lys15]
nociceptin

SNC-80 ICI-199,441 Ro-64-6198
SNC 162 ICI-204,448
SB227122

Antagonists

CTAP-Cys2, Tyr3,
Arg5, Pen7-amide

Naltrindole Norbinaltor- JTC-801

β−Funaltrexamine ICI 174864 phimine [Nphe1]
nociceptin(1-13)
NH2 Trap 101

ICI-154,129 UFP-101
N-Benzylnaltrindole
hydrochloride (δ2)
Naltriben mesylate (δ2)
BNTX-7-benzylidenenaltrexone
maleate (δ1)
SB 244525

suggest that inhibition of cough seen with delta agonists such as SB227122
(Kotzer et al. 2000) may be via the delta-2 receptor and not the delta-1 receptor. The
studies carried out by this group frequently employ mouse or rat models of cough,
and as it is thought that mice cannot cough and that rats at best exhibit a weak
cough response (Belvisi and Bolser 2002), it would be helpful to confirm these data
in an animal such as the guinea pig, which is known to produce a more ‘typical’
tussive response. Furthermore, in these studies conscious animals were exposed to
a nebulised solution of capsaicin using a body plethysmograph. However, it was
not clear how cough was assessed and therefore any changes in pressure in the
plethysmograph may be counted as a cough. To ensure that what is being counted
is actually a cough, the best practice is to detect cough both by pressure change
and by sound as recorded by a cough analyser. The cough/exposure chamber can be
fitted with a microphone, which is connected to an external speaker, allowing the
cough sound to be magnified and the number of coughs to be confirmed by manual
counting. A cough can therefore be identified by the characteristic sound coupled
with a quick, large abdominal movement. The cough produces a transient increase
in airflow over and above the normal flow, which can be detected by computer
software and appears on a screen.
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More recently, another endogenous opioid peptide, nociceptin/orphanin FQ,
has also been discovered which has some homology to the dynorphin family
but lacks the N-terminal tyrosine residue, which is essential for binding classical
opioid receptors (see Table 1). Nociceptin binds to the G-protein-coupled opioid
receptor-like 1 receptor (NOP, formerly ORL1). NOP1 receptors are expressed in
capsaicin-sensitive vagal sensory nerves innervating airways, and nociceptin ef-
fectively inhibits tachykinin release from vagal C-fibres in guinea pig bronchi
(Fischer et al. 1998; Corboz et al. 2001). Intravenous administration of nociceptin
also effectively inhibits in conscious animals cough reflexes evoked by mechanical
perturbation of the airways or by inhalation of capsaicin (McLeod et al. 2001; Bolser
et al. 2001). Although nociceptin may act centrally to inhibit cough, observations
that nociceptin can inhibit the function of vagal afferent nerves within the airway
indicate that it may also inhibit cough through a peripheral mechanism of action
(Fischer et al. 1998; Corboz et al. 2001). In a more recent study, nociceptin ef-
fectively inhibited acid-evoked cough in guinea pigs by nearly 70%. Acid (pH 5)
increased intracellular free calcium in acutely dissociated vagal jugular ganglionic
neurons. The acid-induced increase in intracellular calcium was inhibited by a selec-
tive transient receptor potential vanilloid-1 antagonist, 5-iodoresiniferatoxin (1 µM,
approximately 80% reduction). The inhibitory effect of 5-iodoresiniferatoxin on
acid-induced increases in calcium was mimicked by nociceptin. In gramicidin-
perforated patch-clamp recordings on airway-specific capsaicin-sensitive jugular
ganglion neurons, acid (pH 5) induced two distinct inward currents. A transient
current was evoked that was inhibited by amiloride, and a sustained current was
evoked that was inhibited by 5-iodoresiniferatoxin. Nociceptin selectively inhibited
only the sustained component of acid-induced inward current, suggesting that the
inhibitory effect of nociceptin on acid-induced cough may result from a direct in-
hibitory effect on peripheral C-fibre activity caused by the selective inhibition of
acid-induced transient receptor potential vanilloid-1 activation (Lee et al. 2006). A
group at Hoffmann-La Roche reported on the selective, non-peptide NOP agonist
Ro 64-6198, which became the most extensively reported non-peptide NOP ago-
nist and a valuable pharmacological tool in determining the potential of the NOP
receptor as a therapeutic target. Ro 64-6198 is systemically active and achieves high
brain penetration. It has subnanomolar affinity for the NOP receptor and is at least
100 times more selective for the NOP receptor over the classic opioid receptors. Ro
64-6198 ranges from partial to full agonist, depending on the assay. Preclinical data
indicate that Ro 64-6198 may have broad clinical uses, such as in treating stress and
anxiety, addiction, neuropathic pain, cough and anorexia (Shoblock 2007).

It is now recognised that dextromethorphan, a commonly used non-narcotic an-
titussive, has a binding Ki of 15 nM at the sigma receptor. Dextromethorphan ex-
hibits a dose-related antitussive activity in a guinea pig model of cough (Callaway
et al. 1991; Braga et al. 1994), and it is reduced by treatment with rimcazole, a sigma
receptor antagonist (Kamei et al. 1993).

In summary, opioid receptors have a role to play in the cough reflex, and by inter-
fering with them with opioid agonists, we may be able to alleviate cough in animal
models and in man. This does not inform us as to where the opioids are exerting their
effects. We know that their receptors are sited both centrally at sites in the brain or
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brainstem and peripherally in nerves that innervate the airways. However, opioids
could be exerting their effects at either site or to varying degrees at both sites. In
animal models and man the extent to which opioids cross the blood brain barrier is
not known, although the fact that they produce centrally mediated effects such as
sedation, drowsiness and euphoria confirms that they do cross the blood–brain bar-
rier. The cough centre in the brain has been tentatively identified, and it is probable
that drugs like the opioids exert their antitussive actions both centrally on brainstem
opioid receptors and peripherally on receptors located on sensory nerve endings in
the airways. We have little knowledge of where their specific sites of action reside
and, if their site of action is central, we cannot say where in the physiological com-
plex of the cough centre it resides. The signal transduction mechanism of action by
which opioid receptors inhibit sensory nerve activation and thereby the cough reflex
is not yet known; however, at the neuronal level, mu-opioid and delta-opioid recep-
tor activation causes a decrease in adenylyl cyclase activity, which in turn opens
potassium channels (hyperpolarisation) and closes calcium channels. Both these ac-
tions may result in decreased sensory nerve activity, thereby suppressing the cough
reflex (Pleuvry 2005). Despite these gaps in our knowledge, opioids will remain
the mainstay of cough treatment until novel treatments are developed that possess
improved efficacy and an improved side-effect profile.

3 Cannabinoid Receptors

Currently there is renewed interest in the therapeutic potential of cannabinoids as
antitussives (Chung 2005). Non-selective cannabinoids have been shown to have
wide therapeutic applications for a number of important medical conditions, includ-
ing pain, anxiety, glaucoma, nausea, emesis, muscle spasms and wasting diseases;
however, associated side effects such as sedation, cognitive dysfunction, tachycar-
dia and psychotropic effects have hampered the use of these compounds in the clinic
(Porter and Felder 2001).

Cannabinoids mediate their effects via at least two specific G-protein-coupled re-
ceptors, termed the CB1 and CB2 receptors (Matsuda et al. 1990; Munro et al. 1993)
(see Table 3 for a list of selective ligands). The cannabinoid receptors were named
because of their affinity for the agonist δ9-tetrahydrocannabinol, a ligand found in
organic extracts from Cannabis sativa (Howlett 2002). CB1 receptors are predom-
inantly distributed throughout the brain and spinal cord and are found mainly at
the terminals of central neurones and are also expressed at low levels in several
peripheral tissues. There is evidence that these receptors can mediate inhibition of
ongoing release of a number of different excitatory and inhibitory transmitters, in-
cluding acetylcholine, noradrenaline, dopamine and 5-hydroxytryptamine (Howlett
et al. 2002). It is therefore thought that an important role of the CB1 receptor is to
modulate neurotransmitter release in order to maintain homeostasis in health and
disease by preventing the development of excessive neuronal activity in the CNS
(Pertwee 2007). In contrast, CB2 receptors are not commonly expressed in the
CNS (Munro et al. 1993; Griffin et al. 1997; Buckley et al. 2000), but primarily on
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Table 3 A selection of the commercially available tools for the cannabinoid receptors

Non-selective CB1 CB2

Endogenous
ligands

Anandamide Docosatetraenyleth
anolamide
(DEA)

2-Arachidonylglycerol
(2-AG)

Agonists WIN 55,212-2 mesy-
late

Arachidonyl−2′-
chloroethylamide
(ACEA)

JWH 133

CP 55940 Arachidonylcyclop
ropylamide
(ACPA)

JWH 015

HU 210 CB 65
L-759,633
L-759,656

Antagonists O-2050a AM 251b AM 630c

LY320135b JTE 907c

SR 141716A SR 144,528
aSilent receptor antagonist
bCB1 receptor antagonist/inverse agonist
cSelective CB2 receptor antagonist/inverse agonist

immune tissues such as the spleen and tonsils and also on lymphocytes (Galiegue
et al. 1995). It is thought that CB2 receptor activation alters the release of cytokines
from immune cells and may, in addition, affect immune function by modulating
immune cell migration both within and outside the CNS (Walter and Stella 2004;
Cabral and Staab 2005; Pertwee 2005).

Studies suggest that cannabinoids have diverse effects on sensory nerve func-
tion. Activation of spinal CB1 receptors inhibits nociceptive transmission (Harris
et al. 2000), hyperalgesia and neuropeptide release from central primary afferent
fibres (Richardson et al. 1998a). The endocannabinoid anandamide has been shown
to reduce carrageenan-induced hyperalgesia, oedema, plasma protein extravasation
and capsaicin-induced neuropeptide release via peripheral CB1 receptor activation
(Richardson et al. 1998b). Furthermore, a recent study has demonstrated an in-
hibitory action of the anandamide on the capsaicin-induced cough reflex in the
conscious guinea pig, and the authors (Caligano et al. 2000) suggested that anan-
damide activates CB1 receptors in this regard. However, CB1 ligands may have a
sedative action in conscious animal models and this activity would inhibit the cough
reflex per se. More recently, CB2 receptor activation has been demonstrated to be
sufficient to inhibit acute nociception, inflammatory hyperalgesia and the allody-
nia and hyperalgesia produced in models of neuropathic pain (Clayton et al. 2002;
Malan et al. 2002; Hanus et al. 1999; Elmes et al. 2005). There is currently very
little information on CB2 receptors on peripheral sensory nerves and their involve-
ment in neurogenic inflammatory responses in the airways. However, our group has
characterised CB2 receptor responses on sensory nerves in vitro using a commer-
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cially available cannabinoid CB2 receptor agonist, JWH 133. In these studies, it was
demonstrated that activation of the CB2 receptor subtype inhibits capsaicin-induced
depolarisation of the guinea pig and human vagus (Patel et al. 2003). Moreover, it
has also been demonstrated that inhibition of sensory nerve function in vivo, also
with the CB2 agonist JWH 133, results in antitussive action in a conscious guinea
pig model of cough (Patel et al. 2003). In summary, activation of the CB2 receptor
subtype inhibits sensory nerve activation of guinea pig and human vagus nerve, and
importantly it has been shown to inhibit the cough reflex in conscious guinea pigs.
CB2 receptors have been shown to be primarily sited in the periphery, with little
evidence for their presence in the CNS. This evidence offers the hope that the devel-
opment of CB2 agonists, devoid of CB1-mediated central effects, may provide new
and safe antitussive treatments for cough.

It is not clear yet how cannabinoid receptors may inhibit sensory nerve acti-
vation; however, both CB1 and CB2 receptors are coupled through Gi/o proteins,
negatively to adenylyl cyclase and positively to mitogen-activated protein kinase
(Howlett et al. 2002). Furthermore, CB1 receptors are also thought to be coupled
to ion channels through Gi/o proteins, positively to A-type and inwardly rectify-
ing potassium channels and negatively to N-type and P/Q-type calcium channels

airway sensory nerve

CoughCough
Chest tightnessChest tightness

AHR?AHR?Cholinergic Cholinergic 
Reflex activationReflex activation

Mucus secretionMucus secretion

Inflammation

µ Opioids
δ Opioids
Nociceptin agonists
Cannabinoid CB2 agonists

TRPV-1

−

+

Capsaicin, low pH

Fig. 1 An airway sensory nerve ending, which can be activated by capsaicin and low-pH stimuli
to evoke cough, airway hyperresponsiveness, mucus secretion and cholinergic reflex activation. In
inflammatory conditions, these nerves may be sensitised so that they respond at lower thresholds.
Opioids, nociceptin and cannabinoid ligands have all been postulated to exert an inhibitory effect
on sensory nerve activation
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(Howlett 2002; Pertwee 1997). Details of additional signalling mechanisms have
also been documented for cannabinoid CB1 and CB2 receptors (Howlett et al. 2002).

4 Summary

Opioid receptors and cannabinoid receptors have been characterised and intensively
studied. They occur both in the brain or brainstem and in the peripheral tissues,
including the airways (Fig. 1). The exact site of these receptors is largely unknown.
Cough has long been identified as a debilitating symptom of various airway diseases
and can also exist without any obvious cause. Cough is mediated by receptors
on sensory nerves sited in the airways via vagal afferent nerves with terminals in
the centrally located cough centres. Current treatment for cough is largely unsatis-
factory, consisting of over-the-counter cough medicines with limited efficacy and
prescription-based opioids, which also have limited efficacy and cause undesirable
side effects (Chung 2007a, b). The cannabinoids are a class of compounds that are
being evaluated in an attempt to provide a viable antitussive treatment, which will
target peripheral cannabinoid receptors and be free of the centrally mediated side ef-
fects that are also associated with this class of compounds. Some degree of success
has been achieved towards this end but further work needs to be carried out to clar-
ify the receptors involved and to determine whether the cannabinoids will provide a
viable alternative to opioids in the clinic.
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Abstract Cigarette smoke is undoubtedly one of the most common inhaled irritants
in the human respiratory tract, and invariably evokes coughing in both smokers and
nonsmokers. Results obtained from the studies in human volunteers and from single-
fiber recording of vagal bronchopulmonary afferents in animals clearly indicate that
nicotine is primarily responsible for the airway irritation and coughing caused by
inhalation of cigarette smoke. Furthermore, both nicotine and acetylcholine can
evoke inward current, membrane depolarization, and action potentials in isolated
pulmonary sensory neurons, and these responses are blocked by hexamethonium.
Taken together, these findings suggest that the tussive effect of nicotine is probably
mediated through an activation of nicotinic acetylcholine receptors (nAChRs) ex-
pressed on the sensory terminals of cough receptors located in the airway mucosa.
Indeed, the expressions of α4−α7 and β2−β4 subunits of nAChR transcripts in
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pulmonary sensory neurons have lent further support to this conclusion. The specific
subtypes of the neuronal nAChRs and their subunit compositions expressed on the
cough sensors remain to be determined.

1 Cough Evoked by Inhaled Cigarette Smoke

One of the most important functions of the cough reflex is to protect the lung and
the rest of body from the hazardous effects of inhaled irritants and environmen-
tal air pollutants. There is a long list of common inhaled irritants known to elicit
cough reflex in humans, including tobacco smoke, dust, automobile exhausts, acid
aerosols, noxious gases, allergens, and a variety of airborne chemical irritants. These
irritant substances can activate cough sensors either by directly acting on certain ion
channels or receptor proteins expressed on the membrane of sensory terminals or
indirectly via an action on other target cells in the airways (e.g., bronchial smooth
muscles, immune cells such as macrophages or mast cells, etc.) which can in turn
evoke stimulatory effects on the cough sensors. Among these tussive substances,
cigarette smoke is undoubtedly one of the most common inhaled irritants in human
airways.

In nonsmokers, inhaling only a small puff of cigarette smoke can evoke vigorous
cough responses and airway irritation. Similar irritant effects can also be gener-
ated by brief exposure to the side-stream smoke, the smoke released from a smol-
dering cigarette (Tarlo 2006). In smokers, cigarette smoking is the major cause of
chronic cough (Braman 2006). Indeed, cough not only serves as an important de-
fense function, but is also a common symptom of various airway diseases associated
with chronic smoking (Braman 2006); in conjunction with the mucociliary system,
cough can expel from the respiratory tract the cigarette smoke constituents that are
deposited in the airway lumen as well as the excessive airway secretion produced
by smoke inhalation.

1.1 Role of Nicotine in Cigarette Smoke-Induced Airway Irritation

Despite the well-documented irritant effects of inhaled cigarette smoke, the under-
lying mechanism and smoke constituent(s) that are responsible for generating the
airway irritation and cough were not fully understood. In addition to cough, in-
haled cigarette smoke can also elicit reflex bronchoconstriction. For a long time,
it was suggested that particulates in the cigarette smoke were primarily responsi-
ble for the irritant effects and for eliciting reflex bronchoconstriction (Nadel and
Comroe 1961). This notion appeared to be consistent with the finding that the ir-
ritant receptors in the lung could be activated not only by cigarette smoke but
also by “inert” carbon dust (Sellick and Widdicombe 1971). On the other hand,
nicotine, a major constituent of cigarette smoke, was known to activate sensory
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receptors in various organs, including skin, mesentery, stomach, lung, and carotid
body (Douglas 1952; Douglas and Gray 1953; Paintal 1954, 1955). Whether nico-
tine delivered in the smoke could activate cough sensors was not known.

In a psychometric study of the role of nicotine in cigarette smoking, Henningfield
et al. (1985) found that nicotine administered by intravenous injection caused
coughing and airway irritation in human smokers. Whether the irritant effects re-
ported in that study were due to an excitatory effect of nicotine on cough receptors in
the airways and lung was not known since nicotine injected via the intravenous route
may also activate other sensory receptors that can modulate respiratory responses
(e.g., cardiac afferents, carotid body chemoreceptors, etc.); a similar circulatory lag
for the injected nicotine to reach airway receptors (via bronchial circulation) and
these other receptors located in the systemic circulation made it difficult to identify
the origin of its irritant effect.

In a study aimed at determining the role of nicotine in cigarette smoke-evoked
airway irritation, the responses to inhalation of a single puff of cigarette smoke
with different nicotine content were compared in healthy young nonsmokers (Lee
et al. 1993). After the upper airways had been locally anesthetized and the view of
the smoke delivery system had been blocked, the subjects breathed quietly through
a mouthpiece when a bolus of cigarette smoke of 30-ml volume (approximately
the average puff volume of smokers) was delivered without notice and immediately
inhaled at the front portion of the next inspired volume, mimicking the smoke in-
halation pattern in smokers (Tobin and Sackner 1982). Subjects were instructed to
signal the detection and the intensity of airway irritation with a push-button device.
In eight of the 12 subjects, inhalation of high-nicotine cigarette smoke immedi-
ately triggered bouts of coughs (total number of coughs 4.13 ± 0.64). By contrast,
low-nicotine (0.38± 0.26; P < 0.001) and gas-phase smoke (0± 0) did not cause
cough in the same subjects (Fig. 1a). The intensity of airway irritation measured
by the total number of push-button signals after inhalation of high-nicotine ciga-
rette smoke was 6.61± 0.87 (n = 12), whereas inhalation of low-nicotine and gas-
phase smoke either was not detected or caused only very mild irritation (0.89±0.4
and 0.36± 0.22, respectively). Furthermore, the intensities of airway irritation and
coughs evoked by high-nicotine smoke were markedly reduced after premedica-
tion with aerosolized hexamethonium (10% in isotonic saline), a nicotinic acetyl-
choline receptor antagonist; number of coughs was 4.75±1.02 after administration
of a placebo, and 1.26± 0.28 after administration of hexamethonium (P < 0.001,
n = 8; Fig. 1b). The irritant effect was clearly attenuated but not completely abol-
ished, largely owing to a marginal blocking effect of the hexamethonium in two of
the eight subjects. However, after a higher concentration (20%) of hexamethonium
aerosol had been administered in these two subjects, the smoke-evoked airway irri-
tation and cough were completely blunted (Lee et al. 1993). In addition, inhalation
of aerosolized nicotine (2% in isotonic saline) also evoked vigorous coughs (total
number of coughs 7.36±1.68, n = 5) and intense airway irritation (Fig. 1c). Taken
together, these studies have provided strong evidence indicating that nicotine is the
primary agent in cigarette smoke-evoked cough and airway irritation in nonsmok-
ers. The short latency time of the detection signal (0.93± 0.11s) further suggested



80 L.-Y. Lee, Q. Gu

Fig. 1 a Airway irritation and number of coughs evoked by inhalation of three different types of
cigarette smoke. The intensity of airway irritation was measured by the number of push-button
signals generated in the first 5 s following inhalation of a puff of cigarette smoke. Data represent
the mean ± the standard error of the mean (SEM) of 12 subjects; data obtained from three consec-
utive days were averaged for each subject. *, significantly different (P < 0.001) from the response
to high-nicotine cigarette smoke. b A comparison of airway irritation and cough responses to in-
halation of high-nicotine cigarette smoke after premedications with aerosolized saline placebo and
hexamethonium (10% concentration). † and *, significant difference (P < 0.01 and P < 0.001,
respectively; n = 8) between the responses after hexamethonium and placebo administration.
c Airway irritation and number of coughs evoked by inhalation of aerosolized nicotine or its
vehicle. *, significant difference (P < 0.001; n = 5) between the responses to nicotine and vehicle.
(Modified from Lee et al. 1993, with permission)
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that the sensory receptors involved in detecting the irritant effect of smoke and elic-
iting the cough reflex are located in the respiratory tract and the afferent signals are
probably conducted by vagus nerves.

1.2 Cough Receptors in the Lung and Airways

The “cough receptor” that initiates the reflex response consists of multiple types
of airway afferents with different sensory modalities (chemical vs. mechanical),
as characterized by different types of receptor proteins expressed on the neuronal
membrane of the sensory endings (Geppetti 2008; Belvisi 2008; Mazzone and
Undem 2008). These cough receptors are located in different regions of the res-
piratory tract, including larynx and tracheobronchial tree. The anatomical loca-
tions, neural pathways, and pharmacological properties of the cough receptors are
described in more detail elsewhere (Canning 2008). The afferent activities that arise
from various cough sensors located in the airways are conducted almost exclusively
by branches of vagus nerves (Coleridge and Coleridge 1986; Lee and Pisarri 2001;
Sant’Ambrogio 1982; Widdicombe 1998). These vagal afferent fibers innervate the
entire respiratory tract diffusively, and project to the “cough centers” located in the
medulla (Takahama 2008).

On the basis of the general properties and classically defined criteria, vagal affer-
ents arising from endings located in the lower airways and lungs can be classified
into three major categories: slowly adapting receptors (stretch receptors), rapidly
adapting receptors (RARs or irritant receptors), and bronchopulmonary C-fibers
(Coleridge and Coleridge 1986; Widdicombe 1981). Afferent activities generated
from the first two types of receptors are conducted by myelinated A-fibers, whereas
those generated by the last one are conducted by nonmyelinated (C-) fibers. For
many decades, investigators have been searching for the identities and classifications
of a subgroup(s) of sensory receptors in the airways that are specifically responsible
for eliciting the cough reflex. RARs, particularly those located in the major airways
and the carina, were believed to be primarily responsible for detecting the inhaled ir-
ritants and signaling the central nervous system to elicit the cough response in larger
mammals (e.g., dogs, cats) (Widdicombe 1998). The evidence in support of an im-
portant role of bronchopulmonary C-fiber afferents in eliciting the cough reflex has
also been extensively documented. Stimulation of C-fiber afferents by inhalation of
capsaicin or acid aerosol consistently produces coughs in a dose-dependent man-
ner in both animals and humans (Bolser et al. 1995; Dicpinigaitis 2007; Groneberg
et al. 2004; Hansson et al. 1992; Karlsson and Fuller 1999; Liu et al. 2001; Winning
et al. 1986). Recent studies by Canning et al. (2004) and Mazzone (2004) have
demonstrated that the cough reflex elicited by the upper-airway irritation in guinea
pigs seems to be mediated through the activation of a subset of Aδ afferents inner-
vating the trachea and larynx. These cough sensors are activated by acid solution
and punctate mechanical stimulation applied to the upper airways. However, they
are not activated by either capsaicin or bradykinin, and are, therefore, unlikely to be
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involved in eliciting the capsaicin-evoked cough reflex. Furthermore, they appear to
be different from the RARs in the airways because they conduct action potentials at
a much slower velocity than RARs, and they are not activated by either lung infla-
tion or bronchoconstriction (Canning et al. 2004; Mazzone 2004). Whether they are
sensitive to nicotine is not known.

It remains to be determined whether cough receptors belong to a subgroup of
these classically defined bronchopulmonary afferents, or represent a distinctly dif-
ferent group of airway afferents whose primary function is to detect tussive stim-
uli. Furthermore, whether the cough receptor mediating the protective function in
healthy lungs against inhaled irritants such as cigarette smoke is also the same sen-
sor that is responsible for triggering the acute or chronic cough in various airway
diseases is also not known. Many of these important and yet unanswered questions
have been discussed in recent reviews and conference proceedings (Widdicombe
and Chung 2004, 2007; Widdicombe and Undem 2006). This chapter will focus
solely on the vagal bronchopulmonary afferents that exhibit sensitivity to nico-
tine and may function as sensors for triggering the cigarette smoke-evoked cough
responses.

1.3 Nicotine-Sensitive Afferents in the Lung and Airways

1.3.1 Bronchopulmonary C-Fiber Afferents

Bronchopulmonary C-fibers represent more than 75% of the afferent fibers in the
pulmonary branch of the vagus nerve (Agostoni et al. 1957; Jammes et al. 1982),
and play an important role in regulating the airway functions in both physiological
and pathological conditions (Coleridge and Coleridge 1984; Lee and Pisarri 2001).
These afferents can be broadly subdivided into two major groups on the basis
of their anatomic locations in the respiratory tract and circulatory accessibility
(Coleridge and Coleridge 1984). Pulmonary C-fibers arise from the endings lo-
cated in small intrapulmonary airways and the lung parenchyma, receiving blood
supply from the pulmonary circulation, whereas bronchial C-fiber endings are lo-
cated in the medium-sized and large airways, receiving blood perfusion primarily
from bronchial circulation. It appears that pulmonary C-fibers are more sensitive to
mechanical stimuli (e.g., lung inflation), whereas bronchial C-fibers display greater
chemosensitivity (Coleridge and Coleridge 1984). A recent study has revealed that
bronchial and pulmonary C-fiber afferents arise from different ganglion origins and
represent different phenotypes, which may offer a plausible explanation for the no-
ticed difference in the sensory modality between these two groups of C-fibers (Un-
dem et al. 2004). It was further suggested that stimulated bronchial C-fibers are more
likely to function as cough sensors than pulmonary C-fibers (Canning et al. 2006),
but definite evidence remains to be established (Hansson et al. 1992).

In a study aimed to determine whether vagal bronchopulmonary C-fibers can be
activated by cigarette smoke, afferent activities of the vagal C-fibers arising from
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endings in the lung were recorded using the single-fiber recording technique in
anesthetized and mechanically ventilated dogs when cigarette smoke (120 ml) was
delivered by the respirator in a single ventilator cycle (Lee et al. 1989). To deter-
mine the role of nicotine, the effects of low- and high-nicotine cigarette smoke on
the same C-fiber afferents were compared; the volume of smoke generated from
the low- and high-nicotine cigarettes was estimated to contain approximately 0.032
and 0.162 mg of nicotine, respectively. The delivery of smoke generated by high-
nicotine cigarettes triggered an abrupt and intense burst of activity in the major-
ity (approximately 91%) of the pulmonary C-fibers tested; the activity increased
from 0.3± 0.1 impulses per second to a peak of 12.6± 1.3 impulses per second
(n = 60) within 1-2 s of the smoke delivery and lasted for 3-5 s. In comparison,
smoke generated by low-nicotine cigarettes evoked a milder stimulation in only
33% of pulmonary C-fibers, but did not significantly affect the overall firing fre-
quency. Furthermore, hexamethonium (0.7-1.2 mg/kg, intravenously) prevented C-
fiber stimulation by high-nicotine cigarette smoke, but did not alter the response
to right atrial injection of capsaicin in the same fibers, indicating a specific stim-
ulatory effect of nicotine on these C-fiber endings. Indeed, Kou et al. (1989) sub-
sequently demonstrated that nicotine solutions injected directly into right atrium
stimulated pulmonary C-fibers in a dose-dependent manner in anesthetized dogs
(Fig. 2). A direct stimulatory effect of nicotine and cigarette smoke on bronchial
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and pulmonary C-fibers has also been demonstrated in other species (Ho et al. 2001;
Pisarri et al. 1991; Xu et al. 2007).

It should be pointed out that cough sensitivity mediated by C-fibers is suscep-
tible to suppression by anesthesia (Canning 2007; Canning et al. 2006; Mazzone
et al. 2005). In fact, an inhibitory effect of pulmonary C-fiber stimulation on cough
reflex elicited by mechanical irritation of the tracheobronchial tree and larynx has
been reported (Tatar et al. 1988). However, extensive and convincing evidence in the
studies of awake animals and humans indicates a distinct role of the bronchopul-
monary C-fibers in eliciting the cough reflex. The fact that they are sensitive to
nicotine lends additional support to the involvement of these afferents in the cough
response to cigarette smoke.

1.3.2 Bronchopulmonary RARs

RARs are located along the entire respiratory tract, with a higher density in the larger
airways, and can be identified by the rapid adaptation of their response to lung in-
flation (Sant’Ambrogio 1982; Widdicombe 1954). The majority of RARs exhibit
polymodal sensitivity; they can be activated by certain chemical irritants, lung infla-
tion and deflation, and an increase in lung stiffness (Coleridge and Coleridge 1986;
Sant’Ambrogio 1982; Sant’Ambrogio and Widdicombe 2001; Widdicombe 1981).

Delivery of a single breath of high-nicotine cigarette smoke into the lung gener-
ated an immediate stimulatory effect on RARs in anesthetized, mechanically ven-
tilated dogs (Kou and Lee 1990); activity increased from a baseline of 0.9± 0.2 to
a peak of 9.9± 1.2 impulses per breath (n = 58). After three to six breaths when
the receptor discharge returned toward the baseline, a delayed increase of activ-
ity emerged (peak activity 3.4± 0.6 impulses per breath). By contrast, only a mild
stimulatory effect of low-nicotine cigarette smoke was found, either immediately
or after a delay, in 28% of the receptors studied. To further understand the mech-
anisms underlying the responses, studies were repeated after a pretreatment with
aerosolized hexamethonium (10%) or isoproterenol (2%), a β-adrenergic agonist
and bronchodilator. The initial response of RARs was totally prevented by pretreat-
ment with hexamethonium but was not affected by isoproterenol. The delayed RAR
discharge was invariably accompanied by an increase of total lung resistance follow-
ing smoke delivery; both were abolished by pretreatment with isoproterenol. These
results suggest that a direct effect of nicotine on these receptors may be responsi-
ble for the immediate stimulation, while the bronchoconstrictive effects of absorbed
nicotine may be involved in evoking the delayed stimulation. The fact that cigarette
smoke exerted an immediate stimulatory effect on RARs (latency less than 1 s) be-
fore any change of bronchomotor tone took place (Kou and Lee 1990, 1991) further
supports a direct action of nicotine on RARs. A similar stimulatory effect of smoke
on RARs associated with bronchoconstriction has also been reported in anesthetized
rabbits (Sellick and Widdicombe 1971), guinea pigs (Bergren and Sampson 1982)
and less consistently in dogs (Sampson and Vidruk 1975).
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RARs are known to be activated by an increase of fluid filtration into the intersti-
tial space in the lung (Kappagoda and Ravi 2006). An increase in the interstitial fluid
volume can also result from the action of nitric oxide, an endogenous free-radical
gas, that increases the microvascular permeability and fluid flux into the perivascu-
lar space in the airway tissue. Since substance P and other tachykinins are known
to trigger the release of nitric oxide from endothelial cells (Nguyen et al. 1995),
activation of pulmonary C-fibers by nicotine can produce a secondary stimulatory
effect on RARs (Joad et al. 1997). Whether this indirect effect plays a part in the
cigarette smoke-induced stimulation of RARs is not known.

1.3.3 Laryngeal Irritant Receptors

The larynx, located in the front position of the respiratory tract, plays a critical
role in the protective functions against inhaled irritants. Not surprisingly, the lar-
ynx is extremely sensitive to chemical and mechanical stimulations in eliciting the
cough reflex (Karlsson et al. 1991; Widdicombe 1954). The larynx is supplied by
the largest number of sensory nerves per unit of lumenal surface area in the en-
tire respiratory tract (Sant’Ambrogio and Widdicombe 2001), and is innervated by
multiple afferent branches: the recurrent laryngeal nerves and the internal and exter-
nal branches of the superior laryngeal nerves (Sant’Ambrogio et al. 1995). The cell
bodies of these laryngeal afferents are located in the vagal sensory ganglia, with the
majority of them in the nodose ganglion (Widdicombe et al. 1988).

A small percentage of the laryngeal afferents exhibit no or irregular sponta-
neous activity, but possess distinct sensitivity to chemical and mechanical stimu-
lations (Boushey et al. 1974; Lee et al. 1987). They consist of both myelinated and
nonmyelinated afferents, and are believed to be responsible for eliciting the pro-
tective reflex responses such as cough (Sant’Ambrogio et al. 1995). To examine
whether these laryngeal afferents are affected by cigarette smoke, neural activity
was recorded from the superior laryngeal nerve in anesthetized dogs. A box-balloon
system, connected to the breathing circuit, allowed smoke to be inhaled sponta-
neously through the isolated upper airway while preserving its normal respiratory
flow and pressure. Inhalation of one or two breaths of cigarette smoke (25–50%
smoke in air) caused a marked increase in activity of laryngeal irritant receptors
(Lee et al. 1987). Interestingly, in sharp contrast to their counterparts in the lower
airways and lung, there was no difference between the responses of these laryngeal
afferents to high- and low-nicotine cigarette smoke.

2 Neuronal Nicotinic Acetylcholine Receptors on Pulmonary
Sensory Neurons

The studies in both humans and animals described in the previous sections sug-
gest that the tussive effect of nicotine is probably mediated through an activation of
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neuronal nicotinic acetylcholine receptors (NnAChRs) expressed on the sensory ter-
minals of cough receptors. However, direct evidence of their presence on pulmonary
sensory nerves was not established in those studies.

2.1 Pharmacological Properties of NnAChRs

The NnAChRs are pentameric ligand-gated ion channels formed by five subunits;
each subunit comprises four transmembrane domains, M1–M4, of which M2 is be-
lieved to form the ion channel (Gotti and Clementi 2004; Fig. 3a, b). To date, nine α
(α2−α10) and three β (β2− β4) neuronal subunit genes have been cloned, and
these subunits assemble in numerous combinations to form functional NnAChR
subtypes (Jensen et al. 2005; Kalamida et al. 2007). The α2 − α6 and β2 − β4
subunits form heteromeric receptors, usually in an (αx)2(βy)3 stoichiometry and
arranged as αβαββ; the α7−α9 subunits can form homomeric receptor complexes
(Fig. 3c); and the α10 subunit is not able to form a functional homomeric receptor,
but it can form a functional NnAChR together with α9 (Jensen et al. 2005). It is
thought that the homomeric NnAChRs have five identical binding sites for acetyl-
choline and other orthosteric ligands per receptor molecule (one at each α subunit
interface), whereas heteromeric NnAChRs have two orthosteric binding sites per
receptor molecule located at the interface between an α and a β subunit (Gotti and
Clementi 2004; Gotti et al. 2006; Jensen et al. 2005; see Fig. 3c).
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Fig. 3 a–c Organization and structure of neuronal nicotinic acetylcholine receptors (NnAChRs).
a The putative transmembrane topology of NnAChR subunits. The model shows the extracellu-
lar amino terminal portion, followed by three hydrophobic transmembrane domains (M1–M3), a
large intracellular loop, and then a fourth hydrophobic transmembrane domain (M4). b Pentameric
arrangement of NnAChR subunits in an assembled receptor. c Subunit arrangement in the homo-
meric α7 and heteromeric α4β2 subtypes, and localization of the acetylcholine (ACh) binding
site. (From Gotti and Clementi 2004, with permission)
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Recent heterologous expression studies have demonstrated that both α and β sub-
units are involved in characterizing the functional and pharmacological properties
of the expressed NnAChR subtypes (Gotti and Clementi, 2004). For example, when
expressed with the β2 subunit, the α2, α3, α4, and α6 subunits all form functional
receptors that differ in their channel open time, single channel conductance and ago-
nist/antagonist sensitivity (Gotti et al. 1997). However, not all subunit combinations
form functional NnAChRs. The β3 and α5 subunits cannot form functional receptors
when expressed alone or in paired combinations with other subunits; they only form
operational channels when coexpressed with other functional subunit combinations
and act as “regulatory” subunits (Gotti et al. 1997; Grinevich et al. 2005). In ad-
dition, expression of the α7-α9 subunits alone produces homomeric receptors acti-
vated by acetylcholine and blocked by nanomolar concentrations of α-bungarotoxin
with dramatically larger Ca2+ permeabilities and faster desensitization rates than
those of the heteromeric NnAChRs (Gotti and Clementi 2004; Jensen et al. 2005).

The properties of NnAChRs are best described by an allosteric model (Changeux
and Edelstein 1998; Jensen et al. 2005). According to this model, NnAChR fluctu-
ates between at least three functional states in the absence of agonists: a resting state,
an active state, and a desensitization state (often divided into a fast-onset state and
a slow-onset state). Binding of an agonist or a competitive antagonist to the orthos-
teric sites of NnAChR stabilizes its active and resting states, respectively; whereas
a noncompetitive antagonist inhibits the receptor function without interacting with
the orthosteric binding sites or directly affecting the binding of an agonist (Hogg
and Bertrand 2004; Jensen et al. 2005). The agonists for NnAChRs such as acetyl-
choline, nicotine, cytisine, epibatidine, and their derived compounds have limited
selectivity and cannot discriminate among the different subtypes; however, their
different affinity for a certain α–β or α–α interface may be used to characterize var-
ious subtypes (Gotti et al. 2006; Jensen et al. 2005). The peptide α-bungarotoxin
and methyllycaconitine are competitive and highly selective antagonists to the
α7,α9, and α9/α10 NnAChRs; other classical competitive NnAChR antagonists
such as dihydro-β -erythroidine and D-tubocurarine are far less discriminative be-
tween different NnAChR subtypes (Jensen et al. 2005); whereas noncompetitive an-
tagonists of NnAChRs, including mecamylamine and hexamethonium, demonstrate
relatively low affinity for NnAChRs (Hirota and McKay 2006). A thorough discus-
sion of NnAChR agonists and antagonists has been given in detail in recent reviews
(Arias 2000; Bunnelle et al. 2004; Gotti et al. 2006; Jensen et al. 2005; Romanelli
and Gualtieri 2003).

2.2 Nicotine Sensitivity in Isolated Pulmonary Sensory Neurons

The studies described in Sect. 1.3 demonstrated a dominant role of nicotine in the
stimulatory effect of cigarette smoke on vagal bronchopulmonary afferents. How-
ever, NnAChRs are also known to be expressed on other cell types in the airways,
including smooth muscles and cholinergic ganglion neurons. Indeed, nicotine has
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been shown to induce airway smooth-muscle contraction (Hartiala et al. 1985; Hong
et al. 1995; Lee et al. 1995). Therefore, the stimulatory effect of nicotine on RARs
may have also resulted from an indirect action generated by the nicotine-induced
bronchoconstriction because the delayed stimulatory effect of cigarette smoke on
RARs was attenuated when bronchoconstriction was prevented by pretreatment with
a bronchodilator in canine lungs (Kou and Lee 1991; Sampson and Vidruk 1975).

As mentioned already, NnAChRs are pentameric transmembrane proteins that
form cationic channels permeable to both Na+ and Ca2+ (Gotti and Clementi 2004;
Jensen et al. 2005). To investigate the direct effect of nicotine, Xu et al. (2007)
measured the change in intracellular Ca2+ concentration in response to nicotine in
isolated pulmonary sensory neurons that were identified by retrograde labeling from
the lungs with a fluorescent tracer (Kwong and Lee 2002). Their results showed that
application of nicotine (10, 30, and 100µM, 20 s) evoked an abrupt and transient
increase in intracellular Ca2+ concentration in a concentration-dependent manner.
Pretreatment with hexamethonium (100µM, 5 min) almost completely blocked the
Ca2+ transient evoked by the same concentration of nicotine (100µM, 20 s), and the
blocking effect could be reversed after 15–20-min washout. In 522 pulmonary sen-
sory neurons tested with both capsaicin and nicotine, 100µM nicotine and 0.1µM
capsaicin evoked a pronounced Ca2+ transient in 33.5 and 57.5% of cells, respec-
tively. In the nicotine-sensitive neurons, 59.7% were also activated by capsaicin
challenge.

A recent whole-cell patch-clamp recording study (Gu et al. 2008; Fig. 4) has fur-
ther demonstrated that a brief application of acetylcholine (3, 10, 30, and 100µM,
2–6 s) concentration-dependently evoked an inward current in pulmonary sensory
neurons. The response was reversibly blocked by hexamethonium (100µM, 5 min)
pretreatment, indicating the involvement of activation of NnAChRs. Nicotine and
dimethylphenylpiperazinium also evoked inward currents in these neurons in
voltage-clamp configuration, and induced membrane depolarization and action po-
tential generation in current-clamp recordings. In addition, the results of the study
have shown that the sensitivities to nicotine and the phenotypes of inward current
evoked by nicotine varied among different neurons, which may suggest activation
of different NnAChR subtypes (Genzen et al. 2001).

2.3 Expression of NnAChRs on Pulmonary Sensory Neurons

The expression of NnAChR subunit messenger RNAs (mRNAs) in pulmonary
sensory nerves has been detected recently. Gu et al. (2008) performed Reverse
transcriptase-PCR and a nested PCR by using the cytoplasm collected from ap-
proximately 20 isolated rat pulmonary sensory neurons. The results revealed the ex-
pression of mRNA encoding for the α4, α5, α6, α7, β2, β3, and β4 subunits of the
NnAChR, whereas α2 and α3 subunits were not detected (Fig. 5), and α9 and α10
subunits were not tested. Since the results were based on the analysis of mRNA ex-
pression from a pool of multiple neurons, they do not provide the definite evidence
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Fig. 4 a–h ACh-, nicotine- and dimethylphenylpiperazinium-evoked whole-cell responses in rat
vagal pulmonary sensory neurons. a ACh (3, 10, 30, and 100µM, 3-s duration) concentration-
dependently evoked an inward current in a pulmonary sensory neuron (jugular; capacitance
24.9 pF). b ACh (100µM, 2 s)-evoked inward current was reversibly inhibited by hexametho-
nium (100µM, 5 min) in a nodose neuron (19.6 pF). c Group data showing the inward current
evoked by increasing concentration of ACh (3− 100µM, 2–6 s). d Whole-cell responses (upper
panel voltage-clamp recording; lower panel current-clamp recording) to nicotine (Nic; 10, 30, and
100µM, 4 s), dimethylphenylpiperazinium (DMPP; 10, 30, and 100µM, 4 s), and ACh (100µM,
4 s) in a single nodose neuron (27.2 pF). Insets: Action potentials shown on a larger scale. e Group
data showing the inward current evoked by different concentrations of nicotine (3−100µM, 3–6 s).
f Comparison of the inward currents evoked by the same concentration (100µM, 3–4 s) of nicotine,
dimethylphenylpiperazinium and ACh recorded from the same neurons. g A different phenotype
of inward currents evoked by nicotine (10, 30, and 100µM, 6 s) in a jugular neuron (28.6 pF).
h Inward currents evoked by 100µM nicotine (3 s) at different intervals between two consecutive
challenges in a nodose neuron (21.2 pF). (From Gu et al. 2008, with permission)

to prove the existence of specific subtypes of NnAChR and their subunit compo-
sitions in individual pulmonary sensory neurons. To better understand the role of
NnAChRs in regulating the excitability of pulmonary sensory nerve and cough sen-
sitivity in the chronic airway diseases associated with smoking, further study with
the employment of additional technical approaches, such as single-cell RT-PCR and
real-time quantitative PCR, and use of more specific NnAChR agonists/antagonists
will be required.
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Fig. 5 Reverse transcriptase-PCR analysis of NnAChR messenger RNA (mRNA) in rat vagal pul-
monary sensory neurons. Cytoplasm of 20 isolated pulmonary sensory neurons was collected into a
single PCR tube. One-step Reverse transcriptase-PCR and a nested PCR were carried out to detect
the presence of nicotinic mRNA subunits. The nested PCR products were run on a 1% agarose gel
and stained with ethidium bromide. M 100-bp DNA marker. (From Gu et al. 2008, with permission)

3 Other Physiological Functions of NnAChRs on Cough Sensors

3.1 Other Physiological Responses Evoked by Activation
of NnAChRs on Pulmonary Afferents

In addition to eliciting the cough reflex via the activation by nicotine, what are other
potential roles of the NnAChRs expressed on these pulmonary afferents? Reflex re-
sponses and neural pathways of the two major types of nicotine-sensitive afferents
innervating the lung and airways, C-fibers and RARs, have been described in detail
in several extensive reviews (Coleridge and Coleridge 1986; Lee and Pisarri 2001;
Sant’Ambrogio and Widdicombe 2001; Widdicombe 1981). Briefly, when these af-
ferents are activated by chemical irritants inhaled into the lung (e.g., nicotine in the
inhaled cigarette smoke), action potentials are conducted through the vagus nerves
to the nucleus tractus solitarius and immediately elicit a wide range of reflex re-
sponses, including reflex bronchoconstriction and mucus secretion, in addition to
cough.

Activation of NnAChRs can trigger an abrupt increase in intracellular calcium
concentration in the neuron resulting from direct passage of calcium through the
receptor channel (Colquhoun and Patrick 1997). Intracellular calcium is an impor-
tant signal transduction molecule in neurons and plays a critical role in the con-
trol of neuronal membrane excitability (Kostyuk and Verkhratsky 1994), synaptic
activity, and neurotransmitter release (Llinas et al. 1992; Robitaille et al. 1993).
Transient changes in intracellular calcium concentration are known to contribute to
short- or long-term alterations in ion channels and gene expression, and can mod-
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ulate the overall function of these afferents (Ghosh and Greenberg 1995; Simpson
et al. 1995).

Several proinflammatory neuropeptides (e.g., tachykinins and calcitonin gene-
related peptide) are synthesized primarily in the cell bodies of bronchopulmonary
C-fiber neurons (to a distinctly lesser extent in Aδ -fiber neurons), and are stored in
large-granular vesicles in the sensory terminals innervating the airways of various
species, including human (Barnes and Lundberg 1991; Joos et al. 2000; Lundberg
and Saria 1987). Superficial location of these tachykinin-containing nerve endings
in the airway mucosa in the human respiratory tract (Komatsu et al. 1991) suggests
their susceptibility to inhaled irritants such as nicotine in cigarette smoke. When
airway C-fiber endings are stimulated by nicotine, nerve action potentials are trans-
mitted to the central nervous system via the vagus nerves, evoking the irritating sen-
sation, eliciting the defense respiratory reflex responses such as cough and, at the
same time, triggering a surge of calcium influx and local release of tachykinins from
the sensory endings in the airways (Hong et al. 1995; Lee et al. 1987). Tachykinins
(substance P, neurokinins A and B, hemokinins, and endokinins) are a family of
structurally related small peptides (Page 2004). Inhalation of aerosolized substance
P can elicit the cough reflex in guinea pigs (Kohrogi et al. 1988; Sekizawa et al.
1996), and in patients with respiratory tract infection but not in healthy human sub-
jects (Katsumata et al. 1989). Interestingly, in patients with chronic nonproductive
cough, the increased cough sensitivity was associated with an increase in substance
P content in the nasal lavage fluid (Cho et al. 2003).

The potent effects of these neuropeptides on airway functions have been well
documented (Barnes et al. 1991; Joos et al. 2000; Lundberg and Saria 1987; Solway
and Leff 1991). Moreover, these neuropeptides can activate certain target cells in
the airways (e.g., mast cells) and lead to the release of various inflammatory media-
tors (e.g., histamine and bradykinin) (Barnes et al. 1991; Foreman et al. 1982; Joos
et al. 2000). Thus, sustained and intense stimulation of these endings can lead to the
development of “neurogenic inflammatory reaction” in the airways, characterized
by pronounced local responses such as bronchoconstriction, protein extravasation,
airway mucosal edema, and inflammatory cell chemotaxis (Barnes et al. 1991; Joos
et al. 2000; Lundberg and Saria 1987); these effects seem to be particularly potent in
rodent (e.g., guinea pig and rat) airways. Whether and to what extent the repetitive
assaults generated by the acute irritant effects of inhaled nicotine contribute to the
progressive development of chronic airway diseases in human smokers remains to
be determined.

3.2 Interaction with Other Ion Channels Expressed on Cough
Sensors

In the study using the single-fiber recording technique in an anesthetized dog prepa-
ration, the majority of the pulmonary C-fibers identified by their sensitivity to cap-
saicin were also activated by right atrial injection of nicotine. Since the action of
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capsaicin is known to be mediated through an activation of the transient receptor
potential vanilloid type 1 receptor (TRPV1), a polymodal transducer for nocicep-
tion (Caterina et al. 1997), these findings suggest the presence of both TRPV1 and
NnAChR in the same sensory terminals (Kou et al. 1989; Xu et al. 2007). Indeed,
this finding was further confirmed in the study of isolated neurons; a high percentage
(approximately 60%) of the nicotine-sensitive pulmonary neurons were activated
by capsaicin (Xu et al. 2007). Interestingly, a recent study in dorsal root ganglion
(DRG) neurons showed that activation of NnAChRs by nicotine attenuated the cur-
rent amplitude evoked by subsequent capsaicin challenges, accompanied by a faster
desensitization (Fucile et al. 2005). Although the possible mechanisms underlying
the interaction between these two channel proteins in DRG sensory neurons are not
fully understood, the Ca2+ transient resulting from activation of NnAChRs is be-
lieved to be involved (Fig. 6). Furthermore, an inhibitory effect of nicotine on the
tetrodotoxin-resistant sodium currents, independent of NnAChR activation, has also
been demonstrated in trigeminal neurons by Liu et al. (2004). These recent studies
in the somatic nociceptive neurons have provided evidence in support of the previ-
ous findings that the analgesic action of nicotine is also in part mediated through the
peripheral sensory nerves and that the antinociceptive effects can be induced by ac-
tivation of the nicotinic cholinergic pathways (Jain 2004). The potential implication
of the role of nicotine in regulating the cough receptor sensitivity to capsaicin in the
airways remains to be explored. Interestingly, a diminished cough sensitivity to cap-
saicin has recently been reported in chronic smokers (Dicpinigaitis 2003; Millqvist
and Bende 2001).

4 Conclusion

In summary, a substantial amount of evidence has demonstrated that nicotine is
a potent tussive agent in human airways, and is primarily responsible for the
cigarette smoke-evoked cough response. Nicotine stimulates vagal C-fiber affer-
ents and RARs in the lung and airways of anesthetized animals when it is inhaled
as aerosol or cigarette smoke. Nicotine also evokes an inward current with a cal-
cium transient in isolated pulmonary sensory neurons in a concentration-dependent
manner. The tussive effect of nicotine is believed to result from an activation of
NnAChRs expressed on the sensory terminals of cough receptors located in the air-
way mucosa because both the cough reflex in humans and responses recorded in
sensory nerves and isolated neurons can be prevented by pretreatment with hexam-
ethonium. The expressions of α4−α7 and β2−β4 subunits of NnAChR transcripts
in pulmonary sensory neurons have lent further support to this conclusion.

There are a number of interesting but unanswered question related to the normal
physiological function of NnAChRs on the cough sensors. Acetylcholine applied
at relatively high concentrations can stimulate isolated pulmonary sensory neurons
via activation of NnAChRs (Gu et al. 2008). The possibility that acetylcholine can
act as an endogenous activator of NnAChRs in the airway sensory nerves cannot be
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Fig. 6 Effects of acute stimulation of NnAChRs on the capsaicin-induced whole-cell currents in
adult dorsal root ganglion (DRG) neurons. a Simultaneous recordings of whole-cell currents (bot-
tom) and of intracellular Ca2+ concentration changes (top) in a single DRG neuron. Capsaicin
pulses (0.5µM, 0.5 s) were applied every 20 s in a Ca2+-free medium (as indicated). Note the pro-
longed nicotine application (500µM, 15 s) in the presence of normal external Ca2+, inducing in-
ward current (gray line) and Ca2+ entry, and modifying the subsequent capsaicin-evoked currents.
b Capsaicin-induced currents recorded before and after nicotine application. Current amplitudes
were normalized to allow a better comparison of desensitization kinetics. Superimposed lines rep-
resent single exponential functions best fitting the data, with τ values of 3.70 s (before nicotine)
and 2.69 s (after nicotine). Asterisks indicate the corresponding currents in a and b. c Time course
of normalized τ of capsaicin-induced currents before and after a 15-s nicotine application (hor-
izontal line, mean τ of the current preceding nicotine application, 3.0± 1.0s). Note absence of
τ recovery after nicotine washout. d Time course of normalized amplitudes of capsaicin-induced
currents before and after nicotine application (mean amplitude of the current preceding nicotine
application, 480±70pA). Note again absence of current recovery. e Effects of different treatments
on τ of capsaicin-evoked currents. Same protocol as a. Values were obtained by averaging the nor-
malized τ from the first five currents following the treatment. ∗P < 0.05. (From Fucile et al. 2005,
with permission)

completely ruled out, particularly in light of the finding that substance P-containing
afferent nerve profiles, presumably C-fiber endings, have been identified in the close
vicinity of cholinergic ganglion neurons in the ferret trachea (Dey et al. 1996).

The specific subtypes of the NnAChRs mediating the response of pulmonary
sensory neurons to nicotine and their subunit compositions require further inves-
tigation. In view of the recent discoveries and developments of selective ligands
targeting specific subunits of NnAChRs as the potential therapeutic interventions
for neurodegenerative diseases (e.g., dementia) (Gatto et al. 2004; Ray et al. 2004),
their possible side effects on pulmonary sensory nerves and airway irritation cer-
tainly merit further investigation.
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Abstract Several airway afferent nerve subtypes have been implicated in coughing.
These include bronchopulmonary C-fibers, rapidly adapting airway mechanorecep-
tors and touch-sensitive tracheal Aδ -fibers (also called cough receptors). Although
the last two afferent nerve subtypes are primarily sensitive to mechanical stimuli, all
can be acted upon by one or more different chemical stimuli. In this review we cat-
alogue the chemical agents that stimulate and/or modulate the activity of the airway
afferent nerves involved in cough, and describe the specific mechanisms involved
in these effects. In addition, we describe the mechanisms of action of a number
of chemical inhibitors of these afferent nerve subtypes, and attempt to relate this
information to the regulation of coughing in health and disease.
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1 Introduction

The mammalian airways are innervated by a variety of afferent nerve subtypes that
play differing roles in the regulation of cough. This topic has been recently re-
viewed elsewhere (Mazzone 2004a, Mazzone 2005) and is also covered in detail
by Canning and Chou in this volume. Sensory innervation to the airways and lungs
is derived from vagal and spinal sources, although there are only data to support
the role of vagal afferents in the cough reflex. There are two broad classes of air-
way vagal sensory nerve types: one class is predominately mechanically sensitive,
and includes rapidly and slowly adapting airway mechanosensors, while the other
class is predominately chemosensitive, and includes bronchopulmonary C-fibers
and chemosensitive Aδ -fibers (Canning et al. 2001; Ho et al. 2001). Accordingly,
airway sensory nerve subtypes are differentiated by their physiological, anatomi-
cal, and neurochemical characteristics and the reflexes that they initiate. Although
there is debate over which nerve subtypes are involved in initiating and/or regulat-
ing coughing, a general consensus suggests that rapidly adapting receptors (RARs)
and bronchopulmonary C-fibers, are directly responsible for the initiation of cough,
whereas slowly adapting receptors (SARs) play a more modulatory role in shaping
the reflex response (Mazzone 2005). More recently, tracheal touch-sensitive Aδ -
fibers (also known as cough receptors) have been shown to be involved in coughing
in guinea pigs (Canning et al. 2004a). These fibers display characteristics that are
distinct from those of other classically described pulmonary mechanoreceptors.

In this chapter we review the current knowledge relating to the chemical activa-
tion, modulation and inhibition of airway afferent nerves, focusing particularly on
touch-sensitive Aδ -fibers, RARs, and bronchopulmonary C-fibers as these are the
likely afferents nerves that are primarily involved in coughing. Although the most
up-to-date information is presented, it is readily apparent from reading the proceed-
ing chapters that a great many more substances are known to modulate the activ-
ity of bronchopulmonary C-fibers compared with the other types of airway afferent
nerves. This regrettably necessitates that a larger portion of the chapter be devoted to
C-fiber pharmacology. It is also worth noting that distinct subtypes of bronchopul-
monary C-fibers have been described (e.g., pulmonary and bronchial C-fibers in
dogs, placodal and neural crest C-fibers in guinea pigs) and there is some debate
about the role of each of these afferent subclasses in the cough reflex. This matter
has not been addressed in the current chapter, but is dealt with in detail in the chapter
by Canning and Chou. Rather, the discussion has been limited to the pharmacologi-
cal modulation of each afferent nerve type.

2 Increasing Activity

2.1 Touch-Sensitive Aδ -Fibers (Cough Receptors)

Studies in guinea pigs have identified a distinct airway afferent nerve subtype,
termed the “cough receptor,” which appears to play an essential role in regulating
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the cough reflex in this species (Canning et al. 2004a; reviewed in Mazzone 2005).
Cough receptors are characterized as extrapulmonary, low-threshold Aδ -fiber
mechanosensors that are highly sensitive to touch. The functional and structural
properties of cough receptors are considered quite distinct from those of the clas-
sic intrapulmonary RARs and SARs. Their conduction velocity is about 3–5 times
slower than that of the intrapulmonary RARs and SARs, but about 3–5 times faster
than that of C-fibers in this species (Canning et al. 2004a). Although this sen-
sory nerve subtype adapts rapidly to mechanical stimuli (McAlexander et al. 1999),
touch-sensitive Aδ -fibers are not sensitive to airway stretch or bronchospasm (stim-
uli that activate classic RARs). Rather touch-sensitive Aδ -fibers respond to punctate
mechanical stimuli (touch) and rapid changes in pH (Canning et al. 2004a; .Kollarik
and Undem 2002). These are two stimuli that readily evoke cough in conscious and
anesthetized animals and humans. Their location within the airways and functional
and structural profiles makes cough receptors the likely sensory nerve subtype in-
volved in defensive coughing in guinea pigs (Canning et al. 2004a; Mazzone 2004a,
Mazzone 2005). Circumstantial evidence also suggests that similar nerve fibers may
regulate defensive coughing in other species, including humans.

2.1.1 Acid

Touch-sensitive Aδ -fibers in the guinea pig extrapulmonary airways (cough recep-
tors) are largely insensitive to many chemical stimuli. However, they are activated
in response to sudden reductions in pH via a mechanism that does not involve stim-
ulation of the capsaicin-sensitive channel, TRPV1 (involved in the acid sensitivity
of other airway afferent nerve subtypes; see later) (Kollarik and Undem 2002). In-
deed, cough evoked by citric acid activation of touch-sensitive Aδ -fibers in anes-
thetized guinea pigs is actually potentiated in the presence of the TRPV1 antagonist
capsazepine (Canning et al. 2006), albeit via an unknown mechanism since this af-
ferent nerve subtype does not express TRPV1 channels (Myers et al. 2002) and
capsazepine has no effect on acid-evoked firing of individual cough receptors in
vitro (Kollarik and Undem 2002).

The mechanism by which acid activates tracheal touch-sensitive Aδ -fibers is
presently unclear, although possible insights may be gained by assessing the unique
kinetics of the acid-evoked responses. For example, acid only activates touch-
sensitive Aδ -fibers in the guinea pig extrapulmonary airways when the reduction in
pH occurs very rapidly (from pH 7.4 to 5.0 in 1–2 s) (Kollarik and Undem 2002). A
comparable reduction in pH over a much slower time scale (e.g., 60 s) does not acti-
vate touch-sensitive Aδ -fibers (Kollarik and Undem 2002) and does not cause cough
in anesthetized guinea pigs (Mazzone, unpublished observations). Furthermore, fol-
lowing an initial activation, there is a rapid inactivation of the response to acid
application. This time course resembles that of certain acid-sensing ion channels
(ASICs). The ASICs are a family of channels that are related to the epithelial/sodium
(degenerin) channels (ENaCs). There are several subtypes and splice variants, in-
cluding ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4. Of these subtypes,
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ASIC3 has the characteristics that best reflect the acid-evoked responses in touch-
sensitive Aδ -fibers. Consistent with this hypothesis, using a single-cell PCR strat-
egy, we have identified ASIC3 messenger RNA (mRNA) within individual nodose
ganglion neurons (Undem, unpublished observations). It is also of note that ex-
pression of the ASICs in sensory neurons is increased by inflammatory mediators
(Mamet et al. 2002). In theory, this may translate into enhanced acid responsive-
ness of the sensory nerves. Nevertheless, amiloride and other inhibitors of ASICs
are only modestly effective, at best, at reducing acid-evoked coughing mediated via
touch-sensitive Aδ -fibers in guinea pigs (Canning et al. 2006). Given that there are
many other types of ion channels sensitive to decreases in pH, it remains unknown
whether an ASIC or some other ionic mechanism is involved in acid-induced acti-
vation of touch-sensitive Aδ -fibers.

2.2 Rapidly Adapting Receptors

RARs are sporadically active throughout the respiratory cycle, excited by the dy-
namic mechanical forces accompanying lung inflation and deflation and becoming
more active as the rate and volume of lung inflation increase (Ho et al. 2001; Pack
and DeLaney 1983). Indeed a wide range of mechanically related stimuli can modify
the activity of RARs. Conversely, reports of chemical stimuli that can directly acti-
vate RAR nerve fibers are limited. RARs are insensitive to the direct effects of sero-
tonin (5-hydroxytryptamine, 5-HT), capsaicin, bradykinin, and adenosine, stimuli
that readily excite bronchopulmonary C-fibers and other chemosensitive nerve sub-
types (see later) (Canning et al. 2001; Ho et al. 2001). Nevertheless, some chemical
stimuli may activate RARs indirectly, secondary to producing mechanical-like per-
turbations in the local lung tissue environment surrounding individual RAR nerve
terminals.

2.2.1 Adenosine Triphosphate

In guinea pigs, RARs may be activated directly by some purinergic receptor agonists
(Canning et al. 2004a). For example, intrapulmonary RARs in vitro are robustly ex-
cited by adenosine triphosphate (ATP) and the selective P2X receptor agonist α ,β -
methylene ATP. Responses to both ATP and α ,β -methylene ATP are abolished by
the P2X receptor antagonist pyridoxal phosphate 6-azophenyl-2′,4′-disulfonic acid
(Canning et al. 2004a). It is not known if purinergic mechanisms are involved in the
endogenous excitation of RARs in vivo, nor is it known which specific subtype of
P2X receptor is expressed by RARs. With respect to the latter, given the pharma-
cological profile of α ,β -methylene ATP and on the basis of studies assessing the
expression of purinergic receptors in the vagal (nodose) sensory ganglia, it is rea-
sonable to speculate that receptors incorporating P2X2 and P2X3 subunits may be
involved.
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Inhaled ATP causes dyspnea and cough in asthmatic subjects. Whether this
is secondary to activation of RAR or C-fibers (see later) is not known (Basoglu
et al. 2005). However, inhaled α ,β -methylene ATP does not evoke cough in con-
scious guinea pigs (at concentrations up to 1 mM; Canning et al. 2004a) or anaes-
thetized guinea pigs (at concentrations up to 10 mM; Mazzone, unpublished
observations) despite these same animals responding readily to citric acid. Purinergic
agonists may, however, potentiate cough evoked by other stimuli (Kamei et al. 2005),
and endogenous ATP may be involved in the sensitizing effects of histamine on the
cough reflex (Kamei and Takahashi 2006).

2.2.2 Agents That Evoke Smooth-Muscle Contraction and Vascular
Congestion

Although RARs are insensitive to the direct actions of many chemicals, the sen-
sitivity of RARs to stretch and other mechanical perturbations means that their
activity can be increased by any chemical stimulus that evokes bronchospasm or
obstruction resulting from mucus secretion or edema in the airways (Bergren and
Sampson 1982; Bonham et al. 1996; Canning et al. 2001; Jonzon et al. 1986; Pack
and DeLaney 1983; Mohammed et al. 1993). Bronchospastic agents such as hista-
mine, methacholine, and leukotirene C4, and agents that evoke plasma extravasa-
tion, including substance P (or capsaicin, via neurogenic release of substance P),
produce robust activation of RARs, not necessarily because RARs express recep-
tors for these agents, but rather owing to the secondary pulmonary end organ ef-
fects (Canning et al. 2001). Not surprisingly then, RAR activation by chemicals
such as histamine, capsaicin and substance P is markedly inhibited or abolished
by preventing the local end organ effects that these stimuli evoke. This is perhaps
best highlighted by the fact that pretreatment with the bronchodilator isoproteronol
prevents bronchospasm-evoked activation of RARs, whereas blocking endogenous
β -adrenoceptors with propranolol potentiates bronchospasm-evoked activation of
RARs (Bergren 1997; Canning et al. 2001).

Indirect activation of RARs by chemical stimuli may confound attempts to
ascribe a sensory nerve subtype to a particular reflex response. For example, the
well-known cough-evoking effects of capsaicin could be presumed to be medi-
ated via airway capsaicin-sensitive C-fibers. However, peripherally acting neu-
rokinin receptor antagonists effectively reduce capsaicin-evoked cough in several
models, suggesting that axon reflex mediated end organ effects, and the subse-
quent activation of RARs, may also be involved (reviewed in Mazzone 2004b).
Nevertheless, although lung inflation may be associated with cough under certain
circumstances, many stimuli that produce robust activation of RARs (e.g., throm-
boxane, leukotriene C4, histamine, neurokinins, methacholine) are ineffective or
only modestly effective at evoking cough (Barnes et al. 1984; Canning et al. 2004a;
Joos et al. 1987). Moreover, in some coughing species (e.g., guinea pigs) many
RARs are spontaneously active throughout the respiratory cycle and yet cough
is only induced in response to very specific stimuli (Bergren and Sampson 1982;
Canning et al. 2001; Mazzone and Canning 2002).
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2.3 Bronchopulmonary C-Fibers

Afferent C-fibers are thin unmyelinated nerves that conduct action potentials at a
velocity typically less than 1 m/s. It should be kept in mind, however, that there
is more than one subtype of afferent C-fibers. The respiratory tract is innervated
mainly by afferent C-fibers arising from the vagus nerve, but also by a substantial
number of spinal afferent C-fibers with cell bodies situated in the thoracic dorsal
root ganglia (DRG). In addition to vagal and spinal C-fiber subtypes, the Coleridges
and their colleagues noted in a series of elegant studies that there are subtypes of
C-fibers arising from the vagus nerve (Coleridge and Coleridge 1984). The vagal
C-fibers innervating the large airways (referred to as bronchial C-fibers) may be
pharmacologically distinguishable from those situated in more peripheral lung tis-
sue (pulmonary C-fibers). Part of the phenotypic distinction between different vagal
C-fiber subtypes may be based on whether their cell bodies are located in the nodose
or jugular vagal ganglia. Neurons in the nodose ganglia are derived embryonically
from the epibranchial placodes, whereas the neurons in the jugular ganglia are de-
rived from the neural crest (Baker 2005). In this sense, jugular ganglia neurons are
similar to spinal DRG neurons. Several studies have demonstrated pharmacologi-
cal and neurochemical differences between the neural crest and placodal C-fibers
innervating the respiratory tract (Kollarik and Undem 2006).

C-fibers respond to a variety of chemical irritants and endogenous inflam-
matory mediators, and inhalation of chemicals known to stimulate bronchopul-
monary C-fibers is effective at evoking cough in conscious animals, including
guinea pigs, rabbits, cats, dogs, and humans. Unlike mechanical stimulation of the
extrapulmonary airways, selective C-fiber stimulants are less effective or ineffective
at evoking cough in anesthetized animals (Canning et al. 2004a). Whether the pla-
codal C-fibers, neural crest C-fibers or both subtypes evoke cough when activated is
not yet understood.

Chemicals activate (evoke action potential discharge) in the C-fiber terminals via
one of two general mechanisms: they either act directly on ligand-gated ion chan-
nels that result in an inward current upon stimulation, or they act on metabotropic
receptors (e.g., G-protein-coupled receptors) that evoke inward currents in the nerve
terminal secondary to various signal transduction schemes that ultimately alter ion
channel kinetics.

2.3.1 Activation via Ligand-Gated Ion Channels

Nicotinic Receptor Agonists

The nicotinic cholinergic receptor is perhaps the most thoroughly studied ligand-
gated ion channel. The functional receptor takes the form of a pentomere compris-
ing various combinations of α and β subunits (Lukas et al. 1999). There are ten
identified α subunits (α1–α10) and four β subunits (β1–4). Nine (α2–α10) of the
α subunits have been identified in the vertebrate nervous system, although α8 is
limited to avians.
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Inhalation of cigarette smoke, in naı̈ve smokers, causes intense airway irritation
and cough. A series of studies revealed that this is largely accounted for by nico-
tinic receptor activation (Lee et al. 1993). The most parsimonious explanation of
how inhaled nicotine could lead to sensations of irritation and urge to cough is that
nicotine directly activates C-fibers near the airway epithelium. This hypothesis has
been addressed using extracellular recording of C-fibers in vivo (Lee et al. 2007).
Nicotine and cigarette smoke both lead to action potential discharge in a population
of airway C-fibers, and this can be blocked by the nicotininc receptor antagonist
hexamethonium. A population of RAR fibers is also activated upon inhalation of
nicotine (Lee et al. 2007). From these in vivo studies one cannot be certain whether
the nerve activation is due to a direct effect of nicotine on the nerve terminals, or
secondary to other effects in the lungs (vascular effects, bronchoconstriction, etc.;
see earlier).

That nicotine directly interacts with receptors on the afferent nerves is sup-
ported by studies showing that nodose neurons express nicotinic receptors (Mao
et al. 2006). Furthermore, in functional studies that assess increases in cytosolic
calcium as a measure of neuronal activation, nicotine and other nicotinic receptor
agonists cause activation of a subset of capsaicin-sensitive neurons retrogradely la-
beled from the lungs. Nicotine also activated a subset of capsaicin-insensitive lung
afferent nodose neurons (perhaps RAR neurons) (Xu et al. 2007).

The nicotinic receptor subtype responsible for stimulation of pulmonary afferent
nerves is not known. Immunoprecipitation and immunhistochemical studies pro-
vide evidence of α2, α3, α4, and α5 subunits along with β2 and β4 in the nodose
ganglion neurons (Mao et al. 2006). The α3 and α5 subunits may be particularly
prominent in the capsaicin-sensitive (i.e., C-fiber) population (Spies et al. 2006).
It is also not known whether the nicotinic receptors on afferent nerve terminals in
the lungs are ever stimulated by endogenous agonists. There is little evidence that
cholinergic parasympathetic nerves synapse with afferent C-fibers. There, are how-
ever, potential nonneuronal sources of acetylcholine in the airways that may be jux-
taposed to afferent nerve terminals, including the airway epithelial cells (Klapproth
et al. 1997). Moreover, choline, a rather ubiquitous chemical, is an effective agonist
at certain subtypes of nicotinic receptors (Lukas et al. 1999).

5-Hydroxytryptamine

Among the dozen or so 5-HT receptor subtypes only 5-HT3 is an ionotropic re-
ceptor. The functional 5-HT3 receptor, like the nicotinic receptor, takes the form of
a pentomer (Hoyer et al. 1994). So far three 5-HT3 subunits have been described
(5-HT3A, 5-HT3B, and 5HT-3C). In the 1970s and 1980s several laboratories were
using phenyldiguanide to stimulate pulmonary C-fibers (or J-receptors) in classical
studies of the pulmonary chemoreflex (Coleridge and Coleridge 1984). These stud-
ies predated the discovery that phenyldiguanide is a very selective 5-HT3 receptor
agonist; nevertheless, in retrospect, they provided the first evidence that 5-HT3
receptor activation can lead to stimulation of pulmonary C-fibers. Incidentally,
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phenyldiguanide is still a useful 5-HT3-selective agonist, but owing to slight 5HT3
receptor sequence differences among species, it fails to stimulate 5-HT3 receptors
in some mammals, including guinea pigs (Lankiewicz et al. 1998). 2-Methyl-5-
hydroxytryptamine is a selective 5-HT3 receptor agonist that is more universally
effective among species.

5-HT effectively activates C-fibers (but not RARs or SARs) in rabbit lungs and
this is blocked by a selective 5-HT3 antagonist. Interestingly, the same 5-HT3
receptor antagonist prevents C-fiber activation caused by experimentally induced
pulmonary embolism (Kay and Armstrong 1991). In guinea pigs, 5-HT was not
effective at stimulating all C-fiber subtypes. The nodose (placodal) C-fibers in the
lungs were effectively stimulated by 5-HT (and 5-HT3-selective agonists), whereas
the jugular (neural-crest)-derived C-fibers were not stimulated by 5-HT (Chuaychoo
et al. 2005). Consistent with these finding, 5-HT evoked an inward current in patch-
clamped pulmonary nodose neurons, but failed to evoke such a current in pulmonary
jugular neurons. Like the jugular neurons, the dorsal root ganglion C-fiber neurons
labeled from the lungs are also unresponsive to 5-HT. In dogs, 5-HT was found to
evoke a larger response in bronchial than in pulmonary C-fibers.

Adenosine Triphosphate

ATP binds to P2Y and P2X purinergic receptors, but only P2X receptors are
ionotropic. There are seven subtypes of P2X receptors (P2X1–P2X7) (Chizh and
Illes 2001). The functional receptors are trimeric and can be either homopolymers
or heteropolymers. As described earlier, the P2X receptors in nodose neurons are
generally thought to be P2X2, P2X3, and heteromeric P2X2,3 receptors (Cockayne
et al. 2005).

Pelleg and Hurt (1996) were first to show ATP and P2X-selective agonists cause
action potential discharge in dog lungs studied in vivo. The P2X receptors seem to
define the placodal population of afferent neurons innervating the respiratory tract
(Undem et al. 2004; Canning et al. 2004a). In patch-clamp studies, P2X currents can
be seen on virtually all nodose neurons (Cockayne et al. 2005). By contrast, jugu-
lar ganglion neurons and lung-specific dorsal root ganglion neurons (neural crest
in origin) do not respond to selective P2X agonists. In extracellular recording stud-
ies, ATP, or the P2X3-selective agonist αsβ -methyl ATP, evokes action potential
discharge in nodose C-fiber terminals, but not jugular C-fibers (Undem et al. 2004).
Given that inhaled α,β -methyl ATP (up to 1 mM) does not evoke cough in con-
scious guinea pigs, a question could be raised as to the specific role in cough played
by nodose-derived C-fiber afferent nerves (Canning et al. 2004a).

Stimuli of TRPV1 Channels

Capsaicin is commonly used as a pharmacological tool to activate visceral and
somatosensory C-fibers. It had long been suspected that capsaicin may act via a
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specific receptor, but it was not until 1997 that the capsaicin receptor was identified
(Caterina et al. 1997). It was found to be a ligand (capsaicin)-gated ion channel orig-
inally termed vanilloid receptor-1, but later renamed TRPV1. TRPV1 is a member
of a large family of transient receptor potential (TRP) channels that is thoroughly
reviewed in Nilius et al. (2007).

The relevance of TRPV1 in C-fiber biology was amplified by the findings that
this ion channel can be gated by mechanisms independently of chemicals found in
hot peppers (Tominaga et al. 2008). Temperature itself can open TRPV1 and lead
to action potential discharge, but this typically requires temperature in excess of
what would be found in the lower respiratory tract. A decrease in pH can also acti-
vate C-fibers in the airways via TRPV1 gating (see later). This is almost certainly
relevant to acid-provoked cough, and may be relevant in inflammatory diseases in
general inasmuch as the pH of inflamed tissues is typically acidic. TRPV1 can also
be gated by signaling mechanisms downstream of stimulation of metabotropic re-
ceptors. Chuang et al. (2001) reported that TRPV1 is tonically inhibited by the
membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2). Activation
of phospholipase C results in the conversion of PIP2 to diacylglycerol and inositol
1,4,5-trisphosphate, thereby removing the tonic inhibition. Another way in which
phospholipase C activation can lead to activation is through the downstream produc-
tion of lipoxygenase products of arachidonic acid (Shin et al. 2002). Lipoxygenase
metabolites such as 12-hydroxyeicosatetraenoic acid or 15-hydroxyeicosatetraenoic
acid are structurally similar to capsaicin and are effective at intracellularly gating the
TRPV1 channel (Hwang et al. 2000) and evoking TRPV1-dependent reflex bron-
chospasm in guinea pigs (Mazzone and Canning 2002). These findings explain why
bradykinin-induced action potential discharge in airway C-fibers is inhibited in a
nonredundant manner by TRPV1 antagonists (or in TRPV1 knockout mice) and
12-lipoxygenase inhibitors (Carr et al. 2003; Kollarik and Undem 2003).

Stimuli of TRPA1 Channels

TRPA1 is another member of the TRP family of ion channels and is named for
its prominent ankyrin repeats in the N-terminal domain (Nilius et al. 2007). In
preliminary studies we found that all lung-specific C-fibers in the mouse express
both TRPV1 and TRPA1 mRNA, and ligands known to activate either TRPV1 or
TRPA1 lead to action potential discharge in mouse and guinea pig bronchopul-
monary C-fibers. TRPA1 agonists also evoke neurogenic (tachykinin-mediated)
bronchospasm in anesthetized guinea pigs (Mazzone, unpublished observations).
TRPA1 is not activated by capsaicin, but is stimulated by cinnamaldahyde and al-
lyl isothiocyante (active ingredient in mustard oil, wasabi, horseradish, etc.) (Jordt
et al. 2004; Bandell et al. 2004). Like TRPV1, TRPA1 may be gated by autacoids
that act through certain G-protein-coupled receptors, e.g., bradykinin acting via B2
receptors. The mechanism(s) underlying G-protein-coupled-receptor-dependent ac-
tivation of TRPA1, however, appears to be different from those involved in TRPV1
activation. TRPA1 has an N-terminal EF-hand calcium-binding domain making it
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sensitive to any stimulus that increases intracellular calcium. These mechanisms
provide a pathway through which inflammatory mediators acting via metabotropic
receptors may increase the activation rate of TRPA1 containing nerves (Doerner
et al. 2007). Stimuli that lead to calcium influx through other ligand-gated ion chan-
nels, including TRPV1, may also indirectly activate TRPA1 via this mechanism.
Decreases in temperature can activate TRPA1 and this may have relevance in cold-
air-induced reflex activity in the airways. In addition, certain relevant environmental
irritants such as isothiocyantes and acrolein may directly activate TRPA1, provid-
ing a mechanism by which air-pollutants can lead to nasal and bronchial C-fiber
activation (Bautista et al. 2006).

Acid

Acid is an effective stimulator of bronchopulmonary C-fibers (Fox et al. 1995a;
Hong et al. 1997; Kollarik and Undem 2002). The mechanism by which C-fibers
are activated by acid depends on both the acid concentration and the rate of change
in pH. Sustained acidification of the airway mucosal surface in the guinea pig evokes
sustained action potential discharge in vagal C-fiber nerves. The pH threshold for
activation of these nerves is about 6.0 (Fox et al. 1995a; Kollarik and Undem 2002).
Pharmacological and TRPV1 knockout studies revealed that this activation is in part
mediated by TRPV1; however, up to 50% of this activation is TRPV1-independent
(Kollarik and Undem 2004).

An analysis of the characteristics of the TRPV1-independent acid-induced re-
sponse in the nerve terminals of the touch-sensitive Aδ -fibers and C-fibers predicts
an acid transducer with low pH threshold (pH > 6.7) that rapidly (within seconds)
inactivates in the presence of acid (Kollarik and Undem 2002). It also predicts that
inactivation may occur in the absence of activation if the rate of pH change is slow.
As described earlier for tracheal touch-sensitive Aδ -fibers, ASIC3 most closely
matches the properties of the TRPV1-independent acid-induced response in vagal
afferent C-fibers.

2.3.2 Activation via G-Protein-Coupled “Metabotropic” Receptors

There are a large number of G-protein-coupled-receptor agonists that through var-
ious second messenger systems can affect the afferent function of airway sensory
nerves. With a few notable exceptions, the ligands acting via G-protein-coupled
receptors do not overtly activate the C-fiber terminals. Rather, they alter the ex-
citability of the nerve such that the net response of any given stimulus is enhanced
or inhibited. This change in excitability, or “neuromodulation,” typically involves
phosphorylation of various ion channels or pumps in the nerve terminal. In some
cases, ligands acting via G-protein-coupled receptors have been found to directly
activate the C-fibers, causing action potential discharge (Table 1).
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Table 1 Overview of the known chemicals that activate, modulate, or inhibit the airway sensory
nerves involved in cough

Agent Pharmacological Touch sensitive Nodose Jugular RARsa

Mechanism of action Aδ -fibers C-fibers C-fibers
and Aδ -
fibers

Activators
Adenosine A1/A2A receptors No Yes No No
Acid TRPV1 channels No Yes Yes No

ASICsb Yes Yes Yes Unknown
Acetylcholine/
nicotine

nAChRcreceptors No Yesd Yesd Somed

ATP P2Xereceptors No Yes No Yes
Bradykinin B2 receptors No Yes Yes No
Capsaicin, heat,
lipoxygenase
products

TRPV1 channels No Yes Yes No

Thrombin PAR1 receptors No Yes Yes No
5-HT 5-HT3 receptors No Yes No No
Cinnamaldehyde,
mustard oil, extreme
cold

TRPA1 channels No Yesf Yesf No

Modulators
Histamine H1 receptors No Yes Unknown No
Cysteinyl
leukotrienes

cys-LT1 receptors No Yes Yes No

Neurokinins NK1/NK2 receptors No Yes Unknown No
Thrombin PAR2greceptors No Yes Yes No
PGE2 EP3 receptors No Yes Yes No

Inhibitors
Cl− channel
blockers

Cl− channels Possiblyh Yes Yes Unknown

Loop diuretics NKCC1 Possiblyh Yes Yes Possiblyh

Local anesthetics Na+ channels Yes Yes Yes Yes
Mentholi TRPM8/TRPA1

channels
Unknown Unknown Unknown Unknown

Nociceptin NOP1 receptors No Yes Yes Unknown
Ouabain α3-ATPase pumps Yes Unknown No Unknown
Opioids Mu receptors No Yes Yes Unknown

Kappa receptors Unknown Unknown Unknown Unknown
Delta receptors Unknown Unknown Unknown Unknown

Activators are agents that evoke action potential formation; modulators are agents that alter the
membrane potential thereby altering neuronal excitability, and inhibitors are only those compounds
that reduce nerve excitability (i.e., although specific antagonists of the known activators will ef-
fectively inhibit that activator from evoking afferent responses, such compounds do not reduce the
overall excitability of the nerve and are therefore not included in the list). The mechanism of action
is the pharmacological receptor, ion channel or ion transporter that the listed compound directly in-
teracts with. All afferent nerves can be activated to punctuate mechanical stimuli and large changes
in extracellular osmolarity, albeit with varying sensitivities. The mechanisms of these activations
are presently unknown

Table 1 Continued
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RARs rapidly adapting receptors, ASICs, acid-sensing ion channels, nAChR nicotinic acetylcholine
receptor, 5-HT 5- hydroxytryptamine, PGE2 prostaglandin E2, PAR2 protease-activated receptor-2,
NKCC1 furosemide-sensitive Na+/K+/2Cl− cotransporter
aOnly agents that directly activate RARs are listed
bAcid activates airway afferent nerves in part via a TRPV1-independent mechanism. Although it
is not clear yet, this likely involves activation of one or more ASICs.
cThe subunits that comprise the nAChR are unknown
dThe evidence for C-fiber and RAR fiber activation comes from studies in dogs. The precise fibers
activated are unclear
eThe subunits that comprise the P2X receptor are not known, although they are likely to be P2X2
and P2X3
fEndogenous activators of TRPA1 are unknown at present. Also, the exact fibers activated by
TRPA1 stimulants (cinnamaldehyde, mustard oil, etc.) have not been fully defined, although
TRPV1-expressing nociceptors are the likely candidates
gSensitization of airway nociceptors via PAR2 mechanisms is probably secondary to PGE2 release
from the epithelium
hFunctional studies provide some evidence for a role of NKCC1 and/or Cl−channels in regulating
cough receptor excitability
iMenthol inhibits cough; however, the mechanism via which it does so has not been investigated

Bradykinin

Bradykinin B2 receptors have been localized on neurons in human nodose ganglia,
and bradykinin causes sneezing and coughing when applied to appropriate sites in
human airways (Choudry et al. 1989; Riccio and Proud 1996). Bradykinin stimu-
lates action potential discharge in airway C-fiber afferent nerves in several species
studied in vivo (Coleridge et al. 1989; Hargreaves et al. 1993). In the guinea pig iso-
lated airway preparation, bradykinin is one of the few G-protein-coupled-receptor
agonists that consistently leads to action potential discharge when applied directly
to the receptive fields of afferent nerves in the airway wall (Fox et al. 1993; Kajekar
et al. 1999). This effect of bradykinin is blocked by B2 receptor antagonists, and is
selective for C-fibers and Aδ nociceptive fibers (Kajekar et al. 1999).

The question remains as to the ionic mechanism that leads to the depolarizing
generator potential following bradykinin B2 receptor activation. At least two mech-
anisms appear to be involved. As mentioned above, it is known that bradykinin B2
receptor stimulation can lead to the opening of TRPV1. Supporting this idea are the
findings that the bradykinin-induced action potential discharge in airway C-fibers is
inhibited by TRPV1 antagonist, and reduced in fibres from TRPV1 knockout mice
(Carr et al. 2003; Kollarik and Undem 2004). Blocking TRPV1 does not, however,
abolish the bradykinin response. The balance of the response may be due to the
opening of certain calcium-activated chloride channels. The efflux of chloride down
its concentration gradient leads to the membrane depolarization and action potential
discharge. This hypothesis is supported by the observations that the bradykinin-
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induced inward current in nodose and jugular neurons is dependent on chloride
channel activity (Oh and Weinreich 2004; Lee et al. 2005), and chloride channel
blockers inhibit the action potential discharge in guinea pig tracheal C-fiber termi-
nals (Lee et al. 2005). Another potential ion channel that may be involved in the
response to bradykinin is TRPA1. In this case, as mentioned earlier, TRPA1 may be
gated secondary to an elevation in intracellular calcium.

Adenosine

Adenosine can evoke sensations of dyspnea and cough in humans subjects (Burki
et al. 2005; Basoglu et al. 2005). Adenosine increases action potential discharge in
rat pulmonary C-fibers (Hong et al. 1998) studied in vivo. This effect is unaffected
by adenosine A2 antagonists, but is inhibited by A1 antagonists. In the isolated
innervated guinea pig lung preparation, adenosine effectively evokes action poten-
tial discharge in C-fiber terminals. The effect of adenosine can be mimicked by
adenosine A1 or adenosine A2A receptor selective agonists, and is blocked entirely
only with a combination of A2A and A1 receptor antagonists. Single-cell Reverse
transcriptase-PCR analysis of guinea pig lung-specific C-fiber neurons revealed that
both A1 and A2A receptors are expressed. These data suggest that signaling mech-
anisms downstream of either A1 or A2A receptor are capable of causing inward
currents that activate guinea pig lung C-fiber terminals (Chuaychoo et al. 2006).
The precise signaling mechanisms have not yet been studied. The effect of adeno-
sine on guinea pig lung C-fibers is relatively selective for nodose (placodal) C-fibers
with the response of jugular C-fibers being either trivial or absent.

Protease-Activated Receptor-1

Among the four known protease-activated receptors (PARs) (PAR1–PAR4), PAR1
and PAR2 appear to the types most often linked to C-fiber activity. In the vagally
innervated, isolated mouse lung preparation, thrombin and selective PAR1 activa-
tors robustly evoke action potential discharge in bronchopulmonary C-fibers. The
PAR1-selective activating peptide also causes a rapid and large inward current in
lung-specific C-fiber neurons. In addition, single neuron Reverse transcriptase-PCR
analysis of mouse lung-specific C-fiber neurons revealed that the neurons routinely
express PAR1 and PAR3 with little evidence of either PAR2 or PAR4 expression
(Undem, unpublished observations).

2.3.3 Modulation of Bronchopulmonary C-Fiber Excitability

As mentioned already, most inflammatory mediators fail to directly evoke action
potential discharge when applied to C-fibers ex vivo. Within our narrow definition
of the term, we may say that these mediators fail to activate the nerve. Many of
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these mediators, however, increase, or in some cases decrease, the excitability of the
nerve.

It is often difficult to determine if a given chemical should be classified as a sensory
nerve activator or modulator (or both). Confusing the issue are experiments where
a nerve modulator is associated with action potential discharge. Bronchopulmonary
C-fibers often reveal little background activity when studied in vivo, but this should
not be interpreted as the complete absence of a potential stimulus. In the complex
environment of the tissue, one can envisage that bronchopulmonary C-fibers are
constantly exposed to potentially activating stimuli (e.g., changes in osmolarity,
mechanical forces, acid concentration, ATP, adenosine, choline, bradykinin), but
the stimuli are subthreshold for action potential discharge. In the presence of a
neuromodulatingautacoid that increasesexcitability,onemayobserveactionpotential
discharge when a complex system is studied where these subliminal stimuli are
present (e.g., in vivo). A modulator would not be expected to evoke action potentials
in nerves studied in a more controlled or reduced environment. At the level of the
cell soma, studied using patch-clamp techniques, a neuromodulator may influence
active and passive electrophysiological properties of nerves, but generally speaking
will not cause a large inward current (i.e., it is not sufficient to evoke an action
potential).

Histamine

Histamine H1 receptor activation depolarizes a subpopulation of vagal sensory neu-
rons in several species. Unlike the ligand-gated ion channels, and bradykinin, the
membrane depolarization evoked by histamine is small and typically associated
with a decrease in ion conductance (Undem and Weinreich 1993; Jafri et al. 1997).
Histamine inhibits the resting or so-called leak potassium current in nodose gan-
glion neurons, and in some species inhibits voltage-gated calcium currents and the
calcium-activated potassium current that subserves afterspike hyperpolarizations
(Jafri et al. 1997). These effects on sensory neurons predict that histamine alone
will not directly evoke action potential discharge in airway afferent endings, but
will increase the excitability of the nerve. Consistent with this prediction, histamine
does not evoke action potential discharge in the guinea pig isolated airway prepa-
ration (Fox et al. 1993; Riccio et al. 1996), but it has been shown to increase the
mechanical and chemical (capsaicin) sensitivity of afferent C-fibers in dog airways
(Lee and Morton 1993).

Eicosanoids

Prostaglandins have long been known to increase the excitability of sensory nerves.
Electrophysiological studies on vagal sensory ganglion neurons have demonstrated
excitatory affects of several prostaglandins, including prostaglandin E2 (PGE2),
prostaglandin D2 (PGD2), and prostaglandin I2 (PGI2; prostacyclin) (Fowler et al.
1985; Undem and Weinreich 1993). PGE2 increases the sodium current through
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voltage-gated tetrodotoxin (TTX) resistant sodium channels (likely NaV1.8) in
lung-specific nodose neurons (Kwong and Lee 2005). This effect appears to be
dependent on EP3 receptors. In addition to enhancing sodium currents, certain
prostaglandins (e.g., PGE2, PGI2, and PGD2) have been found to inhibit calcium-
activated potassium currents involved in the afterspike hyperpolarization (Weinreich
and Wonderlin 1987; Undem and Weinreich 1993), and can lead to an increase in
the hyperpolarization-activated cation current (Ingram and Williams 1996). If these
effects occur at the nerve terminals they would likely lead to an increase in the peak
frequency of action potential discharge. Consistent with this prediction, in studies
on vagal ganglion neurons Ho et al. (2000) found that low concentrations of PGE2
do not cause action potential discharge in airway afferent nerves, but effectively
increased action potential discharge in pulmonary C-fiber afferents induced me-
chanically by lung inflation, or chemically with capsaicin. Others have noted that
thromboxane, PGE2, PGI2, and prostaglandin F2a (PGF2a) increased the rate of
baseline discharge in airway C-fibers (Coleridge et al. 1976; Roberts et al. 1985;
Bergren 2006; Karla et al. 1992). In support of a role for prostaglandins in increas-
ing the excitability of human airway afferent C-fibers are the findings that PGE2
and PGF2a inhalation increased the sensitivity of the cough response in human vol-
unteers (Stone et al. 1992).

There has been little investigation into the potential role of cysteinyl leukotrienes
(cys-LTs) on airway vagal afferent nerve activity. Cyst-LTs inhibit the afterspike
hyperpolarization of vagal sensory ganglion neurons, and cause membrane depo-
larization of identified airway C-fiber neurons in sensory ganglia (McAlexander
et al. 1998; Undem and Weinreich 1993). This latter effect is due to an inhibition of
a resting potassium current, and is blocked by cys-LT1 receptor antagonists. Other
lipoxygenase products, as discussed earlier, may interact directly with the TRPV1
channel on nociceptive nerve terminals in the airways. Inhibitors of leukotreine
cys-LT1 receptors inhibit the heightened cough response in animal models and hu-
man subjects (Nishitsuji et al. 2007; Brozmanova et al. 2005; Kopriva et al. 2004;
Dicpinigaitis et al. 2002).

Bradykinin

Bradykinin is a mediator that may be considered as both an activator (as discussed
earlier) and a modulator. One mechanism by which bradykinin modulates C-fiber
excitability is blockade of calcium-dependent potassium currents responsible for
an afterspike hyperpolarization (Weinreich et al. 1995). This effect is mediated by
bradykinin B2 receptors, although the latter effect on the afterspike hyperpolariza-
tion appears to be secondary to prostacyclin production by the neuron.

Neurokinins

Neurokinin 1 receptor agonists have been found to depolarize (Oh et al. 2000)
or hyperpolarize (Jafri and Weinreich 1998) the membrane potential of nodose
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ganglion neurons depending on the species. Membrane hyperpolarization would be
expected to inhibit the excitability of the C-fibers. The hyperpolarization of ferret
nodose ganglion neurons is secondary to activation of a calcium-gated potassium
current. Neurokinin 2 receptor agonists depolarize guinea pig nodose ganglion neu-
rons secondary to an increase in nonselective cation current (Moore et al. 2000).
Interestingly, this effect is “unmasked” by inflammatory mediators. Thus, whereas
the membrane potential of none out of 156 guinea pig isolated nodose ganglion neu-
rons depolarized in response to neurokinin 2 receptor activation normally, within a
day of allergen challenge of the airways more than 80% of the nodose ganglion
neurons responded to neurokinin 2 agonists with membrane depolarization (Moore
et al. 2000). Substance P has been associated with an increase in C-fiber activity in
guinea pig lungs. This effect was inhibited by indomethacin, suggesting a role for
prostaglandins in the response.

Bombesin-Like Peptides

Bombesin and gastrin-releasing peptides have been shown to sensitize C-fiber neu-
rons to subsequent activation by capsaicin and ATP. In addition, these peptides en-
hance the pulmonary chemoreflex induced by C-fiber stimulants. The relevance of
these observations may be heightened in small-cell lung cancers, as the cancer cells
are known to secrete various peptides, including bombesin-like peptides (Gu and
Lee 2005).

Protease-Activated Receptor-2

PAR2 activating peptides failed to stimulate rat C-fiber neurons, but were effec-
tive in enhancing the C-fiber responses to subsequent exposure to capsaicin (Gu
and Lee 2006). Inhalation of PAR2-selective activating peptides increases C-fiber
mediated reflexes in rats (Gu and Lee 2006) and cough sensitivity in guinea pigs
(Gatti et al. 2006). The effect of PAR2 activators on cough is mainly secondary
to prostaglandin production (Gatti et al. 2006), likely owing to PAR2-mediated
prostaglandin E release from the airway epithelium (Cocks et al. 1999).

3 Decreasing Activity

Relatively few pharmacological inhibitors of airway sensory nerve activity have
been described, and even fewer have been investigated carefully to assess their spe-
cific modes of action. Whereas some inhibitors exert actions primarily on a single
afferent nerve subtype (e.g., bronchopulmonary C-fibers), others, such as the lo-
cal anesthetics, may act less specifically. With the relatively recent discovery of
tracheal touch-sensitive Aδ -fibers, there is a paucity of knowledge about selective
pharmacological inhibition of this afferent nerve subtype. Accordingly, the follow-
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ing section highlights only the inhibitors that have been studied in some detail or
where the mechanism of action can be predicted from work on other systems. Spe-
cific references to the afferent nerve subtypes targeted by these agents are made
where appropriate.

3.1 Opioids

Often considered the “gold standard” antitussive therapy, opioids acting at mu-,
kappa- or delta-opioid receptors have all been shown to be antitussive, although
the mechanisms via which opioids inhibit cough are debatable (Takahama and
Shirasaki 2007). Given that effective doses of opioids for cough suppression also
produce sedation and can lead to addiction, as well as the reported limited anti-
tussive actions of inhaled or peripherally acting compounds in humans, it seems
that the site of action is likely primarily somewhere within the central nervous sys-
tem. Nevertheless, opioid receptors are expressed on the peripheral terminals of
sensory nerves and there is evidence that activation of peripheral opioid receptors
can suppress sensory nerve activity. Mu-opioid agonists inhibit calcium currents in
cultured rat nodose neurons, albeit this inhibitory effect is more frequently observed
in neurons from neonatal animals than in those from adults (Hamra et al. 1999).
Morphine and mu-opioid receptor agonists inhibit neurogenic bronchospasm and
airway plasma extravasation evoked by antidromic electrical stimulation of the va-
gus nerves in guinea pigs, an effect that is likely due to prejunctional inhibition
of tachykinin release from vagal C-fibers in the airways (Belvisi et al. 1988, 1989;
Shankley et al. 1992). Consistent with this, mu-opioid receptor transport in rat vagus
nerve is greatly reduced by capsaicin pretreatment (Laduron 1984) and immunohis-
tochemical studies have shown that mu-opioid receptors are expressed in substance
P-containing vagal ganglia neurons (Ding et al. 1998).

Despite the effect of morphine and related compounds on neurogenic effects in
the airways, there have been relatively few studies that have looked specifically at
whether opioids inhibit orthodromic activity in pulmonary vagal sensory nerves. In
guinea pigs, cough evoked by inhaled citric acid has been shown to be inhibited by
inhaled morphine and selective mu-opioid receptor agonists, perhaps indicating a
potential inhibitory effect of opioids on centrally directed activity in airway afferent
nerves (Adcock et al. 1988; Callaway et al. 1991; Karlsson et al. 1990). Further-
more, in bullfrogs, morphine and dihydrocodeine have been shown to reduce the
number of spontaneous action potential discharges in vagal pulmonary afferents
(Kontani and Koshiura 1985). There are also no data confirming the presence of
either delta-opioid or kappa-opioid receptors on the peripheral terminals of airway
vagal afferent nerves, although vagal afferents innervating the stomach are inhibited
by selective kappa-opioid receptor agonists, suggesting vagal afferent terminals can
express other opioid receptors (Ozaki et al. 2000).
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3.2 Nociceptin

Nociceptin (also known as orphanin FQ) is an endogenous peptide that was orig-
inally shown to activate the “orphan” opioid receptor-like receptor (ORL1, now
known as NOP1). Both nociceptin and NOP1 receptors are expressed by airway
vagal sensory neurons (Fischer et al. 1998) and exogenously administered noci-
ceptin, and related agonists, inhibit tachykinergic-mediated airway neurogenic bron-
chospasm and plasma extravasation in guinea pigs and rabbits (Corboz et al. 2000;
D’Agostino et al. 2005; Fischer et al. 1998). Furthermore, intravenously adminis-
tered nociceptin inhibits cough in guinea pigs and cats, perhaps in part via an action
at peripheral NOP1 receptors in the airways (Bolser et al. 2001; Lee et al. 2006;
McLeod et al. 2001, 2004).

Recent studies have revealed insights into how activation of NOP1 receptor
activation may inhibit vagal sensory nerve activity. Inhibition of capsaicin- and
acid-evoked coughing in conscious guinea pigs is associated with an inhibition of
TRPV1-dependent increases in intracellular calcium in dissociated guinea pig va-
gal ganglia sensory neurons (Jia et al. 2002; Lee et al. 2006). Jia et al. (2002)
showed that prior treatment with an inhibitor of inward-rectifier potassium channels,
but not with an inhibitor of voltage-gated calcium channels, prevented capsaicin-
evoked calcium response in dissociated neurons and prevented nociceptin inhibition
of capsaicin-evoked contractions of the guinea pig bronchus. These data would sug-
gest that neuronal hyperpolarization mediated via inward-rectifier potassium chan-
nels may underlie how nociceptin regulates cystolic calcium responses (and hence
peripheral neurotransmitter release) in vagal afferent nerves. In contrast, however,
Lee et al. (2006) suggest that this mechanism may not be involved in how no-
ciceptin regulates all TRPV1-dependent responses in vagal sensory neurons. In
patch-clamped airway-projecting jugular ganglia neurons, under voltage-clamp con-
ditions that limit the contribution of inward-rectifier potassium channel activity, Lee
et al. (2006) showed that inward-rectifier potassium channels contribute little, if any,
to nociceptin inhibition of acid-evoked TRPV1-mediated inward currents. Rather
they speculate that a secondary signaling event (perhaps a reduction in cytosolic
cyclic AMP formation) likely mediates the effect. They also showed that TRPV1-
independent acid responses (presumably ASIC-mediated currents) are not affected
by nociceptin. Identifying the exact mechanisms via which nociceptin selectively
inhibits TRPV1 channel activity may provide novel approaches for sensory nerve
activity suppression.

3.3 Sodium Channel Blockers

Local anesthetics such as lignocaine and mexiletine, which block sensory neuron
voltage-gated Na+ channels, are effective antitussive agents in humans and ani-
mals. Blockade of neuronal voltage-gated Na+ channels reduces action potential
formation in sensory neurons evoked by a variety of stimuli (Adcock et al. 2003;
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Carr 2006). However the effects of local anesthetic drugs are typically transient and
are limited by acute tachyphylaxis with repeated administration. Insights into the
specific sites of action of local anesthetics have been made in the hope of discov-
ering novel anesthetic-like molecules which more effectively inhibit sensory nerve
activity. For example, Carr (2006) showed that mexilitine can inhibit action poten-
tial formation in guinea pig tracheal touch-sensitive Aδ -fibers (cough receptors) at
concentrations that do not block action potential conduction along the sensory nerve
axon. This observation would suggest that cough receptor nerve terminals express
Na+ channel characteristics that are different from those along the axons. The obser-
vation that the novel local anesthetic RSD931 inhibits RAR-evoked cough in guinea
pigs and rabbits via a mechanism that is distinct from that of lidocaine (Adcock
et al. 2003) also suggests heterogeneity in Na+ channels on sensory nerves. Un-
derstanding the nature of this heterogeneity could lead to the development of more
selective Na+ channel blockers (perhaps modified local anesthetic-based drugs) for
inhibiting sensory-neuron-mediated events, including cough.

In addition to playing a role in the basic generation of action potentials, Na+

channels are also likely involved in altered sensory neuron excitability in disease.
For example, the TTX-resistant Na+ channel is expressed by specific subsets of
sensory nerve subtypes, specifically those displaying the characteristics of capsaicin-
sensitive nociceptors (Kwong and Lee 2005). In guinea pigs, neurons that orig-
inate in the jugular ganglia and project to the trachea (but not those from the
nodose ganglia) specifically express a TTX-resistant Na+ current (Carr, personal
communication). As discussed, this population of nerves consists exclusively of
capsaicin-sensitive C-fibers and Aδ -fibers, and is distinct from the nodose derived
touch-sensitive Aδ -fibers in this species (Canning et al. 2004a). Capsaicin-sensitive
neurons are robustly sensitized by inflammatory mediators such as PGE2, a re-
sponse that is likely mediated in part by an increase in TTX-resistant Na+ cur-
rents (Kwong and Lee 2005). Physiological studies in guinea pigs have suggested
that capsaicin-sensitive nociceptors are likely quiescent in the normal airways, but
are recruited during airway inflammation (Mazzone and Canning 2002; Mazzone
et al. 2005). Given that nociceptor recruitment is likely to contribute to cough hy-
perreflexia, selective inhibitors of TTX-resistant Na+ channels may prove useful
cough suppressants in hypertussive states.

3.4 NKCC1 and Chloride Channel Blockers

Furosemide and other loop diuretics reduce cough evoked by citric acid, low-
chloride solutions and angiotensin-converting enzyme inhibitors in guinea pigs and
humans (Franova 2001; Karlsson et al. 1992; Mazzone and McGovern 2006; Stone
et al. 1993; Ventresca et al. 1990), and prevent the activation of laryngeal and tra-
cheobronchial sensory nerves by solutions that are deficient in chloride ions (Fox
et al. 1995b; Sant’Ambrogio et al. 1993). This reduction in sensory nerve activ-
ity is likely due to inhibition of a neuronally expressed chloride transporter in the
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airways (Mazzone and McGovern 2006). The furosemide-sensitive Na+/K+/2Cl−

cotransporter (NKCC1) is expressed by the majority of neurons in the vagal sensory
ganglia and by the peripheral terminals of touch-sensitive Aδ -fibers in the guinea
pig trachea (Mazzone and McGovern 2006). NKCC1 functions to accumulate in-
tracellular chloride ions above the electrochemical equilibrium. Opening of mem-
brane chloride channels results in a depolarizing chloride current that contributes to
the activation of sensory fibers by some stimuli. The identity of the chloride chan-
nels involved in carrying this depolarizing current has received some attention. Lee
et al. (2005) recently showed that bradykinin-evoked depolarization of bronchopul-
monary C-fibers is inhibited with niflumic acid, a selective inhibitor of calcium-
activated chloride channels. Consistent with this, niflumic acid reduces citric acid
evoked cough in guinea pigs, although other chloride channel subtypes may also be
involved (Mazzone and McGovern 2006). These findings encourage additional stud-
ies to further assess whether compounds selective for either NKCC1 or neuronally
expressed chloride channels are likely to be useful inhibitors of specific sensory
neuron subtypes in the airways.

3.5 α3 Na+++/K+++ ATPase Inhibitors

Immunohistochemical analyses have revealed that a population of somatic and
visceral myelinated mechanosensitive afferent nerve fibers are characterized by
the expression of an isozyme of the sodium pump containing the alpha3 sub-
unit (Brouns et al. 2006; Canning et al. 2004b; Dobretsov et al. 2003; Mazzone
and McGovern 2006; Yu et al. 2003). In the airways, α3 Na+/K+ ATPase is ex-
pressed by SARs and RARs in rabbits and rats (Yu et al. 2003), myelinated afferent
fibers associated with neuroepithelial bodies in rats (Brouns et al. 2006) and touch-
sensitive Aδ -fibers (cough receptors) in guinea pigs (Canning et al. 2004b; Mazzone
and McGovern 2006), and is distinctly absent from capsaicin-sensitive C-fibers
(Canning et al. 2004b; Mazzone and McGovern 2006). Although the exact role of
α3 Na+/K+ ATPase is unclear, pharmacological studies suggest an essential role for
this isozyme in regulating the excitability of mechanosensory nerves. The Na+/K+

ATPase inhibitor ouabain, at doses that are reportedly selective for inhibiting the α3
subunit, selectively inhibits cough receptor activation and coughing evoked by cit-
ric acid, mechanical stimulation or electrical stimulation of the tracheal mucosa in
anesthetized guinea pigs, but has little effect on C-fiber-dependent reflexes evoked
from the trachea (Canning et al. 2004b). This inhibitory effect of ouabain on the
cough receptors contrasts with the findings of other studies showing that ouabain
enhances the excitability of baroreceptors, SARs in the lung and mechanorecep-
tors innervating the renal artery (Chapleau et al. 1993; Kopp et al. 1994; Winner
et al. 2005). Preliminary electrophysiological studies suggest that unique kinetic
properties of the α3 Na+/K+ ATPase isozyme may facilitate high-frequency ac-
tion potential conduction along the cough receptor nerve terminal (Mazzone and
Canning, unpublished results). Indeed, functional studies have confirmed that cough
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can only be evoked when cough receptors are activated at high firing frequencies
(Canning et al. 2004b; Mazzone et al. 2005). Although these data are promising,
it is too early at present to speculate whether selective inhibition of α3 Na+/K+

ATPase is a viable option for cough suppression.

3.6 Menthol

Menthol, a natural compound extracted from peppermint, eucalyptus and citronella
oils, has been used for many years to alleviate itch and pain and cough. However,
despite its long therapeutic history, insights into the specific pharmacological ac-
tions of menthol have only been described in recent years. Menthol, when applied
topically to the skin or inhaled, produces a characteristic cooling sensation owing
to an agonist activity at the TRPM8 ion channel (reviewed in Patel et al. 2007;
Reid 2005). TRPM8 is a distant relative of the TRPV1 channel (capsaicin receptor),
and like TRPV1, TRPM8 is expressed by subsets of sensory nerves that are involved
in thermosensation. However, unlike TRPV1, which has a temperature threshold
for activation of 43◦C and therefore senses moderate heat, TRPM8 is activated by
cool temperatures in the 8–28◦C range (McKemy et al. 2002). Although TRPM8
is expressed by subsets of sensory neurons in the mouse nodose ganglia (Zhang
et al. 2004), very little is known about the specific characteristics of these visceral
sensory neurons. Therefore, only inferences can be made at present about how men-
thol inhibits cough on the basis of data from somatosensory neurons in the DRG.

TRPM8 is generally considered to be expressed in a population of small-diameter
DRG neurons that do not express classic nociceptive markers, like TRPV1
(Kobayashi et al. 2005; McKemy et al. 2002, Peier et al. 2002); however, there
is controversy in relation to this point. Several studies have provided evidence for
TRPM8 expression in, and/or menthol activation of, TRPV1-expressing neurons
(Babes et al. 2004; Reid et al. 2002; Xing et al. 2006). This discrepancy war-
rants some discussion as understanding the sensory neuron populations that express
TRPM8 may provide important insights into the mechanisms that underlie how
menthol exerts its antipruritic, analgesic, and antitussive effects (see later). Many
experiments that have investigated the expression of TRPM8 and TRPV1 in DRG
neurons have used neurons that were cultured in the presence of nerve growth factor,
which has been shown to induce TRPV1 expression in neurons that do not normally
express the capsaicin receptor (Story et al. 2003). In addition, functional studies that
show menthol sensitivity in TRPV1-expressing neurons (that have been cultured
without nerve growth factor) must take into account that menthol is not selective
for TRPM8 and can activate other TRP channels, including TRPV3 (Macpherson
et al. 2006). This is of course not conclusive evidence against the coexpression of
TRPM8 and TRPV1 in DRG neurons, but rather highlights some of the issues that
confound these studies.

Menthol inhibits cough in both animals and humans (Morice et al. 1994; Laude
et al. 1994), although how it does so is not readily apparent. Prolonged or repeated
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exposure to menthol desensitizes nociceptive responses, including those evoked
by subsequent exposure to capsaicin (Cliff and Green 1994; Green and McAuliffe
2000), which may provide a potential peripheral antitussive mechanism if TRPM8
is expressed in neurons responsible for cough (i.e., TRPV1-expressing bronchopul-
monary C-fibers). Recent studies have shown that, in addition to activating TRPM8,
menthol also inhibits TRPA1 channels (Macpherson et al. 2006). Given that TRPA1
is likely coexpressed with TRPV1 (Story et al. 2003), blocking TRPA1 channels
expressed by airway sensory neurons could conceivably reduce the activity of
capsaicin-sensitive neurons, in particular the increased activity that occurs during
airway inflammation. One study in guinea pigs has showed that menthol can di-
rectly relax airway smooth muscle (Wright et al. 1997). This bronchodilator effect
could have antitussive effects by reducing RAR activity in response to bronchospas-
tic agents. Indeed, inhaled β -agonists have antitussive effects in humans and ani-
mals (Bolser et al. 1995; Horiuchi et al. 1995). Alternatively, menthol may inhibit
cough via central mechanisms that do not involve the suppression of primary affer-
ent nerve activity. Consistent with this, menthol-induced suppression of capsaicin
evoked pain (when both agents are applied to the skin) has been shown to be me-
diated via specific glutamatergic mechanisms in the spinal cord, rather than via a
peripheral mechanism (Proudfoot et al. 2006). In this scenario, input from TRPM8-
expressing neurons reduces spinal synaptic transmission of noxious sensory input
from TRPV1-expressing neurons. This is of course consistent with the data showing
that different primary afferent nerve subtypes express TRPM8 and TRPV1. Finally,
the pleasant cooling sensation of inhaled menthol may simply soothe the airways,
reducing the urge to cough via psychotropic mechanisms.

4 Concluding Remarks

There is an obvious utility in identifying chemical mediators (and their mode of ac-
tion) that activate, sensitize or inhibit the airway sensory nerves involved in cough-
ing as understanding these processes will undoubtedly pave the way forward for
the design of new therapeutic strategies for the treatment of cough disorders. Al-
though our current knowledge in this area is rapidly progressing, there is still much
work to be done. In reality we presently know relatively little about the transduction
processes involved in converting cough stimuli into sensory nerve action potentials
and therefore, at this stage, suggesting viable targets for cough suppression is diffi-
cult. Nevertheless the progress made thus far is promising and ongoing research in
this exciting field should lead to new therapeutic discoveries in the future.
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Abstract Cough plays a vital role in protecting the lower airways from inhaled
irritants, pollutants, and infectious agents. The cough reflex exhibits remarkable
plasticity, such that in the context of infectious or inflammatory respiratory diseases
such as asthma, chronic bronchitis, and idiopathic pulmonary fibrosis the cough
reflex can become dysregulated, leading to a chronic cough. A chronic, nonproduc-
tive (dry) cough can rob sufferers of quality of life. Plasticity of the cough reflex
likely involves multiple intersecting pathways within the airways, the peripheral
nerves that supply them, and the central nervous system. While further studies are
needed to determine the presence and relevance of many of these specific pathways
in cough associated with chronic respiratory disease, the last decade has yielded un-
precedented insight into the molecular identity of the ion channels and associated
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proteins that initiate and conduct action potentials in the primary sensory nerves in-
volved in reflexes such as cough. We now know, for instance, that members of the
transient receptor potential superfamily of nonselective cation channels function as
transducers that convert specific external stimuli into neuronal activation. We also
know that certain Na+ and K+ channels play specialized roles in regulating action
potential discharge in irritant-sensing afferent nerves. In this chapter, we summarize
the available information regarding factors that may modulate afferent neuron func-
tion acutely, via posttranslational modifications and over the longer term through
neurotrophin-dependent alterations of the transcriptional programs of adult sensory
neurons.

1 Introduction

In healthy individuals, the cough reflex is vital for preserving airway homeosta-
sis, as the forced expulsions of air that accompany it can clear the upper airways
of infectious organisms, particulate matter, and other irritants before they deposit
into the distal lung. The cough reflex exhibits remarkable plasticity, such that in the
context of respiratory diseases such as asthma, chronic bronchitis, and idiopathic
pulmonary fibrosis the cough reflex can become dysregulated, leading to a chronic
cough. A chronic, nonproductive (dry) cough not only serves no appreciable protec-
tive function, but can rob sufferers of quality of life. Hypothetically, a dysregulated
cough reflex may involve inflammation and tissue remodeling in the airways, aber-
rant central nervous system (CNS) activity and plasticity of the sensitivity/activity
of primary afferent neurons that encounter tussive stimuli within the airways. This
chapter focuses on recent advances in our understanding of plasticity of sensory
neurons and the potential relevance of this to disease-associated cough.

A schematic overview highlighting sensory nerve activation and its role in both
acute and chronic sensitization of reflexes such as cough is presented in Fig. 1a.
Activation of primary sensory neurons associated with cough occurs following an
encounter of the peripheral nerve terminal with tussigenic stimuli. In many cases this
is thought to involve direct or indirect gating of transducer ion channels in response
to specific chemical or physical stimuli. This leads to sodium and/or calcium influx
into the nerve terminal, which depolarizes the membrane potential past a threshold
that causes voltage-gated sodium (NaV) channel activation and the consequent for-
mation of action potentials. Action potentials are conducted along axons within the
vagal nerves to synapses within the CNS where they evoke the release of a variety
of neurotransmitters, leading to the activation of neuronal pathways responsible for
generating an urge to cough.

Figure 1b illustrates several known mechanisms by which the terminals of sen-
sory neurons can become acutely sensitized. Such acute changes in excitability can
be driven by G-protein-coupled-receptor-dependent elevation of second messengers
such as cyclic AMP (cAMP) and intracellular Ca2+, which increase the activity
of kinases such as protein kinase A and protein kinase C. Such kinases, in turn,
phosphorylate specific serine and/or threonine residues of ion channels involved in
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transduction and action potential formation to alter their trafficking and activity. The
net result of these changes is a lower threshold for activation of the nerve terminal
and/or a greater rate of discharge. These forms of plasticity would be expected to de-
crease the threshold for the urge to cough. Recent advances in our understanding of
the mechanisms underpinning plasticity of sensory neuron transducer mechanisms
and the role of voltage-gated ion channels in setting sensory neuron excitability are
described in Sects. 2 and 3.

A longer-term process could also drive enhanced cough sensitivity in disease.
Over time, tissue remodeling and inflammation cause the release of factors such as
neurotrophins that alter adult neurons both acutely, downstream of effectors such as
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Fig. 1 (a) Mediators such as bradykinin and adenosine elicit activation of respiratory nociceptors
downstream of their actions on their cognate G-protein-coupled receptors (GPCRs), while protons
and ATP can activate respiratory nociceptors via direct activation of ligand-gated ion channels. In
addition, numerous irritants and mediators of tissue damage converge upon TRPV1 and/or TRPA1.
Bradykinin appears unique, as it first acts on its GPCR to elicit signals that activate TRPA1,
TRPV1, and calcium-activated chloride channels. When any of these mechanisms are engaged
with an intensity sufficient to depolarize the nerve terminal beyond its threshold, voltage-gated
sodium channels are opened, triggering action potentials. (b) Known pathways of acute sensory
nerve activation occur primarily through GPCR-dependent elevations in the intracellular second
messengers Ca2+ and cyclic AMP (cAMP), which lead to increases in the activity of protein ki-
nase C (PKC) and protein kinase A, respectively. These kinases phosphorylate their substrates,
causing changes in trafficking and/or gating of key ion channels, such as tetrodotoxin-resistant
Na+ channels and transient receptor potentials, which render the terminal more excitable. (c) The
continued presence of inflammation and tissue damage can have longer-term effects on airway
nerve terminals. Continued exposure to this milieu causes peripheral sensitization, which can lead
to spontaneous activity. This activity, combined with neurotrophin-dependent phenotypic alter-
ations in non-nociceptors, increases synaptic efficacy, contributing to central sensitization and a
feed-forward loop of enhancement of reflex sensitivity

phospholipase C (PLC), and over the longer term, by altering the transcription of
genes for ion channels, peptide neurotransmitters, and other modulatory proteins.
An overview of these forms of plasticity is represented in Fig. 1c and described in
greater detail in Sect. 4.

2 Transduction

2.1 Mechanotransducers

Mechanical stimulation of the airways is effective at evoking the cough reflex.
The exact molecular identity of the mechanosensor(s) present in primary affer-
ent nerve terminals is unknown. However, some insight is emerging. Recently,
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a mechanically activated current with pharmacological properties distinct from
those of multiple other candidate mechanically activated ion currents was identi-
fied in dorsal root ganglion (DRG) neurons (Drew 2007) and a peptide blocker
(dubbed NMB-1 for “noxious mechanosensation blocker 1”) of this current also
inhibited behavioral responses to noxious mechanical stimuli. As mechanically
evoked responses in distinct airway sensory neuron subtypes differ in threshold
and discharge patterns (McAlexander et al. 1999), it seems likely that several
mechanotransduction mechanisms may be involved in detecting tussive mechani-
cal stimuli. Indeed, mechanotransduction likely involves a variety of structural pro-
teins, the extracellular matrix, and various cytoskeletal proteins (Christensen and
Corey 2007).

Many airway sensory fibers respond to direct mechanical perturbation, and this
response is subject to sensitization by inflammation. For example, exposing the iso-
lated trachea of previously sensitized guinea pigs to allergen resulted in resident
mast cell activation and mediator release, followed by an approximately fourfold
decrease in the amount of mechanical force required to stimulate action potential
generation in mechanosensitive fibers (Riccio et al. 1996b). This decrease could be
the result of one or multiple mast cell mediators altering the activity of ion chan-
nels associated with mechanotransduction and/or voltage-gated channels involved
in regulation of action potential characteristics.

Recent studies have confirmed that the sensitivity of neuronal pathways activated
by tussive mechanical stimuli of human airways is subject to plasticity. Subjects
with upper respiratory tract infections were found to have reduced thresholds for
mechanically evoked cough and in addition coughed more in response to mechanical
stimuli than did healthy subjects (Lee and Eccles 2004). It has yet to be determined
if mechanically evoked chough is similarly sensitized during chronic lung diseases.

2.2 Transient Receptor Potential Channels: Multimodal
Transducers of Tussive Stimuli

The mammalian transient receptor potential (TRP) superfamily of six transmem-
brane domain cation channels encompasses 28 members divided into six subfamilies
(TRPA, TRPC, TRPM, TRPV, TRPML and TRPP) on the basis of amino acid se-
quence homology (Clapham et al. 2005; Nilius and Voets 2005; Ramsey et al. 2006).

Currently, the weight of evidence suggests six members of the TRP family of
channels are expressed in sensory neurons, where they serve to detect a variety of
physical and chemical stimuli. These include the multimodal transducer TRPV1
(Tominaga et al. 1998), the noxious heat sensor TRPV2 (Caterina et al. 1999), the
warmth sensor TRPV3 (Smith et al. 2002; Xu et al. 2002), and the warmth, chemo-,
and hypo-osmolarity sensor TRPV4 (Suzuki et al. 2003). The cold and menthol
receptor TRPM8 (McKemy et al. 2002; Peier et al. 2002) and the nociceptor-specific
TRPA1 (Story et al. 2003) are also present in subsets of sensory neurons. While
TRPV2–TRPV4 may play important roles in airway nerves (Ni et al. 2006), and the
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hypothesis that TRPM8 mediates hyperresponsiveness to cold air is intriguing, most
work in the field of airway sensory nerve biology has focused on TRPV1 and, more
recently, TRPA1.

2.2.1 TRPV1

Capsaicin, a pungent ingredient present in hot peppers, is a potent activator of a
subset of sensory neurons that normally only respond to potentially tissue damag-
ing noxious stimuli (nociceptors), including those associated with the cough reflex
(Davenport et al. 2007; Fuller et al. 1985; Fuller 1991; Mazzone et al. 2007b). The
capsaicin receptor, TRPV1, was the first transducer of nociceptive information to be
cloned and characterized (Caterina et al. 1997).

TRPV1 is unusual in that it is gated not only by ligands but also by low pH and
heat (Tominaga et al. 1998). At physiological pH, the TRPV1 pore is opened only at
temperatures above approximately 42◦C. At low pH (6.3), however, the threshold for
channel opening is reduced to approximately 30◦C; thus, low pH sensitizes TRPV1
such that it may be tonically active at physiological temperatures. Inflammatory pain
may be at least partially due to this sensitization, since the pH of inflamed tissues is
lower than that of noninflamed tissue, and TRPV1-deficient mice display reduced
inflammatory hyperalgesia (Davis et al. 2000). In experimental systems, TRPV1 is
also sensitized and/or activated by multiple mediators and intracellular second mes-
sengers, including anandamide, lipoxygenase products, serine/threonine protein ki-
nases, and tyrosine phosphorylation (Chuang et al. 2001; Hwang et al. 2000; Zhang
et al. 2005; Zygmunt et al. 1999). These findings have lead to the hypothesis that
TRPV1 can function not only as a transducer of noxious heat, acidity, and irritants,
but also in neuronal metabotropic-receptor-mediated sensitization and activation of
afferent nerve endings. This hypothesis is supported by recent studies in which
TRPV1-deficient mice display reduced bradykinin-evoked hyperalgesia (Bautista
et al. 2006) and histamine-evoked pruritis (Shim et al. 2007).

Within the respiratory tract, capsaicin activates C fibers and a subpopulation
of high mechanical threshold Aδ fibers (Coleridge et al. 1965; Fox et al. 1993;
Kollarik et al. 2003; Mohammed et al. 1993; Riccio et al. 1996a; Tatar et al. 1988).
Depending on the context and extent of their activation, activation of these fibers
can evoke several respiratory reflexes, including bronchoconstriction, vascular and
glandular secretions, apneas (accompanied by bradycardia and hypotension in the
stereotypical “pulmonary chemoreflex”), and rapid, shallow breathing (Coleridge
et al. 1965, 1992; Davis et al. 1982; Green et al. 1984; Roberts et al. 1981). Other
endogenous and/or inhaled TRPV1 agonists may contribute to vagal reflexes in vivo,
a notion supported by findings such as the inhibition of bradykinin-evoked action
potential discharge in guinea pig airway nerve terminals by ruthenium red and cap-
sazepine (Carr et al. 2003), the inhibition of hyperthermia-evoked activation of rat
vagal neurons by the cinnamide TRPV1 blocker AMG9810 (Gavva et al. 2005) and
capsazepine (Ni et al. 2006), and the abolition of anandamide-evoked pulmonary
C-fiber discharge in the TRPV1 knockout mouse (Kollarik and Undem 2004).
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Inhaled capsaicin evokes cough (and at lower doses, urge to cough) in humans
(Davenport et al. 2007; Fuller et al. 1985; Fuller 1991; Mazzone et al. 2007a).
Similarly, capsaicin evokes cough in a variety of animals (Forsberg et al. 1988;
Tatar et al. 1994) that is inhibited by TRPV1 blockers such as capsazepine (Lalloo
et al. 1995) and iodoresiniferatoxin (Trevisani et al. 2004). This indicates that cap-
saicin is sufficient to cause cough; curiously, capsaicin does not normally evoke
cough in anesthetized animals, even at doses that cause robust reflexes (Canning
et al. 2004; Tatar et al. 1988). An attractive explanation for this is that the acti-
vation of capsaicin-sensitive C fibers does not cause cough per se, but lowers the
threshold for coughing secondary to peripheral and/or central sensitization (Canning
et al. 2004; Mazzone et al. 2005).

2.2.2 TRPA1

TRPA1 has generated considerable excitement because of its restricted expression
and unique biology. In particular, TRPA1 has been identified as a neuronal sensor of
multiple respiratory irritants, including acrolein, cinnamaldehyde, and allyl isoth-
iocyanate (AITC), the active ingredient in mustard oil (Bandell et al. 2004; Jordt
et al. 2004).

Studies in TRPA1 knockout mice have indicated that the respiratory irritant
acrolein activates sensory neurons through a TRPA1-dependent pathway (Bautista
et al. 2006). The finding that a chemical as broadly reactive and toxic as acrolein
failed to acutely activate sensory neurons in the absence of one single ion chan-
nel is intriguing, and not the only example of a highly reactive toxin that activates
TRPA1. Our own laboratory has recently reported that the lipid peroxidation prod-
uct 4-hydroxynonenal (4-HNE), which is produced following oxidative tissue dam-
age and elevated in respiratory disease (Rahman et al. 2002), is an endogenously
occurring agonist of TRPA1. Indeed, 4-HNE activated both HEK cells stably trans-
fected with human TRPA1 (Fig. 2) and a subset of nasal-specific, capsaicin-sensitive
trigeminal neurons (Taylor-Clark et al. 2007a). These findings are in agreement with
recently published studies showing TRPA1 is activated by and necessary for pain be-
haviors evoked by 4-HNE as well as formalin (Macpherson et al. 2007b; McNamara
et al. 2007; Trevisani et al. 2007).

The puzzle of how one ion channel could be activated by such a broad range of
irritants (e.g., AITC, formalin, allicin, diallyl disulfide, acrolein, cinnamaldehyde)
with minimal structural similarity was reconciled by the discovery that TRPA1 is
activated when electrophiles form covalent adducts with three cysteines (and, in
human TRPA1, one lysine) within the channel’s cytosolic N terminus (Hinman
et al. 2006; Macpherson et al. 2007a). This suggests that any cysteine-reactive elec-
trophile that can access these crucial residues has the potential to activate TRPA1
and evoke nociceptive reflexes. In support of this, iodoacetamide, the cysteine-
reactive tool molecule often used in biochemical experiments, activates TRPA1
(albeit with very low potency) and evokes nocifensive behaviors in wild-type but
not TRPA1 knockout mice (Macpherson et al. 2007b).
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Fig. 2 (a) The lipid peroxidation product 4-hydroxynonenal (4-HNE) activates TRPA1, as evi-
denced by calcium imaging experiments on HEK293 cells stably expressing human TRPA1. Cells
were exposed to increasing concentrations (1−100µM) of 4-HNE, 60 s for each concentration (as
denoted by bars under traces). (b) 4-HNE (100µM) also activated three out of five mouse trigem-
inal nasal-specific neurons. Inset: Brightfield (top) and fluorescence (bottom) images of a repre-
sentative labeled neuron. 4-HNE-responsive neurons responded to capsaicin (1µM), confirming
their nociceptive character, although responses to the known TRPA1 agonist allyl isothiocyanate
(AITC; 100µM) were minimal. This is likely because 4-HNE forms an irreversible adduct with
intracellular cysteines within TRPA1 (see reference in the text), preventing further activation by
electrophiles such as AITC. (c) Proposed role of TRPA1 in airway nociceptors as a polymodal
sensor of reactive irritants such as acrolein and formaldehyde; inflammation, through Gq-driven
intracellular Ca2+ elevations or A- and J-series prostaglandins; and oxidative stress, via responses
to lipid peroxidation products such as 4-HNE. (d) TRPA1 appears to play a unique role by integrat-
ing responses to irritants, oxidative stress, and inflammation, three major factors likely involved in
the ongoing activation and sensitization of respiratory sensory nerves (modified from Taylor-Clark
et al., 2007a)

Functional evidence in animals and humans suggests that TRPA1 plays a vital
role in irritant-induced responses within the respiratory tract. TRPA1 immunore-
activity has been localized to neurons within the mouse nodose ganglion (Nagata
et al. 2005). The TRPA1 agonist acrolein is extremely irritating when applied to
human mucosal surfaces (Sim and Pattle 1957) and causes profound acute effects
in the respiratory tract of rodents, including vasodilation and inhibition of respira-
tion (Lee et al. 1992; Morris et al. 1999). Of note, acrolein-induced reflex apneic
responses in rats are blocked by capsaicin desensitization (Lee et al. 1992), but sim-
ilar responses in mice are unaltered by genetic deletion of TRPV1 (Symanowicz
et al. 2004). The most likely interpretation of these results is that acrolein evokes
respiratory reflexes by acting on TRPA1 in TRPV1-containing nociceptors.

In addition to its sensitivity to products of lipid peroxidation and exogenous re-
active irritants, TRPA1 is also regulated by inflammatory mediators. Bradykinin
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and muscarinic agonists activate the channel, albeit downstream of Gq/PLC sig-
naling, rather than directly (Bandell et al. 2004; Jordt et al. 2004). Protease-
activated receptor-2 agonists also sensitize TRPA1-mediated cellular and behavioral
responses in a PLC-dependent manner (Dai et al. 2007), which raises the possibility
that activation of any Gq-coupled receptor on TRPA1-containing respiratory sen-
sory neurons may “tune” their excitability during inflammation. Recently our lab-
oratory has also identified a novel mechanism by which inflammatory mediators
can directly activate TRPA1. The A- and J-series prostaglandins, metabolites of the
primary mast cell prostaglandin D2 and the nociceptor-sensitizing prostaglandin E2,
activated both heterologously expressed TRPA1 and a subset of mouse capsaicin-
sensitive trigeminal neurons (Taylor-Clark et al. 2007b). A representative member
of the series, 15-deoxy-∆12,14-prostaglandin J2, was shown to act directly since it
evoked currents in TRPA1-expressing (but not TRPV1-expressing) HEK cells in
the nominal absence of calcium.

Taken together, these findings provide prima facie evidence that TRPA1 is a key
transducer of inflammatory stimuli, oxidative tissue damage, and multiple inhaled
irritants and that it serves a unique role in activating sensory neurons independent
of TRPV1.

3 Ion Channels Modulating Action Potential Threshold and Rate
of Discharge

Following the detection of a tussive stimulus, the airway’s sensory nerve terminals
are depolarized to a critical point where action potentials are produced. Thresholds
and pattern of action potential discharge are not fixed but rather change in the pres-
ence of inflammatory mediators, thereby altering the sensitivity of the cough reflex.
A discussion of several such ion channels and information regarding their function
in airway sensory fibers is presented below.

3.1 NaV Channels

NaV channels are essential for action potential formation, and thus, neuronal
function.

Of the nine NaVs, six are highly expressed in neurons. Intriguingly, of these
six, three (NaV1.7, NaV1.8, and NaV1.9) are primarily concentrated within sensory
neurons (Raymond et al. 2004), where they may each play critical, nonredundant
roles in regulating sensory neuron activity. This specialized expression of function
of NaV-channel subtypes highlights the potential of NaV-subtype-selective channel
blockers as a possible therapeutic strategy for diseases involving neuronal hyperex-
citability, including pruritis, chronic pain states, and respiratory diseases associated
with cough.



138 M.A. McAlexander, M.J. Carr

3.1.1 NaV1.7

NaV1.7 carries a tetrodotoxin (TTX)-sensitive sodium current, its expression ap-
pears concentrated in nociceptors (Djouhri et al. 2003) and sympathetic neurons
(Sangameswaran et al. 1997), and nociceptor-specific deletion of NaV1.7 provides
protection against hyperalgesia in a variety of inflammatory pain models (Nassar
et al. 2004). Consistent with the hypothesis that NaV1.7 plays an important role in
pain perception, several gain-of-function mutations in the gene encoding NaV1.7
(SCN9A) have been identified in patients with the painful conditions erythermal-
gia (Drenth et al. 2005; Waxman et al. 2007a, b; Yang et al. 2004) and paroxysmal
extreme pain disorder (Fertleman et al. 2006, 2007).

More recently, a separate set of rare SCN9A mutations, that result in NaV1.7
channels that are either not expressed or unable to function, have been described
(Ahmad et al. 2007; Cox et al. 2006; Goldberg et al. 2007). Remarkably, individu-
als possessing these mutations appear grossly normal, with the exception that they
cannot perceive pain. Recent findings suggest that NaV1.7 is expressed in airway
sensory nerves (Kwong et al. 2007), however, its role in regulation or plasticity of
the cough reflex is yet to be determined.

3.1.2 NaV1.8

NaV1.8 is selectively expressed in primary afferent nociceptors, where it appears to
be the primary contributor to the action potential upstroke (Akopian et al. 1999).
NaV1.8 carries a TTX-resistant (TTX-R) sodium current that is considerably differ-
ent from those carried by TTX-sensitive channels. NaV1.8 currents have a more
depolarized voltage dependence of activation and of fast inactivation (Akopian
et al. 1999). Thus, NaV1.8 is one of the few NaVs that could contribute to continuous
action potential discharge during periods of sustained depolarization (Renganathan
et al. 2001).

Preclinical evidence suggests selective NaV1.8 inhibitors may provide relief from
inflammatory pain conditions without mechanism-based cardiac and CNS side ef-
fects. To date, this hypothesis has been validated in rodent models of pain us-
ing targeted genetic disruption (Akopian et al. 1999; Laird et al. 2002), antisense
oligonucleotide-mediated depletion (Villarreal et al. 2005), a µ-conotoxin less than
tenfold selective for NaV1.8 over other sodium channels (Ekberg et al. 2006), and,
most recently, a small molecule with nanomolar potency and more than 100-fold
selectivity over other sodium channels (Jarvis et al. 2007).

A variety of evidence suggests a role of a NaV1.8-like TTX-R sodium current
in the plasticity of sensory nerves associated with cough. NaV1.8 is expressed
in airway sensory neurons (Kwong et al. 2007) and a recent study showed that
prostaglandin E (PGE2) increased the macroscopic conductance of an NaV1.8-like
TTX-R sodium current that was predominantly expressed in capsaicin-sensitive pul-
monary sensory neurons, and thereby enhanced the overall excitability of these neu-
rons (Kwong and Lee 2005).
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3.1.3 NaV1.9

Within the somatosensory sensory nervous system NaV1.9 is found largely in
putative nociceptors (Cummins et al. 1999; Dib-Hajj et al. 1998, 1999) and is
responsible for a TTX-R current distinct from that carried by NaV1.8. Rodent stud-
ies suggest that NaV1.9 carries a persistent current that is activated at potentials
close to standard neuronal resting membrane potentials in the range from −60 to
−70 mV (Cummins et al. 1999; Herzog et al. 2001). This current is subject to regu-
lation by multiple factors, including glial-cell-derived neurotrophic factor and PGEV
(Cummins et al. 2000; Rush and Waxman 2004), suggesting NaV1.9 may play a
significant role in regulating nociceptor excitability. Consistent with this hypothe-
sis, two independent groups have demonstrated reduced peripheral sensitization in
response to a number of inflammatory mediators in NaV1.9 knockout mice (Amaya
et al. 2006; Priest et al. 2005).

More recently, we have used these same knockout mice (Amaya et al. 2006) to in-
vestigate the role of NaV1.9 in vagal neurons (Ghatta et al. 2007). While these mice
have a normal distribution of conduction velocities in their vagal compound action
potentials and, on the basis of patch-clamp studies of jugular-nodose complex neu-
rons, have only subtle differences in membrane properties, their pulmonary C fibers
have marked deficits in irritant (α,β-methylene ATP and bradykinin)-evoked ac-
tion potential generation. These studies provide the first direct evidence that NaV1.9
plays a critical role in nerve terminal responses to noxious stimuli; however, further
studies are necessary to determine whether it also modulates synaptic communica-
tion in the brainstem. Thus, while many details of NaV1.9’s function remain arcane,
it clearly plays a significant role in rodent sensory neurons, including those within
the respiratory tract.

3.2 Hyperpolarization-Activated Cyclic-Nucleotide-Gated
Channels

Hyperpolarization-activated, cyclic-nucleotide-gated (HCN) channel subunits
HCN1–HCN4 underlie the current frequently referred to as Ih (for hyperpolariza-
tion-induced current) or If, for the less scientific, though similarly descriptive
“funny current” (Accili et al. 2002). These channels demonstrate a mixed cation
conductance that, like for NaV channels, tends to cause membrane depolarization
(Pape 1996). Thus, by depolarizing membranes following its activation by hyperpo-
larization, Ih facilitates repetitive firing in neurons and cardiac pacing in the sinoa-
trial node (Accili et al. 2002; DiFrancesco 2006).

All four known HCN channel subunits have been identified in numerous neuronal
populations, and several lines of evidence suggest that Ih carried by one or more of
the subtypes plays an important role in vagal afferent neurobiology. All neonatal
rat nodose neurons possess an Ih involved in regulating resting membrane potential
(Doan and Kunze 1999), while roughly a third of adult guinea pig nodose ganglion
neurons possess an Ih that is blocked by high micromolar concentrations of the
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Fig. 3 Under control conditions (left), applying 25 g of force with a blunt probe caused only min-
imal action potential discharge from this guinea pig tracheal jugular C fiber (conduction velocity
0.7ms−1). Addition of the membrane-permeant cAMP analogue 8-bromo-cAMP (1 mM, 15 min)
to the buffer perfusing the isolated airways caused a marked sensitization of the fiber to subse-
quent mechanical stimulation (right). Also note that the fiber began to discharge spontaneously
in the presence of 8-bromo-cAMP, suggesting that 8-bromo-cAMP-sensitive pathways can modu-
late both the active and the passive properties of airway sensory fiber terminals. These effects oc-
curred in 3µM indomethacin–containing buffer, so they are likely independent of cyclo-oxygenase
products

prototypical blocker cesium (Undem and Weinreich 1993). More recently, HCN1-,
HCN2,- and HCN4-like immunoreactivities were demonstrated in rat nodose neu-
rons and their peripheral terminals (Doan et al. 2004), and the Ih blocker cesium
lowered the threshold pressure necessary to evoke aortic baroreceptor activation.

HCN channels may also play a role in regulating the excitability of airway
peripheral terminals following inflammation, since PGE2, which sensitizes jugu-
lar ganglion-derived airway C fiber terminals (Carr 2007), also increases Ih in
guinea pig nodose neurons (Ingram and Williams 1996), most likely by increasing
cAMP levels within the neuron. Since multiple receptor-coupled mechanisms are
likely required to produce maximal rises in nerve terminal cAMP (Alessandri-Haber
et al. 2006), we have begun using the membrane-permeable analogue 8-bromo-
cAMP to study mechanisms of acute peripheral sensitization of airway sensory
neurons. As predicted, 8-bromo-cAMP causes profound sensitization of guinea pig
tracheobronchial jugular fibers (Fig. 3) and can evoke spontaneous firing in some
fibers. How cAMP sensitizes airway fiber terminals, and what role (if any) HCN
channels play in the process, is yet to be determined.

3.3 Cl− Channels

Neuronal chloride channels, exemplified by the ligand-gated GABAA receptor,
generally hyperpolarize membranes and are thus considered inhibitory. A notable
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exception to this general rule, however, is primary sensory neurons that accumulate
relatively large concentrations of intracellular chloride owing to the Na+–K+–2Cl−

(NKCC) cotransporter NKCC1 (Sung et al. 2000). In these neurons, the concen-
tration gradient for chloride is shifted such that when chloride channels are open,
the negatively charged chloride ions leave the cell, causing a net depolarization.
This also occurs in spinal cord neurons following nerve injury, a phenomenon that
may contribute to neuropathic pain (Coull et al. 2003). Interestingly, NKCC1 has
also been immunolocalized in guinea pig airway fibers, and both low chloride solu-
tions and chloride channel blockers enhance the cough reflex in anesthetized guinea
pigs, while the NKCC1 blocker furosemide has antitussive effects (Mazzone and
McGovern 2006).

Oh and Weinreich (2004) produced the first evidence of excitatory chloride cur-
rents in vagal neurons. They found that bradykinin caused a chloride current in
guinea pig nodose neurons that was inhibited by niflumic acid or intracellular cal-
cium chelation with 1,2-bis(2-aminophenoxy)ethane-N, N, N′, N′-tetraacetic acid,
properties consistent with a calcium-activated chloride current. These channels are
likely also involved in guinea pig tracheobronchial nerve terminals, as the TRP
blockade-insensitive component of bradykinin-evoked action potential generation
in these fibers was largely eliminated by two separate calcium-activated chloride
channel inhibitors (Lee et al. 2005).

3.4 Voltage-Gated Ca2+Channels

Voltage-gated calcium (CaV) currents are carried by members of the CaV families
of ion channels. The pore-forming α1 subunits of CaV channels are separated into
two general categories, based on their current–voltage relationship: high-voltage-
activated (HVA) and low-voltage-activated (LVA). The HVA channels comprise
CaV1.1–CaV1.4 and CaV2.1–CaV2.3 and are responsible for L-, N-, P/Q-, and R-
type currents, while T-type currents carried by CaV3.1–CaV3.3 are LVA (Catterall
et al. 2005).

3.4.1 HVA CaV

L-type calcium channels play significant roles in central neurons and N-type cal-
cium channels are expressed in multiple populations of neurons, including primary
sensory neurons in the DRG, where they regulate the release of neurotransmit-
ters onto secondary dorsal horn neurons. Pharmacological evidence suggests that
L- and N-type Ca2+ channels are also present in nodose ganglion neurons (Cordoba-
Rodriguez et al. 1999), but multiple blockers of CaV channels do not alter the re-
sponse of nodose or jugular ganglion-derived airway fiber terminals to mechanical
stimuli (Undem et al. 2003). It is thus surprising in light of this that removal of
extracellular Ca2+ enhances the mechanical sensitivity of jugular ganglion-derived
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terminals (Undem et al. 2003). The mechanism(s) involved remain unknown, but
may be related to the finding that removal of calcium from the extracellular solu-
tion bathing jugular vagal sensory neurons activated a nonselective cation current
(Undem et al. 2003) that could cause a depolarization large enough to evoke action
potential discharge.

3.4.2 T-Type (CaV3)

The pore-forming α1 subunits CaV3.1–CaV3.3 are responsible for T-type Ca2+ cur-
rents and are considered LVA since they are activate at membrane potentials far
more hyperpolarized than their HVA counterparts (Catterall et al. 2005). Intrigu-
ingly, T-type Ca2+ channels are crucial for the normal function of mouse D-hair
mechanosensitive fibers (Shin et al. 2003) that adapt rapidly to mechanical stim-
uli in a manner qualitatively similar to airway nodose Aδ “cough receptor” fibers
(McAlexander et al. 1999).

There is evidence that T-type Ca2+ channels may play a role in vagal neu-
robiology, as messenger RNA for all three CaV subunits has been detected in
rat nodose ganglion neurons and antisense depletion of CaV3 channels inhib-
ited a component of Ca2+ entry evoked by application of a mock action poten-
tial (Lambert et al. 1997). Despite these compelling data, the T-type Ca2+ channel
blocker Ni2+ (300µM) did not appreciably alter the responses of guinea pig tracheo-
bronchial cough receptor fibers or nociceptors to citric acid or mechanical stimula-
tion (unpublished observations). Still, these negative findings do not rule out the
possibility that Ca2+ entry through T-type or other CaV channels may play a role in
the longer-term sensitization of airway sensory fibers.

3.5 K+++ Channels

In addition to their role in setting resting membrane potential, K+ channels play
roles in setting the threshold for action potential discharge and determining action
potential discharge frequency and pattern. This versatility results from the vast het-
erogeneity of channels that can contribute to K+ currents, the most heterogeneous
of any known ion channel superfamily (Gutman et al. 2003). Members of this chan-
nel superfamily include the voltage-gated K channels, denoted KV, and small- and
intermediate-conductance Ca2+-activated K+ channels, denoted KCa, both of which
possess six transmembrane domains. G-protein-coupled channels, inwardly recti-
fying channels, and ATP-activated channels (KATP), contain two transmembrane
domains, the large-conductance channel contains seven transmembrane domains,
and the K2P family contains two transmembrane domains. Further complexity is
achieved through differential interactions with modulatory subunits.

Like most neurons, vagal sensory neurons express multiple diverse K+ conduc-
tances (Christian et al. 1994) and, consistent with their role in regulating neuronal
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excitability, the K+ channel blockers α-dendrotoxin and 4-aminopyridine evoke ac-
tion potential discharge in airway nodose ganglion-derived fibers (McAlexander and
Undem 2000). These findings suggest that K+ currents active at rest maintain airway
sensory neuron membrane potential below threshold for action potential discharge.
A role of modulation of these tonically active K+ currents in controlling excitabil-
ity during inflammation is consistent with the finding that antigenic activation of
resident mast cells or application of inflammatory mediators such as histamine,
bradykinin prostacyclin, or cysteinyl leukotrienes inhibited resting K+ currents in
nodose ganglion neurons and lead to a membrane depolarization and an increase in
excitability (Undem and Weinreich 1993).

Several types of KCa that are present in vagal sensory neurons may play a role in
regulating excitability. One of these is responsible for a slowly developing, long-
lasting afterspike hyperpolarization (AHPslow). The hyperpolarization caused by
K+ efflux regulates neuronal excitability and the frequency and pattern of neuronal
discharge (Cordoba-Rodriguez et al. 1999; Undem and Weinreich 1993). Both the
amplitude and the duration of AHPslow in guinea-pig nodose cell bodies are signif-
icantly reduced in the presence inflammatory mediators such as bradykinin, prosta-
cylin, prostaglandin E2, prostaglandin D2, 5-hydroxytryptamine, or leukotriene C4
(Cordoba-Rodriguez et al. 1999; Undem and Weinreich 1993). The inhibition of
AHPslow in these cell bodies was accompanied by an increase in the frequency at
which the neuron could successfully elicit repetitive action potentials (Undem and
Weinreich 1993). These findings suggest that autacoids may not need to overtly
evoke action potentials to sensitize afferent neurons, but may do so by modulating
the rate of neuronal discharge.

Another KCa that may modulate airway afferent nerve excitability is the large
conductance Ca2+-activated channel (BKCa). An opener of this channel, NS 1619,
inhibited citric acid induced cough in conscious guinea pigs and inhibited the gen-
eration of action potentials in guinea-pig tracheal Aδ and C fibers in vitro (Fox
et al. 1997). The effects of NS 1619 on Aδ and C fibers were prevented by iberi-
otoxin, a BKCa channel-selective blocker.

4 Neurotrophins and Plasticity

The expression pattern of transducers, voltage-gated channels, and neuropeptide
transmitters present in sensory neurons is not fixed, but is modulated, through mech-
anisms largely dependent upon the action of various neurotrophins, a family of
molecules which are known to act on sensory nerve endings to send growth sig-
nals to their remotely located cell bodies (Helke 2005).

Sources of neurotrophins within the airways include the respiratory epithelium,
T lymphocytes, alveolar macrophages, and mast cells (Leon et al. 1994; Braun
et al. 1999). Neurotrophins initiate their effects in vagal afferent neurons, in part,
by binding to high-affinity, tyrosine kinase coupled receptors, followed by uptake
and retrograde transport to the cell body in the vagal ganglia (Helke 2005). Among
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the neurotrophins, most attention has been given to nerve growth factor (NGF) as a
potential mediator in afferent plasticity in inflamed airways. NGF is found in human
airways and the NGF content of airway lavage fluid is increased following allergen
challenge (Sanico et al. 2000; Virchow et al. 1998; Wu et al. 2006). The influence of
neurotrophins on the expression of various transducers, ion channels, and neuropep-
tides may be of particular relevance to plasticity of the airway sensory innervation
associated with cough.

4.1 Modulation of Ionotropic and Metabotropic Transducers

A variety of distinct transducers are expressed in cough-evoking sensory neurons
(Kollarik and Undem 2004). Although the relative importance or indeed the exact
identity of all transducers likely to be involved is yet to be completely identified,
there is a growing body of evidence suggesting that transducer plasticity contributes
to peripheral sensitization of sensory neurons. While several posttranslational mech-
anisms can alter the trafficking and/or activity of transducers and other neuronal pro-
teins, their net function may also be enhanced as a result of neurotrophin-induced
upregulation of gene expression. Experimental observations indicate that the ex-
pression of a variety of metabotropic transducers such as bradykinin B1 (Vellani
et al. 2004) and B2 receptors (Lee et al. 2002), as well as the ionotropic transducers
TRPA1 (Diogenes et al. 2007; Elitt et al. 2006), TRPV1 (Amaya et al. 2004), P2X3
(Ramer et al. 2001), and various ASICs (Mamet et al. 2003) can all be regulated by
neurotrophins.

The potential role of increased expression of transducer ion channels in chronic
cough is consistent with increased expression of TRPV1-like immunoreactivity
within the airways of patients with chronic cough (Groneberg et al. 2004; Mitchell
et al. 2005). Moreover, a significant correlation between capsaicin-evoked tussive
response and the number of TRPV1-positive nerves within the airways of patients
with cough has been reported (Groneberg et al. 2004). The level of expression of
other neuronal transducers in the airways of patients with chronic cough has not
been reported to date.

4.2 Modulation of Voltage-Gated Ion Channel Expression

The activation of a particular transducer within the terminal of a cough-evoking
sensory nerve is encoded into an action potential discharge via the activation of
NaV and KV currents. A variety of evidence has recently emerged indicating that
the expression levels of the multiple NaV and K+ channels in sensory neurons are
subject to transcriptional regulation by factors such as NGF and that these changes
are in part responsible for altered neuronal activity during inflammation. For exam-
ple, ulcer formation produced by a single injection of acetic acid in the stomach of
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rats was associated with a significant increase in excitability as shown by a lower
threshold for action potential initiation and an increase in discharge frequencies
during prolonged depolarization (Dang et al. 2004). These changes are consistent
with neurotrophin-dependent increased expression of Na+ currents in the cell bod-
ies of sensory neurons within remotely located vagal sensory ganglia (Bielefeldt
et al. 2003).

Like Na+ channels, the level of the expression of distinct K+ currents within sen-
sory neurons is not fixed but changes in response to tissue injury. The complement of
K+ channels expressed in airway afferent neurons associated with the cough reflex
is unknown and, on the basis of studies of isolated vagal sensory neuron cell bodies,
it is likely that distinct airway sensory neuron phenotypes express multiple distinct
K+ currents. One type of K+ current in particular, a rapidly activating transient cur-
rent known as an A-type current, was decreased in rat DRG and nodose neurons
following gastric inflammation (Dang et al. 2004). A-type K+ currents also appear
to be downregulated in bladder sensory neurons following inflammation, resulting
in lower thresholds and greater discharge frequencies (Yoshimura and Groat 1999).
Notably, intrathecal NGF administration causes similar responses in bladder neu-
rons (Yoshimura et al. 2006).

There is currently no direct evidence addressing the hypothesis that modulation
of ion channel expression in airway sensory neurons contributes to the plasticity
of the cough reflex. Thus, while by necessity the discussion above was focused on
findings in a variety of nonrespiratory tissues, regulation of the expression pattern
of various NaV and K+ channels appears to be a general feature of sensory nerves;
therefore, it is conceivably a relevant form of plasticity contributing to the enhanced
urge to cough that can occur in respiratory diseases.

4.3 Regulation of Neuropeptide Expression

The release of the peptide neurotramsmitter substance P and related neurokinins is
known to augment synaptic transmission between the central terminals of airway
afferent neurons and secondary neurons within the nucleus tractus solitarius (Joad
et al. 2004; Mazzone and Geraghty 2000; Mutoh et al. 2000). Normally, these neu-
ropeptides are expressed only in high-threshold and therefore difficult-to-activate
nociceptors. As a consequence of this limited expression pattern, under normal con-
ditions the release of sensory neuropeptides in the brainstem from vagal afferent
nerves, including those associated with the cough reflex (Mazzone et al. 2005), may
be limited to situations where the airways are subjected to intense noxious stimuli.
This may change following irritation and inflammation of the airways. In particular,
airway inflammation is associated with an increased content of neuropeptides,
including within nerves (Fischer et al. 1996; Kwong et al. 2001). A somewhat sur-
prising observation was that following allergen challenge (Chuaychoo et al. 2005;
Myers et al. 2002) or viral infection (Carr et al. 2002) tachykinin expression was
detectable in neurons whose axons project low-threshold airway mechanosensors.
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The full expression of this “phenotypic switch” in nodose ganglion neurons requires
intact vagus nerves, but if allergen reached the systemic circulation in sufficient
quantities, it could also stimulate substance P synthesis by local activation of vagal
ganglionic mast cells (Chuaychoo et al. 2005).

A phenotypic switch as described above may create a scenario in which low-
threshold stimuli could result in neuropeptide release in the brainstem. On the basis
of these findings, it is conceivable that an increase in neuropeptides released into
the brainstem from low-threshold, easily activated afferent fibers may explain at
least a portion of the plasticity of the cough reflex that often accompanies lung
inflammation.

4.4 Density of the Sensory Innervation of the Airways

Neurotrophins influence the density of the sensory innervation of various tissues.
To date, only one study has examined the relationship between sensitivity to inhaled
tussive stimuli and nerve fiber density in patients with idiopathic persistent non-
productive cough (O’Connell et al. 1995). Concentrations of capsaicin required to
elicit at least two and five coughs were significantly lower in patients than in control
subjects. In bronchial epithelium taken from the carina of the right upper lobe and
a subsegmental carina of the right lower lobe, the total nerve density (protein gene
product 9.5 immunoreactivity) was greater in patients than in controls, although this
was not statistically significant. However, CGRP-immunoreactive nerve density in
the epithelium was significantly higher in patients than in control biopsies taken
from the carina of the right upper lobe. Substance P immunoreactive nerves were
not significantly different in the two groups.

Although these findings do not support an association of increased nerve density
in idiopathic persistent nonproductive cough, they are consistent with the hypothesis
of plasticity in peptide neurotransmitter expression with the sensory innervation of
the airways.

5 Concluding Remarks

The dramatically heightened sensitivity of the cough reflex and the resulting nonpro-
ductive cough are common features of many respiratory diseases. These symptoms
are the result of some combination of tissue injury and remodeling, plasticity within
airway primary afferent neurons associated with cough, and aberrant CNS activity.
Rather than viewing these processes as separate entities, current evidence suggests
they are all interconnected, with the primary afferent neuron serving as a critical
conduit necessary to drive tissue injury- and tissue remodeling-dependent changes
in the CNS. If this view is correct, it is imperative to understand the processes and
molecules within primary sensory nerves that perpetuate this deleterious cycle of
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sensitization and plasticity. Fortunately, many promising targets that appear to have
specific functions and restricted tissue distributions have been identified in primary
sensory neurons; thus, therapies directed against these ion channels and/or the fac-
tors that regulate their expression and activity may provide the most tractable option
for relief from disease-associated cough.
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Abstract Cough is an indispensable defensive reflex. Although generally benefi-
cial, it is also a common symptom of diseases such as asthma, chronic obstructive
pulmonary disease, upper respiratory tract infections, idiopathic pulmonary fibrosis
and lung cancer. Cough remains a major unmet medical need and although the cen-
trally acting opioids have remained the antitussive of choice for decades, they have
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many unwanted side effects. However, new research into the behaviour of airway
sensory nerves has provided greater insight into the mechanisms of cough and new
avenues for the discovery of novel non-opioid antitussive drugs. In this review, the
pathophysiological mechanisms of cough and the development of novel antitussive
drugs are reviewed.

1 Introduction

Cough is a reflex mechanism protecting the airways by ejecting obstructive or
harmful substances. The afferent component of the reflex involves vagal sensory
nerves with bodies in the jugular or nodose ganglia and terminals within the air-
way wall, activated by a combination of chemical and/or mechanical stimuli. Up to
five subtypes of sensory airway afferents have been characterized (Canning 2006),
all synapsing in the nucleus tractus solitarius (nTS) of the brainstem, from where
second-order neurones project to the medullary respiratory pattern generator to ini-
tiate cough. Whilst acute cough (lasting a few weeks) is not a serious clinical prob-
lem, it is the most common respiratory ailment for which patients seek medical
help and around $1 billion is spent per annum in the USA on cough remedies
(McGarvey and Morice 2006). Chronic cough (persisting for more than 8 weeks)
is a serious debilitating condition estimated to affect some 14% of the popula-
tion (Cullinan 1992). It can be a symptom of both pulmonary conditions, such as
asthma (Dicpinigaitis 2006b), chronic obstructive pulmonary disease (COPD) (Bra-
man 2006), idiopathic pulmonary fibrosis (Hope-Gill et al. 2003), upper-airway
cough syndrome (postnasal drip) (Pratter 2006) and lung cancer (Kvale 2006),
and extrapulmonary conditions, such as gastro-oesophageal reflux (Irwin 2006).
It has an adverse effect on quality of life, being associated with complications
ranging from frequent retching through incontinence and insomnia to social em-
barrassment (French et al. 1998, 2004, 2005). Treatment of the underlying dis-
ease often resolves chronic cough (Morice et al. 2004; Pratter et al. 2006), but
this can take several months, during which time effective antitussive treatment
would be desirable. Furthermore, there remains a significant cohort (∼40% of pa-
tients) (O’Connell et al. 1994) in which either the underlying cause is known but
is irreversible or there is no identifiable underlying cause. In these individuals, re-
lief from chronic cough depends upon effective antitussive drug treatment. Avail-
able drugs are of either limited effectiveness (Schroeder and Fahey 2002, 2004) or
have problematic side effects and consequently there is a pressing need for safer,
more effective agents (Dicpinigaitis 2004; Morice and Geppetti 2004; Reynolds
et al. 2004).

Current antitussives are broadly divided according to their site of action as ei-
ther central or peripheral, although many act to some extent at both locations. Cen-
trally acting antitussives act within the central nervous system (CNS) to suppress
central cough pathways and comprise the majority of currently used drugs. How-
ever, opioids, which are gold standard antitussive agents, suffer from numerous
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unwanted side effects, including sedation, constipation and drug dependence. There
is therefore a clear and unmet need for the development of novel drugs which tar-
get airway afferent nerves directly and/or that target the processes that give rise to
central sensitization of the cough reflex, possibly at the level of the nTS.

2 Mechanisms of Hypertussive States

In chronic, hypertussive cough states, normally innocuous stimuli that would not
normally initiate a response, evoke cough (Bonham et al. 2004). There are clear
parallels here with alterations during chronic pain states, characterized by hyper-
algesia and allodynia. The mechanisms underlying such alterations have been well
studied (Ji and Woolf 2001; Melzack et al. 2001; Woolf and Salter 2000) and can be
subdivided into ‘peripheral’ and ‘central’ sensitization.

2.1 Peripheral Sensitization

Peripheral sensitization involves hyperexcitability of sensory neurones due to, for
example, changes in voltage-gated sodium channel properties (Lai et al. 2004).
Under inflammatory or disease conditions, many pathological changes can occur
around and within sensory nerve fibres, leading to increased excitability as well as
phenotypic changes in receptor and neurotransmitter expression. For instance, air-
way mechanosensitive Aδ-fibres do not contain neuropeptides under physiological
conditions, but following viral and/or allergen challenge begin to synthesize neu-
ropeptides (Carr et al. 2002; Myers et al. 2002). In addition, the excitability of
airway Aδ-fibres and nTS neurones can be increased by antigen stimulation of the
lungs of sensitized animals (Chen et al. 2001; Undem et al. 2002). Similarly, chronic
exposure of guinea pigs to sidestream tobacco smoke augments pulmonary C-fibre
responses to capsaicin and to lung hyperinflation (Mutoh et al. 1999, 2000). In ad-
dition, allergic airway inflammation has been reported to increase neuropeptide ex-
pression (substance P, neurokinin A and calcitonin gene related peptide, CGRP) in
sensory neurones originating in the guinea pig airway (Fischer and Hoffmann 1996;
Myers et al. 2002). Together, these experimental studies suggested that sensory
nerve plasticity can occur during inflammatory insults to the lung.

This view is also supported by clinical studies which have reported an increase
in the number of TRPV1 immunopositive neurones (Groneberg et al. 2004) and
the density of neuropeptide immunoreactive nerves (Lee et al. 2003; O’Connell
et al. 1995) in the airways of individuals with chronic cough syndromes. This plas-
ticity of the sensory neurones mediating cough provides a plausible mechanism
leading to the hypertussive state, or ‘sensitization’. The mechanisms contributing
to the sensitization of airway nerves may be a more rational target for antitussive
drug development rather than the ‘hard-wired’ cough reflex since it is generally
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accepted that inhibition of cough per se is probably of limited clinical benefit as
this protective mechanism is of critical importance for clearing unwanted airway
secretions.

2.2 Central Sensitization

In pain pathways, central sensitization involves enhanced efficiency of excitatory
synaptic transmission pathways within the CNS, notably in the dorsal horn of the
spinal cord at the synapse between the sensory nociceptor fibres and second-order
relay neurones (Ji et al. 2003). It has been suggested that central sensitization in
the cough reflex loop might also underlie hypertussive states (Bonham et al. 2004,
2006a, b), but to date, there are few data confirming this.

In the spinal cord, central sensitization manifests itself as increased postsynap-
tic excitability of second-order relay neurones following a period of high-intensity
stimulation of nociceptor afferents (Melzack et al. 2001; Woolf and Salter 2000).
The relay neurones normally have a high threshold, responding only to the high-
intensity stimulation associated with the ‘pain’ response (Woolf and King 1989).
Following central sensitization, the threshold is lowered such that normally in-
nocuous stimuli now activate the relay neurones (Cook et al. 1987; Woolf and
King 1990; Woolf and Wall 1986). The primary neurotransmitter at the synapse
is glutamate, acting postsynaptically on both ionotropic (N-methyl-D-aspartate,
NMDA; and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate, AMPA) recep-
tors and metabotropic receptors (Andresen and Yang 1995; Chen et al. 1999;
Drewe et al. 1990; Fortin and Champagnat 1993; Mifflin and Felder 1990; Smith
et al. 1998; Wang and Bradley 1995), whilst γ-aminobutyric acid (GABA) acting on
both GABAA and GABAB receptors mediates inhibitory synaptic responses (Brooks
et al. 1992; Smith et al. 1998; Wang and Bradley 1995). There is also evidence that
substance P is released (Colin et al. 2002; Duggan et al. 1990) and acts on neurokinin
1 (NK1) receptors to cause postsynaptic excitation and presynaptic modulation of
glutamate and GABA release (Bailey et al. 2004; Sekizawa et al. 2003) thereby
modulating the responsiveness of the postsynaptic cells.

Several mechanisms have been reported to contribute to the increase in synaptic
efficacy (Ji et al. 2003; Ji and Woolf 2001; Malcangio and Lessmann 2003; Park
and Vasko 2005). Relatively low frequency (∼5 Hz) stimulation of nociceptors can
cause ‘windup’ whereby successive stimuli cause increasing degrees of postsynap-
tic depolarization owing to removal of the voltage-dependent magnesium block of
NMDA receptors. Windup is short-lived, dissipating on removal of the synaptic
input, but the calcium entry associated with NMDA receptor activation, allied to
that through voltage-gated channels, activates intracellular signalling cascades that
lead to longer-lasting changes in the expression and function of receptors and ion
channels (Caudle et al. 2005; Gao et al. 2005; Guo et al. 2002; Ji et al. 1999; Pezet
et al. 2005; Suzuki et al. 2005; Yang et al. 2004; Zou et al. 2000).

There is good evidence to suggest that a similar scenario might operate in the
nTS following stimulation of airway afferent nerves during an inflammatory insult
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to the airways. Insults that can induce a hypertussive state produce changes in the
presynaptic inputs to the nTS, but whether they also produce postsynaptic changes
indicative of central sensitization is less clear. This view is supported by various
experimental findings. The increased C-fibre responsiveness to capsaicin in guinea
pigs exposed to tobacco smoke is paralleled by increased firing of nTS relay neu-
rones (Bonham et al. 2001; Mutoh et al. 2000); extended allergen exposure and
episodic exposure to ozone can also cause an increase in excitability of primate nTS
neurones (Chen et al. 2001, 2003). Furthermore, the intracerebroventricular admin-
istration of neurokinin antagonists inhibited the ability of airway C-fibre stimulation
to increase the sensitivity of the cough response to mechanical irritation of the air-
way mucosa (Mazzone et al. 2005). The release of sensory neuropeptides centrally
into the brainstem might facilitate synaptic input from mechanosensitive afferent
nerves in the lung that are involved in cough.

Clearly many sensory afferent fibre types contribute to or modulate the cough
reflex. The integration of their signals occurs at the level of the nTS, found in the
dorsal medulla. Here, both pulmonary and extrapulmonary (from other vagally in-
nervated organs) afferent fibres terminate and provide polysynaptic input to second-
order neurones (Jordan 2001). Although subject to substantial cortical control, these
second-order neurones likely alter the activity of the respiratory neurones typically
responsible for normal breathing to produce cough (Pantaleo et al. 2002). Each of
the synapses in this ‘cough centre’ is a potential pharmacological target for centrally
acting antitussives.

3 Role of Sensory Nerves in the Cough Reflex

The cough reflex is known to include a ‘hard-wiring’ circuit as recently pro-
posed (Canning et al. 2004; Canning 2006). The stimuli initiating the cough re-
flex stimulate sensory nerve fibres that have been broadly divided in to three main
groups: Aδ-fibres, C-fibres and slowly adapting stretch receptors (SARs). These fi-
bres have been differentiated on the basis of their neurochemistry, anatomical loca-
tion, conduction velocity, physiochemical sensitivity and adaptation to lung inflation
(Canning et al. 2004; Canning 2006; Reynolds et al. 2004).

3.1 Aδ-Fibres

Rapidly adapting receptors (RARs) are thought to terminate within or slightly be-
neath the epithelium throughout the intrapulmonary airways and respond to changes
in airway mechanics to regulate normal breathing (Widdicombe 2003). These fi-
bres are sensitive to most tussive stimuli and it is likely their stimulation is of
primary importance in the elicitation of the cough reflex (Widdicombe 2003). In
general, their activity is increased by mechanical stimuli such as mucus secretion



160 D. Spina et al.

or oedema, but they are insensitive to many chemical stimuli that provoke cough,
including bradykinin and capsaicin (Lee et al. 2001). However, in the guinea pig at
least, the variability in mechanical and chemical sensitivities of Aδ-fibres is suffi-
cient to believe there may be as many as three subdivisions: RAR-like, nociceptive
and polymodal Aδ-fibres (Mazzone 2005).

The RAR-like Aδ-fibres are very responsive to mechanical stimulation, unre-
sponsive to direct chemical stimuli like bradykinin and capsaicin, and have their
cell bodies in the nodose ganglia (Hunter and Undem 1999; Riccio et al. 1996). By
comparison, nociceptive Aδ-fibres are sensitive to capsaicin and bradykinin, are 15
times less responsive to mechanical stimulation, have their cell bodies in the jugular
ganglia and are mainly carried in the superior laryngeal nerve. The role of RARs
as primary initiators of cough has been disputed following a number of observa-
tions (Mazzone and McGovern 2007). For example, cough sensitivity in healthy
subjects is not altered by bronchoconstrictor agents which would be expected to
activate RARs (Fujimura et al. 1996); exogenous administration of neuropeptides
which would be anticipated to activate RARs indirectly owing to a combination
of bronchoconstriction, mucus secretion and oedema was ineffective at evoking
cough in healthy subjects, although cough to this stimulus is observed in patients
with inflamed lungs (Hope-Gill et al. 2003; Sekizawa et al. 1996); and sensory
nerve activation and, by extension, release of sensory neuropeptides failed to initiate
cough following indirect activation of RAR’s in anaesthetized guinea pigs (Canning
et al. 2004; Mazzone et al. 2005). It seems likely that activation of RARs resulting
in cough may be of greater relevance in disease. Nonetheless, these inconsistencies
have led investigators to further probe the role of Aδ-fibres in cough.

Only recently have the polymodal Aδ-fibres been identified. These fibres are
similar to RAR-like fibres in that they originate in the nodose ganglia, are activated
by mechanical stimulation and acid but are unresponsive to capsaicin, bradykinin,
smooth-muscle contraction or stretching of the airways. Interestingly, the conduc-
tion velocity of these polymodal Aδ-fibres is much slower than the conduction
velocity of RARs or SARs and is much faster than that of C-fibres. Furthermore,
severing the recurrent laryngeal nerves which supply innervation to the trachea abol-
ished cough in response to mechanical irritation of the tracheal mucosal surface in
guinea pigs (Canning et al. 2004). It has been proposed that the primary function
of these fibres is the elicitation of cough and as such they may be regarded as the
‘hard-wiring’ of the cough reflex (Canning et al. 2004; Mazzone et al. 2005).

3.2 C-Fibres

C-fibres play an important role in airway defensive reflexes. They respond to both
mechanical (though with a higher threshold than Aδ-fibres) and chemical stimuli,
including sulphur dioxide, capsaicin and bradykinin (Lee et al. 2001). In certain
species they evoke the peripheral release of neuropeptides such as substance P, neu-
rokinin A and CGRP via an axon reflex which leads to bronchoconstriction and
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neurogenic inflammation. Neuropeptide-dependent airway smooth-muscle contrac-
tion, oedema and mucus secretion can activate RARs. However, human airways
contain very few substance P-containing nerve fibres and at present there is a lack
of evidence indicating that these nerves correspond to the terminals of capsaicin-
sensitive C-fibres (Lundberg et al. 1984). Consistent with this observation, hu-
man airways from non-diseased individuals only contract modestly in response to
capsaicin when compared with those of guinea pigs (Spina et al. 1998), although
TRPV1-positive nerves have been described in the lung which do not contain sen-
sory neuropeptides (Kagaya et al. 2002; Watanabe et al. 2005, 2006), suggesting
that capsaicin-mediated effects may be able to occur independently of the release
of neuropeptides. Similarly, TRPV1 receptors have been identified on Aδ nocicep-
tive fibres (Myers et al. 2002), which under normal physiological conditions do not
synthesize neuropeptides, but can be activated by capsaicin. If these fibres were in-
volved in the sensitization of the cough reflex, then this might explain the inability
of neurokinin antagonists to modify cough clinically (Fahy et al. 1995). However, it
is also likely that changes in C-fibre activity may occur in disease and hence these
nerves would be anticipated to play a role in hypertussive states. Indeed, cough
sensitivity to capsaicin is heightened in respiratory disease (Hope-Gill et al. 2003;
Nakajima et al. 2006; O’Connell et al. 1996; Weinfeld et al. 2002) and the density
of TRPV1- and neuropeptide-containing nerves is increased in chronic cough states
(Groneberg et al. 2004; Lee et al. 2003; O’Connell et al. 1995).

A critical role for C-fibres in cough has been proposed since this response can
be induced by citric acid, capsaicin and bradykinin, all agents known to be stimu-
lants of C-fibres in humans and animals (Karlsson 1996). In animal studies, chronic
pretreatment with capsaicin to deplete C-fibres of their sensory neuropeptides abol-
ished cough as a response to citric acid in conscious animals, without affecting
mechanically induced cough (Forsberg et al. 1988). It is plausible that high doses
of capsaicin might also impair the function of a subpopulation of Aδ nociceptive
fibres which express TRPV1 (Myers et al. 2002) and therefore might have con-
tributed to the functional impairment to cough in response to citric acid. Further-
more cough induced by capsaicin and citric acid was abolished when animals were
pretreated with neurokinin antagonists (Bolser et al. 1997); whilst cough induced
by capsaicin, cigarette smoke and bronchospasm in guinea pigs is inhibited with
neurokinin antagonists (Yasumitsu et al. 1996) and by promoting degradation of en-
dogenously released neuropeptides following treatment with neutral endopeptidase
(Kohrogi et al. 1989), suggesting a role for neuropeptides in this cough response, at
least in guinea pigs.

However, there is evidence to show that activation of C-fibres does not evoke
cough. Anaesthetized animals failed to cough in response to capsaicin and
bradykinin, yet the topical application of citric acid or mechanical irritation of the
mucosal surface still evoked a cough response (Canning et al. 2004). This suggested
that activation of C-fibres does not incite cough per se. In several studies, the sys-
temic administration of capsaicin actually inhibited cough following mechanical
stimulation of the upper airways in anaesthetized animals (Tatar et al. 1988, 1994).
In contrast to these findings, the subthreshold stimulation of C-fibres by capsaicin
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or bradykinin administered topically to the lung increased cough sensitivity to me-
chanical irritation of the upper airways (Mazzone et al. 2005) and could therefore
help to explain why direct stimulation of these nerves is not necessary to induce
cough per se, but is likely to ‘sensitize’ the cough reflex.

3.3 Slowly Adapting Stretch Receptors

The role of SARs in cough has received very little attention, although they are not
believed to be directly involved, as their activity is not altered by stimuli evoking
cough. However, experimental evidence in cats and rabbits suggested that SARs
may facilitate the cough reflex, via interneurones called ‘pump cells’, by mecha-
nisms that remain to be established, which either permit or augment the cough reflex
due to RAR activity (Shannon et al. 2000).

4 Antitussive Drugs

Most cough treatments are designed to target the underlying disease which can cause
cough as a symptom. However, there are a range of drugs available which directly
target neuronal pathways (Fig. 1).

4.1 Sodium Channel Blockers

At least nine subtypes of sodium channels have been characterized (Alexander
et al. 2007) and of particular interest are the tetrodotoxin-insensitive sodium chan-
nels (NaV1.8, NaV 1.9) expressed on pulmonary C-fibres (Kwong and Lee 2005).

Local anaesthetics such as lidocaine, benzonatate and mexiletine are the most
consistently effective peripherally acting antitussive drugs used to treat cough that
is resistant to other treatments; however, their effects are transient and their repeated
use is associated with tachyphylaxis, making high doses necessary, which can lead
to unwanted side effects (Yukioka et al. 1985). Their mechanism of action is be-
lieved to be through use-dependent inhibition of voltage-gated sodium channels,
thereby reducing action potential generation and transmission in afferent nerves.
However, whilst topical administration of lidocaine to the airways has been reported
to inhibit cough induced by capsaicin in healthy subjects (Choudry et al. 1990), the
orally acting local anaesthetic mexiletine only attenuated cough induced by tartaric
acid and not by capsaicin (Fujimura et al. 2000). The explanation for these observa-
tions might be explained by pharmacodynamic differences due to the routes of drug
administration, although this remains to be determined.

RSD 931 is a quaternary ammonium compound (carcainium chloride) and a
structural analogue of lidocaine, that exhibits antitussive activity in both guinea
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Fig. 1 The cough reflex and sites of action of some antitussive agents. Airway sensory nerves acti-
vated in response to a protussive stimulus travel though the vagus nerve to the medulla, where they
terminate in the nucleus tractus solitarius (nTS). Second-order neurons relay the message to the
respiratory pattern generator, which modifies the activity of the inspiratory and expiratory motor
neurons and leads to cough. Antitussives can act peripherally at the level of the airway receptors
or on nerve conduction. They can also act centrally, both presynaptically and postsynaptically.
C-fibres are depicted as playing a role in facilitating nTS activity. The activation of their terminal
processes by inflammatory mediators such as 15-hydroperoxyeicosatetraenoic acid, bradykinin, N-
arachidonoyl dopamine or low pH stimulates C-fibre input into the nTS, thereby facilitating central
processing of afferent information received from Aδ-fibres innervating the proximal airways. Also
note that the Aδ-fibres shown consist of nociceptive Aδ-fibres, ‘cough’ receptor and rapidly adapt-
ing receptors. It is the lattermost subset which can be activated by sensory neuropeptides either
directly or indirectly via bronchoconstriction, oedema and mucus secretion

pigs and rabbits (Adcock et al. 2003). Whilst RSD 931 is a weak local anaesthetic,
in the rabbit it only inhibited spontaneous and histamine-evoked discharges from
Aδ-fibres, whilst modestly activating pulmonary C-fibres, which is distinctive from
the effect of lidocaine, which suppressed all nerve fibres in the airway (Adcock
et al. 2003). Such results suggest that RSD931 is antitussive via a selective effect
on Aδ-fibres independent of local anaesthetic effects. Another structurally related
analogue of lidocaine, JMF2-1, has also been described to have anti-inflammatory
activity and to be able to inhibit bronchospasm, whilst being 2 orders of magnitude
weaker than lidocaine as a Na+ channel blocker (da Costa et al. 2007), although it
is unclear whether this agent has antitussive activity.

Citric acid is a tussive stimulus that is thought to cause cough by direct activation
of a recently described subset of Aδ fibres referred to as ‘cough’ receptors (Canning
et al. 2004). The precise molecular target for citric acid on these nerves has not
been identified, but pharmacological studies suggested the potential involvement
of acid-sensing ion channels (ASICs) (Canning et al. 2006). ASICs are members
of the Na+ channel superfamily that includes the epithelium Na+ channel (ENaC)
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and the degenerins (DEG) that support Na+ conductance in response to lowering
of extracellular pH. The activation of these ion channels on afferent nerves either
in the oesophagus or following microaspiration of acid into the respiratory tract
has been implicated in the cough resulting from gastro-oesophageal reflux (Kollarik
et al. 2007). Amiloride is a non-selective inhibitor of ASICs and partially inhib-
ited cough induced by citric acid in an anaesthetized-guinea-pig model (Canning
et al. 2006), although an effect on other Na+ channels in this response cannot be
ruled out. These experimental data are also consistent with a report showing the
ability of amiloride to suppress cough induced by acetic acid in asthmatic children
(Mochizuki et al. 1995), although whether inhibition of ASICs on epithelial cells
resulting in changes in local concentration of ions (e.g. chloride) was responsible
for this antitussive action remains to be established. The development of subtype-
selective ASIC channel blockers will be useful for further investigation of the role of
these ion channels in the cough response, and to ascertain their utility as antitussive
drugs.

4.2 Tachykinin Receptor Antagonists

Tachykinins are a group of peptides, including substance P, neurokinin A and neu-
rokinin B, which are located in the peripheral endings of capsaicin-sensitive primary
afferent neurones (C-fibres). Neuropeptides have been implicated in cough as their
release from C-fibres may stimulate RARs either directly, or indirectly as a conse-
quence of airway smooth-muscle contraction and increased vascular permeability
leading to mucosal oedema and/or mucus secretion (Widdicombe 1995). Hence,
tachykinin antagonists are most likely to act in the peripheral lung to inhibit the
actions of endogenously released neuropeptides and thereby ameliorate cough to
tussive agents which also stimulate the activation and release of sensory neuropep-
tides from sensory C-fibres (e.g. citric acid).

However, direct stimulation of the ‘cough receptor’ in anaesthetized guinea pigs
by citric acid was unaffected by systemic or topical application of neurokinin an-
tagonists, thereby ruling out a role for the release of sensory neuropeptides into
the airways and subsequent modulation of the activity of these Aδ-fibres (Canning
et al. 2006; Mazzone et al. 2005). In contrast, administration of neurokinin antag-
onists directly into the nTS, whilst not preventing cough per se, did attenuate the
sensitization of the cough reflex following local application of capsaicin to the air-
ways (Mazzone et al. 2005). Therefore, a central site of action cannot be entirely
ruled out in view of the purported role of brainstem neuropeptides in central sensi-
tization (Mazzone et al. 2005).

A number of potent tachykinin antagonists have been developed as antitussive
drugs. The NK1 antagonists FK 888, CP-99,994 and NKP608 inhibited cough in-
duced by tobacco smoke and citric acid in guinea pigs, and mechanical stimulation
of the trachea in anesthetized cats (Bolser et al. 1997; Chapman et al. 2004; El-
Hashim et al. 2004; Yasumitsu et al. 1996). CP-99,994 can cross the blood–brain



Peripheral Mechanisms II: The Pharmacology of Peripherally Active Antitussive Drugs 165

barrier and interference with neuropeptide transmission within the nTS and/or other
regions of the CNS involved in cough may have accounted for the antitussive activ-
ity of this drug (Bolser et al. 1997). However, in healthy human subjects CP-99,994
did not inhibit bronchoconstriction or cough induced by hypertonic saline (Fahy
et al. 1995), which is consistent with the view that the cough receptor is distinct
from nociceptors.

The neurokinin 2 (NK2) receptor antagonist (SR 48968) suppressed the cough
reflex and was more potent than codeine in the guinea pig (Girard et al. 1995).
Interestingly both SR48968 and codeine only partially inhibited the cough reflex
when administered by the inhaled route (Advenier and EmondsAlt 1996; Yasumitsu
et al. 1996), possibly reflecting differences in the concentration of these antagonists
at receptor sites following the different routes of administration.

Neurokinin 3( NK3) receptors have received very little attention in relation to
the cough reflex. Nevertheless the NK3 receptor antagonist SR142,801 inhibited
cough induced by citric acid in guinea pigs and in pigs (Daoui et al. 1998; Moreaux
et al. 2000). Another high-binding-affinity, non-peptide NK3 receptor antagonist,
SB 235375 (Giardina et al. 1996), having low CNS penetration, was also effective
against cough in the guinea pig (Hay et al. 2002) and could be a useful compound
as a novel peripherally acting antitussive drug.

4.3 NOP Receptor Agonists

Nociceptin/orphanin FQ (NOP) is an opioid-like peptide and is the endogenous lig-
and for the NOP1 receptor (Meunier et al. 1995). NOP1 receptors are Gi/o-coupled
receptors that mediate presynpatic inhibition of neurotransmitter release (Meis and
Pape 2001) and are widely distributed in the CNS and on peripheral airway nerves
(Fischer et al. 1998). Nociceptin has been found to inhibit the release of sensory
neuropeptides following depolarization of C-fibres (Shah et al. 1998), but interest-
ingly did not prevent neuropeptide release from C-fibre terminal endings following
direct activation of TRPV1 (Fischer et al. 1998; Shah et al. 1998). However, the
antidromic stimulation of C-fibres by capsaicin is sensitive to nociceptin (Corboz
et al. 2000), presumably reflecting a preferential inhibition of the opening of N-type
calcium channels induced by this stimulus (Buchan and Adcock 1992).

Nociceptin inhibited cough induced by mechanical stimuli and capsaicin in
guinea pigs and cats (McLeod et al. 2002) and induced by citric acid in guinea-pigs
(Lee et al. 2006), and the antitussive action of the non-peptide NOP agonist Ro-64–
6198 demonstrates the possibility of developing novel drugs free from side effects
normally associated with opioid treatment (McLeod et al. 2004). Hence, NOP1 re-
ceptors are involved in the modulation of the cough reflex and selective NOP1 ag-
onists may have potential as novel peripherally acting antitussives, although to date
there have been no studies with such drugs in humans.
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4.4 Cannabinoids

The psychotropic effects of smoking cannabis are due to the pharmacological action
of the active constituent (-)-∆ 9-tetrahydrocannabinol (THC) within the CNS. In the
airways, THC has been shown to cause both bronchodilation and bronchoconstric-
tion in non-diseased subjects and asthmatic patients (Tashkin et al. 1977). However,
an early report suggested that THC may have antitussive properties in an experi-
mental model of cough induced by mechanical irritation of the tracheal mucosal
surface in cats (Gordon et al. 1976). The discovery of cannabinoid (CB) receptors
has renewed interest in the possible antitussive efficacy of CBs.

CB receptors are Gi/o-coupled receptors that mediate presynpatic inhibition
of neurotransmitter release (Freiman and Szabo 2005; Melis et al. 2004; Soya
et al. 2005). CB1 receptors are predominantly located within the CNS but are also
expressed by non-neuronal cells (e.g. lymphocytes), whilst CB2 receptors are pri-
marily found on immune cells (Pacher et al. 2006). It was reported that within the
airways, CB1 receptors were found on sensory nerves and cough induced by cap-
saicin was augmented by the CB1 receptor antagonist SR14167A, but not by the
CB2 selective antagonist SR144528 (Calignano et al. 2000). These findings could
be explained by the well-known inverse agonist activity of SR14167A, although
this agent did not cause cough per se when administered alone. It was concluded
that the increased cough response following administration of SR14167A was most
likely a consequence of the antagonism of the antitussive action of endogenously re-
leased endocannabinoids in the airways (Calignano et al. 2000). However, this con-
clusion is complicated by the fact that cough was elicited in guinea pigs following
aerosol exposure to the endogenous endocannabinoid anandamide (Jia et al. 2002).
Anandamide was initially described as an endogenous activator of CB receptors, but
it can also activate TRPV1 receptors (Smart et al. 2000; Zygmunt et al. 1999). As
a consequence, its effect on cough is variable and may be dependent on the balance
between CB and TRPV1 activity (Calignano et al. 2000; Jia et al. 2002).

In stark contrast to these findings, an agonist selective for the CB2 receptors was
reported to suppress cough induced by citric acid in guinea pigs (Patel et al. 2003).
A peripheral mechanism of action was implied since the CB2 selective agonist JWH
133 inhibited the depolarization of isolated vagus nerve from both guinea pigs and
humans, in response to capsaicin in vitro (Patel et al. 2003). Moreover, the antitus-
sive action of CBs is not likely to be mediated by suppression of neuropeptide re-
lease from the peripheral terminals of C-fibres in the airways, since the non-selective
CB agonist CP 55940 was without significant effect on the contraction of airway
smooth muscle, owing to the release of sensory neuropeptides, following electrical
stimulation of C-fibres (Tucker et al. 2001). However, it is not known whether the
antitussive action of JWH-133 also occurred within the cough circuitry of the nTS
as the nucleus is rich in CB receptors (Mailleux and Vanderhaeghen 1992).
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4.5 Drugs Targeting Transient Receptor Potential Channels

Transient receptor potential (TRP) channels play an important role in a diversity of
sensory function, including taste, smell, hearing and perception of pain. This family
comprises proteins with six transmembrane-spanning domains that are assembled
either as homotetramers or heterotetramers to form non-selective cation channels
permeable to calcium and sodium ions. There are at least six subfamilies, including
TRPC (canonical), TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPML
(mucolipin) and TRPP (polycystin) (Nilius et al. 2007).

One particular member of this superfamily (TRPV1) is predominantly localized
to small-diameter peptidergic and nonpeptidergic neurones in dorsal and vagal sen-
sory ganglia (Szallasi and Blumberg 1999) and activation of this channel by cap-
saicin gives rise to feelings of warmth and pain. The cloning and expression of
TRPV1 has led to a greater appreciation of the role this channel plays in various
pathophysiological pain states (Caterina et al. 1997). TRPV1 receptors are poly-
modal, activated by protons, heat (Caterina et al. 1997) and a range of lipid media-
tors such as 15-hydroperoxyeicosatetraenoic acid (15-HPETE) (Hwang et al. 2000),
N-arachidonoyl dopamine (NADA) (Huang et al. 2002) and anandamide (Smart
et al. 2000; Zygmunt et al. 1999) and indirectly by bradykinin (Chuang et al. 2001;
Shin et al. 2002) and nerve growth factor (NGF) (Chuang et al. 2001). The release of
these mediators during an inflammatory insult can result in the activation of TRPV1,
thereby potentially leading to the cascade of events culminating in the sensitization
of the cough reflex (Fig. 1).

An upper respiratory tract infection can increase cough sensitivity to citric acid in
humans (Empey et al. 1976). Similarly, cough induced by capsaicin is increased
in subjects with respiratory inflammatory diseases such as asthma, COPD and
idiopathic cough (Doherty et al. 2000; Hathaway et al. 1993; Hope-Gill et al. 2003;
O’Connell et al. 1996), indicating that mediators released during an inflammatory
response within the respiratory tract increase cough sensitivity. It is speculated
that in chronic diseases this process may result in plasticity changes in sensory
function and pattern of innervation within the respiratory tract. The density of
TRPV1-immunoreactive nerves in the airways is elevated in bronchial biopsies from
individuals with chronic cough (Groneberg et al. 2004) and it has been reported that
the density of substance P (Lee et al. 2003) and CGRP (O’Connell et al. 1995)
immunoreactive nerves is increased in cough-variant asthma and chronic cough of
unknown cause, respectively.

These clinical observations suggest that neuronal innervation patterns and perhaps
function might underlie the physiological manifestation of hypertussive cough re-
sponses in these pathological conditions. Interference with the function of these af-
ferent nerves might offer a selective and novel therapeutic approach to the treatment
of cough. A number of studies have shown that TRPV1 antagonists, including ruthe-
nium red (Bolser 1991), capsazepine (Lalloo et al. 1995), 5′-iodoresiniferatoxin
(Trevisani et al. 2004) and N-(4-tertiary-butylphenyl)-4-(3-cholrophyridin-2-yl)-
tetrahydropyrazine-1(2H)-carboxamide (McLeod et al. 2006) reduced cough in
response to a variety of tussive stimuli (e.g. capsaicin, citric acid and allergen).
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Similarly, the chemical inactivation of sensory C-fibres suppressed the ability of
guinea pigs to cough in response to capsaicin and citric acid (Forsberg et al. 1988),
confirming the importance of C-fibres in this response. However, the role of C-fibres
in causing cough per se has been questioned (see above) and in some experimental
models stimulation of C-fibres does not evoke cough (Canning et al. 2004), and may
even inhibit cough (Tatar et al. 1988, 1994), whilst subacute stimulation of C-fibres
can lead to an increase in the cough response to tussive stimuli such as citric acid.
This has led to the proposal that activation of C-fibres can alter the threshold for
cough, an interaction that is likely to be modulated at the level of the nTS (Mazzone
et al. 2005). Hence, drugs targeting TRPV1 may be of considerable utility as they
might not inhibit defensive cough, but might serve to normalize the sensitized cough
response.

Targeting the TRPV1 receptor may offer a new approach to the treatment of
cough, since defensive cough might be unaffected. For example, chemical ablation
of sensory C-fibres did not result in a loss of the tussive response following mechan-
ical irritation of the airways (Forsberg et al. 1988), nor did capsazepine affect cough
induced by hypertonic saline (Lalloo et al. 1995). This would imply that TRPV1 an-
tagonists would not affect the ‘hard-wiring’ pathways mediating defensive cough,
but may be of potential use under conditions where there is sensitization of the
cough reflex via activation of TRPV1-sensitive afferents. In contrast to these ob-
servations, one study has shown that whilst capsazepine did not inhibit cough in re-
sponse to citric acid per se (Canning et al. 2006), it did inhibit the TRPV1-dependent
sensitization of the cough reflex (Mazzone et al. 2005). Therefore, TRPV1 antago-
nists may actually reduce the sensitization of the cough reflex that occurs as a con-
sequence of the activation of these receptors on afferent nerve terminals following
release of endogenous activators (e.g. 15-HPETE, bradykinin, NADA, NGF, pH).

One study has suggested that TRPV1 antagonism may not be a useful approach
in suppressing all forms of hypertussive cough. In a model of hypertussive cough
following cigarette exposure, neither capsazepine nor 5′-iodoresiniferatoxin inhib-
ited cough in response to citric acid or capsaicin, despite the fact that a dual NK1,2
receptor antagonist was effective in this model (Lewis et al. 2007). It was unclear
from this study whether the two TRPV1 antagonists inhibited cough to these tussive
stimuli in air-exposed animals, but if this is the case, then sensory activation oc-
curred independently of TRPV1 during smoke exposure. The implication of these
studies is that other ion channels (e.g. ASICs) play a complementary role in mod-
ulating cough under certain pathological conditions and, therefore, development of
TRPV1 antagonists may not be applicable to all forms of hypertussive cough; and
desensitization of sensory C-fibres with partial TRPV1 agonists may offer a better
approach to suppress sensory input into the nTS than TRPV1 antagonists.

The role of other TRP channels in regulating sensory nerve function has been
investigated, although to what extent these channels contribute towards cough re-
mains to be established. Of particular interest is the recognition that menthol, an in-
gredient of many over-the-counter cough remedies, is antitussive in humans (Morice
et al. 1994) and guinea pigs (Laude et al. 1994), and, furthermore, is now appreci-
ated to be an activator of TRPM8 (McKemy et al. 2002), a channel that plays a major
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role in cold thermosensation (Bautista et al. 2007). Interestingly, menthol is also an
antagonist of TRPA1 channels, which are activated by mustard oil and a range of
lipid mediators derived from oxidative stress (Macpherson et al. 2007). Whether
targeting these channels on sensory nerves will yield novel drugs with antitussive
activity remains to be established.

4.6 Ion Channel Modulators

NS1619 is a selective opener of calcium-activated potassium channels resulting in
hyperpolarization and reduced cell excitability. In the airways, topical application
of NS1619 inhibited cough induced by citric acid and bradykinin, the mechanism of
action of which has been suggested to be via the suppression of impulses in guinea
pig tracheal Aδ- and C-fibres (Fox et al. 1997); however, clinical studies have not
yet been reported with such drugs.

Moguisteine is a peripherally acting antitussive that may act as an ATP-sensitive
K+channel opener and in clinical trials was shown to reduce the frequency of cough
in patients with lung cancer to a level comparable to that resulting from administra-
tion of codeine (Barnabe et al. 1995).

Furosemide is a loop diuretic, and suppressed cough induced by low-chloride so-
lutions but not by capsaicin (Foresi et al. 1996; Karlsson et al. 1992; Mochizuki
et al. 1995; Stone et al. 1993a; Ventresca et al. 1990). This drug blocks the
Na+/K+/2Cl− cotransporter expressed in the peripheral terminals of the ‘cough’
receptor in guinea pigs (Mazzone and McGovern 2006) and laryngeal RARs in the
dog (Sant’Ambrogio et al. 1993). The cotransporter facilitates the accumulation of
chloride ions into the peripheral terminations of the cough receptor. It has been
proposed that furosemide inhibits the effective accumulation of chloride ions into
these terminations, thereby preventing nerve depolarization in response to opening
of chloride ion channels in the membrane. Inhibitors of chloride channels, including
4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (a non-selective anion-channel in-
hibitor) and niflumic acid (a selective inhibitor of calcium activated chloride chan-
nels), also inhibited cough in response to citric acid (Mazzone and McGovern 2006).
These channels offer attractive targets for the development of novel antitussive
agents, although to target receptors and ion channels present on the ‘cough’ recep-
tor which triggers an essential part of the ‘hard-wired’ cough reflex would probably
be unwise.

4.7 Leukotriene Receptor Antagonists

Zafirlukast, a cysteinyl leukotriene antagonist, has shown therapeutic efficacy in
cough-variant asthma, even in patients unresponsive to inhaled bronchodilators and
corticosteroids (Dicpinigaitis et al. 2002), whist a similar drug, montelukast has also
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been demonstrated to be of utility in various cough syndromes (Bisgaard 2003; Ko-
priva et al. 2004), although there are too few clinical trials to determine whether
this drug should be routinely used in patients with cough (Chang et al. 2006). The
mechanism of action of these drugs as antitussives could stem from their ability
to reduce mucus secretion, oedema and bronchoconstriction, which are all stimu-
lated by leukotrienes and thereby indirectly facilitate action potential generation in
sensitized afferent nerves. Alternatively, there is evidence supporting the view that
leukotrienes may directly increase the excitability of afferent nerves (McAlexander
et al. 1998; Undem and Weinreich 1993).

4.8 Bradykinin Antagonists

Captopril and enalapril are angiotensin converting enzyme (ACE) inhibitors and
are often used in the treatment of hypertension. Cough is a side effect of these
drugs in patients with irritable airways and is a result of inhibition of ACE, lead-
ing to a decreased metabolism and subsequent accumulation of bradykinin in the
airways (Dicpinigaitis 2006a). Bradykinin caused cough when administered top-
ically to the airways of healthy subjects (Choudry et al. 1989). Similarly, cough
sensitivity to capsaicin, but not other tussive agents such as citric acid or distilled
water, was increased if endogenous levels of bradykinin were elevated following
treatment with an ACE inhibitor (Morice et al. 1987). Furthermore, experimental
models have also demonstrated that bradykinin increased cough sensitivity to tus-
sive stimuli (Mazzone et al. 2005) and pharmacological treatment with HOE-140, a
B2 receptor antagonist, inhibited citric acid induced cough in the guinea pig (Feath-
erstone et al. 1996). However, it remains to be seen whether B2 receptor antagonists
are antitussive in humans.

4.9 Opioids

Currently there are few effective cough suppressants and it has been concluded
that patients requiring symptomatic relief in chronic cough derive a very low
level of benefit from available drugs (Bolser 2006). Most effective are opioids
such as codeine which produce a reduction in the frequency of cough of 19–60%
(Bolser 2006; Morice et al. 2007). However, the usefulness of opioids is limited by
their sedative properties and dependence liability (Bolser 2006).

Opioids such as codeine, morphine and dihydrocodone are all good antitus-
sives primarily via their action at central µ-opioid-receptors (Kamei 1996). It is
not known, however, whether this occurs within the cough circuitry of the nTS,
even though it is recognized that this location is rich in this receptor (Monteillet-
Agius et al. 1998). These receptors are Gi/o-coupled and mediate presynaptic in-
hibition of neurotransmitter release (Emmerson and Miller 1999). Recently, both
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selective δ-opioid receptor antagonists (TRK-851) and agonists (SB-227122) have
been found to be antitussive in animal models (Chung 2003). Additionally, κ-opioid
receptor agonists have been reported to be anti-tussive (Kamei 1996). Therefore,
modulation of previously untargeted central opioid receptors appears a promising
avenue for the development of novel antitussive drugs.

Opioid receptors have also been located in the periphery, but their ability to exert
considerable antitussive action at this level is debatable. Aerosol administration of
codeine is not antitussive in humans challenged with capsaicin (Kamei 2002), and
although the peripherally acting peptide BW443C is antitussive in animal studies
(Adcock et al. 1988), there is only limited clinical evidence to support this antitus-
sive effect in humans (Pavord et al. 1994).

4.10 Sigma Receptor Ligands

Dextromethorphan, the dextrorotatory optical isomer of the opioid levomethorphan,
retains its antitussive action despite being inactive at opioid receptors. It has been
reported that this drug is an agonist at the ‘sigma-1’ receptor (Guitart et al. 2004;
Monnet 2005) and a non-competitive antagonist (channel blocker) of NMDA re-
ceptors (Franklin and Murray 1992; Netzer et al. 1993), actions that could have
consequences for excitatory glutamatergic neurotransmission in the nTS.

It is thought that dextromethorphan and noscapine act on sigma receptors (cen-
trally and peripherally) rather than at classic opioid receptors (Brown et al. 2004).
However, the inhibitory effect of noscapine on the bradykinin B2 receptor (Ebrahimi
et al. 2003) and dextromethorphan’s activity at NMDA receptors (Brown et al. 2004)
may also contribute to the antitussive activity of these drugs. Some research has
been undertaken with newer, more efficacious sigma agonists such as SKF-10,047
(Brown et al. 2004), although plenty of opportunities remain for further investiga-
tion in this area.

4.11 GABA Receptor Ligands

GABA is an inhibitory neurotransmitter present centrally and in the peripheral ner-
vous system. The GABAB receptor agonist baclofen has been shown to be antitus-
sive centrally in animal studies and several clinical trials have proven its efficacy
as an antitussive drug in humans (Dicpinigaitis and Gayle 2003a). An analogue of
baclofen that does not cross the blood–brain barrier has also been shown experi-
mentally to be antitussive (Bolser et al. 1994), suggesting that peripherally acting
GABAB agonists may also be useful in the treatment of cough, particularly since the
GABAA agonist muscimol administered locally to the mucosal surface augmented
cough induced by citric acid in guinea pigs (Mazzone and McGovern 2006).
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5 Challenges to the Development of Novel Antitussive Drugs

The development of novel antitussives is a challenging area, not least because of
the lack of good predictive models, both clinically and preclinically. For instance,
it is highly debatable whether capsaicin challenge in healthy volunteers is a good
cough model when many drugs which improve pathological cough fail to inhibit
capsaicin-induced cough (Table 1). Similarly, the demonstration of antitussive ac-
tivity of novel substances against stimuli used to induce tussive responses in humans
rather than determining their effect on the natural history of cough is likely to lead
to false-negatives. For example, opioids have been shown to reduce the frequency
of cough in subjects with chronic cough, without altering cough sensitivity to citric
acid (Morice et al. 2007). Therefore, non-invasive ambulatory monitoring of cough
should be urgently validated as a method to assess the efficacy of novel antitussive
agents.

Much of the preclinical work has also relied on using capsaicin-induced or cit-
ric acid induced cough in healthy guinea pigs and there are many examples of
drugs that are antitussive in these preclinical models that do not show antitussive
effects in humans. For example, NK1 antagonists had promising preclinical antitus-
sive data experimentally that were not confirmed in clinical studies in humans (Joos
et al. 2003). Following a similar pattern, NK1 antagonists attenuated nociceptive re-
sponses in animals but failed as analgesics in humans (Hill 2000). Furthermore, a
dual dopamine D2 and β2-adrenoceptor agonist was recently found not to improve
the symptom of cough in a large clinical trial of patients with COPD despite exhibit-
ing antitussive activity in animals (Laursen et al. 2003). The value and limitations of
animal models of cough has been discussed elsewhere (Karlsson and Fuller 1999)
and it would seem sensible to ensure that novel drugs exhibit antitussive activity
in at least two species before being tried in humans and perhaps more importantly
should exhibit antitussive activity in hypertussive models since the ultimate aim of
antitussive therapy in the clinic is to reduce excess cough (sensitization of cough re-
flexes), rather than inhibiting cough altogether (i.e. the ‘hard-wiring’ cough reflex).
Clearly there is an urgent need to develop more realistic models of cough preclini-
cally and as importantly to consider the best way of evaluating novel antitussives in
early clinical development for proof of concept before entering into larger clinical
studies.

Furthermore, given the place of the nTS in the afferent arm of the cough reflex,
we hypothesize that drugs that inhibit excitatory synaptic transmission in this nu-
cleus will possess antitussive activity. Additionally this region of the brain lacks
a complete blood–brain barrier and is therefore accessible to blood-borne drugs
(Gross et al. 1990). Agonists acting at a range of receptors have been shown
to act presynaptically to inhibit excitatory neurotransmission in the nTS (Brooks
et al. 1992; Chen et al. 2002; Glatzer and Smith 2005; Kato and Shigetomi 2001;
Sekizawa et al. 2003), though not in the context of the cough response.
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6 Conclusion

Our understanding of the reflexes involved in modulating cough and hypertussive
responses is increasing, but there is still much to learn. Cough remains a relatively
poorly studied area of pulmonary research when compared with bronchospasm and
airway inflammation. However, there remains a clear need to develop a non-opioid
antitussive drug that ideally modulates abnormal heightened cough reflexes, whilst
leaving the normal cough reflex unaltered (Table 1, Fig. 1). Nonetheless, significant
progress is being made to develop novel antitussive drugs and the growing recogni-
tion of cough as an unmet medical need will hopefully ensure there is more research
into this important clinical problem.
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Abstract Cough is the most common symptom for which individuals seek medical
attention and spend health-care dollars. Despite the burden induced by cough, the
current treatments for cough are only partially effective. Delineating the sites and
mechanisms in the cough central network for changes in the cough reflex could lead
to new therapeutic strategies and drug target sites for more effective treatments. The
first synaptic target in the CNS for the cough-related sensory input is the second-
order neurons in the nucleus tractus solitarius (NTS); these neurons reorganize the
primary sensory information into a coherent output. The NTS neurons have been
shown to undergo neuroplasticity under a variety of conditions, such as respiratory
disorders, stress, and exposures to environmental pollutants. The NTS contains a
rich innervation of substance P immunoreactive nerve terminals, suggesting that
substance P might be important in altered cough reflex response. This chapter sum-
marizes our current findings on the role of substance P in enhanced cough reflex as
well as the potential NTS targets for the action of substance P.
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1 Cough as a Symptom

Cough is a critical airway defense mechanism to clear foreign materials or accu-
mulated secretions from the airways. However, too frequent or severe a cough can
be annoying and thus individuals seek cough suppression. During vigorous cough,
the intrathoracic pressure can reach up to 300 mmHg and systolic blood pressure
can approach 140 mmHg. The pressure generated during cough can cause a variety
of cardiovascular, CNS, gastrointestinal, genitourinary, musculoskeletal, neurolog-
ical, ophthalmologic, psychosocial, skin, and respiratory complications as well as
affecting the quality of life (Irwin 2006; Irwin et al. 2002). Cough is the most com-
mon symptom for which individuals seek medical attention and spend health-care
dollars (Irwin et al. 1998). Of the estimated 963.6 million visits made to physi-
cian offices in the USA, cough (3.4%) was the most frequently mentioned reason
regarding an illness or injury (Cherry et al. 2005). In the USA, the cough/cold mar-
ket represents several billion dollars’ worth of sales for over-the-counter products
alone, not including the cost of prescription drugs or the treatment of chronic cough
(Morice 2002). The prevalence and impact of cough in children is even greater. In a
survey of 7,251 households with at least one child aged 1–5 years, 85% of the physi-
cian visits were for asthmalike symptoms including cough, with 35% of children
making three or more visits during a 6-month period (Bisgaard and Szefler 2007).
Over half of the children (67%) received cough treatment.

A major challenge is in treating the cough of unknown cause, which could make
up as many as 40% of the patients with chronic cough (Chung 2007). Despite the
burden induced by cough, the current treatments for cough are only partially effec-
tive at best (Morice 2002), even in some patients with identified associated causes
(Chung 2007). The available cough-suppressant therapy is limited by the lack of
effective agents and/or their unacceptable side effects. In 2007, the US Food and
Drug Administration (FDA) re-examined the safety of the over-the-counter cough
and cold medicine and whether the benefits justify any potential risks from the use
of these products, especially in children under 2 years of age. These products can
be harmful if more than the recommended amount is used, if it is given too often,
or if more than one cough and cold medicine containing the same active ingredient
is being used. The FDA has recommended that over-the-counter cough medications
not be given to children under 2 years of two because of their lack of proven benefit
and their risk of harm.

Delineating the sites and mechanisms in the cough central network for changes
in the cough reflex could lead to new therapeutic strategies and drug target sites for
more effective treatments.

2 Cough Reflex

The involuntary cough reflex can be triggered by a variety of conditions: common
cold is the main cause for acute cough, while chronic cough is often due to more than
one condition, including postnasal drip syndrome, asthma, gastroesophageal reflux
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disease, bronchitis, angiotensin-converting-enzyme inhibitor, nonbronchiectatic
suppurative airway diseases, aspiration secondary to oral/pharyngeal dysphagia,
and exposure to environmental or occupational pollutants (Irwin et al. 1998; Pratter
2006).

The tussive stimulus activates vagal sensory nerves in the lungs and airways.
The first synaptic target in the CNS for the cough-related sensory input is the
second-order neurons in the nucleus tractus solitarius (NTS); these neurons reor-
ganize the primary sensory information into a coherent output and then transmit
the information to a group of synaptically connected neurons in the ventrolateral
medulla that form the central respiratory pattern generator (Lindsey et al. 2000;
Shannon et al. 1998). The neuronal activity in the central respiratory pattern genera-
tor is transiently interrupted, perhaps by additional synaptic interactions transform-
ing it into a central cough generator (Shannon et al. 1998; Morris et al. 2003; Bolser
and Davenport 2002), to produce cough to engage what has been hypothesized as
an endogenous cough network involving neurons located in the brainstem (Poliacek
et al. 2007). Changes in neuronal behavior – short-term or long-term, at any site in
the central network – could result in an exaggeration or suppression of the cough
reflex.

The neuronal processing of the cough-related information by the NTS second-
order neurons is complex, inasmuch as the neurons receive and monitor input
from a number of sensory afferent fibers with varying effects on cough thresh-
old, frequency, and intensity (Irwin et al. 1998; Pratter 2006; Widdicombe and
Singh 2006). For example, activation of bronchopulmonary C-fiber, nasal, cardiac,
splanchnic, esophageal, and nasal sensory afferents, while not directly mediating
cough, regulates the intensity of the cough reflex (Widdicombe and Singh 2006).
Acute stimulation of peripheral chemoreceptors and nasal sensory afferents upregu-
lates the cough reflex, while stimulation of bronchopulmonary C-fiber, cardiac, and
abdominal afferent nerve endings may downregulate it.

More recent studies have expanded on different phenotypes of sensory afferent
fibers, including those associated with the cough reflex, on the basis of ganglionic
location, ionic composition, specific chemosensitivity, mechanosensitivity, and neu-
ropeptide content of the cell bodies of the afferent fibers and expression of recep-
tors in their peripheral terminal endings (Lee and Undem 2004). It seems likely
that the input signals monitored by the second-order neurons will vary still more
with the differences in the phenotypes of the vagal synaptic partners. Presented with
these wide ranges of sensory inputs, the NTS second-order neurons must (1) sort
and process the inputs in such a way as to maintain the integrity of input relevant
to the cough reflex, while at the same time allowing for the possibility that mul-
tiple inputs (i.e., regarding cardiovascular and respiratory status) might need to be
coincidentally processed by the same neuron; (2) integrate the information spatially
and temporally with other inputs from local neural networks or from higher brain
regions (Chen and Bonham 1998; Aylwin et al. 1998); and (3) ultimately coordi-
nate outputs to appropriate distal synapses to effect, modify, or suppress the cough
reflex. Thus, any such changes in the NTS can change the activities/responsiveness
of the downstream central sites and thus the nature of the reflex output into either
exaggerating it or prolonging it or suppressing it or altering the output pattern.
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2.1 NTS Plasticity and Relationship to Cough

Epidemiological studies have shown that, even in healthy subjects without pul-
monary diseases, cough is one of the major symptoms related to exposure to air
pollutants, including particulate matter, irritant gases, second-hand tobacco smoke,
mixed pollutants, and molds (Joad et al. 2007). NTS neurons have been shown to
undergo neuroplasticity under a variety of conditions, such as diseases, stress, and
exposures to environmental pollutants (Joad et al. 2004; Chen et al. 2001, 2003).
For example, the NTS neurons in primates exposed to either allergen and/or ozone
displayed a more depolarized resting membrane potential that is associated with an
increased input resistance, and an increased spiking activity in response to depolar-
ization (Chen et al. 2001, 2003). The data provided early evidence for neuroplas-
ticity in the NTS and suggest scenarios whereby subthreshold sensory inputs may
evoke postsynaptic spikes and hence an increased NTS output to distal synapses in
the cough reflex central network. In addition, suprathreshold inputs may evoke more
action potentials resulting in the exposed animals, thereby amplifying the neuronal
output at these synapses and thus a heightened responsiveness.

The plasticity in the NTS may not be uniform across exposure types, species,
and subpopulations of neurons in NTS. The complexity of plasticity in the NTS is
best demonstrated by the findings that even though both allergen and ozone depolar-
ized the resting membrane potential and increased the spiking response in primates,
only ozone exposure decreased the synaptic transmission between the primary af-
ferent and the NTS second-order neurons (Bonham et al. 2006). In a preliminary
finding in guinea pigs, exposures to second-hand tobacco smoke resulted in a more
depolarized resting membrane potential while blunting the spiking response to de-
polarization in a subset of NTS neurons that displayed a fast spiking phenotype
(Sekizawa et al. 2005). The data suggested that even though the exaggerated cough
reflex under different conditions may share similar underlying mechanisms, there
may be some changes that are unique to each pollutant and each species.

2.2 Substance P Mechanisms: Potential Role in NTS Plasticity

Interest in substance P in modulating autonomic reflexes in the NTS has waxed and
waned over the past several years (Helke and Seagard 2004). The neuropeptide is
widely distributed throughout the peripheral nervous system and the CNS. There are
considerable data on the role of the neuropeptide as a neuromodulator; it has been
proposed to play a role in asthma, cough and other respiratory reflexes, emesis, pso-
riasis, and a number of neuropsychiatric disorders. Attempts to develop therapeutic
agents have been somewhat disappointing – which may reflect the complexity of the
effects of substance P in the CNS.

Immunohistochemistry studies have shown that the NTS contains a rich inner-
vation of substance P immunoreactive nerve terminals arising from cardiovascu-
lar, baroreceptor, and chemoreceptor afferent nerves, bronchopulmonary afferent
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nerves, and other brain regions (Davis and Smith 1999). Substance P in the NTS
has been shown to provide a general mechanism for modulating autonomic func-
tion, including the respiratory reflex. We previously showed that near-threshold
changes in expiratory time evoked by stimulation of the bronchopulmonary C-fibers
were augmented tenfold by prior injections of substance P in the caudomedial NTS
(Mutoh et al. 2000). In the same study, threshold bronchoconstriction and depres-
sor as well as bradycardic response were also augmented. The substance P effects
were abolished by blockade of the substance P neurokinin 1 (NK1) receptors. Sim-
ilarly, in anesthetized guinea pigs, Mazzone and colleagues showed that direct mi-
croinjections of substance P into NTS decreased the electrical threshold for cough
evoked from the tracheal mucosa by electrical stimulation or by citric acid (Mazzone
et al. 2005). The data suggest that, just as in other autonomic reflexes, substance P
acting on NK1 receptors modulates the cough reflex. A recent study by Mutolo and
colleagues confirmed that, in anesthetized rabbits, bilateral microinjections of sub-
stance P into the NTS significantly increased the cough motor responses: the cough
number, peak abdominal activity, and expiratory rise rate in response to stimulus
(Mutolo et al. 2007).

Although exogenous application of substance P enhances the cough reflex, stud-
ies using various substance P antagonists suggest that substance P may not be func-
tionally important under physiological conditions. For example, microinjections of
substance P NK1 receptor antagonists, at doses that blocked the exogenous sub-
stance P effect on C-fiber mediated reflexes, failed to attenuate the tidal breathing
pattern or cough evoked from the trachea by electrical stimulation or citric acid in
control animals (Mazzone et al. 2005). In a conscious animal model, we previously
showed that microinjections of a substance P NK1 receptor antagonist into the NTS
had no significant effects on citric acid induced cough in freely moving control
guinea pigs (Bonham et al. 2004). The data suggest that endogenous substance P
plays a minor role, if any, in the cough reflex under physiological conditions.

The question is, then, does substance P play a role in the cough reflex in patho-
logical conditions? The first data suggesting that this might be the case came from
studies on the peripheral sensory afferent neurons. Vagal sensory afferent neurons,
including those from the lungs, undergo plasticity in response to a number of chal-
lenges, including allergens, inflammation, and air pollutants (Carr and Lee 2006;
Undem et al. 1999, 2002; Carr and Undem 2001). The plasticity has been shown
to be associated with increases in the messenger RNA encoding substance P and
de novo substance P expression in vagal afferent cell bodies (Fischer et al. 1996;
Chuaychoo et al. 2005). The increased substance P expression suggests that sub-
stance P could be released both locally in the lungs and airways and also in the
central terminals in the NTS to modify synaptic transmission of the sensory infor-
mation to the NTS. For example, in conscious guinea pigs, exposure to second-
hand tobacco smoke significantly increases the cough response to citric acid aerosol
(Joad et al. 2007; Bonham et al. 2004). This second-hand tobacco smoke induced
enhanced cough is attenuated by microinjection of a substance P NK1 receptor an-
tagonist into the NTS (Joad et al. 2007), providing evidence that plasticity in the
NTS in the cough pathway may involve substance P NK1 receptor mechanisms.
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Similarly, repeatedly exposing infant primates to ozone resulted in an increased
spiking response to intracellular injections of depolarizing currents that is medi-
ated by endogenous substance P acting at NK1 receptors (Chen et al. 2003). Taken
together, the data indicate that substance P NK1 receptors in the NTS play an im-
portant role in conditions associated with an enhanced cough reflex.

3 What Might the Role for Substance P Be at a Cellular Level?

The in vivo studies provide evidence for the role of substance P for neuroplasticity –
an enhanced cough reflex via upregulation of the substance P NK1 receptor mecha-
nisms. However, the underlying synaptic and cellular mechanisms are still not fully
understood. Substance P may change the NTS outputs, by directly changing neu-
ronal excitability and/or excitatory/inhibitory synaptic transmission.

In general, substance P has been shown to increase neuronal excitability, de-
polarize the resting membrane potential, decrease the action potential threshold
and the magnitude of afterhypolarization, and increase the action potential du-
ration and spiking response to depolarization (Sculptoreanu et al. 2007; Suwabe
and Bradley 2007; Jun et al. 2004; Sun et al. 2004; Lee et al. 1995; Gilbert
et al. 1998; Dray and Pinnock 1982; Murase et al. 1982; Davies and Dray 1980;
Zieglgansberger and Tulloch 1979). The change in resting membrane potential
sometimes is associated with a change in membrane resistance, a rough measure-
ment of the membrane conductance, suggesting the involvement of ion channels
(Suwabe and Bradley 2007; Dray and Pinnock 1982; Murase et al. 1982; Jafri and
Weinreich 1996; Lepre et al. 1996).

The depolarization is often associated with an inward current under voltage-
clamp condition, consistent with the excitatory effect of substance P (Jun et al. 2004;
Ishimatsu 1994; Drew et al. 2005; Yang et al. 2003; Ito et al. 2002; Akasu et al.
1996). This substance P induced inward current has been shown to be mediated
by activation of a nonselective cation channel (Jun et al. 2004; Lee et al. 1995;
Drew et al. 2005; Ito et al. 2002) and/or inhibition of potassium channels (Drew
et al. 2005; Akasu et al. 1996), including the voltage-activated potassium channels
(Sun et al. 2004; Lepre et al. 1996) and the calcium-activated potassium channels
(Gilbert et al. 1998; Lepre et al. 1996). Interestingly, Yang and colleagues showed
that substance P can induce three inward currents in bullfrog dorsal root ganglion
neurons: slow, fast, and moderately activating currents (Yang et al. 2003). The fast
activating current was abolished by replacement of NaCl in the external solution,
suggesting that it is likely mediated by the opening of Na+-preferring nonselective
cation channels. The opening of the nonselective cation channels did not appear
to be mediated by activation of G-protein (Jun et al. 2004; Yang et al. 2003). The
slow activating current was not affected by replacement of NaCl, but was blocked
by Ba2+, suggesting the involvement of G-protein-mediated closure of K+ channels
(Yang et al. 2003; Akasu et al. 1996). Not surprisingly, the substance P induced
moderately activating inward current was mediated by both mechanisms. In the
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NTS, Bailey and colleagues showed that activation of substance P NK1 receptors
resulted in depolarization, evident as a slow inward current that is mediated by pro-
tein kinase C (Bailey et al. 2004).

Substance P can also increase the intracellular calcium concentration, partially
due to the release of calcium from intracellular calcium stores (Jun et al. 2004; Ito
et al. 2002). The release of intracellular stores of calcium has been shown to be
mediated by the phospholipase C pathway (Ito et al. 2002). The effects of sub-
stance P on voltage-dependent calcium channels vary significantly between net-
works; for example, substance P induced calcium influx in spiral ganglion neurons
(Sun et al. 2004) while having no effect on interstitial cells of Cajal (Jun et al. 2004).
Different calcium channels may respond differently to substance P. In NTS neurons,
the selective NK1 receptor agonist [Sar9,Met(O2)11]-substance P caused facilita-
tion of the L-type voltage-dependent calcium currents in about half of the neurons
(Endoh 2006). The effect is mediated by Gαq/11-protein involving the protein ki-
nase C pathway (Endoh 2006). Since calcium channels are important for neuro-
transmitter release at presynaptic terminals, enzyme activity, and gene expression,
the data suggest that the presynaptic or postsynaptic location of the NK1 receptors
may have different responses to substance P. In addition, it is still unclear if the
difference in the response reflects the difference in the nature of the neurons: neu-
rons in specific reflex pathways, input or output neurons, or the neuronal type (e.g.,
glutaminergic or GABAergic, etc.).

3.1 Effect of Substance P on Excitatory Synaptic Transmission

The fast excitatory synaptic transmission at the NTS second-order neurons is me-
diated by glutamate acting on ionotropic glutamate receptors, namely, the non-N-
methyl-D-aspartate (non-NMDA) and NMDA receptors. The evidence presented
by Mutolo and colleagues showing that blockade of non-NMDA receptors in NTS
abolished cough responses suggests that glutamate acting on non-NMDA receptors
is primarily responsible for signal transmission in the NTS in the cough pathway
(Mutolo et al. 2007).

The effect of substance P on excitatory synaptic transmission may depend on the
receptor loci. Acting on presynaptic terminals, substance P can reduce glutamate
release from the central terminals of the vagal sensory neurons onto anatomically
identified second-order lung afferent neurons in the NTS (Sekizawa et al. 2003). We
showed that substance P decreased the amplitude of excitatory postsynaptic currents
evoked by stimulation of the afferent fibers in the solitary tract and increased the
paired-pulse ratio of two consecutive evoked responses. The effect was blocked by
a NK1 receptor antagonist, suggesting a mechanism by which substance P might
regulate release at the first central synapses between lung afferent fibers and the
second-order neurons in the lung reflex pathways. The presynaptic inhibition of
glutamate release against the background of an overall postsynaptic excitation may
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improve signal transmission by changing the incoming signals with a wide dynamic
range (more subject to noise) to a smaller range (less subject to noise).

Postsynaptically, substance P has been shown to enhance currents mediated by
the ionotropic glutamate receptors, both NMDA and non-NMDA receptors, in other
networks (Pieri et al. 2005; Randic et al. 1990; Budai et al. 1992; Lieberman and
Mody 1998; Liu et al. 1998; Wu et al. 2004). While enhancing the non-NMDA re-
ceptor mediated synaptic current has obvious effects on an enhanced rapid signal
transmission, the effect of substance P on NMDA receptors may be more important
in plasticity. For example, an enhanced NMDA current could result in the open-
ing of the NMDA channel at less depolarizing membrane potentials, producing a
slower-developing, longer-lasting component of glutamate signaling. The enhanced
NMDA-mediated slow depolarization could prolong the time during which other-
wise ineffective inputs could be integrated and enable the neurons to transduce af-
ferent input, which has no apparent pattern, into more efficient spiking patterns (Tell
and Jean 1991, 1993; Yen and Chan 1997). In addition, activation of the NMDA re-
ceptor could lead to a long-lasting increase in the strength of synaptic transmission,
including long-term potentiation of synaptic transmission and pain hypersensitivity
(Artola and Singer 1987; Thompson et al. 1990; Woolf and Thompson 1991). Of
relevance to NMDA receptors in the NTS is the finding that even though the non-
NMDA receptors in the NTS are primarily involved in the cough reflex evoked by
mechanical stimulation of the tracheobrohchial tree, blockade of the NMDA recep-
tors in the NTS significantly reduced the cough reflex (Mutolo et al. 2007). The data
suggest a potential site for central plasticity in modulating the cough reflex and a
potential new drug target.

3.2 Effect of Substance P on Inhibitory Synaptic Transmission

The major inhibitory synaptic transmission in the NTS is provided by γ-aminobutyric
acid (GABA) acting on GABAA receptors. GABA is released spontaneously and
through stimulation and has profound inhibitory effects on synaptic transmission
in the NTS (Len and Chan 2001; Zhang and Mifflin 1998). Data from microinjec-
tion studies in an upregulated cough reflex model in guinea pigs suggest a complex
interaction between substance P and GABA in neuroplasticity in the NTS.

Microinjection of a substance P NK1 receptor antagonist into the NTS attenu-
ated the second-hand tobacco smoke induced enhanced cough (Joad et al. 2007)
and had no effect in the filtered-air control group. Microinjection of the GABAA
receptor antagonist bicuculline had no effect on the citric acid evoked cough in
either the filtered-air or the second-hand smoke exposed groups. Interestingly, bicu-
culline blocked the substance P NK1 antagonist effect in the second-hand-smoke
group (Fig. 1). The question is how might GABA and substance P interact to ex-
plain these outcomes. Presynaptically, we know from other studies that substance P
has no effect on miniature GABAergic inhibitory postsynaptic currents (Ogier and
Raggenbass 2003; Stacey et al. 2002), suggesting that the neuropeptide does not
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Fig. 1 Effect of a 5-week exposure to second-hand smoke on citric acid induced cough. Guinea
pigs exposed to second-hand smoke coughed more than the filtered-air control. Substance P neu-
rokinin 1 (NK1) receptor antagonist injected into the nucleus tractus solitarius (NTS) (NK1-X)
normalized the second hand smoke induced cough. GABAA receptor antagonist alone (GABAA-X)
had no effect on the cough but significantly blocked the NK1 antagonism effect on the cough. The
data are for citric acid induced cough after exposure to second-hand smoke, expressed as a per-
centage of the averaged filtered air control (n = 18–32 animals). FA filtered air. The number in
parentheses indicates the number of animals exposed to second-hand smoke

play a significant role in modifying the release probability of GABA at the termi-
nal site. However, substance P can enhance the general excitability of the GABA
neurons via NK1 receptors located on the soma of the GABAergic interneurons,
which could result in an enhanced GABA release (Ogier and Raggenbass 2003;
Stacey et al. 2002). Postsynaptically, it has been shown that activation of substance
P receptors significantly decreased the postsynaptic GABAA receptor function, an
inhibition that is mediated by the protein kinase C but not the protein kinase A path-
way (Si et al. 2004; Hu et al. 2004; Yamada and Akasu 1996). Thus, the enhanced
GABA release could be compensated with a reduced postsynaptic modification of
the GABAA receptors. These two actions of substance P could explain the lack of
effect by the GABAA receptor blockade alone. However, since substance P also
directly excites postsynaptic neurons, blocking GABAA would not be expected to
modify the substance P effect. One possibility is that the GABA neurons tonically
inhibit other non-GABAergic inhibitory inputs such that blocking GABAA recep-
tor would disinhibit the non-GABAergic inhibitory inputs to offset the direct effect
of substance P NK1 receptors on the general excitability (Fig. 2). A glycinergic
inhibitory input is one of the likely candidates for such interaction because it is
the second major inhibitory system throughout the CNS. In this regard, it has been
shown that substance P may enhance the postsynaptic glycine receptor function via
a protein kinase C or a Ca/calmodulin dependent protein kinase II pathway (Wang
et al. 1999).
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Fig. 2 Substance P induced NTS plasticity targets in the cough reflex. Plasticity targets include
(1) increased intrinsic excitability via closure of potassium channels, activation of nonselective
cation channels, opening of L-type calcium channel, and intracellular calcium release. (2) increased
synaptic excitability via an increased ionotropic glutamate receptor function, a decreased GABAA
receptor function. Other compensatory mechanisms may also occur, including an increased GABA
release and decreased glutamate release from the afferent terminals. AP area postrema

4 Summary: The Model

The source and conditions under which substance P is released may determine
the extent to which the presynaptic and postsynaptic mechanisms are integrated
to shape the neuronal output from the NTS to distal synapses in the reflex path-
ways. Multiple central mechanisms are likely to contribute to the plasticity of
cough reflex. In upregulated cough reflex, an increased substance P expression
in the vagal neurons may be released at the central terminal in the NTS (Fischer
et al. 1996; Chuaychoo et al. 2005). This enhanced substance P release in the NTS
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could contribute to the enhanced substance P–NK1 receptor mechanism mediating
a heightened cough reflex response (Joad et al. 2007; Bonham et al. 2004). The in-
creased substance P released from the primary sensory central terminals is likely to
have more focused effect on the NTS second-order neurons, including the inhibitory
interneurons. Upon binding to the NK1 receptors, the released substance P can in-
crease the general output of the NTS second-order neurons by (1) closing potassium
channels via the protein kinase C pathway, (2) opening nonselective cation channels,
(3) increasing intracellular calcium concentration via opening L-type calcium chan-
nels, (4) increasing intracellular calcium concentration via the phospholipid C path-
way, (5) increasing the glutamate synaptic transmission via enhanced NMDA and
non-NMDA receptor function, (6) inhibiting postsynaptic GABAA receptor func-
tion, and (7) inhibiting other non-GABAergic inhibitory neurons via an enhanced
GABA release (Fig. 2).

At the same time, several other mechanisms may be activated to compensate for
some of the excitatory effect, perhaps to keep the system from being hyperreactive.
These mechanisms include (1) presynaptic inhibition of glutamate release from the
primary afferent terminals, (2) activation of the NK1 receptors on the soma/dendrite
of GABAergic interneurons to enhance GABA release, and (3) an enhanced glycine
synaptic transmission via an enhanced glycine receptor function through a protein
kinase C or a Ca/calmodulin dependent protein kinase II pathway (Fig. 2).

5 Future Challenges

Another important consideration in examining the neuroplasticity in the NTS is that
although the gustatory, gastrointestinal, and cardiorespiratory sensory inputs are or-
ganized somewhat viscerotopically in the NTS, neurons receiving different affer-
ent inputs and serving different functions are intermingled throughout the nucleus
(Loewy 1990). Functionally and anatomically identifying the second-order neuron
by the use of fluorescent tracers is helpful in identifying the neurons receiving lung
afferent inputs. However, challenges still exist in isolating the neurons specifically in
the cough pathway, whether they are input neurons, interneurons, or output neurons.
Given the limitation of identifying the specific NTS neurons in the cough pathway,
there are more unknown than known cellular mechanisms by which substance P
enhances the cough pathway. More studies are needed to sorting out the proposed
potential sites for plasticity in different model of enhanced cough, whether acute or
chronic.
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Abstract Following systemic administration, centrally acting antitussive drugs are
generally assumed to act in the brainstem to inhibit cough. However, recent work
in humans has raised the possibility of suprapontine sites of action for cough sup-
pressants. For drugs that may act in the brainstem, the specific locations, types of
neurones affected, and receptor specificities of the compounds represent important
issues regarding their cough-suppressant actions. Two medullary areas that have
received the most attention regarding the actions of antitussive drugs are the nu-
cleus of the tractus solitarius (NTS) and the caudal ventrolateral respiratory col-
umn. Studies that have implicated these two medullary areas have employed both
microinjection and in vitro recording methods to control the location of action of
the antitussive drugs. Other brainstem regions contain neurones that participate
in the production of cough and could represent potential sites of action of anti-
tussive drugs. These regions include the raphe nuclei, pontine nuclei, and rostral
ventrolateral medulla. Specific receptor subtypes have been associated with the sup-
pression of cough at central sites, including 5-HT1A, opioid (µ,κ, and δ), GABA-B,
tachykinin neurokinin-1 (NK-1) and neurokinin-2, non-opioid (NOP-1), cannabi-
noid, dopaminergic, and sigma receptors. Aside from tachykinin NK-1 receptors
in the NTS, relatively little is known regarding the receptor specificity of putative
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antitussive drugs in particular brainstem regions. Our understanding of the mecha-
nisms of action of antitussive drugs would be significantly advanced by further work
in this area.

1 Introduction

The pharmacology of centrally active antitussive drugs is a multifactorial topic that
involves not only pharmacological and pharmacokinetic issues but neurophysiology
as well. This review will focus on three primary matters related to the brainstem
actions of these drugs: (1) location of action, (2) identity of neurones affected by
the drugs, (3) receptor specificity. There are other informative reviews available
(Reynolds et al. 2004).

2 Location of Action of Antitussive Drugs

It is widely accepted that several prominent drugs act in the central nervous
system to inhibit cough, primarily by an action in the brainstem. The evidence sup-
porting this concept is strong and is based largely on studies showing that decere-
brate animals can cough and that antitussives will suppress coughing under these
circumstances (Chou 1975; Wang et al. 1977; Domino et al. 1985; Lal et al. 1986;
Bolser 1991; Bolser and DeGennaro 1994; Gestreau et al. 1997; Ohi et al. 2004,
2005).

The central control of cough is complex and there may be many potential sites
in the brainstem at which a given drug may act to suppress this behavior. In this
context, an understanding of the brainstem regions that may be involved in the pro-
duction of cough is an important component of any approach to the investigation of
the actions of antitussive drugs. It is critical to know “where to look” to design stud-
ies investigating the mechanisms of action of these agents. In this control system
there may be many areas where antitussives could work, but only a few that are re-
sponsible for the cough-suppressant effects that result from systemic administration
of these agents. It should be noted that the results of studies showing a brainstem
action of antitussives do not preclude an effect of these drugs on suprapontine or
spinal pathways in animals that have an intact neuraxis.

Spinal motoneurones (and their antecedant interneuronal pathways) are an often-
overlooked component of the cough-generation system, but represent an important
site at which regulation of the behavior can occur. Several classes of compounds
that have antitussive activity also suppress spinal motor activity in other systems.
Baclofen is a well-known muscle relaxant and inhibits spinal motor activity in low
doses after intrathecal administration (Penn 1992). Opioids also inhibit motor ac-
tivity after topical administration to the spinal cord in spinal cats (Schomburg and
Steffens 1995). Central nervous system penetrant drugs gain access to the entire
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neuraxis within 5 min after vascular administration and compounds that are deliv-
ered to the cerebrospinal fluid (CSF) of the brain are rapidly transported to the spinal
CSF (Xie and Hammarlund-Udenaes 1998). Therefore, centrally acting antitussive
drugs probably reach the spinal cord after systemic administration. Preliminary re-
sults (Rose et al. 2004) have shown that intrathecal administration of baclofen has
no effect on expiratory muscle electromyographic activity during tracheobronchial
cough. However, the same dose of baclofen almost completely inhibits cough when
administered via the vertebral artery. Similar results were obtained in preliminary
studies with intrathecal administration of codeine. These preliminary findings are
consistent with disfacilitation of expiratory spinal motor pathways by antitussive
drugs acting in the brainstem.

The role of suprapontine pathways in the generation of cough and the effects of
antitussive drugs is not well understood. It is likely that the potential role of these
areas in the generation of cough may be much greater in conscious humans (and
perhaps animals as well), given that humans can both initiate and suppress cough
by voluntary means (Hutchings et al. 1993; Hutchings and Eccles 1994). Significant
sensations also are associated with irritant-induced cough, indicating the involve-
ment of suprapontine sensory systems during coughing. A model incorporating the
potential influence of suprapontine pathways in the production of cough has re-
cently been published (Bolser 2006). However, codeine has no effect on sensations
during irritant-induced cough in humans, but in that study this opioid did not alter
the musculomechanical aspects of cough (Davenport et al. 2007). In the absence
of an effective antitussive agent in humans, the role of suprapontine pathways and
sensations in the mechanism of action of these drugs will remain obscure.

3 Identity of Neurones Affected by Antitussive Drugs

A great deal of information is available regarding the locations of neurones that
participate in the production of cough in the brainstem. Shannon and coworkers
(Shannon et al. 1996, 1998, 2000; Baekey et al. 2001) have developed a model
of the neurogenic mechanism for coughing that includes columns of neurones in
both the ventrolateral and the dorsomedial regions of the medulla. Different classes
of neurones in these regions interact with one another to control inspiratory- and
expiratory-phase durations during cough, the magnitude of motor drive to spinal
motoneurons, and the activation of laryngeal muscle motoneurones that determine
the caliber of the larynx (Shannon et al. 1996, 1998, 2000; Baekey et al. 2001).
These neurones also participate in the control of breathing. Sensory input to this
cough pattern generation system is mediated by relay neurones in the nucleus of the
tractus solitarius (NTS), located in the dorsomedial medulla.

Recent studies utilizing microinjection of a neurotoxin to induce chemical lesions
have implicated the pons (Poliacek et al. 2004), raphe nuclei (Jakus et al. 1998),
and lateral tegmental field (Jakus et al. 2000) in the production of coughing. The
microinjection method is best suited to the study of regions or nuclei of the brain
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Fig. 1 Brainstem regions that have been specifically associated with the actions of antitussive
drugs. Outlined areas on the left indicate regions of the brainstem in which cough-related neurones
have been recorded. Shaded areas represent regions in which application of cough-suppressant
drugs has inhibited cough. The model on the right shows second-order interneurones in pulmonary
vagal afferent pathways. Pump cells mediate sensory information from pulmonary slowly adapting
receptors and neurones designated “relay” mediate information from cough receptors and rapidly
adapting receptors. The notation shows that although a number of different drugs may act on this
population of neurones, receptor specificity only for tachykinin neurokinin-1 receptors has been
demonstrated (Chen et al. 2003; Sekizawa et al. 2003). NTS nucleus of the tractus solitarius, rVRC
rostral ventral respiratory column, cVRC caudal ventral respiratory column

that are roughly spherical because the diffusion pattern of microinjected chemicals
approximates a sphere (Lipski et al. 1988). Use of this method in the study of the
actions of the raphe nuclei presents unique issues because these nuclei are restricted
to the midline in a “sheet” extending dorsoventrally. The lesions produced by Jakus
and coworkers (Jakus et al. 1998) affected the raphe nuclei but extended into the
nearby medial reticular formation as well, potentially implicating this region in the
production of cough (Fig. 1).

Xu et al. (1997) have shown that one of the deep cerebellar nuclei, the nucleus
interpositus, has an important modulatory role in the production of cough. Further-
more, the inferior olive, a brainstem nucleus that interacts with the deep cerebellar
nuclei, was labeled in coughing animals in a cFos study (Gestreau et al. 1997).

From a theoretical standpoint, any of these areas could represent targets for
the action of antitussive drugs. Important considerations are the route and dose of
the cough-suppressant drug in question. Intracerebroventricular or vascular admin-
istration of antitussive agents lacks anatomic specificity (Bolser 1996). Vascular
administration can be coupled with electrophysiological recordings of single neu-
rones to provide anatomic specificity, but the drug will still reach all the tissue sup-
plied by the brainstem circulation (Jakus et al. 1987). Intravenous or intra-arterial
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administration of antitussive drugs does have the advantage that the effects can be
directly related to concentrations of the agents that are restricted to the therapeutic
range. Effective concentrations of cough suppressants administered by the intrac-
erebroventricular route also can be related to therapeutic doses obtained by vascular
administration but only by the use of ratios (Bolser 1996). However, a drawback of
intracerebroventricular studies is that doses are often not normalized to body weight.

The specific location at which an antitussive drug acts to suppress cough can
be studied with the microinjection method. Microinjection has the advantage of lo-
calizing the drug to a relatively small region of the brain. However, the drug can
still diffuse 500−1,000µm away from the injection site depending on factors such
as volume injected, concentration, and the characteristics of the extracellular space
(Lipski et al. 1988). An additional limitation of this method is that it is difficult to
relate the dose of a drug that is delivered to therapeutic concentrations associated
with systemic administration. Microinjection studies run the risk of delivering doses
of cough suppressants that result in tissue concentrations that are higher than those
that would be achieved after systemic administration. As such, the risk of type I
errors in these types of studies may be high.

3.1 Nucleus of the Tractus Solitarius

Antitussive drugs have been microinjected into the region of the NTS. Codeine and
dextromethorphan have been injected into the NTS in relatively large quantities
(0.5−10µg) in large volumes (0.5−10µL), resulting in suppression of cough in the
cat and guinea pig. As stated already it is difficult to know whether these amounts of
antitussive drugs are consistent with local tissue concentrations that occur after sys-
temic administration. Concentrations of microinjected drugs are usually restricted to
the nanomolar range with volumes of 100 nL or less to limit the local concentration
of the drug (Lipski et al. 1988). Gestreau and coworkers (Gestreau et al. 1997) have
shown that cFos labeling of NTS neurones is reduced after systemic administration
of a large dose of codeine (17mgkg−1), which they suggested occurred because
codeine acted on this population of neurones. Recent work suggests that codeine
presynaptically inhibits glutaminergic excitatory neurotransmission from primary
afferent fibers to putative second-order interneurones in the NTS (Ohi et al. 2007).
Furthermore, glycinergic currents in acutely dissociated guinea pig NTS neurones
were inhibited by dextromethorphan (Takahama et al. 1997). Similar findings were
obtained for NTS neurones in slices of the guinea pig medulla for the effects of sub-
stance P on excitatory postsynaptic potentials induced from electrical stimulation of
the tractus solitarius (Sekizawa et al. 2003). In this study, the authors specifically
identified second-order interneurones by labeling of primary afferents with retro-
grade tracer. Another study by this group on NTS neurones from brainstem slices
of nonhuman primates showed that substance P in the micromolar range decreased
input resistance of these cells, indicative of inhibition (Chen et al. 2003). This ef-
fect was observed in control as well as ozone-challenged animals. Interestingly,
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tachykinin neurokinin-1 (NK-1) receptor antagonists also depressed the responses
of these neurones to current injection, but not the excitatory effect of electrical stim-
ulation of the tractus solitarius (Chen et al. 2003). Mutolo et al. (2007) have shown
in the rabbit that microinjection of picomolar quantities of substance P into the
commissural subnucleus of the NTS results in enhancement of coughing. Another
study showed central suppression of cough by tachykinin NK-1 antagonists (Bolser
et al. 1997) delivered to the brainstem circulation. The apparent conflicting findings
of some of these studies may simply be a manifestation of the inherent complex-
ity of the neural network for cough in this region of the medulla. Antitussive drugs
may act presynatically, postsynaptically, and/or on multiple subpopulations of in-
terneurones in this area, presenting significant challenges to the interpretation of
microinjection studies.

3.2 Ventrolateral Respiratory Column

Jakus and coworkers (Jakus et al. 1987) have shown that the tracheobronchial
cough-related discharge of caudal ventral respiratory group expiratory neurones is
reduced after systemic administration of codeine. However, this observation does
not prove that antitussive drugs act directly on any of these neurone groups. The
findings of Jakus and coworkers Jakus et al. (1987) could be explained either by an
inhibitory action of codeine on medullary expiratory neurones or by an action of this
drug on other neurones that provide excitatory input to medullary expiratory neu-
rones. Jakus et al. (1987) observed that previously silent caudal expiratory neurones
were recruited during cough in the cat. These neurones have expiratory discharge
patterns during cough that are very similar to abdominal motor discharge patterns.
Merrill (1970, 1972) investigated spinal projections of both spontaneously active
caudal expiratory neurones and nearby silent neurones. Both groups of neurones
had contralateral spinal axons and Merrill (1974) noted that antidromic latencies of
the silent neurones fluctuated with the respiratory cycle, indicating that these neu-
rones had respiratory-modulated membrane potentials. Indeed, he suggested that
this group of silent neurones was recruited during expulsive movements, such as
cough.

Microinjection of the excitatory amino acid agonist D,L-homocysteic acid (DLH)
into the caudal portion of the ventral respiratory group elicited prolonged suppres-
sion of coughing (more than 10min) but only brief (less than 1min) alterations in
breathing in the cat (Poliacek et al. 2007). Spontaneously active neurones in this
region of the medulla are almost exclusively premotor expiratory with few, if any,
axon collaterals to the rest of the brainstem. These neurones are unlikely to have
mediated the cough-suppressant effects that were observed. Given that DLH is an
excitatory neurochemical, we have proposed that either silent or nonbreathing mod-
ulated neurones in or near the caudal ventral respiratory group are responsible for
this cough suppression. We also have preliminary data showing that microinjection
of codeine into this area in doses as low as 100 pmol suppresses cough. Given that
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codeine and the well-known excitatory neurochemical DLH have similar effects, it
is possible that codeine also is acting as an excitatory agent under these conditions.
This proposal represents a departure from the long-held concept that centrally act-
ing antitussives inhibit the activity of neural elements involved in the production of
cough. An alternative hypothesis is that these drugs may excite neurones in the cen-
tral nervous system that in turn synaptically inhibit control elements in the cough
network.

4 Receptor Specificity

The presence of receptors for a drug in a given brain region does not indicate that the
drug will exert its effects by an action in that location. The receptor density and/or
affinity for the drug may be low in that region, requiring a dose of the drug to al-
ter the behavior of these neurones that is out of the therapeutic range. Furthermore,
many of the brain regions that contain neurones associated with the production of
cough also mediate other functions, such as breathing and cardiovascular control.
The concept of receptor specificity is relevant not only to the receptor subtype ac-
tuated by a given drug, but also to the physiological system that is affected. For ex-
ample, both morphine (a specific µ-opioid receptor agonist) and baclofen (a specific
GABA-B receptor agonist) are known to be respiratory depressant agents (Adcock
et al. 1988; Hey et al. 1995). However, in the guinea pig the doses of these drugs
necessary for respiratory depression are greater than those required for inhibition of
cough (Adcock et al. 1988; Bolser et al. 1994; Hey et al. 1995). Presumably, each
drug acts specifically at its respective receptor subtype to inhibit both cough and
breathing, but the potency of the drugs to inhibit these behaviors is different.

Studies to identify the receptor specificity of antitussive drugs have been re-
stricted to animal models. In humans, investigations of the effects of antitussive
drugs are usually focused on demonstrating efficacy. Studies in animal models usu-
ally involve the use of specific agonists and/or antagonists to demonstrate receptor
specificity.

Opioids, most notably codeine, are effective cough suppressants in animal mod-
els (May and Widdicombe 1954; Chou 1975; Wang et al. 1977; Adcock et al. 1988;
Bolser et al. 1993, 1999; Bolser and DeGennaro 1994; Reynolds et al. 2004), al-
though the efficacy of codeine in humans has recently been questioned (Freestone
and Eccles 1997; Smith et al. 2006). In guinea pigs, the action of codeine as a cough
suppressant has been attributed to µ-opioid receptors (Kotzer et al. 2000). However,
codeine does not appear to act through opioid receptors in the cat (Chau et al. 1983),
because its antitussive action is not blocked by the opioid antagonist naloxone in
this species. The particular receptor that codeine acts through to inhibit cough in the
cat is unknown. The µ-opioid receptor agonist morphine does inhibit cough in the
guinea pig and cat by a naloxone-sensitive (or naltrexone-sensitive) mechanism
(Chau et al. 1983; Adcock et al. 1988). Morphine has been shown to be active as
an antitussive in humans (Fuller et al. 1988; Morice et al. 2007). Furthermore, both
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δ- and κ-opioid receptor agonists inhibit cough in the guinea pig. Opioid antagonists
do not influence the cough reflex in either animals or humans (Chau et al. 1983;
Freestone and Eccles 1997; Kotzer et al. 2000), suggesting that endogenous opioids
are not critical for the production of cough. These observations are consistent with
the existence of a regulatory mechanism of endogenous opioids on cough that is
normally quiescent. The conditions under which this putative mechanism could be
active are unknown. Moreover, the role(s) that the different opioid receptor subtypes
may have in the regulation of the expression of coughing in the human is not clear.

GABA-B receptor agonists can inhibit cough in animals and humans (Bolser
et al. 1993, 1994, 1999; Dicpinigaitis 1996; Dicpinigaitis and Dobkin 1997;
Dicpinigaitis et al. 1998). These effects are central in both guinea pigs and cats
and the efficacy of baclofen, the prototypical centrally active GABA-B receptor ag-
onist, is similar to that of opioids in animal models (Bolser et al. 1993). A specific
receptor antagonist for GABA-B receptors, SCH 50911, had no effect on its own to
alter cough but did block the antitussive effects of baclofen in the cat and guinea pig
(Bolser et al. 1995). This observation suggests that γ-aminobutyric acid (GABA),
acting through the GABA-B receptor subtype, does not modulate the production of
cough under experimental conditions. The actions of other GABA receptor subtypes
on the expression of cough are not well understood. The GABA-A receptor antag-
onist bicuculline induces seizures (Wood 1975). This limits the usefulness of bicu-
culline in the investigation of the effects of GABA-A receptors on cough as seizure
activity itself may modify the excitability of coughing. The effects of GABA-C re-
ceptors on cough are unknown.

Serotonin receptor ligands can alter cough in animal models. Most of our cur-
rent information indicates that 5-HT1A receptor agonists inhibit cough in small
animals (Kamei et al. 1991a; Stone et al. 1997). Serotonin may modify the ef-
fects of other antitussive drugs, suggesting more complex actions of these drugs
than simple suppression of a single type of neurone in the central nervous system.
For example, in the rat depletion of serotonin attenuated the antitussive effect of
morphine, dihydrocodeine, and dextromethorphan (Kamei et al. 1987b). The sero-
tonin precursor L-tryptophan potentiated the antitussive action of dihydrocodeine
(Kamei et al. 1990) and the serotonin antagonist methysergide reduced the antitus-
sive effects of dextromethorphan and dihydrocodeine in rats (Kamei et al. 1986a,
1996). L-Tryptophan treatment also prevented the development of tolerance in rats
to the antitussive effects of dihydrocodeine (Kamei et al. 1991b). Morphine depen-
dence elicits a reduced sensitivity to opioid and non-opioid antitussives and these
effects were associated with a reduction on serotonin receptors in the brainstems
of morphine-dependent rats (Kamei et al. 1989). In cats, the serotonin precursor
5-hydroxytryptophan inhibited cough (Kamei et al. 1986b) and methysergide in-
creased cough number and reduced the antitussive effects of dextromethorphan
(Kamei et al. 1986a). In humans, serotonin and 5-hydroxytryptamine both inhib-
ited cough due to inhalation of low-chloride solutions, but not coughing elicited by
capsaicin aerosols (Stone et al. 1993). Our understanding of the effects serotonin re-
ceptor ligands on cough would be enhanced by further work in animal models other
than the rat as well as in the human.
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The data from the cat on the effects of serotonin receptor agonists and antago-
nists on cough appear to be consistent with the data from experiments conducted in
rats. However, the rat model has been used by relatively few investigators owing to
the comparative difficulty to induce cough in this species. Furthermore, a detailed
analysis of the motor patterns induced by mechanical stimulation of the tracheo-
bronchial region as well as inhalation of capsaicin in the rat revealed that the behav-
iors produced by these interventions did not conform to the well-accepted criteria
for cough (Ohi et al. 2004). There also is a considerable amount of published in-
formation on antitussives and cough in the mouse (Kamei et al. 1993a–f, 1994a–d,
1995a, b, 1999, 2003, 2006, 2007; Morita and Kamei, 2003), but there is no cor-
responding analysis of the motor patterns of putative coughing in this species to
confirm that the behaviors that were measured were coughs. Indeed, in their mono-
graph, Korpas and Tomori (Korpas and Tomori 1979) indicate that mice do not
cough in response to mechanical or chemical stimulation of airway afferents, but
they do readily express another airway defensive behavior, the expiration reflex, in
response to mechanical stimulation of the larynx. The expiration reflex is regulated
differently than cough (Korpas and Tomori 1979; Tatar et al. 2008), is insensitive
to antitussive drugs (first shown by May and Widdicombe 1954 and later confirmed
by Korpas and Tomori 1979), and is generated by a brainstem neural network that
is not organized in the same manner as that for coughing (Baekey et al. 2004).

Tachykinin receptor antagonists have been shown to be effective cough suppres-
sants in the cat, dog, and guinea pig (Advenier et al. 1993; Girard et al. 1995;
Kudlacz et al. 1996; Bolser et al. 1997; Hay et al. 2002; Chapman et al. 2004; Joad
et al. 2004). Both tachykinin NK-1 and tachykinin neurokinin-2 receptor antago-
nists can inhibit cough by a central mechanism (Bolser et al. 1997; Joad et al. 2004;
Mazzone et al. 2005). Although a tachykinin neurokinin-3 receptor antagonist can
inhibit cough (Daoui et al. 1998), it is not known whether this effect is by a cen-
tral site of action. There is evidence that substance P can enhance cough when mi-
croinjected into the region of the NTS in the rabbit (Mazzone et al. 2005; Mutolo
et al. 2007). However, substance P inhibited excitatory postsynaptic potentials in
guinea pig NTS putative relay neurones that were produced by electrical stimulation
of the tractus solitarius (Sekizawa et al. 2003). This effect of substance P was presy-
naptic and blocked by a tachykinin NK-1 receptor antagonist (Sekizawa et al. 2003).
These observations suggest that tachykinin NK-1 receptors are important in regulat-
ing the excitability of cough in the region of the NTS. The exact role that tachykinin
receptors have in this complex area is not clear at this time. The extent to which
tachykinin receptor antagonists act to regulate cough in the NTS and/or other brain-
stem areas after systemic administration in animal models is unknown. Only one
study on the effects of tachykinin receptor antagonists on cough in humans has been
published. Fahy et al. (1995) observed no effect of the tachykinin NK-1 receptor an-
tagonist on hypertonic saline-induced cough in humans with mild asthma. Given the
limited amount of information in the human, further studies should be performed to
fully evaluate the antitussive potential of tachykinin receptor antagonists.

Sigma receptor agonists have been associated with cough suppression. The most
prominent of these is the cough-suppressant drug dextromethorphan. Given that
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dextromethorphan binds to N-methyl-D-aspartate and sigma-1 receptors, the speci-
ficity of its action to suppress cough has not been clear until recently. Brown
et al. (2004) recently showed that this drug acts at sigma-1 receptors to inhibit cough
in the guinea pig. Other sigma-1 receptor agonists can inhibit cough as well (Chau
et al. 1983; Brown et al. 2004). Carbetapentane, a sigma-1 receptor agonist that
is approved for use in humans as an antitussive, inhibits cough in the cat (Talbott
et al. 1975) and guinea pig (Brown et al. 2004). The role of sigma-2 receptors in the
suppression of cough is less clear.

Various other receptors have been associated with cough suppression in ani-
mal models, such as non-opioid receptors (NOP-1) (Bolser et al. 2001; McLeod
et al. 2001, 2004; Lee et al. 2006), cannabinoid receptors (Gordon et al. 1976; Jia
et al. 2002; Morita and Kamei 2003; Patel et al. 2003), and dopaminergic receptors
(Kamei et al. 1987a; Li et al. 2002). In humans, dopaminergic receptors appear to
have no effect on irritant-induced cough in normal subjects (O’Connell 2002).
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1 Introduction

Much remains to be discussed about the mechanisms underlying cough production.
Furthermore, there are various types of cough in humans with different susceptibil-
ities to various antitussive drugs. Although codeine is reportedly one of the most
effective narcotic antitussives, it has recently been demonstrated not to be com-
pletely effective in suppressing cough, as shown from experimental results in guinea
pigs. Also, chronic coughs are often resistant to codeine treatment. Pharmacologi-
cal diversity is also found in cough responses produced in experimental animals.
Although many antitussives have been developed and used in clinics and as over-
the-counter drugs, it remains difficult to describe specific mechanisms of action of
centrally acting antitussives. Therefore, in this review, we first describe codeine-
sensitive and codeine-insensitive coughs in experimental animals. According to our
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own data, codeine-sensitive cough is caused by activation of the afferent neurons,
probably Aδ neurons, arising mainly from the upper trachea. This neuron is not
desensitized by capsaicin treatment. On the other hand, codeine-insensitive cough
may be produced by activation of the C-fibers arising mainly from the bifurcation
of the trachea and the adjacent region. In addition, we review mechanisms of action
of centrally acting antitussives on codeine-sensitive cough in experimental animals,
addressing their actions at the neuronal level.

2 Codeine-Sensitive and Codeine-Insensitive Coughs

Although coughing is a very simple phenomenon ending in explosive expiration
preceded by rapid inspiration, it is diverse in terms of not only clinical features but
also pharmacological properties. For example, in guinea pigs with airway inflam-
mation such as in the case of bronchitis caused by SO2 gas exposure and cigarette
smoking, coughing caused by various stimuli is often hard to inhibit using centrally
acting antitussives. This is also the case of coughing augmented by treatment with
an angiotensin-converting-enzyme inhibitor (ACEI).

In the course of our studies on antitussive effects of codeine, we observed that
even at very high doses the drug failed to completely suppress coughing induced
by inhalation of citric acid solution in guinea pigs (Takahama and Shirasaki 2007),
although codeine is reportedly one of the most potent antitussives and is generally
very effective against coughing caused by various stimuli. The result suggests that
there is a type of cough that cannot be inhibited by codeine. Furthermore, we found
that coughing caused by mechanical stimulation of the tracheal bifurcation was not
responsive to codeine in guinea pigs, compared with that induced by mechanical
stimulation of the trachea close to the larynx (Takahama et al. 1997a, b).

Among sensory receptors in airway vagal afferents, rapidly adapting receptors
(RARs), Aδ-nociceptors, and bronchial C-fiber receptors appear to be involved in
cough responses. RARs are myelinated Aδ-fibers and have a low threshold for
mechanical stimuli, but are resistant to chemical stimuli. Aδ-nociceptors and un-
myelinated C-fiber receptors have a high threshold for mechanical stimuli, but a
low threshold for chemical stimuli such as bradykinin and capsaicin.

A classic study carried out by Widdicombe (1954) showed that RARs are dis-
tributed mainly to the larynx and tracheal bifurcation. On the other hand, chemore-
ceptors involved in cough responses are mainly distributed in the lower trachea,
particularly around the tracheal bifurcation. In addition to these receptors, Canning
et al. have recently found a “cough receptor” which is a subpopulation of myeli-
nated, capsaicin-sensitive polymodal afferent neurons in guinea pigs (Canning
et al. 2004). These “cough receptors” have properties similar to those of RARs,
but have a slower conduction velocity and do not respond to stretching. These re-
ceptors are distributed in the larynx and upper trachea, and appear to play a primary
role in regulating the cough response (Canning et al. 2004). Taken together, it is
suggested that chemoreceptors distributed in the lower trachea, particularly around
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Fig. 1 The method of topical chemical stimulation for producing cough and cough-like responses
in guinea pigs. Guinea pigs were lightly anesthetized with pentobarbital. A 10-µl aliquot of stim-
ulant solution was ejected through a 21-gauge needle by applying 1.5kgcm−2 air pressure for
30 ms. Switching of applying air pressure was done by an electromagnetic valve controlled by a
stimulator. (From Takahama et al. 1995)

the tracheal bifurcation, may be involved in the production of cough resistant to
codeine treatment. This suggestion is further supported by the following findings.
ACEIs, which sensitize nociceptive fibers, induce codeine-resistant chronic cough
in conscious guinea pigs (Fox et al. 1996), indicating that coughs mediated by no-
ciceptive fibers are resistant to codeine. In our own preliminary study using a newly
developed method for topical chemical stimulation of the lower airway (Fig. 1),
topical administration of capsaicin to the tracheal bifurcation induced a cough-like
response resistant to codeine, whereas when it was added to the laryngeal side of
the trachea it did not induce a cough response (Takahama et al. 1995; Wakuda
et al. 1994). Furthermore, our own preliminary study showed that substance P (SP)-
like immunoreactivity is higher in the tracheal bifurcation than in the larynx side
in guinea pigs. A similar finding has been obtained in human subjects. The density
of SP-immunoreactive nerves is significantly higher in patients with cough-variant
asthma than in normal subjects and patients with classic asthma (Lee et al. 2003).
The abovementioned findings support the hypothesis that coughs mediated by noci-
ceptive fibers may be resistant to codeine treatment.

In a guinea pig model of subacute bronchitis produced by SO2 gas exposure,
cough responses induced by mechanical stimulation of the trachea were more diffi-
cult to inhibit using codeine than those induced experimentally in normal guinea
pigs (Miyata et al. 1999). It has been reported that SP content is elevated in
the trachea of rats with bronchitis induced by SO2 gas exposure (Killingsworth
et al. 1996), probably owing to reduction in the level of neutral endopeptidase
(NEP), which degrades various peptides, including bradykinin, SP, and other tachy-
kinins (Matsas et al. 1984). In bronchitic guinea pigs, NEP levels and activity in
the trachea and bronchus were significantly lower than those in normal guinea pigs,
although no epithelial shedding was found in the lower airway. Administration of
high doses of a NEP inhibitor has been shown to induce a cough response in nor-
mal guinea pigs (Takahama et al. 1995). Based on findings that bradykinin and
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tachykinins are potent inflammatory mediators, and that neurokinins such as SP are
released from C-fiber (eNANC nerve) terminals, one hypothesis is that coughing
induced by inflammatory peptides might be resistant to centrally acting antitussives
such as codeine.

Codeine has, however, been found to significantly suppress the cough response
induced or enhanced by NEP inhibitors (Takahama et al. 1995). In addition, opi-
oids peripherally inhibit tachykinergic transmission in the guinea pig bronchus
(Kamikawa and Shimo 1990; Frossard and Barnes 1987; Belvisi et al. 1989). Thus,
it appears that NEP inhibition or tachykinin release from peripheral C-fiber termi-
nals is not always sufficient to explain mechanisms underlying induction of codeine-
resistant cough.

As described above, citric acid induced coughing was difficult to completely
inhibit even with high doses of codeine alone. Interestingly, coadministration of
codeine and an antagonist of the neurokinin-2 receptor almost suppressed citric
acid induced coughing in conscious guinea pigs (Takahama and Shirasaki 2007),
suggesting that neurokinins may induce codeine-resistant coughs in guinea pigs.
Therefore, it seems likely that RAR or “cough-receptor”-mediated coughs are sen-
sitive to codeine, but coughs triggered by nocieceptive fibers containing tachykinins
such as neurokinin are resistant to the drug.

Recently, it has been reported that the expression of transient receptor potential
vanilloid-1 (TRPV-1) is enhanced in airway nerves of patients with chronic cough
(Groneberg et al. 2004). In addition to TRPV-1, acid-sensing ion channels are lo-
calized in Aδ-fibers of guinea pigs (Gu 2006). Therefore, differences in codeine
sensitivity of acid-induced coughs may depend on the pH of the cough induction
site. Further studies are needed to clarify such differences.

3 Mechanism of Induction of Codeine-Resistant Coughs
and Opioid Receptors

Two putative mechanisms underlying the production of coughs resistant to centrally
acting antitussives, including narcotic antitussives such as codeine, are proposed.
One possible mechanism is that µ-opioid receptors may not be expressed in neurons
of the cough reflex arc involved in the production of codeine-resistant coughs. An-
other possible mechanism is that neurotransmission in the cough reflex arc may be
facilitated when codeine-resistant cough is produced.

As described already, several lines of evidence suggest that tachykinin-containing
vagal afferent fibers contribute to the production of codeine-resistant cough. Such
fibers spread from the airway and innervate the nucleus tractus solitarii (NTS)
(Helke et al. 1981; Saria et al. 1988). Injection of a neurokinin-1 (NK1) receptor
antagonist into the NTS produced an antitussive effect in animals exposed to ciga-
rette smoke, but not in animals exposed to filtered air (Joad et al. 2004). It has also
been shown that an excitatory action of iontophoretically applied SP on NTS neu-
rons is not inhibited by µ-agonists (Morin-Surun et al. 1984). These findings seem
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to suggest that µ-opioid receptors are not expressed in C-fibers such as tachykinin-
containing fibers involved in the production of codeine-resistant cough.

µ-Opioid receptors are found in both postsynaptic and presynaptic sites in the
NTS (Rhim et al. 1993; Cheng et al. 1996) as the predominant type of opi-
oid receptor (Hassen et al. 1982; Xia and Haddad 1991). µ-Agonists activate
the G-protein-coupled inwardly rectifying potassium (GIRK) channel current and
hyperpolarize postsynaptic membrane potential in about 60% of NTS neurons,
whereas they inhibit glutamatergic excitatory postsynaptic currents in almost all
NTS neurons via a presynaptic mechanism, which is much more sensitive to µ-
agonists than postsynaptic mechanisms (Rhim et al. 1993; Glatzer and Smith 2005).
µ-Agonists also inhibit high-voltage-activated Ca2+ currents in the nodose ganglion
(Rusin and Moises 1998), the origin of RARs (Ricco et al. 1996), and glutamate is
the principal neurotransmitter in Aδ-fibers (Lawrence 1995; Meeley et al. 1989;
Wilson et al. 1996). Excision of the nodose ganglion causes marked depletion
of µ-opioid receptors in the dorsal and medial regions of the ipsilateral caudal
NTS (Dashwood et al. 1988). Electron microscopy has shown that µ-opioid recep-
tors localize in the plasma membrane of the terminals of vagal afferents derived
from nodose ganglia (Aicher et al. 2000), but not in nociceptive fibers (Undem
et al. 2004). In relation to these findings, our own preliminary study using a
c-fos-like immunoreactivity expression technique revealed that c-fos-like proteins
are expressed in the medial regions of the caudal NTS following mechanical stimu-
lation of the larynx side of the airway.

Certainly, codeine only weakly inhibited coughs in animal models of allergic re-
sponses (Kamei et al. 1998; Winter and Flataker 1955; Myou et al. 2001), as well
as of chronic bronchitis produced by SO2 gas exposure (Killingsworth et al. 1996).
It has been reported that infection and inflammation of the airway lead to the pro-
duction of neurokinins in nonnociceptive RAR nerve terminals in the cell bodies
of vagal sensory ganglia (Undem et al. 1999; Carr et al. 2002; Myers et al. 2002;
Dinh et al. 2004, 2005). Therefore, it is intriguing that changes in the phenotype of
vagal nerves and tachykinin release from RAR fibers might facilitate glutamatergic
transmission in the nucleus involved in the cough reflex under pathological condi-
tions such as airway inflammation, infections, and cigarette smoking. These changes
might explain codeine-resistant cough.

4 Mechanisms of Action of Nonnarcotic Centrally Acting
Antitussives

One strategy to determine the effects of centrally acting antitussives on single brain
neurons forming the cough reflex arc seems to have an advantage for studying the
mechanism of action of the drugs, because evidence from in vivo pharmacological
and electrophysiological studies indicates that the primary sites of action of cen-
trally acting antitussives are brain neurons. In particular, evidence from comparison
of equieffective doses administered via different routes, such as the vein, common
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carotid artery, vertebral artery and cerebellomedullary cistern (Kase 1980), suggests
that the primary site of action of centrally acting antitussives is the so-called cough
center located in the region that includes part of the NTS and adjacent regions. This
hypothesis is supported by data from analysis of actions of antitussives on evoked
discharges in afferent and efferent nerves of the cough reflex. In addition, there have
been studies of neuronal circuitry involved in integration of the cough response in
the brain (Widdicombe 2002; Beakey et al. 2001). However, the precise mechanisms
of action of centrally acting antitussives have yet to be clarified, particularly at the
neuron level.

Various medicinal drugs show a particular characteristic based on their chemi-
cal structure. In other words, the pharmacological actions of such drugs are based
on their chemical structure, as exemplified by various centrally acting drugs such
as antipsychotic drugs, antianxiety drugs, and antidepressants. There is usually a
relationship between pharmacological action and chemical structure. However, the
chemical structures of centrally acting antitussives are diverse, because these drugs
are derived from various parent compounds possessing various pharmacological ac-
tions. These facts bring us to the following issues: whether centrally acting anti-
tussives have a common mechanism of antitussive action, and whether these drugs
have a common effect on single brain neurons. To further clarify these issues, we
must prepare single neurons from the cough center and related regions of the brain.
Although there have been some reports about the location of the cough center, these
studies have been carried out in cats. However, it seemed difficult to obtain a fresh
single neuron from the cough center and related nuclei in cats. Therefore, prior to
the study on the actions of antitussives at the neuron level, we first tried to clarify
the location and pharmacological properties of the cough center in guinea pigs.

4.1 Cough Center and its Pharmacological Properties

In lightly anesthetized guinea pigs, we found an area responsible for producing
cough-like responses when it was electrically stimulated. It is located within the
region from 500µm rostal to 100µm caudal to the obex, from 800 to 400µm from
the midline, and from 1,000 to 600µm below the dorsal surface of the medulla ob-
longata. This area corresponds to a region that includes the rostal part of the NTS
and adjacent areas, and is nearly the same as that in cats reported by Kase (1980).
The responses produced by electrical stimulation of this area were considered to
be coughing because (1) the responses were depressed by an antitussive dose of
codeine and (2) the responses consisted of a brief inspiration followed by an explo-
sive expiration with the sound of coughing.

By using a microinjection technique in guinea pigs, we also determined the phar-
macological properties of an area producing cough-like responses when it was elec-
trically stimulated. The injection of a small amount of 5-hydroxytryptamine (5-HT),
atropine, and DL-2-amino-5-phosphonopentanoic acid inhibited cough responses
caused by mechanical stimulation of the mucosa of the tracheal bifurcation. Since
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an amount as small as 1µg was sufficient to potently inhibit the cough responses,
various receptors such as 5-HT, acetylcholine, and N-methyl-D-aspartate (NMDA)
receptors might be involved in cough responses in the NTS and adjacent regions.
Surprisingly, direct administration of 1µg of glycine into the cough center potenti-
ated cough responses (Honda et al 1990), as indicated by an increase in the ampli-
tude of the respiration curves of the cough responses. This finding is of particular
interest, because enhancing cough responses is reported to prevent aspiration pneu-
monia in elderly people (Yamaya et al. 2001).

4.2 Glycine and Its Receptor

4.2.1 Action on Glycine-Induced Currents in Single Neurons

In the course of our study on the pharmacological actions of antitussives, we noticed
that antitussives at toxic doses often produced convulsant activity in experimental
animals, possibly due to blockade of receptors of inhibitory neurotransmitters such
as glycine and γ-aminobutyric acid (GABA). This phenomenon reminded us that an-
titussives may have some affinity for inhibitory neurotransmitter receptors. Glycine
and GABA are recognized as the main inhibitory neurotransmitters in the brain.
In particular, glycine is mainly distributed in the lower brain stem and spinal cord,
where the signaling pathway for cough responses is localized. Therefore, we first
attempted to determine whether antitussives affect glycine-mediated responses in
the CNS (Takahama et al. 1997a, b). In the experiment, we used acutely dissociated
single neurons of the NTS. Neurons were freshly dissociated from 7–10-day-old
Hartley guinea pigs, using standard methods. In these neurons, all of which were
voltage-clamped to a holding potential (VH) of –50 mV, glycine induced an inward
current (Igly) in a concentration-dependent manner at 3µM to 3mM. Electrophysio-
logical and pharmacological analysis of the current showed that the current is caused
by activation of glycine receptors.

Dextromethorphan did not induce membrane currents in NTS neurons at 0.1 mM;
however, it depressed Igly induced by 30µM glycine in a concentration-dependent
manner (Takahama et al. 1997a, b). The half-maximal inhibitory concentration
(IC50) of dextromethorphan for Igly was 3.3µM, 85 times the IC50 of strychnine. It
has been reported that dextromethorphan inhibits voltage-dependent Ca2+ and Na+

channels (Netzer et al. 1993). However, it is unlikely that the effect of dextromethor-
phan on Igly is due to its action on these channels, because Igly is carried by Cl− in
neurons of the CNS, including NTS neurons of guinea pigs. On the basis of electro-
physiological and pharmacological analyses of the action of dextromethorphan on
Igly, we speculate that low concentrations of dextromethorphan act on the glycine
receptor–ionophore complex, but not on the Cl− channel of the complex. However,
a relatively high concentration of dextromethorphan may affect the Cl− channel of
the complex. Interestingly, 100µM dextromethorphan had no effect on the current
induced by 30µM GABA. The fact that GABA-induced current (IGABA) in NTS
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neurons was depressed by bicuculline indicates that it was mediated by the GABAA
receptor, further indicating that centrally acting antitussives have a negligible effect
on GABAA receptors, although it has been reported that GABAB receptor agonists
have antitussive action in experimental animals (Bolser et al. 1994). We also found
that other antitussives, both narcotic and nonnarcotic, have inhibitory action on Igly
but not on IGABA, but their action was less potent than that of dextromethorphan
(Fukushima et al. 1998). These were the first documented examples indicating that
Igly inhibition is common to several centrally acting antitussives at the brain neuronal
level, and the findings raise the question as to whether Igly inhibition by antitussives
is part of their mechanism of action.

4.2.2 Strychnine-Sensitive Glycinergic Transmission

The results of direct administration of antitussives into the cough center suggest
the possibility of glycinergic transmission in the cough center; glycine receptors
are distributed in the NTS (Kubo and Kihara 1987). To confirm this possibility,
we performed a patch-clamp experiment using brain-slice preparations. Coronal
sections of the lower brain stem, including the NTS, 200–250µm in thickness,
were prepared from 6–9-day-old male Hartley guinea pigs. Prior to preparing
the slices, we first confirmed that the region from where the slices were to be
taken included sites innervated by afferent neurons of the cough reflex, using
a neuronal tracing technique with the fluorescent dye 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate as the probe.

As shown in Fig. 2, three types of synaptic currents were recorded in the slices
including the NTS. Of 70 synaptic currents evoked by electrical stimulation of the
solitary tract, 13 were excitatory, 28 were inhibitory, and the remaining 29 were
excitatory currents followed by inhibitory currents. Of the 28 inhibitory postsy-
naptic currents, 21 were blocked by strychnine. The inhibitory currents preceded
by the excitatory ones were effectively reduced by bicuculline, a GABAA receptor
antagonist. The excitatory currents were all blocked by combination of 2-amino-
5-phosphonovalic acid and 6-cyano-7-nitroquinoxaline-2,3-dione, suggesting that
glutamatergic transmission exist in the NTS. Bicuculline-sensitive inhibitory cur-
rents were found to be carried by Cl− on the basis of the results of the electrophysi-
ological analysis. A higher concentration of glycine reduced or abolished the evoked
inhibitory currents, suggesting glycinergic transmission in the slices examined in-
cluding the NTS. The strychnine-sensitive glycinergic transmission was effectively
blocked by dextromethorphan (Fig. 2).

4.2.3 Microdialysis Experiment

By using a new device we had developed for floating a microdialysis probe, we
studied whether the glycine level in the NTS of guinea pigs increases during cough-
ing. This device stably maintains the tip of a microdialysis probe within the selected
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Fig. 2 Three types of waveforms of postsynaptic currents recorded from the slice including the
nucleus tractus solitarii (NTS) (A). The postsynaptic currents were evoked by stimulation of the
solitary tract or the adjacent region. The neurons of the NTS were voltage-clamped at −65-mV
holding potential. a: excitatory postsynaptic current, b: inhibitory postsynaptic current

region of the lower brain stem, preventing the probe from moving as a result of
respiration- and cardiac-pulse-induced fluctuations of the brain stem. In the exper-
iments performed under stereotaxic fixation using lightly anesthetized guinea pigs,
the glycine level in the NTS was markedly elevated in the microdialysis samples
collected during a period of coughing caused by inhalation of an aerosol of 2%
citric acid solution. The responses produced by citric acid under the condition de-
scribed above were typical cough responses when estimated by the cough response
curve and the sound of coughing. However, the levels of GABA, alanine, glutamic
acid, and glutamine remained unchanged. The taurine level also significantly in-
creased during coughing. Dimethylphenylpiperazinium (DMPP) produces a potent
respiratory excitation similar to a cough response. Coughing is associated with tran-
sient increase in blood pressure, which is similar to that caused by bolus injection of
vasopressors such as phenylephrine. Therefore, we examined the effects of DMPP
and phenylephrine on the levels of glycine and taurine in the NTS. Treatment with
both drugs did not cause any changes in the levels of glycine or taurine, suggesting
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that the abovementioned changes associated with coughing in the levels of glycine
and taurine may not be caused by respiratory excitation and increase in blood pres-
sure observed during coughing.

Taken together, it is suggested that glycine and its receptor may be involved in
the cough response, although it remains unknown whether an increase in the glycine
level causes coughing or is a result of coughing. However, it appears that inhibition
of Igly by centrally acting antitussives other than dextromethorphan does not neces-
sarily contribute to antitussive action, because relatively high concentrations were
needed to inhibit Igly. Further studies are needed to elucidate these actions.

4.3 5-HT and Its Receptors

There have been findings that 5-HT may be involved in the regulation of respira-
tion. For example, morphine-induced respiratory depression was reduced by treat-
ment with reserpine, a monoamine depleter, and p-chlorophenylalanine (PCPA), an
inhibitor of 5-HT synthesis. It is probable that antitussive activity of some drugs
may be reduced by treatment with these pharmacological tools. Kamei et al. have
reported that the 50% antitussive effective dose (AtD50) of some antitussives in
reserpinized rats is twofold to fourfold higher than that in normal rats (Kamei
et al. 1987). This increase in AtD50 has also been found in rats treated with PCPA,
which depletes 5-HT content in the brain, compared with normal rats. In con-
trast, treatment with α-methyl-p-tyrosine, which depletes catecholamines such as
norepinephrine and dopamine in the brain, has little effect on antitussive activity,
suggesting that catecholamines are not involved in antitussive activity. That is, re-
serpine and PCPA, which both deplete 5-HT content in the brain, reduce antitussive
activity of centrally acting antitussives in rats. On the basis of these findings, Kamei
et al. suggested that 5-HT but not catecholamines in the brain plays an important role
in manifestation of antitussive activity (Kamei et al. 1987); however, the suggestion
should be carefully verified because it is based on experimental data in anesthetized
rats, in which it is often hard to produce cough. It is also well known that activation
of serotonergic neurons in the brain causes respiratory depression.

An important question is which subtype of 5-HT receptors is involved in
antitussive activity. Of the 5-HT receptor subtypes, 5-HT1A receptors are consid-
ered as receptors involved in cough responses because these receptors are dis-
tributed throughout the medulla oblongata, and their receptors are involved in
respiration regulation. Interestingly, systemic administration of 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT) suppresses coughing in guinea pigs (Stone et al.
1997) and rats (Kamei et al. 1991). Because 8-OH-DPAT is a 5-HT1A receptor
agonist possessing high selectivity to 5-HT1A receptors, this finding suggests that
direct activation of 5-HT1A receptors may suppress cough responses, which is sup-
ported by the finding that the antitussive effects of dextromethorphan, a representa-
tive nonnarcotic antitussive in rats, are inhibited by 5-HT1A receptor antagonists
such as spiperone and methysergide, but not by the 5-HT2 receptor antagonist



Mechanisms of Action of Centrally Acting Antitussives 229

ketanserine (Kamei 1986). The same result was obtained from an experiment on
dihydrocodeine, a narcotic antitussive. Although it remains unclear whether these
findings can be extrapolated to coughing in humans, such findings strongly suggest
that activation of 5-HT1A receptors may induce an antitussive effect in experimental
animals such as rodents.

From the abovementioned findings, the question remains whether antitussive
drugs directly or indirectly activate 5-HT1A receptors. Therefore, we first exam-
ined the effects of dextromethorphan and other antitussives on single brain neurons
acutely dissociated from the dorsal raphe, which expresses 5-HT1A receptors, us-
ing nystatin-perforated and conventional whole-cell recording techniques. In dorsal
raphe neurons, voltage-clamped at VH = −80mV, 1 nM to 1µM 5-HT induced an
inwardly rectifying K+ current (I5-HT) in a concentration-dependent manner. This
I5-HT was blocked by spiperone, a 5-HT1A receptor antagonist, but not by ketanser-
ine, a 5-HT2 receptor antagonist. We also confirmed that I5-HT was carried by K+, on
the basis of results of electrophysiological analysis. In these neurons, 8-OH-DPAT,
a 5-HT1A receptor agonist, similar to 5-HT, induced I5-HT in dorsal raphe neurons.
However, 10µM dextromethorphan did not cause any changes in the membrane
current when administered alone. This suggests that dextromethorphan may not act
agonistically on the 5-HT1A receptor. Surprisingly, dextromethorphan potently in-
hibited I5-HT (Ishibashi et al. 2000), with an IC50 of 14.3µM and a Hill coefficient of
1.0. The effect of dextromethorphan on the maximum 5-HT response and the results
obtained from the Lineweaver–Burk plot indicate that dextromethorphan inhibition
was noncompetitive (Ishibashi et al. 2000).

4.4 Inhibitory Action on GIRK Channel

When 5-HT1A receptor agonists were applied to the recorded dorsal raphe neurons
in the brain slice and acutely dissociated cell preparation, they caused hyperpolar-
ization and cessation of spontaneous firing. 5-HT1A receptors are one of the G-
protein-coupled receptors (GPCRs) and their activation induces inwardly rectifying
K+ channels through the direct action of G-protein subunits, Gβγ. This effect is
caused by the activation of GIRK channels. It has been shown that intracellular per-
fusion with GTPγS, an irreversible activator of the G-protein subunit Gα, causes
irreversible 5-HT1A-receptor-mediated activation of GIRK channels, in the conven-
tional whole-cell recording mode. The irreversible activation of K+ current by intra-
cellular perfusion with GTPγS reminded us of the direct activation of K+ channels
by G-protein, and enabled us to determine whether GIRK channels could be blocked
by dextromethorphan even in the absence of an agonist. To carry out this protocol,
we used a recording electrode filled with pipette solution containing GTPγS. Un-
der this condition, a brief application of 5-HT induced a continuous and almost
irreversible inward K+ current. Dextromethorphan markedly inhibited the current
activated by intracellular GTPγS in the absence of 5-HT (Ishibashi et al. 2000),
whereas spiperone, a 5-HT1A receptor antagonist, had no effect on this current. This
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result confirmed that dextromethorphan had no effect on the 5-HT1A receptor, mak-
ing it different from receptor antagonists such as spiperone. Here, there appeared to
be two possible explanations for the inhibition of GTPγS-activated currents by dex-
tromethorphan, because it has been reported that the activation of GIRK channels is
mediated by the G-protein βγ subunit. The first possible mechanism is blockade of
the GIRK channel and the other is blockade of the G-protein-mediated activation of
the channel by inhibiting the action of the G-protein βγ subunit. Although the site
of action of dextromethorphan is not clearly indicated by available evidence, the
fact that the onset and the offset of the dextromethorphan response were relatively
rapid suggests that dextromethorphan may act at the level of the GIRK channel
(Ishibashi et al. 2000). To clarify the site of inhibitory action of antitussives such
as dextromethorphan on GIRK-channel-activated currents at the molecular level,
we further performed additional studies. Recently, our own preliminary study has
suggested that the site of action of dextromethorphan, one of the antitussives in-
hibiting the GIRK-channel-activated current, might be in the intracellular region of
the GIRK channel, because such a drug had more potent action in low-pH solu-
tion, where it exists in the molecular form and not in the ionic form. Furthermore,
in Xenopus oocytes expressing GIRK channels formed by GIRK1 and GIRK2 sub-
units, in which GPCRs such as the 5-HT1A receptor are not expressed, the antitus-
sive cloperastin inhibited the current activated by ethanol, which is known to activate
the GIRK channel directly, suggesting that cloperastine may directly inhibit GIRK
channel activity.

At this point, we felt it could be instructive to determine whether dextromethor-
phan also inhibits currents caused by activation of other neurotransmitter recep-
tors coupled to G-protein, because GIRK channels are coupled to various GPCRs
and other receptors, including adrenergic α2 and GABAB receptors. Moreover, it is
known that GIRK channels are heterotetrameric channels with two or more sub-
unit isoforms, although little is known about such isoforms coupled to GPCRs
such as 5-HT1A receptors and α2 adrenoceptors. In this situation, we felt that it
was worth determining whether dextromethorphan also inhibits currents resulting
from activation of other neurotransmitter receptors coupled to G-protein. Therefore,
we examined the effect of dextromethorphan on a norepinephrine-induced current,
which is mediated by α2 adrenoceptors (Arima et al. 1998), in locus coeruleus
neurons. We found that dextromethorphan reversibly inhibits the norepinephrine-
induced current, with rapid onset and offset. The IC50 of dextromethorphan for the
norepinephrine-induced current was very similar to that for 5-HT-induced currents
in dorsal raphe neurons. Although it is known that GIRK channels are heterote-
trameric channels with two or more subunit isoforms, little is known about GIRK
channels coupled to 5-HT1A receptors and α2 adrenoceptors. The abovementioned
results indicate that dextromethorphan has no specific effect on GIRK channels cou-
pled to 5-HT1A receptors in dorsal raphe neurons.

An important question at this point is whether blockade of GIRK channels by
antitussives causes inhibition of coughing. Interestingly, all centrally acting antitus-
sives studied inhibited I5-HT caused by 5-HT1A receptor activation. IC50 values of
various antitussives for the current caused by 0.1µM 5-HT ranged from 1 to 10µM.
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Also, currents irreversibly activated by intracellular perfusion with GTPγS were also
inhibited. Interestingly, inhibitory ratios of antitussives studied for I5-HT were com-
parable to those for the current caused by 5-HT under intracellular perfusion with
GTPγS. This finding seems to suggest that inhibitory action of these antitussives
on 5-HT-induced currents may be caused mostly by inhibition of GIRK channel
activity. Furthermore, it may be a significant finding that antitussives such as dex-
tromethorphan inhibit GIRK channels at relatively low concentrations, because only
a few GIRK channel blockers are currently available.

Many antitussives have respiratory depressant action in experimental animals. In
addition, it is well known that activation of serotonergic neurons in the brain de-
presses respiration. Therefore, we thought it would be helpful to determine whether
general anesthetics such as pentobarbital sodium, which has potent respiratory de-
pressant action, have inhibitory action on GIRK-channel-activated currents. Pento-
barbital sodium had little effect on 5-HT-induced current, suggesting that it had a
negligible effect on GIRK channels. Thus, it is likely that inhibition of GIRK chan-
nels by antitussive drugs contributes to antitussive action, although the mechanism
by which inhibition of GIRK channels affects coughing remains unclear.

As described above, the results obtained from pharmacological studies using 5-
HT1A receptor agonists and antagonists suggest that direct activation of the 5-HT1A
receptor may inhibit coughing. However, a patch-clamp study using acutely dis-
sociated single neurons revealed that centrally acting antitussives, including dex-
tromethorphan, do not act directly on the 5-HT1A receptor but rather block GIRK
channels coupled to the 5-HT1A receptor and α2 adrenoceptor via G-protein. This
finding strongly indicates that centrally acting antitussives inhibit manifestation of
the function of neurons induced by 5-HT1A receptor activation. Because activation
of 5-HT1A receptors causes inhibition of neurons through activation of coupled
GIRK channels, dextromethorphan should cause activation of neurons possessing
5-HT1A receptors through inhibition of GIRK channels. Although these findings of
pharmacological and patch-clamp studies appear contradictory, the following dis-
cussion and findings may resolve this dilemma.

4.4.1 Significance of Inhibitory Action on GIRK Channels

The results of a competitive binding assay indicate that dextromethorphan has no
effect on 5-HT1A receptors (Craviso and Musacchio 1983), and this finding is con-
sistent with the results of our own patch-clamp study. It is well known that sero-
tonergic neurons often have autoreceptors that may have an inhibitory effect on
neurons. It has also been reported that the subtypes of autoreceptors in serotoner-
gic neurons are 5-HT1A receptors. The agonist sensitivity of autoreceptors is also
known to be higher than that of postsynaptic receptors. Furthermore, activation of
5-HT1A receptors causes hyperpolarization of these neurons. As shown in Fig. 3,
we also demonstrated 5-HT-induced hyperpolarization in single dorsal raphe neu-
rons. Therefore, a reasonable working hypothesis is that the inhibitory effect of
dextromethorphan on GIRK channels coupled to 5-HT1A receptors blocks feedback
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Fig. 3 5-Hydroxytryptamine (5-HT)-induced inhibition and its reactivation by dextromethorphan
in a single neuron acutely dissociated from the raphe nucleus. Note that 10−7 M 5-HT induced
hyperpolarization of the membrane potential followed by complete blocking of the occurrence
of action potentials. Dextromethorphan at 3× 10−5 M reactivated 5-HT-induced inhibition of the
neuron

inhibition in serotonergic neurons, in turn augmenting the release of 5-HT. Certainly,
dextromethorphan reactivated 5-HT-induced inhibition in dorsal raphe neurons con-
taining 5-HT (Fig. 3). In fact, it has been reported that dextromethorphan and di-
hydrocodeine enhance the release of 5-HT from slices prepared from the NTS, an
important relay center for modulating cough (Kamei et al. 1992b). Our preliminary
study directly demonstrated that cloperastin, one of the centrally acting nonnarcotic
antitussives, increases the 5-HT level in the cortex of rats as determined using a
microdialysis probe.

In addition to 5-HT1A receptor agonists, a few agonists for various pharmacolog-
ical receptors have been reported to have antitussive effect in experimental animals.
At this point, we will discuss the involvement of GIRK channels on the antitussive
effect of these receptor agonists.

Bolser et al. have reported that GABAB receptor agonists such as baclofen and
3-aminopropylphosphinic acid have antitussive activity in cats and guinea pigs. On
the basis of their study of these antagonists and comparison of equieffective doses
administered via veins and arteries, they concluded that baclofen inhibits cough-
ing by activating CNS GABAB receptors, whereas 3-aminopropylphosphinic acid
inhibits coughing by acting at peripheral sites (Bolser et al. 1994). GABAB ago-
nists acting on presynaptic receptors are known to inhibit glutamate exocytosis from
synaptosomes, primary neuronal cultures and brain slices (Nicholls and Sanchez-
Prieto 1998). It is likely that the inhibition of glutamate exocytosis results in the
antitussive effect of baclofen. Also, it is important to remember that NMDA recep-
tor antagonists have antitussive action in experimental animals (Kamei et al. 1989),
although not all centrally acting antitussives block NMDA receptors. On the other
hand, it has been reported that GABAB receptors couple to GIRK channels. If
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antitussives inhibit GIRK channels coupled to GABAB receptors, they should affect
the GABA level in the brain, because GABAB receptors are also presynaptic autore-
ceptors. In turn, cough responses may be modulated via changes in the GABA level
in the brain. We have already found that antitussives inhibit the current activated by
baclofen, a GABAB receptor agonist, probably by inhibiting GIRK channels.

Recently, Kamei et al. reported that a δ-receptor antagonist exerts antitussive ac-
tion via a CNS mechanism (Kamei et al. 1993a, b). However, Kotzer et al. recently
reported that the selective δ-receptor antagonist SB 244525 has little antitussive
effect in guinea pigs when administered alone (Kotzer et al. 2000). Surprisingly,
Kotzer et al. have reported that the selective δ-receptor agonist SB 227122 has an-
titussive effect in guinea pigs (Kotzer et al. 2000), which is not compatible with
results reported by Kamei et al. (1993a, b). As mentioned above, they have also re-
ported that the selective SB 244525 has little antitussive effect in guinea pigs when
administered alone. It has also been reported that the δ1-receptor agonist DPDPE
has a negligible effect on experimentally induced cough in animals, but has an in-
hibitory action on the antitussive effect of the µ-receptor agonist DAMGO (Kamei
et al. 1993a, b). In contrast, the δ2-receptor antagonist DELT-II potentiates the an-
titussive effect of DAMGO (Kamei et al. 1993a, b). Studies of the involvement of
δ-receptors in antitussive activity have produced some conflicting results. On the
basis of our own findings regarding the relationship between antitussive drugs and
GIRK channel activities, we hypothesized that the abovementioned conflicting re-
sults concerning agonists and antagonists of δ-receptors might be resolved by deter-
mining the effect of these substances on GIRK channel activities. As we expected,
in our own study, the δ-receptor antagonists naltrindole and naltriben, known to have
antitussive actions, both inhibited GIRK channels in single brain neurons (Shirasaki
et al. 2004), although relatively large concentrations were needed to inhibit neuronal
currents.

There are also several reports suggesting the involvement of σ-receptors in the
mechanisms of action of antitussive drugs (Kamei et al. 1992a, b). This suggestion
is supported by the finding that there is a high-affinity binding site for dextromethor-
phan on σ-receptors (Klein et al. 1989). Other studies suggest that σ-receptors
are associated with K+ channels, because some σ-ligands modify K+ conduc-
tance in some tissues. Aside from these findings, it has also been reported that σ-
ligands inhibit ligand-induced hyperpolarization mediated by α2 adrenoceptors and
µ-opioid receptors in locus coeruleus neurons (Bobker et al. 1989). As described
above, dextromethorphan inhibits not only I5-HT in dorsal raphe neurons but also α2
adrenoceptor-mediated currents in locus coeruleus neurons. α2-Adrenoceptors in lo-
cus coeruleus neurons are coupled to GIRK channels (Arima et al. 1998); therefore,
it is possible that σ-ligands exert antitussive action at least partly through inhibition
of GIRK channels. There is a report that some σ-ligands modify K+ conductance in
some tissues. Moreover, a patch-clamp study by Nguyen et al. showed no correla-
tion between binding affinities of antitussives at σ1- or σ2-binding sites and potency
of inhibition of K+ currents (Neuyen et al. 1998).

Coughing is regulated by higher brain areas, and is under voluntary control to
some extent. It may be reasonable to speculate that the action of antitussive drugs is
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facilitated, at least in part, by a placebo effect (Eccles 2002), since low doses of some
antitussives suppress cough with potency slightly greater than that of a placebo.

Recently, it has been reported that antitussives may act, at least in part, at the cor-
tical level. Our microelectrophoretic study showed that all the antitussives studied
inhibit spontaneous unit activities recorded from the pyramidal layer of the cerebral
cortex of guinea pigs in vivo. To the best of our knowledge, the mechanism of inhi-
bition of unit activities in the cerebral cortex has not yet been studied. However, one
of its possible effects is the inhibition of GIRK channels, because GIRK channels
are distributed in various regions of the brain, including the cerebral cortex (Ponce
et al. 1996).

4.5 NMDA and NK1 Receptors

4.5.1 NMDA Receptor

Glutamate often acts as an excitatory neurotransmitter in primary afferent neu-
rons, including Aδ-fibers. Netzer et al. have reported that dextromethorphan in-
hibits NMDA-induced currents in brain neurons (Netzer et al. 1993). We have con-
firmed this finding, and in addition we found that dextromethorphan had no effect
on kainate-induced current in single brain neurons. Codeine did not inhibit NMDA-
induced current, although dextromethorphan and codeine both have a morphinan
structure. For other antitussives, eprazinone also had no effect on the NMDA-
induced current. These findings indicate that blockade of NMDA receptors is not
essential for inducing antitussive effects. However, it has been reported that MK-
801, an NMDA receptor antagonist, has an antitussive effect in experimental ani-
mals. Dextromethorphan showed a relatively potent inhibitory action on the NMDA-
induced current. Sometimes it is said that among the centrally acting nonnarcotic
antitussives dextromethorphan might be the most effective in inhibiting cough in
the clinical setting. If this is true, the effect may be caused by multiplex actions,
that is, inhibitory actions on GIRK-channel-activated, NMDA-induced, and glycine-
induced currents.

4.5.2 SP and Its Receptor

SP has been reported to stimulate coughing through activation of NK1 receptors in
the airway, since inhalation of aerosol of SP solution induced coughing in guinea
pigs. However, it is likely that SP may also be involved in signal transduction in
the central pathway of the cough reflex. SP-containing nerve terminals are found in
the NTS at high density (Kawai et al. 1989). SP receptors localize in postsynaptic
neurons of these nerve terminals in the NTS. Studies using guinea pigs have found
that SP in the NTS augments bronchopulmonary C-fiber reflex output, causing bron-
choconstriction and changes in respiration, including coughing (Mutoh et al. 2000).
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Although it is unknown whether clinically available centrally acting antitussives act
on NK1 receptors in the NTS, it seems likely that drugs which block NK1 receptors
in the NTS have antitussive action.

An interesting finding has been reported by Sasaki’s group (Yamaya et al. 2001)
regarding the relationship between SP and coughing. They first observed a high risk
of pneumonia due to aspiration of oropharyngeal bacterial pathogens in older adults.
Interestingly, an increase in the SP level significantly lowered the risk of pneumonia,
apparently via recovery (or strengthening) of coughing and swallowing reflexes. SP
is synthesized in nodose and jugular ganglia, and is transported peripherally and
released in the airway. Increased release of SP is involved in the development of
cough and neurogenic inflammation of the airway, and production of SP is regulated
by dopaminergic neurons in the brain stem. It is reported that L-dopa, a precursor
of dopamine, also inhibits manifestation of aspiration pneumonia, suggesting that
L-dopa also strengthens the coughing reflex, although treatment with α-methyl-p-
tyrosine, which depletes catecholamine in neurons, had little effect on the activity
of antitussive drugs.

There is considerable morphological and physiological evidence that SP is also
released at central synapses in the NTS (Mutoh et al. 2000). This suggests that NK1
receptors in the NTS can serve as target receptors for new cough-remedy drugs.
Moreover, cough stimulants such as capsaicin may lower the incidence of pneu-
monia in older people through improvement in upper protective respiratory reflexes
such as the swallowing reflex and cough reflex in older people with a high risk for
aspiration (Ebihara et al. 2005). Finally, studies of NK1 receptors and the glycine
receptor may provide useful data for developing a “cough recovery (or strengthen-
ing)”drug for older adults with decreased coughing and swallowing reflexes, which
increase susceptibility to aspiration pneumonia.

5 Conclusion

At present, mechanisms of action of centrally acting antitussives still remain largely
unknown. As mentioned earlier, various substances (5-HT1A receptor agonist,
δ-receptor agonist and antagonist, GABAB receptor agonist, and NMDA recep-
tor antagonists, among others) show antitussive action in experimental animals. In
addition, the chemical structures of centrally acting antitussives are very diverse,
compared with those of other centrally acting drugs such as antianxiety drugs,
antipsychotic drugs, and others. This seems to recall an idea that mechanisms of
action of centrally acting antitussives are multiple and very complex. However, it
should be noted that nonnarcotic antitussives used in the clinic and various test
substances possessing antitussive action have a common pharmacological feature,
that is, inhibitory action on GIRK-channel-activated currents in single brain neurons
(Table 1). Kase proposed a “piperidino group theory” for structure–activity relation-
ship of antitussive drugs (Kase and Yuizono 1959; Kase et al. 1963). In the theory,
introduction of a piperidino group to a chemical substance with existing antitussive
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Table 1 Effects of antitussive drugs on receptor-mediated or ion-channel-activated currents in sin-
gle brain neurons

Narcotic Nonnarcotic Othersa δ-Antagonist/
Codeine Dextromethorphan Cloperastine σ -agonist

IGly ↓↓ ↓↓ → ↓ ND
IGABA → → → → ND
INMDA → ↓↓ → → ND
IKainate ND → ND ND ND
I5−HT ↓ ↓↓ ↓↓↓ ↓↓ ↓↓
INE ND ↓↓ ↓↓↓ ND ↓↓
INa ND ND ↓ ND ND
IA ND ND ↓ ND ND
IKD ND ND ↓ ND ND
GIRK chan-
nel

↓ ↓↓ ↓↓↓ ↓↓ ↓↓

Downward arrows indicate the magnitude of the inhibitory effect: the greater the number of ar-
rows, the greater the inhibitory action on the currents. IGly, IGABA, INMDA, IKainate, I5−HT, and
INE are the current induced by glycine, γ-aminobutyric acid, N-methyl-D-aspartate, kainate, 5-
hydroxytryptamine, and norepinephrine, respectively. INa, IA, and IKD are Na+ current, fast tran-
sient K+ current, and delayed rectified K+ current, respectively.
GIRK G-protein-coupled inwardly rectifying potassium, ND not determined
aFor example, eprazinone (Takahama 2003 modified)

activity strengthens the activity, whereas introduction of the group to a substance
without antitussive activity induces the activity. In our preliminary study, we found
that introduction of a piperidino group to a chemical substance possessing antitus-
sive activity strengthens its inhibitory action on GIRK-channel-activated currents.
However, it seems insufficient to conclude that the mechanism of the action of cen-
trally acting antitussives is based on its inhibitory action on GIRK-channel-activated
currents. In the course of the pharmacological study of antitussive drugs, we found
very interesting findings that centrally acting antitussives have multiple pharma-
cological effects in animal models of various diseases of the CNS. On the basis of
findings from our own studies, we hypothesize that centrally acting antitussives with
inhibitory action on GIRK-channel-activated currents may have a stabilizing action
on brain function disturbed by various factors. We considered coughing as a state
in which the function of neurons involved in cough responses may be “disturbed”
(or activated) by neuronal inputs from the airway. In this context, it is considered
that centrally acting antitussives would be drugs that stabilize the “disturbed” (or
activated) function of neurons involved in cough responses, resulting in their an-
titussive effect. Therefore, possibilities remain with regard to definitive molecular
targets for centrally acting antitussive drugs, although this idea is very speculative.
If a drug has multi-inhibitory actions, one on GIRK-channel-activated currents as a
basic action and another on a specific molecular target, it might produce a very ef-
fective antitussive activity. Additional studies are needed to further clarify essential
molecules involved in cough responses.
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Abstract Early animal experiments on cough developed the concept that cough was
an involuntary reflex controlled from areas in the brainstem and that cough could
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demonstrated that human cough is more complex than a brainstem reflex. The effi-
cacy and mechanism of action of centrally acting cough medicines such as codeine
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and dextromethorphan is now in dispute, and codeine is no longer accepted as a
gold-standard antitussive. This review puts forward a cough model that includes
three types of cough: (1) reflex cough, caused by the presence of food or fluid in
the airway – this type of cough is not under conscious control and can occur in the
unconscious subject during general anaesthesia; (2) voluntary cough – under con-
scious control that is abolished with general anaesthesia; (3) cough in response to
sensation of airway irritation – this type of cough causes an urge to cough that initi-
ates voluntary cough and may only be present in the conscious subject. The review
proposes that human cough associated with respiratory disease is under conscious
control and is mainly related to a sensation of airway irritation and an urge to cough
(type 3). The review discusses the summation of sensory input from the airway in
a brainstem integrator that reaches a threshold to cause reflex cough. Subthreshold
conditions in the cough integrator may be perceived as an urge to cough that is un-
der voluntary control. The cough model presented in the review has implications
for the development of cough medicines as it indicates that the older view of cough
medicines acting in the brainstem area to inhibit the cough reflex may need to be
revised to include conscious control of cough as an important mechanism of cough
in man.

1 Introduction

Until relatively recently cough has been viewed as an involuntary reflex controlled
from the medulla, with little interest in researching other areas of the brain that may
influence cough. The view that cough is a reflex mediated from areas in the brain-
stem has developed from the early animal studies on cough using anaesthetised ani-
mals to study cough physiology and pharmacology (May and Widdicombe 1954;
Widdicombe 1954). The antitussive activity of codeine, was first established by
studies on anaesthetised animals, and these early classical studies in physiology
and pharmacology have had a dominant effect on our understanding of cough as a
brainstem reflex (Eddy et al. 1969), right up to the present day.

The early animal experiments focussed on the control of cough from the so called
cough centre in the medulla, and the control of human cough was also explained as
originating from the medulla, with antitussives such as codeine having a depres-
sant action on the cough-control areas in the medulla (May and Widdicombe 1954).
Some of the early reviews on the efficacy of codeine as an antitussive (Eddy et al.
1969) did briefly acknowledge that the cough ‘centre’ must be subject to influences
from other areas of the brain apart from the brainstem, but the focus was clearly on
cough as a reflex controlled from the medulla.

In the last decade there has been a gradual change in opinion on the con-
trol of cough as the research focus has moved more towards the study of human
cough. Studies on the voluntary control of cough (Lee et al. 2002), placebo effects
(Eccles 2006) and the sensation of the urge to cough (Davenport et al. 2007) have
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helped to develop the idea that cough is much more than a reflex, and that higher
centres in the brain play a major role in controlling cough.

This article will look at the conscious control of cough and the placebo effect,
and will focus mainly on human cough. The article will conclude with a model of
cough control that attempts to incorporate recent developments in these areas.

2 Conscious and Unconscious Control of Cough

It is self-evident that cough is under conscious control as cough can be initiated
voluntarily and can be suppressed (Lee et al. 2002) when it is inappropriate or dan-
gerous to cough. The conscious control of cough may have a selective advantage for
survival as “the perception of the urge to cough, which precedes cough itself, may
allow the animal time to activate inhibitory descending pathways to suppress cough
in situations ranging from basic survival to social embarrassment in a concert hall”
(Gracely et al. 2007). Our understanding of conscious cough can be increased by
looking at those conditions when conscious control may be inhibited or abolished,
such as in general anaesthesia or sleep.

2.1 Cough in Unconscious Conditions

Cough can occur in the unconscious human, and most of the early animal studies
on cough used anaesthetised or decerebrate animals to study cough. When dis-
cussing cough in the unconscious condition it is important to distinguish those con-
ditions where there is a general depression of the brain such as unconsciousness
induced by pharmacological means, e.g. general anaesthesia and alcohol intoxica-
tion, from those conditions where unconsciousness may be due to trauma or some
specific damage to the cerebral cortex and higher centres.

In a study on the relationship between the depth of coma and the cough reflex
in 76 comatose patients undergoing intubation, the integrity of the cough reflex was
not related to the depth of coma (Moulton and Pennycook 1994). The cough reflex
was depressed only in the group of patients with deep coma due to pharmacological
causes such as drug or alcohol intoxication, and those patients with coma due to
head injury often had a normal cough reflex. The results of this study may be ex-
plained on the basis that coma due to pharmacological depression of the brain with
drug overdose would include depression of the cough-control areas in the brain-
stem, but in cases of coma due to trauma, the brainstem area may not have been de-
pressed, and reflex cough initiated on intubation would have been relatively normal.
The presence of the cough reflex in the unconscious patient nicely demonstrates that
consciousness is not necessary for cough to occur in response to airway stimulation.
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2.2 Cough and General Anaesthesia

General anaesthesia was classically divided by Guedel in 1920 into four stages of
increasing depth of anaesthesia: I analgesia, II delirium, III surgical anaesthesia
and IV medullary depression (Kennedy and Longnecker 1996). This classical di-
vision of anaesthesia was believed to be related to a descending depression of the
brain, with initial depression of the cerebral cortex and eventually depression of the
medulla. The cough reflex is still present under light surgical general anaesthesia.
Local anaesthesia of the airway is necessary in order to abolish the cough reflex
rather than increase the depth of anaesthesia to a level that may also affect respi-
ratory and cardiovascular control (Calvert et al. 1966). General anaesthetics have
a very small margin of safety, and increasing concentrations of anaesthetic cause
medullary depression and loss of cardiovascular and respiratory control (Kennedy
and Longnecker 1996). The depression of the medulla with increasing depth of gen-
eral anaesthesia causes apnoea due to depression of respiratory control centres and it
is at this level of anaesthesia that abolition of the cough reflex usually occurs. How-
ever, the depth of anaesthesia associated with inhibition of the cough reflex may
vary with the anaesthetic agent, as the cough reflex was one of the most sensitive
respiratory reflexes to general anaesthesia with enflurane (Nishino et al. 1988). The
sensitivity of the cough reflex to general anaesthesia may also depend on other prop-
erties of the general anaesthetic, such as depression of neuromuscular transmission
causing relaxation of respiratory muscles (Nishino et al. 1988).

Light general anaesthesia causes analgesia before loss of consciousness (stage I
anaesthesia) (Kennedy and Longnecker 1996) but it is not known if the sensation of
airway irritation associated with cough is also lost with light general anaesthesia.

2.3 Cough in Sleep

Cough in patients with asthma and other causes of chronic cough is reduced during
sleep (Power et al. 1984; Hsu et al. 1994). Like general anaesthesia, sleep is subject
to different levels or stages and there has been relatively little work on relating
the control of cough to the stage of sleep. Patients with habit cough (cf. Tourette’s
syndrome) do not cough when asleep and, since their daytime cough is psychogenic,
the cerebral cortex is almost certainly its site of origin (Widdicombe et al. 2006).
The absence of habit cough during sleep indicates that this type of cough may not
involve any component of reflex cough and that the urge to cough in these patients
may not be related to any sensations derived from the airway.

There have been a few studies on induced cough during sleep. Jamal et al. (1983)
showed that the citric acid threshold for cough was increased during human sleep.
This confirmed the classical work by Sullivan et al. (1978, 1979) with sleeping
dogs; they showed that during sleep, distilled water in the larynx or trachea was a
far weaker stimulus to cough, and that the cough only occurred after arousal (i.e.
in a sense only after the dogs were awakened). The studies on sleep and induced



Central Mechanisms IV: Conscious Control of Cough and the Placebo Effect 245

cough indicate that cough due to airway irritation is not abolished during sleep and
that the stimulus of airway irritation may be perceived as a noxious stimulus that
causes arousal from sleep so that the higher centres can initiate conscious control of
the cough.

2.4 Voluntary Initiation and Inhibition of Cough

As mentioned already, it is self-evident that cough can be initiated voluntarily and
can be suppressed (Lee et al. 2002), yet this voluntary and conscious control of
cough has only recently been subject to experimental studies in natural cough due
to common cold (Hutchings et al. 1993a) and chemically induced cough (Hutchings
et al. 1993b; Hutchings and Eccles 1994).

It is a routine part of many cough studies to ask volunteers and patients to make
several voluntary coughs in order to test or calibrate the equipment used to record
cough (Hutchings et al. 1993b). These voluntary coughs cannot be distinguished
from any of the other coughs recorded during the experiments and this indicates
that the cough pathways involved in conscious cough link up with those involved
in reflex cough to give a final common pathway for activation of respiratory mus-
cles and cough. The voluntary initiation of cough is probably controlled from the
cerebral cortex and recent studies in man support this view (Simonyan et al. 2007).

In a study on 15 healthy volunteers Simonyan et al. (2007) used functional mag-
netic resonance imaging techniques to determine which areas of the brain were
activated during voluntary cough and sniff. The study reported that a widespread
pattern of sensorimotor activation occurred along the Sylvian fissure of the cere-
bral cortex during voluntary cough. The study reported that voluntary cough was
associated with activation of brain regions similar to those activated in voluntary
breathing. The largest region of cerebral activation during voluntary coughing and
breathing involved the ventrolateral sensorimotor cortex of the orofacial represen-
tation. Coughing was also associated with distinct activity in subcortical structures,
with activation of areas of the midbrain–pons transition and parabrachial region. A
limitation of the design of the study is that it did not allow the investigators to dis-
tinguish between motor activity during coughing and sensory feedback from airway
receptors and respiratory muscle proprioceptors. Despite the limitations of this type
of study it provides some interesting support for the involvement of the cerebral
cortex in the voluntary control of cough.

Voluntary inhibition of cough is possible when it would be embarrassing or dan-
gerous to cough as mentioned before. Perhaps the most surprising example of vol-
untary inhibition of cough is the voluntary suppression of capsaicin-induced cough
described by Hutchings et al. (1993b). Capsaicin is potent irritant of sensory nerves
in the airway and cough induced on inhalation of capsaicin was presumed to be re-
flex in origin (Fuller 1991), similar to cough reflex induced by inhalation of citric
acid (Bickerman and Barach 1954). Cough challenge with citric acid or with cap-
saicin was presumed to initiate a cough reflex by stimulation of sensory nerves in the
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Fig. 1 Mean number of coughs per 30 s from 24 subjects produced on inhalation of capsaicin,
with standard error bars. Round symbols indicate coughs without any voluntary suppression.
Square symbols indicate cough during voluntary suppression. (Results redrawn from Hutchings
et al. 1993b)

airway. Most studies on cough challenge refer to a cough ‘reflex’ (Fuller 1991) and
this implies that the subjects have little or no voluntary control over the cough. In
the study by Hutchings et al. (1993b) healthy subjects were challenged by increasing
concentrations of inhaled capsaicin whilst sitting in front of a monitor screen. The
screen could be illuminated to read either ‘Please do not cough’ or ‘Just relax and
cough if you wish’ and the results of the study are illustrated in Fig. 1. In the non-
suppressed challenge 23 of 24 subjects coughed, whereas in the suppressed chal-
lenge only three of 24 subjects coughed. This study clearly demonstrates that cough
challenge with capsaicin induces cough that can be almost completely suppressed
by voluntary control and it puts into question what is meant by the term ‘reflex’ that
was applied previously to cough induced by challenge with citric acid or capsaicin.
The conclusion that may be drawn from the study by Hutchings et al. (1993b) is
that cough challenge creates a sensation of airway irritation and that subjects have
considerable control over whether or not they decide to cough in response to the
sensation of airway irritation. But of course any voluntary suppression of cough
will depend on the strength of the stimulus and with strong stimuli it may not be
possible to suppress cough.

3 Airway Sensations and Cough

The lower airway from the larynx downwards is supplied with sensory nerves that
are supplied from branches of the vagus nerve (Canning et al. 2006). Cough has
been considered to be solely triggered by stimulation of vagal nerve endings in the
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lower airways as stimulation of other cranial nerves in the upper airways triggers
gagging and sneezing rather than cough (Widdicombe 2002; Eccles 2005). The hy-
pothesis has been proposed that cough can be initiated in response to a sensation of
airway irritation and that the vagal sensory nerves may provide this sensory input
that is eventually processed at the level of the cerebral cortex to initiate cough under
voluntary control (Eccles 2003). There has been little research on the airway sen-
sations that initiate voluntary cough, and apart from ‘a sensation of irritation’ it is
difficult to describe the qualities of the sensation. Much of the recent research has
concentrated on the sensory transduction in cough-associated nerves (Kollarik and
Undem 2006) rather than the sensations that these sensory pathways may mediate.
The sensation of airway irritation may have an important role in the initiation of
cough and it has been proposed that cough induced during general anaesthesia may
be quite different from cough in the conscious state, as anaesthesia “may interfere
with the conscious perception of airway irritation and the resultant urge to cough”
(Canning et al. 2006).

Visceral sensations such as those related to stimulation of vagal airway recep-
tors are difficult to describe and locate compared with somatic sensations such as
touch. The sensation of airway irritation may initiate a vague sensation that is bet-
ter described as an ‘urge to cough’ and this type of sensation can be readily mea-
sured using standard scales such as the Borg scale (Davenport et al. 2007). In a
recent study on the urge to cough induced by inhalation of capsaicin, Davenport
et al. (2007) state “that there is a sensory process, which initiates a cognitive aware-
ness of the need to cough; this cognitive awareness then can modulate the brainstem
motor cough pattern”. An interesting aspect of research on the urge to cough is
that the sensation was unaffected by administration of codeine in doses of 30 and
60 mg and this supports the previously reported lack of effect of codeine on volun-
tary control of cough (Hutchings and Eccles 1994) and the lack of effect of codeine
on natural cough (Freestone and Eccles 1997).

The urge to cough can be initiated by inhalation of capsaicin and a recent study
on human volunteers using functional magnetic resonance imaging indicates that
the sensation may involve a variety of brain regions and especially areas of the cere-
bral cortex (Mazzone et al. 2007). A major issue with this type of study is that other
sensations such as eye irritation or oral sensations may contribute to the brain acti-
vation and this makes it difficult to be specific about the areas of the brain involved
in the sensation of the urge to cough.

4 Placebo Effects on Cough

Cough medicines are presently undergoing a revision similar to that seen in the
twentieth century when dozens of cough remedies were lost owing to lack of any
evidence of efficacy when the introduction of placebo-controlled trials was intro-
duced as a standard way of assessing the efficacy of medicines. The 1899 edi-
tion of Merck’s Manual of the Materia Medica, which lists all treatments for the
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practising physician, gives 61 treatments for cough, including carbolic acid, alcohol,
cannabis indica, cod-liver oil, creosote, morphine, potassium bromide, sandalwood
oil and zinc sulphate. In contrast the current British National Formulary (2007) for
British physicians lists only three cough suppressants, dextromethorphan, codeine
and pholcodine, and briefly mentions sedating antihistamines. The efficacy of these
three remaining antitussives has been questioned and as discussed above the efficacy
of codeine as an antitussive is debatable, and its previous position as a gold-standard
antitussive is now doubted (Bolser and Davenport 2007).

Despite the rather pessimistic opinion on the pharmacological activity of current
antitussives there is no doubt that the cough syrups available from the pharmacy and
supermarket do have a significant effect on cough and this can be shown in clinical
trials. However, the issue is that almost all of the effect of the medicines is due to a
placebo effect.

In most placebo-controlled clinical trials on cough medicines the effect of
placebo treatment on cough is almost as great as that caused by the active treatment.
A literature survey on placebo-controlled clinical trials for cough associated with
common cold has reported that the placebo response varied from 56% up to a maxi-
mum of 105% of the active-treatment response, with a mean of 85% (Eccles 2002).
The results from one of the studies (Lee et al. 2000) are illustrated in Fig. 2. In this
study the reduction in cough frequency following treatment with a single dose of
cough medicine (30 mg dextromethorphan in capsule form) appears impressive, un-
til it is compared with the placebo response, which is almost identical in magnitude
and time course. This type of placebo response is typical of clinical trials on cough
and it is often very difficult to demonstrate any benefit of a cough medicine above
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Fig. 2 Median cough frequency (per 10 min) for patients with cough associated with common
cold. Immediately after the baseline measurement (0 min) patients were treated with either a single
dose of 30 mg dextromethorphan powder in a hard gelatin capsule (round symbols, n = 21) or a
matched placebo capsule containing lactose powder (square symbols, n = 22). (Lee et al. 2000)
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that of the placebo treatment. Cough frequency is only one parameter of the impact
of cough, and cough can also be measured in terms of cough effort or intensity, and
in one study using cough intensity as a measure of acute cough the placebo response
was only 60% of the active-treatment response (Parvez et al. 1996).

5 How Do Cough Medicines Work?

Several factors contribute to the overall change in cough associated with treatment
with a cough medicine. The changes in cough frequency and intensity associated
with treatment with an antitussive medicine, such as a sweet cough syrup contain-
ing dextromethorphan, can be attributed to at least five different factors: pharmaco-
logical, physiological, true placebo, psychological and non-specific (Fig. 3). These
five factors are discussed in the following sections. This classification of the differ-
ent components of the placebo response is an extension of the ideas put forward by
Ernst and Resch (1995). The classification was first described by the author in 2003
(Eccles 2003). Ernst and Resch (1995) refer to the overall placebo effect measured
in clinical trials as the ‘perceived placebo effect’ and propose that the perceived
placebo effect may be considered as two components: a ‘true placebo effect’ and
other ‘non-specific effects’ such as natural recovery from the disease and regression
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Fig. 3 Components of a cough medicine. The efficacy of a cough medicine can be attributed to
at least five factors: pharmacological, physiological, true placebo, psychological and non-specific
effects. The overall placebo response measured in clinical trials can be considered as a ‘perceived’
placebo effect that is made up of four factors: physiological, true placebo, psychological and non-
specific effects
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of symptom measurements towards the mean. This way of classifying the placebo
effect has been reaffirmed by Ernst (2007). In this review the perceived placebo ef-
fect is classified as consisting of four components and includes a ‘physiological’
effect. The term ‘physiological effect’ is put forward for discussion. The term has
been described previously (Eccles 2003), but it is not generally used in the literature
on the placebo effect.

5.1 Pharmacological Effect

The pharmacological effect of treatment with a cough medicine is related to the
active ingredient of the medicine, such as codeine or dextromethorphan. The phar-
macologically active ingredient has a high affinity for a specific pharmacological
receptor, such as the interaction of codeine with opioid receptors. Slight changes
in the molecular structure of the active ingredient may have marked effects on its
affinity with the receptor and its biological activity. The pharmacological effects of
the opioids morphine and codeine are reported to be due to stimulation of µ-opioid
receptors in the cough control areas of the brainstem (Reynolds et al. 2004). Opioid
receptors have also been located in the periphery but their ability to inhibit cough
by a peripheral mechanism is debatable (Reynolds et al. 2004).

In clinical trials on cough medicines, it is the pharmacological effect of the medi-
cine that is under investigation, and any other effects of the treatment are controlled
by comparison with the effects of a placebo medication that is identical in appear-
ance, colour taste, etc. with the active medication but does not contain the pharma-
cologically active ingredient. The pharmacological effect of a medicine is measured
by subtracting the effects of the placebo control from those of the active medicine
as illustrated in Fig. 3.

Sedating antihistamines such as diphenhydramine are used in many cough medi-
cines and the efficacy of these medicines as antitussives may be due to their general
sedative effects rather than any specific interaction with pharmacological receptors.

5.2 Physiological Effects

The physiological effects of a cough medicine are the effects of the treatment that
are initiated by the physical properties of the medicine that are perceived by the pa-
tient, such as colour, taste, smell, viscosity, acidity, temperature, texture, etc. These
properties are related to the physical and chemical properties of the medicine and
they may influence the magnitude of the placebo effect in at least three ways: (1) by
triggering effects such as salivation and increased airway secretions, (2) by specific
effects of sweet substances on cough and (3) by making the patient aware of the
treatment by its sensory effects such as taste, smell, etc. The active pharmacological
ingredient of the cough medicine may also contribute to the physiological effects of
the medicine by its physical and chemical properties such as having a bitter taste or
a distinctive smell.
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A physiological effect on cough may be initiated by sensory stimuli such as
the sweet or bitter taste of the medicine triggering reflex salivation and the secre-
tion of mucus in the airways. Cough syrups that contain sapid substances such as
sugar, honey, spicy substances such as capsicum and bitter-tasting substances such
as lemon and citric acid will readily cause reflex salivation and may also promote
secretion of airway mucus. In cases of dry unproductive cough the demulcent ef-
fects of a cough medicine may lubricate the pharynx and larynx and help to reduce
coughing. In cases of productive cough the increase in airway secretions caused by
a sapid cough syrup may increase mucociliary clearance from the airway by an ex-
pectorant effect. Gustatory rhinorroeah has been shown to occur after eating spicy
foods and this observation demonstrates a link between gustation and airway se-
cretion of mucus (Choudry et al. 1992). Some cough medicines contain capiscum,
which is a potent gustatory stimulus and which may also promote airway secretions.
The sweet taste of cough syrups may have been traditionally used to mask the taste
of bitter-tasting plant extracts such as opium, but the fact that almost all modern
cough medicines are formulated as sweet sapid syrups indicates that the physiologi-
cal actions of the sweet syrup may contribute to the antitussive (cough suppressant)
and expectorant activity of the treatment.

The sweet taste of a cough medicine may contribute to the placebo effect by trig-
gering reward areas in the brain and this topic has recently been reviewed (Eccles
2006). Most cough medicines are formulated as sweet viscous syrups and the sweet
taste may influence cough in two ways: firstly by stimulation of airway secretions
as described above, and secondly by the generation of endogenous opioids (Jain
et al. 2004; Eccles 2006). The hypothesis has been put forward that the sweet taste of
cough medicines may cause the generation of endogenous opioids in the nucleus of
the tractus solitarius and that since this nucleus is also involved in the control
of cough there may be some inhibition of cough due to generation of endogenous
opioids (Eccles 2006).

Cooling and warming agents are often added to give extra sensations to cough
medicines and these agents influence the activity of cold and warm receptors. Cool-
ing agents such as menthol are sometimes included as flavouring agents in cough
medicines, although menthol may also have pharmacological activity as a local
anaesthetic (Eccles 1994). The cooling properties of menthol and other cooling
agents could also be considered as a pharmacological component of treatment, as
there is some evidence that cooling properties are determined by interaction with a
menthol type of pharmacological receptor on sensory nerves (Eccles 1994) and with
interactions with transient receptor potential ion channels (McKemy et al. 2002). Al-
though menthol is usually declared as a flavouring agent in cough medicines, there
is some evidence that it may have specific antitussive activity (Laude et al. 1994;
Morice et al. 1994; Pavesi et al. 2001).

The third component of the physiological effect involves the ‘sensory impact’
of the cough medicine. If the medicine could be administered without any sensory
impact, i.e. without the patient perceiving that any treatment had been administered,
then it is doubtful that there could be any true placebo effect as this is dependent
on the conscious perception that a treatment has been administered. Consciousness
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Fig. 4 Components of the physiological effect. The sensory impact of the cough medicine may
cause three different effects that lead to an inhibition of cough as described in the text

and perception of treatment must be necessary for any true placebo effect as it is
generally accepted that the treatment must have not only have been perceived but
that it should also have some ‘meaning’ to the patient (Moerman 2002) and this
level of cognition must involve consciousness.

The physiological effect of a cough syrup may exhibit similar characteristics to a
pharmacological effect, with a time course of action, peak effect, cumulative effect
and carryover effect, but at present there is no information on the pharmacodynamics
of any physiological effect of treatment on cough. In the case of cough medicines,
there is likely to be a large physiological effect with a cough syrup, but little if any
physiological effect with a tablet or capsule formulation.

The three components of the physiological effect are illustrated in Fig. 4. The
physical and chemical properties of the cough medicine stimulate sensory nerves
and are responsible for the sensory impact of the treatment as discussed above. The
sensory impact is interpreted in terms of its ‘meaning’ to the subject and if it is in
the context of a positive belief about the treatment then this ‘meaning’ may be cause
a true placebo effect. In this respect, some components of the physiological effects
may be responsible for the true placebo effect.

5.3 True Placebo Effect

The perceived placebo effect is defined as the total effect of the placebo medicine,
which includes the true placebo effect and other effects, such as any physiologi-
cal effect, and non-specific effects such as natural recovery from the disease. The
perceived placebo effect is normally measured in a placebo-controlled clinical trial,
but it is not possible to estimate the contribution of the true placebo effect to any
changes in cough severity from this parameter, as the perceived placebo effect also
includes the physiological effect and non-specific effect of treatment as shown in
Fig. 3.
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Fig. 5 Median cough frequency (per 15 min) before treatment and after treatment. Round symbols
represent the ‘no-treatment’ group and filled symbols the ‘placebo-treatment’ group. (Redrawn
from Lee et al. 2005)

In clinical trials where a ‘no-treatment’ group is included in the design, it is possi-
ble to control for any non-specific effects of treatment by subtracting any changes in
the no-treatment group from those changes observed in the placebo-treatment group
(Lee et al. 2005). This leaves us with a measure of any true placebo effect plus
any physiological effect. In a study on patients with cough associated with upper
respiratory tract infection, comparing the antitussive effects of ‘no treatment’ and
placebo treatment, the no-treatment group had a 7% decrease in cough frequency
compared with a 50% decrease in the placebo-treatment group as shown in Fig. 5
(Lee et al. 2005). In this study the placebo medicine was a capsule, rather than a
sweet syrup, so the placebo effect cannot be explained by any physiological effect
of sugar, or by rest, and it may be reasonably defined as a true placebo effect.

The true placebo effect of treatment with a cough medicine is related to the
patient’s belief about the efficacy of the medicine (Evans 2003) and the meaning
that the patient relates to the treatment (Moerman 2002). The degree of belief in
the treatment will depend on many factors, such as the healer–patient interaction,
cultural beliefs about traditional treatments, the environment in which the medicine
is administered, the properties of the medicine, such as taste, colour and smell, ad-
vertising and claims made about the efficacy of the medicine, the brand name of the
medicine, and side effects associated with treatment that may reinforce the belief of
efficacy. This list of factors that may influence the true placebo effect is not exhaus-
tive and it illustrates how difficult it is to properly control and standardise studies on
the true placebo effect.

The true placebo effect may be explained in terms of psychoneuropharmacology
(Eccles 2002), which means that the belief in the effects of the medicine triggers a
distinct nervous pathway with its own neurotransmitters that can be influenced by
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pharmacological intervention. The true placebo effect of cough medicines may be
related to the generation of endogenous opioids, as a similar explanation for placebo
analgesia has been proposed (Fields and Price 1999). If the true placebo effect on
cough is mediated by the generation of endogenous opioids then this effect should
be inhibited by pharmacological intervention with opioid antagonists. The analgesic
effect of placebo treatment has been reported to be inhibited by administration of
opioid antagonists such as naltrexone (Benedetti 1997) but at present there are no
similar reports on the effects of opioid antagonists on natural cough, although there
is one report of negative findings for induced cough (Hutchings and Eccles 1994).

5.4 Non-specific Factors

“Sick people often get better”. In an acute illness natural recovery may occur and
this is not due to any effect of the treatment (Ernst and Resch 1995).

Patients recruited to a clinical trial to determine the efficacy of a cough medicine
are screened to determine the severity of cough, and only those patients with a high
subjective score and/or objective measure of cough are recruited for the study. By
recruiting only those patients with a severe or troublesome cough and excluding
those patients with a mild cough, one skews the population of patients in the trial
towards those with a severe cough. In these circumstances the cough severity of the
patients in the trial is unlikely to increase during the course of the study and it is
more likely that the cough severity will decrease owing to the process of natural
recovery. The mean measure of cough severity is likely to decline during the course
of the clinical trial and this statistical effect is often referred to as ‘regression to
mean’ (Kienle and Kiene 1996).

It is not possible to control for the effects of rest and spontaneous recovery in
controlled clinical trials that involve only placebo- and active-treatment groups, as
both these treatment groups will be affected by rest and recovery. However, if a no-
treatment group is included in the trial design then this will allow direct comparison
with the placebo-treatment group and any effect of placebo above the effect of no
treatment can be deemed to be caused by a ‘true placebo effect’ less any physiolog-
ical effect (Ernst and Resch 1995).

5.5 Psychological Factors

Reflexes such as the flexion reflex and the eye blink reflex are affected by psycholog-
ical factors such as fear and arousal (Koh and Drummond 2006), and it is reasonable
to assume that cough may also be influenced by these types of psychological factors.

In a study on the voluntary suppression of acute cough it was found that subjects
with high scores for the psychology parameter of obsessional symptoms had less
control of their cough than those with lower scores, and the study concluded that
it was important to consider psychological characteristics in situations that involve
voluntary forms of symptomatic behaviour such as cough (Hutchings et al. 1993a).
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6 Cough Model

A model of cough is illustrated in Fig. 6. Cough is proposed to be initiated in three
ways:

1. Reflex cough, caused by the presence of food or fluid in the airway. This type of
cough is not under conscious control and can occur in the unconscious subject
during general anaesthesia.
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Fig. 6 A model of cough. Cough may be initiated in three ways: (1) reflex cough, caused by the
presence of food or fluid in the airway – this type of cough is not under conscious control and can
occur in the unconscious subject during general anaesthesia; (2) voluntary cough, under conscious
control that is abolished with general anaesthesia; (3) cough in response to sensation of airway
irritation – this type of cough causes an urge to cough that initiates voluntary cough and may only
be present in the conscious subject. See the text for further explanation of the model
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2. Voluntary cough, under conscious control that is abolished with general anaes-
thesia.

3. Cough in response to sensation of airway irritation. This type of cough causes
an urge to cough that initiates voluntary cough. This urge to cough may only be
present in the conscious subject.

6.1 Reflex Cough (Type 1)

The type of cough that was discussed in the early animal studies on cough is best
described by the term ‘reflex cough’ and this is illustrated as type 1 in the model.
This type of cough could also be described as a laryngeal cough reflex, that is
“a brainstem-mediated involuntary reflex that is protective to the upper airway and
is essential to the survival of the individual” (Stephens et al. 2003). This type of
cough occurs owing to the sudden presentation of food or fluid to the airway, and
results in an explosive and uncontrollable bout of coughing to clear the airway. The
presence of food or fluid in the airway causes stimulation of vagal sensory nerves
that relay directly in the brainstem to initiate a rapid and forceful type of cough. It
is probable that this type of cough is initiated either before or simultaneously with a
sensation of airway irritation.

In some respects there is some similarity between cough and pain reflexes.
A powerful painful stimulus such as touching a very hot surface with the hand will
induce a withdrawal reflex that is not under conscious control, and this is similar to
the type 1 cough reflex.

Is reflex cough a component of human cough associated with respiratory dis-
ease? Are some coughs associated with disease entirely reflex with no opportunity
for any voluntary inhibition? Is there a breaking point during suppression of cough
when the urge to cough becomes uncontrollable and cough occurs despite a will
to prevent cough? These types of questions were partly addressed in a study con-
ducted on the ability of patients to suppress cough associated with common cold
(Hutchings et al. 1993a). Patients were sat in front of a screen giving the instruction
‘Please do not cough’ and 27 out of a group of 79 patients with cough associated
with common cold could suppress their cough for over 20 min. Of the remaining
52 patients, 32 could suppress cough for between 2.5 and 12.5 min and only 20
subjects coughed in the first 2.5 min of cough suppression. The study found a sig-
nificant correlation between the cough suppression time and the severity of cough.
The study demonstrates that cough can occur even though the patient is attempting
to suppress the cough and therefore it provides some support for a type of reflex
cough. The cough model proposed by the investigators to explain the results was a
central integrator of cough sensory information located in the brainstem. The inte-
grator acted like a leaky capacitor so that if the sensory input from airway irritant
receptors was of a low level then it was possible to suppress cough indefinitely as
the cough threshold was never reached. However, if the sensory input was greater,
then a threshold for cough would be reached within a set time and an involuntary or
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reflex-type cough would occur. With aspiration of food and fluid, the sensory input
to the cough integrator is so great that the cough threshold is reached almost im-
mediately and there is no opportunity to suppress the cough. With airway irritation
associated with respiratory disease, such as common cold, the coughs may be sup-
pressed at will, perhaps by raising the threshold for cough in the cough integrator
(Hutchings et al. 1993a).

6.2 Voluntary Cough (Type 2)

Cough can be initiated without any sensory input from the airway. If subjects are
instructed to cough at intervals they can easily follow any protocol of voluntary
cough. This type of cough occurs in the absence of any input from the airway and
in the absence of any sensation of urge to cough. Voluntary cough may be related
to psychological illness such as habit cough in Tourette’s syndrome (Widdicombe
et al. 2006) or psychogenic cough disorders such as conversion syndrome (Bhatia
et al. 2002; Irwin et al. 2006). The cough model in Fig. 6 provides two pathways
for the initiation of voluntary cough, one from the cerebral cortex straight to the
spinal control areas for respiratory muscles, and a second pathway via the brain-
stem cough-control centre. At present it is not clear which of these pathways may
be the most important for voluntary control of cough. Cough initiated via the brain-
stem may be similar to a reflex cough as it is likely that the cough is initiated from
some sort of pattern generator. Cough initiated via the direct cortical pathway to
the spinal cord may be variable in pattern similar to any voluntary contraction of
skeletal muscles. Voluntary control of cough probably evolved with the voluntary
control of the respiratory muscles associated with the use of the respiratory system
for vocalisation and communication.

6.3 Urge To Cough (Type 3)

Probably the most common type of cough is cough initiated by a sensation of airway
irritation (type 3 in the model). This type of cough may be involved in all types of
human respiratory disease. The sensation of airway irritation is detected by vagal
sensory fibres in the airway, which are sensitive to mechanical and chemical stimuli.
In cough associated with common cold or chronic cough the sensory nerves may
detect the presence of excess mucus in the airway or they may be in a condition
of hyperreactivity. With airway hyperreactivity, a sensation of irritation may result
from the presence of inflammatory mediators or in response to stimuli that would not
normally be sensed as irritation such as cold air or airway inflation. The sensation
of airway irritation causes an ‘urge to cough’ as described by Davenport (2007) and
this can then initiate voluntary cough under conscious control. The urge to cough
is discussed by Davenport in this volume. This urge to cough must be perceived by
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the conscious subject in order to initiate cough and it is likely to be abolished by
loss of consciousness such as with general anaesthesia or sleep. In sleep the airway
irritation may reach a level that causes arousal of the subject and then the subject
will perceive the urge to cough and may initiate voluntary coughs. The type 3 cough
may also stimulate brainstem pathways as with type 1 reflex cough, but it can be
assumed that the level of stimulation is subthreshold as reflex cough does not occur
and the cough is under voluntary control.

Type 3 cough may be processed in a cough integrator as described by Hutchings
et al. (1993a). The integration of cough sensory input to the brainstem is similar to
the urge to cough. As described above, the summation of cough sensory input to
the brainstem areas may reach a threshold that initiates a cough that can no longer
be suppressed. Similarly one can envisage that on occasions the urge to cough may
reach a similar threshold and cough cannot be suppressed.

Type 1 and type 3 cough may be initiated by the same type of stimuli. For exam-
ple, a little food or fluid in the airway may not cause a sensory response of sufficient
magnitude to reach the threshold of a reflex cough. In this case the subject may have
the control to clear the airway voluntarily in response to an urge to cough. However,
if more food or fluid enters the airway the stimulus may reach the threshold for a
reflex type 1 cough that is not under voluntary control. The type 3 cough reflex un-
der control of the cerebral cortex may have evolved with the emergence of speech
in order to clear the vocal cords prior to speech (Stephens et al. 2003).

7 Upper- and Lower-Airway Cough

Cough is often referred to as either a ‘dry’ cough that is unproductive (in the sense
that coughing does not result in expectoration of airway mucus) and may be thought
of as originating primarily at the level of the larynx and trachea, or as a ‘chesty’
productive cough that originates in the bronchi and lower airways. The cough model
illustrated in Fig. 6 does not distinguish between these two types of cough as the
sensory pathway for initiation of cough is shown merely as the vagus nerve with no
differentiation into upper and lower airways. Both dry and chesty types of cough
may have the same mechanism and both may involve cough initiated by a sensation
of airway irritation and an urge to cough as with type 3 cough. In the past there has
been a tendency to separate these two types of cough, and the chesty cough has been
thought to fit in the category of chronic cough where there is some chronic disease of
the lower airways that results in airway inflammation and the production of airway
mucus. This mucus may combine with the inflammatory plasma exudates in the
airway to form a viscous plug of mucus that causes some mechanical stimulation
and physical stimulation of the airway to cause productive cough. However, there
is no reason to believe that the central pathways associated with chesty cough or
chronic cough are different from those associated with dry cough. It is apparent
that both types of cough result from an urge to cough and although the peripheral
mechanisms of cough may be different, the central pathways and mechanisms are
likely to be the same.
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When the first studies that reported the lack of efficacy of codeine and dex-
tromethorphan in cough associated with common cold were published (Freestone
and Eccles 1997; Lee et al. 2000) it was assumed that these results were not transfer-
able to chronic cough owing to differences in the mechanisms of acute and chronic
cough. However, if the central mechanisms of acute and chronic cough are the same,
one would not expect any difference in the effects of centrally acting cough medi-
cines on acute and chronic cough.

8 Discussion

8.1 Unconscious Reflex Cough Versus Conscious Control
of Cough

This review puts forward the thesis that cough is not just a simple brainstem reflex
but that cough is also under conscious control. The early animal studies on cough
used decerebrate or anaesthetised animals to study the cough reflex and the effects of
antitussive medicines, and up until quite recently cough was only discussed in terms
of reflex cough. These early animal studies established morphine and codeine as a
gold-standard antitussive that inhibited the cough reflex before abolition of sponta-
neous breathing (May and Widdicombe 1954). Later studies on man have adopted
the concept that cough is a reflex controlled from the brainstem and that antitussives
such as codeine and dextromethorphan inhibit cough by inhibiting the activity of
the cough reflex at the level of the brainstem (Eddy et al. 1969; Braga and Allegra
1989).

Some studies on cough associated with common cold have failed to show any
effect of codeine (Eccles et al. 1992; Freestone and Eccles 1997) or dextromethor-
phan (Lee et al. 2000) on cough. These results have been explained on the thesis that
cough associated with common cold consists of two types of cough, reflex cough
and voluntary cough, and that most cough associated with common cold is under
voluntary control. The lack of effect of codeine on cough associated with com-
mon cold may be explained on the basis that codeine only acts on reflex cough
and has little effect on cough that is initiated by voluntary control (Freestone and
Eccles 1997). In relation to the present review, this would mean that codeine and
other centrally acting antitussives would have an inhibitory effect on reflex cough
(type 1) but would have no effect on voluntary cough (type 2) or the urge to cough
(type 3). This concept is supported by a recent study on the urge to cough using cap-
saicin challenge to induce cough that reported that codeine in single doses of 30 and
60 mg had no effect on the urge to cough as perceived by the subjects (Davenport
et al. 2007).
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8.2 Placebo Effect and Cough Control

Placebo treatments do cause a great reduction in cough frequency and severity
(Eccles 2002) but it is not understood how the placebo effect influences the three
types of cough illustrated in the cough model shown in Fig. 6. It has been proposed
that the placebo effect inhibits cough by the generation of endogenous opioids in the
brainstem area (Eccles 2006). This placebo effect could be mediated by the sweet
taste of a cough syrup causing the generation of endogenous opioids in the brain-
stem areas that control cough, or by the belief in the cough treatment activating
cortical areas that have descending inhibitory pathways to the cough-control area in
the brainstem (Eccles 2006).

If most human cough associated with respiratory disease is under conscious con-
trol, then the placebo effect of cough medicines may be due to some change in the
intensity of the urge to cough. The urge to cough is a drive that must be sensed at
higher centres in the brain as the subject is aware of a sensation of airway irritation
that may eventually summate to cause a cough that is not under conscious control.
The coughs that are under voluntary control may be influenced by treatment with
any medicine that the subject believes may have an inhibitory effect on cough. It is
difficult to say whether this inhibition of cough is a cognitive process or whether it
is due to release of endogenous opioids as discussed earlier.

9 Conclusions

Human cough is much more than a brainstem reflex that protects the airway from as-
piration of food and fluid. Cough can be initiated and inhibited by voluntary control
and is also subject to inhibition by placebo treatments. Cough may be classified into
three types: reflex cough that protects the airway and which is present even in the
comatose and unconscious subject; voluntary cough initiated at will; and voluntary
cough initiated in response to airway irritation. Reflex cough has been reported to
be inhibited by opioids such as codeine, in animal studies, but codeine is no longer
accepted as a gold-standard treatment for human cough associated with respiratory
disease. Much cough associated with respiratory disease is under conscious con-
trol and occurs in response to an urge to cough initiated by a sensation of airway
irritation.
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Abstract Cough is generated by a brainstem neural network. Chemical and mechan-
ical stimulation of the airway can elicit a reflex cough and can elicit a cognitive sen-
sation, the urge-to-cough. The sensation of an urge-to-cough is a respiratory-related
sensation. The role of the respiratory sensation of an urge-to-cough is to engage be-
havioral modulation of cough motor action. Respiratory sensations are elicited by a
combination of modalities: central neural, chemical, and mechanical. Stimulation of
respiratory afferents or changes in respiratory pattern resulting in a cognitive aware-
ness of breathing are mediated by central neural processes that are the cognitive
neural basis for respiratory sensations, including the urge-to-cough. It is proposed
that the urge-to-cough is a component of the cough motivation-to-action system.
The urge-to-cough is induced by stimuli that motivate subjects to protect their air-
way by coughing. Cough receptor stimulation is gated into suprapontine brain sys-
tems. In the proposed cough motivation system, the cough stimulus would produce
an urge-to-cough which then matches with the cognitive desire for a response to the
urge. If a cough is produced by the motor action system, the descending cognitive
drive modulates the brainstem cough neural network. Receptors within the respira-
tory system provide sensory feedback indicating if the cough occurred, the motor
pattern, and the magnitude. The limbic system uses that information to determine if
the coughing behavior satisfied the urge. Cough is stopped if the urge-to-cough is
satisfied; if the urge has not been satisfied then the urge-to-cough will continue to
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motivate the central nervous system. The central component within this cough mo-
tivation system is the intrinsic brain mechanism which can be activated to start the
cycle for motivating a cough, the urge-to-cough. Eliciting a cognitive urge-to-cough
is dependent on the integration of respiratory afferent activity, respiratory motor
drive, affective state, attention, experience, and learning.

1 Introduction

Cough is generated by a brainstem neural network (Shannon et al. 2000, 2004).
Chemical and mechanical stimulation of the airway can elicit a cough (Canning
et al. 2006; Dicpinigaitis 2003; Ho et al. 2001; Mazzone 2005). While cough does
not require cognitive awareness or the cerebral cortex, cough can elicit a cognitive
sensation. It has been reported that inhalation of aerosolized capsaicin stimulates
cough and results in a sensation termed the “urge-to-cough” (Davenport et al. 2002).
It was also reported that this cognitive sensation of an urge-to-cough increases
with increasing capsaicin concentration. There are correlations between the urge-
to-cough, the number of coughs, and the capsaicin concentration (Davenport et al.
2002, 2007a). When subjects were asked to pay attention to their breathing, the urge-
to-cough occurred at a capsaicin concentration less than the capsaicin concentration
eliciting the motor reflex cough (Davenport et al. 2002). This suggests that the cough
cognitive sensory process can precede the cough motor event; hence, the stimula-
tion of receptors that initiate irritant reflex cough projects to cognitive cortical cen-
ters eliciting the perception of a need to cough and the discriminative sensation of
cough. The sensation of an urge-to-cough suggests that this cognitive awareness is
a respiratory sensation. The role of reflex cough is to protect the airway. The role
of respiratory sensations is to engage the cognitive motivation system to modulate
respiratory motor behavior. The first component of the cognitive motivation system
is initiation of a biological urge which then initiates a cascade of neural events lead-
ing to conscious behavioral modulation of motor behavior (Bradley 2000). Hence,
the role of the respiratory sensation of an urge-to-cough is to engage behavioral
modulation of cough motor action.

Respiratory sensations are not a single sensory modality but rather a combina-
tion of modalities: central neural, chemical, and mechanical (O’Donnell et al. 2007).
Respiratory sensations usually include the various forms of dyspnea (air hunger,
chest tightness, effort of breathing); however, other respiratory sensations are com-
mon, such as sensations of an urge-to-breathe, urge-to-cough, urge-to-sneeze, sense
of suffocation, airway irritation, laryngeal burning, and similar cognitive sensations
related to breathing. Disruption of breathing, stimulation of respiratory afferents,
and changes in respiratory pattern result in a cognitive awareness of breathing which
is mediated by neural processes. Often this cognitive awareness of breathing leads
to distressing emotions and, as such, motivates and elicits behavioral breathing-
related compensations. Respiratory sensations of sufficient magnitude can dominate
cognitive awareness; hence, there has to be a cognitive neural basis for respiratory
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sensations. It follows that appropriate manipulation of these neural processes will
provide insight into the mechanisms mediating the specific forms of respiratory sen-
sations, including the urge-to-cough.

Research on respiratory sensations and the urge-to-cough use physiological
changes to understand psychological processes and use psychological changes to
understand physiological processes. In order to investigate the urge-to-cough and
other respiratory sensations, several things must be considered: the modality medi-
ating the sensation, threshold, magnitude of stimulation, neural processing mecha-
nisms, and motor outcomes/compensations.

2 Respiratory Sensation

The significance of respiratory sensations is the fact that respiratory sensory in-
formation processing is fundamental to the perception of ventilatory status. When
ventilation is obstructed, stimulated, challenged, or attended to, cognitive aware-
ness of breathing occurs. The effects of respiratory sensations range from a sim-
ple awareness of breathing to highly distressing fear and anxiety in both humans
and animals. This is the result of neural gating into the cerebral cortex of respira-
tory afferent input eliciting a somatosensory cognitive awareness of breathing and
an affective response. It is hypothesized that (1) neural information from respiratory
afferents must pass through a subcortical threshold gate before sensory information
is transferred to the cerebral cortex, (2) respiratory sensory information simultane-
ously projects to the discriminative (i.e., somatosensory cortex) and affective (i.e.,
anterior cingulate, insular cortex, amygdala) neural centers, and (3) gating of cor-
tical neural activity is modulated by convergent afferent input to the neural region
that may be the gate mechanism for respiratory afferent information to the discrim-
inative and the affective areas. Subsequent neural processing recruits neural centers
in motor pathways to initiate respiratory compensatory behaviors.

Respiratory sensations can originate with the activation of multiple sensory re-
ceptors associated with respiration, such as arterial chemoreceptors and mechanore-
ceptors in the lung, and airway and respiratory muscles (O’Donnell et al. 2007).
Respiratory stimuli known to elicit respiratory sensations are lung hyperinflation,
lung deflation, inhaled irritants, hypercapnia, and respiratory mechanical loads
(O’Donnell et al. 2007). These stimuli are produced by changes in lung volume,
PaCO2,PaO2, bronchial smooth-muscle tone, airway pressure, pleural pressure, respi-
ratory muscle force, respiratory muscle length, airflow, and lung mechanics.

It is known that respiratory stimuli elicit neural activity in suprapontine areas
(O’Donnell et al. 2007). In human studies (Fig. 1) respiratory-related evoked po-
tentials (RREP), positron emission tomography (PET), and functional magnetic
resonance imaging (fMRI) have been used to study human brain activity induced
by respiratory mechanical loads, reducing tidal volume, hypercapnia, and hypoxia
(O’Donnell et al. 2007). Neural activation has been reported in the primary sensory
cortex, thalamus, hypothalamus, anterior cingulate, amygdala, anterior insular
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Fig. 1 Neural areas identified as active in response to respiratory stimuli that elicit respiratory
sensations (Banzett et al. 2000; Brannan et al. 2001; Davenport et al. 1996; Evans et al. 2002;
Gozal et al. 1995, 1996; Isaev et al. 2002; Liotti et al. 2001; Logie et al. 1998; Mazzone et al. 2007;
Peiffer et al. 2001; Simonyan et al. 2007)

cortex, basal ganglia, caudate, frontal operculum (Banzett et al. 2000; Davenport
et al. 1996; Evans et al. 2002; Logie et al. 1998), supplementary motor area, puta-
men, prefrontal cortex (Davenport et al. 1996; Gozal et al. 1995, 1996; Logie et al.
1998; Peiffer et al. 2001), amygdala, posterior insular cortex, and gyri in the occipi-
tal and temporal lobes (Brannan et al. 2001; Isaev et al. 2002; Liotti et al. 2001).
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While PET and fMRI methods allow identification of neural areas activated by
respiratory stimuli, these brain-imaging methods cannot discriminate between sen-
sory and motor activation. The pattern of RREP peaks provides neural indicators
of the temporal sequence of respiratory sensation. However, RREP studies provide
limited information on the specific neural nuclei of the respiratory sensory pathways
to the activated discriminative and affective cortices (Bloch-Salisbury and Harver
1994; Bloch-Salisbury et al. 1998; Davenport et al. 1986, 1996; Davenport and
Hutchison 2002; Harver et al. 1995; Knafelc and Davenport 1997, 1999; Logie et al.
1998; Revelette and Davenport 1990; Webster et al. 2002; Webster and Colrain
2000a, b; Zhao et al. 2002).

The results of the RREP, PET, and fMRI studies indicate common areas are ac-
tivated by multiple respiratory modalities, suggesting convergent neural pathways
for respiratory perception that can lead to specific respiratory sensations. The differ-
ences in brain activations with the different respiratory sensory modalities are likely
due to the afferent systems activated. Each respiratory sensory modality has a unique
convergent and divergent afferent input to the central nervous system and a unique
temporal pattern of afferent activity. Despite well-known afferent responses to res-
piratory stimuli, it remains unknown which of the fMRI- and PET-imaged activated
central neural structures are essential to produce specific respiratory sensations.

Respiratory sensory information is continuously sent to the respiratory centers
in the brainstem yet does not activate higher brain cognitive centers on a breath-
by-breath basis. This suggests that respiratory afferent input is continually present
in the central nervous system but is normally gated-out of higher brain cognitive
centers, allowing individuals to breathe without conscious attention to their ventila-
tion. However, changes in the respiratory system can occur that recruit or increase
respiratory afferent input. If a sensory threshold is exceeded (the detection thresh-
old), respiratory sensory information passes through the gate, activating higher brain
centers and resulting in cognitive awareness of breathing. This means that one com-
ponent of the neural mechanism for initiation of cognitive respiratory sensation is
threshold gating (Fig. 2). The presence of a gated neural mechanism predicts that a
stimulus magnitude must exceed a threshold for respiratory afferents to activate the
cerebral cortex (Chou and Davenport 2007; Davenport et al. 2007b). It is also well
known that the threshold for load detection can be modulated with background loads
(Chou and Davenport 2007; Wiley and Zechman 1966). Loads that were detected
with minimal background resistance become undetectable when a background load
was increased. Increasing the magnitude of the background stimulus of the same res-
piratory sensory modality inhibits detection and cortical neural activity (Chou and
Davenport 2007). Increasing nonrespiratory background stimuli may also modulate
respiratory perception. These results suggest that gating of cortical neural activity
is modulated by the background sensory state. It is likely that the sensation of the
urge-to-cough uses similar neural mechanisms for the generation of this form of
respiratory sensation.
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Fig. 2 Motivation model of urge-to-cough gated into the brainstem and suprapontine neural control
systems for discriminative and affective control of cough

3 Urge-To-Cough

Reflex cough has been the most extensively investigated type of cough. Reflex cough
is initiated by sensory stimulation of peripheral airway afferents using chemical ir-
ritants or mechanical stimulation. Chemical irritants, such as capsaicin, stimulate
airway afferents, and the transduction of the cough-initiating stimuli has been well
studied and characterized (Canning et al. 2006; Ho et al. 2001; Kollarik et al. 2007;
Mazzone 2005). The brainstem mechanisms for generating respiratory cough motor
behavior have also been described (Bolser and Davenport 2002; Shannon et al. 2000,
2004). It is well established that sensory afferents have neural connections into the
brainstem cough network (Canning et al. 2006; Kollarik et al. 2007; Mazzone 2005).
Reflex cough often occurs in the absence of a cognitive awareness of the cough.
However, it has been reported that activation of cough afferents elicits cognitive
cough sensations which have been defined as the urge-to-cough (Davenport et al.
2002). The cognitive awareness of an impending cough or urge-to-cough means af-
ferents have been activated via cognitive neural pathways which have properties of
detection, stimulus evaluation, and behavioral response (Davenport et al. 2007a).
The magnitude of the sensory stimulation has been shown to be directly related
to the stimulus evaluation (magnitude estimation), the number of coughs elicited,
and the cough intensity (Davenport et al. 2007a; Vovk et al. 2007). The experi-
mental methods used to investigate the urge-to-cough are critical for interpreting
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the cognitive results. Experiments need to be specifically designed to determine the
relationship between the perceptual magnitude of the cough, the threshold for elic-
iting the cough, and the cough intensity. Threshold evaluation can be done by using
the doubling dose paradigm (Dicpinigaitis 2003; Dicpinigaitis and Dobkin 1997;
Dicpinigaitis et al. 1999; Dicpinigaitis and Rauf 1998). As the cough stimulus dose
increases, the probability of eliciting a cough increases. At a specific magnitude of
cough stimulus (such as capsaicin concentration), coughs are initiated, hence iden-
tifying the stimulus magnitude necessary for eliciting a motor cough (Dicpinigaitis
2003; Dicpinigaitis and Dobkin 1997; Dicpinigaitis et al. 1999; Dicpinigaitis and
Rauf 1998). This is one measure of the motor threshold for a reflex cough. For
cognitive perception of the cough stimulus, it is essential, however, that the sub-
ject cannot predict the stimulus magnitude that is to be presented. To determine
the magnitude estimation of the cough stimulus it is, thus, necessary to blind the
subject to the concentration of the cough stimulus. The stimulus range (capsaicin
concentration) has to be randomized so the subject cannot anticipate a continuously
increasing cough stimulus. It is also important to present the stimulus range multiple
times to eliminate an order effect in the magnitude estimation for individual stim-
uli. The subject is blinded to the cough stimulus with a randomized-block method
which has the individual increments for the stimulus range randomized into a block
of stimulus presentations (Davenport et al. 2002, 2007a). Each stimulus increment
is repeated in a second independently randomized block. The stimulus-range blocks
can be repeated as often as required by the experimental protocol, with each block
containing the full stimulus range increments independently randomized. Previous
urge-to-cough experiments have used three randomized blocks, resulting in three
presentations of each capsaicin concentration (Davenport et al. 2002, 2007a). It is
critical, however, when performing repeated presentations of cough irritant stim-
uli such as capsaicin to allow sufficient time between each presentation to avoid
tachyphylaxis. Previous urge-to-cough experiments have found a recovery period
of a minimum of 1 min, and preferably 2 min, between each presentation to result
in no significant difference in the magnitude estimation or cough motor response
between three concentration blocks (Davenport et al. 2007a). It is also important to
use a clearly defined cognitive scale for magnitude estimation of the cough stimulus
(Davenport et al. 2002, 2007a). The question or statement provided to the subject of
what is to be evaluated is of greatest importance because subjects will answer the
specific question they are asked. The use of a modified Borg category scale has been
successful in providing stable, reproducible, within- and between-subject magnitude
estimations of capsaicin-elicited cough (Davenport et al. 2002, 2007a).

A linear relationship (using a log–log transform) between capsaicin dose and the
magnitude estimation of the urge-to-cough has been reported (Davenport et al. 2002,
2007a). This is consistent with Steven’s psychophysical law, i.e., the magnitude es-
timation of the stimulus is exponentially related to the magnitude of the physical
stimulus. The slope of the line from the log–log relationship is a measure of the sen-
sitivity of the subject to the cough stimulus. The capsaicin concentration that elicits
an magnitude estimation greater than zero is a measure of the cognitive threshold
for the urge-to-cough. Recording the motor cough response and determining the
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minimum capsaicin concentration to elicit a cough, as measured either by auditory
or by respiratory mechanical responses, allows the determination of the cough mo-
tor threshold (Davenport et al. 2007a; Vovk et al. 2007). The relationship between
the cognitive sensory and motor response to a cough stimulus allows the comparison
of the threshold for the initial awareness of an urge-to-cough and the threshold for
producing a cough. It has been reported that the cognitive threshold for eliciting an
urge-to-cough occurs at a lower capsaicin concentration than the threshold for the
cough motor response (Davenport et al. 2002, 2007a; Vovk et al. 2007). The func-
tional significance of this difference in threshold is to allow the subject to include the
decision-making “desire” step in the motor response of producing a cough. For ex-
ample, if the subject desires to suppress the cough because of the environmental cir-
cumstances, then the cognitive awareness of an urge-to-cough preceding the motor
action of a cough allows the subject to behaviorally modify the motor response as a
function of the subject’s motivational system. This reflex cough experimental par-
adigm also allows the determination of the relationship between the urge-to-cough
and measures of cough intensity (Davenport et al. 2007a; Vovk et al. 2007). There
is a direct relationship between the urge-to-cough, the number of coughs, and the ex-
piratory muscle electromyographic response to increasing capsaicin concentrations
(Vovk et al. 2007). It is clear from these results that increasing peripheral stimula-
tion by a cough-eliciting irritant increases the perceived need to cough and in fact
makes cough obligatory despite the motivational desire of the subject.

Voluntary cough uses a different perceptual paradigm for magnitude production
(Hutchings et al. 1993; Lasserson et al. 2006). In each trial the subject is asked to
produce a cough. The cough the subject is asked to generate is based on a cough
magnitude that the experimenter wants the subject to produce. For example, a sub-
ject may be asked to produce a cough rated as strong, moderate, or weak. The sub-
ject will produce the cough on the basis of his/her internal cognitive perception of
what constitutes a cough intensity corresponding to each requested magnitude. In
this paradigm the subject’s airway afferents are not stimulated and the sensory com-
ponent is bypassed. This experiment was performed in a group for subjects asked to
provide three cough magnitudes (Sapienza et al. 1997). The result was a predictable
relationship for both inspiratory and expiratory airflows. There was a significantly
increasing peak inspiratory airflow from weak to strong coughs, indicating that the
subjects took a larger inspiratory priming breath before generating the cough expi-
ratory airflow. There was also a significant increase in peak expiratory airflow that
was directly proportional to the requested magnitude of the cough (weak to strong).
Similarly it was reported that there was an increasing peak abdominal electromyo-
graphic response with increasing voluntary cough strength (Sapienza et al. 1997).
This type of behavioral paradigm allows the investigation of cognitive cough motor
behavior that is independent of an airway sensory activation (Hutchings et al. 1993;
Lee et al. 2002; Widdicombe et al. 2006). This also shows that voluntary cough can
be used to investigate the motor pattern related to anticipated cough strength in the
absence of cough-eliciting-afferent stimulation.

fMRI studies of voluntary cough (Simonyan et al. 2007) and capsaicin inhala-
tion (Mazzone et al. 2007) have shown activations in the primary sensory cortex,
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the primary motor cortex, superior temporal gyri, orbitofrontal cortex, anterior
midcingulate cortex, insula, and cerebellum. Activations more specifically related
to the magnitude estimation of the capsaicin stimulation were found in the ante-
rior midcingulate cortex, right primary somatosensory cortex, and supplementary
motor area. These areas of the brain are similar to other respiratory sensory modali-
ties (Table 1), suggesting the urge-to-cough may be using neural mechanisms com-
mon to respiratory sensation (Fig. 1). The activation of the cingulate gyrus and
insular cortex is consistent with subjects experiencing an urge-to-swallow (Kern
et al. 2001). However, the neural mechanisms mediating the urge-to-cough remain
unknown.

Table 1 Suprapontine neural areas activated by stimuli that elicit respiratory sensations (Banzett
et al. 2000; Brannan et al. 2001; Davenport et al. 1996; Evans et al. 2002; Gozal et al. 1995, 1996;
Isaev et al. 2002; Liotti et al. 2001; Logie et al. 1998; Mazzone et al. 2007; Peiffer et al. 2001;
Simonyan et al. 2007)

Respiratory sensation Cough

Thalamus Lateral thalamus (VC)
Hypothalamus
Amygdala Amygdala (VC)
Caudate nucleus
Red nucleus

Pontomesencephalic junction (VC)

Basal ganglia Putamen
Putamen claustrum
Glubus pallidus

Cerebellum Cerebellum: dentate nucleus Cerebellum (UtC)
Cerebellum: anterior lobe culme Cerebellar vermis (VC)
Cerebellum: posterior lobe declive
Cerebellum: posterior lobe pyramis
Cerebellum: posterior lobe uvula
Cerebellum: posterior lobetonsil

Cerebral cortex Primary sensory cortex Primary sensory cortex (UtC + VC)
Supplementary motor area Primary motor cortex (UtC + VC)
Prefrontal cortex Orbitofrontal cortex (UtC)
Inferolateral precentral gurus
Anterior cingulate Anterior midcingulate (UtC)
Anterior insular cortex Insular cortex (UtC)
Posterior insular cortex
Gyri in the occipital lobe
Gyri in the temporal lobe Superior temporal gyri (UtC)
Parietal cortex: supramarginal gyrus
Parietal cortex: inferior parietal lobe Lingual and inferior temporal gyri (VC)
Frontal operculum Parieto-opercular cortex (VC)

UtC urge-to-cough, VC voluntary cough
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4 Model of Urge-To-Cough and Cognitive Respiratory Sensory
Information Processing

It is proposed that the urge-to-cough is a respiratory sensation that is a brain com-
ponent of the cough motivation-to-action system (Fig. 2). The significance of the
urge-to-cough is based on the brain mechanisms that have been described for other
biological urges (Bradley 2000; Cameron 2002). Extensive studies have been made
on biological urges such as the urge-to-swallow and urge-to-eat and the motiva-
tional urges involved in drug dependencies (Bradley 2000; Cameron 2002; Kern
et al. 2001). Cortical control of motor regulation and action has been attributed to
activation of the primary sensorimotor cortex (Toogood et al. 2005). Higher-order
motor processing, including attention, has been attributed to the nonprimary mo-
tor regions such as the anterior cingulate cortex (Toogood et al. 2005). Perceptual
and cognitive processing of interoceptive stimuli has been attributed to the parieto-
occipital cortex (Toogood et al. 2005). A highly simplified model has been pro-
duced which summarizes the brain pathways that are part of motivation-to-action
systems. The motivation system includes the intrinsic biological urge as one of the
fundamental components (Straker 2002). The urge-to-cough is a biological urge
(Bradley 2000; Cameron 2002) which is induced by stimuli that motivate the sub-
ject to protect his/her airway by coughing. In this simplified view, after the cough
receptor airway stimulation exceeds the threshold and is gated into suprapontine
brain systems, there are six stages for motivation-to-action (similar to other bio-
logical urges) for the urge-to-cough (Fig. 2). The first stage is the stimulus. Cough
sensory receptors are located throughout the upper and lower respiratory tract and
are activated by chemical or mechanical stimuli. These afferents project to central
neural structures and trigger a sequence of intrinsic neural events which can be
gated into suprapontine neural networks and lead to activation of the “urge” neural
system (Davenport et al. 2007a; Davenport et al. 2002; Widdicombe et al. 2006).
The second stage, activation of the neural urge, converts the physical stimuli into
a biological urge. For other sensory systems such as the urge-to-eat (Bradley 2000;
Cameron 2002; Straker 2002), the thalamus has been implicated as the neural center
that transfers the sensory initiated “urge” signal into the limbic system. This limbic-
system-mediated urge-to-action then projects, in stage 3, to the cortex, where the
urge is translated into a targeted desire, such as the desire to cough or desire to
suppress cough. The urge–desire cortical activation produces a conscious motiva-
tion towards a particular goal which can be to either suppress or elicit a motor
action (cough). The strength of the urge is critically important in this process be-
cause, regardless of the desire, if the urge is of sufficient strength, the cough may
be obligatory despite a desire to suppress cough. The fourth stage is the descend-
ing neural drive for motor action. Eventually the urge–desire achieves its goal and
the subject makes the physical response to satisfy the urge–desire, which can be
a suppression of cough, motor production of a cough, or behaviorally modulated
cough (such as covering their mouth). The internal motivational system can force
an uncomfortable (affective component) action despite the desire to behaviorally
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modify or suppress that action. The cough motor action phase is hypothesized to
result from a descending cortical motor drive activating the brainstem cough neural
network (Bolser and Davenport 2002; Shannon et al. 2000, 2004). It is the brain-
stem cough neural network that generates the cough. The cough action then stimu-
lates a feedback system, the fifth stage, which provides the central nervous system
with evidence of the motor action. The brain receives evidence or feedback on the
pattern of the action and if that action was completed (discriminative component).
The feedback must come from cough-activated sensory receptors and central neural
drive centers. The feedback must be specific for the actions that occurred, i.e., cough
motor pattern. The feedback then projects via a limbic pathway which mediates the
affective sense of reward for the action, the sixth and final stage of this hypothesized
cough motivation-to-action system. The limbic-system-mediated sense of satisfac-
tion of the urge (affective component) arises from the evidence provided by the
feedback generated by the motor cough action. The brain rewards the urge by pro-
viding cognitive information to the subject that the right action occurred and rewards
the continuance of the action. Alternatively the reward system signals that the action
is sufficient to stop further action, producing a feeling of fulfillment, well-being, or
relief. In the proposed cough motivation system, the airway stimulus would produce
an urge-to-cough which then matches with the cognitive desire for a response to the
urge-to-cough. If a cough is produced by the motor action system, the descending
cognitive drive to cough activates the brainstem cough neural network. Receptors
within the respiratory system provide sensory feedback to the brain indicating if
the cough occurred, the cough motor pattern, and the magnitude of the cough. The
limbic system uses that information to determine whether or not the coughing be-
havior satisfied the urge. Cough is stopped if the urge-to-cough is satisfied; if the
urge has not been satisfied then the urge-to-cough will continue to motivate the cen-
tral nervous system. The central component within this cough motivation system is
the intrinsic brain mechanism (Fig. 1) which can be activated to start the cycle for
motivating a cough, the urge-to-cough.

Respiratory sensations, including the urge-to-cough, thus, appear to be the result
of two cortical processes (1) discriminative processing – awareness of the spatial,
temporal, and intensity components of the respiratory input (i.e., what is sensed)
and (2) affective processing – evaluative and emotional components of the respi-
ratory input (i.e., how it feels). Discriminative processing involves somatosensory
neural pathways resulting in somatosensory cortical activation. Affective processing
includes the amygdala and associated structures such as the periaqueductal gray, an-
terior cingulate, and anterior insula (Fig. 1). The proposed model (Fig. 2) also sug-
gests that respiratory sensation is a gated process. Cough motor drive is generated
in the brainstem respiratory neural network. This cough drive produces the mo-
tor cough pattern. Cough is monitored by multiple sensory systems, which include
only four major categories: muscle afferents, lung receptors, airway receptors, and
chemoreceptors. These afferent systems provide sensory input to the brainstem res-
piratory network and it is also known that these afferents project to higher brain
centers. It is further known that respiratory sensations are produced by respiratory-
related changes that preferentially activate one or more of these groups of afferents.



274 P.W. Davenport

However, these sensations do not occur with normal respiratory mechanics, ventila-
tion and eupneic breathing patterns unless voluntary controlled attention is directed
to breathing. This implies that a change of sufficient magnitude (threshold) in these
respiratory sensory systems changes central neural information processing (gating),
resulting in a cognitive awareness of breathing. It is also known that changes in
breathing effort can be perceived. It has been reported that higher brain centers are
activated when ventilatory drive is increased and some neurons show a respiratory
rhythm during eupneic breathing. This suggests that respiratory motor drive is inte-
grated with sensory input by gated comparator mechanisms into the cognitive sense
that is normally gated-out of cognitive centers (Fig. 2). The urge-to-cough is fur-
ther modulated by attention, experience/learning, and affective state. Attending to
breathing results in cognitive awareness of breathing and can potentiate the sense of
an urge-to-cough.

Experience and learning are also important components of behaviorally modu-
lated cough. Respiratory perception and urge-to-cough studies begin with a famil-
iarization or training session to instruct the subject on the sensation elicited by the
specific ventilatory perturbation. This means the subject must experience the res-
piratory change and learn to associate that change with the sensation it produces.
The association cortex is the brain region that mediates attention, experience, and
learning; hence, it is likely that the urge-to-cough is modulated by the association
cortex. Anxiety and distress elicit profound changes in ventilation and strong res-
piratory sensations. Thus, it is predicted that the urge-to-cough is modulated by the
affective neural control system. Other sensory modalities can interact to change the
sensory threshold. Eliciting a cognitive urge-to-cough is dependent on the integra-
tion of respiratory afferent activity, respiratory motor drive, affective state, attention,
experience, and learning.
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Abstract Chronic cough is a common and frequently disruptive symptom which can
be difficult to treat with currently available medicines. Asthma/eosinophilic airway
disease and gastro-oesophageal reflux disease are most commonly associated with
chronic cough but it may also trouble patients with chronic obstructive pulmonary
disease, pulmonary fibrosis and lung cancer. Over the last three decades there have
been a number of key advances in the clinical approach to cough and a number of
international guidelines on the management of cough have been developed. Despite
the undoubted benefit of such initiatives, more effective treatments for cough are ur-
gently needed. The precise pathophysiological mechanisms of chronic cough are un-
known but central to the process is sensitization (upregulation) of the cough reflex.
One well-recognized clinical consequence of this hypersensitive state is bouts of

L. McGarvey
Department of Medicine, Institute of Clinical Science, The Queen’s University of Belfast,
Grosvenor Road, Belfast, BT12 6BJ, UK
l.mcgarvey@qub.ac.uk

K.F. Chung, J.G. Widdicombe (eds.), Pharmacology and Therapeutics of Cough, 277
Handbook of Experimental Pharmacology 187,
c© Springer-Verlag Berlin Heidelberg 2009



278 A.H. Morice, L. McGarvey

coughing triggered by apparently trivial provocation such as scents and odours and
changes in air temperature. The main objective of new treatments for cough would
be to identify ways to downregulate this heightened cough reflex but yet preserve its
crucial role in protecting the airway. The combined efforts of clinicians, scientists
and the pharmaceutical industry offer most hope for such a treatment breakthrough.
The aim of this chapter is to provide some rationale for the current treatment rec-
ommendations and to offer some reflections on the management of patients with
chronic cough.

1 Introduction

Coughing is the most widely recognized clinical sign and symptom but probably the
least well understood. Despite notable advances over the last 50 years in our under-
standing of the basic science and clinical aspects of cough, major gaps in knowl-
edge remain and few if any effective treatments exist. It is not surprising therefore
that although patients with a troublesome cough frequently present to primary- and
secondary-care physicians, managing this symptom is often undertaken with little
hope for diagnostic or treatment success. However, there is now some consensus
on the management of patients with cough based on both published evidence and
the expert opinion of clinicians with a specialist interest in this area. In fact the last
decade has seen a number of published cough management guidelines endorsed by
international respiratory societies (Irwin et al. 2006a; Morice et al. 2004; 2006).
Although some have encountered criticism for a reliance on low-level evidence,
there has been general support for the principles behind such efforts and a call for
increased endeavour in this area (Chung et al. 2006).

The purpose of this chapter is to provide some rationale for the current recom-
mendations and to offer some personal reflections on the treatment of patients with
chronic cough.

2 Definition of Chronic Cough

Coughing serves as a crucial protective reflex for the upper airway. A problem cough
is one which appears to serve no useful physiological purpose. The term ‘chronic
cough’ has been used to describe a cough that has persisted for more than 8 weeks
(Morice et al. 2004).

The definition of ‘cough’ has been a subject of intense debate (Fontana and
Widdicombe 2007). It is unlikely that any single definition exists which completely
satisfies the physician, the scientist and the worried patient. For the purpose of this
chapter, we prefer the most relevant and accurate definition of a clinical cough
(Morice et al. 2006), namely “Cough is a forced expulsive manoeuvre, usually
against a closed glottis and which is associated with a characteristic sound and
this definition is accepted by the majority of those working in the field” (Morice
et al. 2007).
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3 How Common is Chronic Cough?

Chronic cough is one of the commonest syndromes to affect the general popula-
tion. The prevalence of chronic cough in the general population reported in the
literature varies and depends very much on the questionnaire used and the pop-
ulation studied. On the basis of North American, British and European surveys,
estimates of between 11 and 20% of the general population have been reported
(Barbee et al. 1991; Cullinan 1992; Lundback et al. 1991). Environmental factors
including smoking prevalence and exposure (including passive) and environmental
pollution all contribute to these figures (Cerveri et al. 2003; David et al. 2005; Viegi
et al. 1999). A recent survey in Yorkshire, UK, showed that 12% of an unselected
population complained of coughing bouts on a greater-than-weekly basis. Further-
more, 7% of the respondents felt that cough interfered with activities of daily living
(Ford et al. 2006). A survey of patients who had requested information following
a British radio programme on chronic cough reported that the average number of
physicians consulted was six and that clearly inadequate treatment strategies had
been applied by these physicians (Everett et al. 2007). Cough as an isolated symp-
tom accounts for between 10 and 38% of all new referrals to respiratory specialists
(Irwin et al. 1990, McGarvey et al. 1998b). The most troubled patients often seek
specialist help and it is clear that the success rates in treating cough in special-
ist clinics contrasts markedly with those seen in non-specialist clinics (McGarvey
et al. 1998b). Many patients in primary care, once trials of asthma therapy have
failed, are told that they must live with their asthma. Yet chronic cough can be so-
cially and physically debilitating, leading to major decrement in the patient’s quality
of life (Birring et al. 2003b; French et al. 1998).

4 Mechanisms of Chronic Cough

A detailed commentary of the physiological basis of cough and the pathophysiolo-
gal processes involved in clinical cough has been covered elsewhere in this book.
Coughing is a reflex act and in its simplest form is served by afferent receptors
located on airway sensory nerves which when stimulated input via the vagus nerve
to the brain stem, from where efferent fibres relay to both thoracic and abdominal
musculature and laryngeal structures responsible for coughing. The cerebral cor-
tex also appears to exert higher voluntary control over these processes and may be
involved in the sensation of the ‘need’ or ‘urge’ to cough (Davenport et al. 2007;
Mazzone et al. 2007).

A number of receptors (nociceptors) located on vagal afferent sensory airway
nerves are responsive to a variety of noxious stimuli (chemical and mechanical)
known to induce cough. In particular, the rapidly adapting receptor present on myeli-
nated Aδ-type nerves, which appears polymodal (responding to both chemical and
mechanical stimuli) and the small unmyelinated C-fibres, sensitive to the chem-
ical capsaicin, the tussive extract from hot chilli peppers, are widely believed to



280 A.H. Morice, L. McGarvey

be important in the mediation of cough. However, this classification of nocicep-
tors is based on the response of individual nerve fibres and their nerve conduction
velocities rather than the pharmacological and molecular characteristics of the in-
dividual receptor molecules located on these neurones. More recently, evidence has
emerged for the existence of a dedicated cough receptor which has no specific fea-
tures typical of the rapidly adapting receptor or C-fibre receptors which is related
to a specific sodium ATPase (Canning 2006). Establishing the precise molecular re-
ceptor(s) responsible for cough and their endogenous ligands or agonists is crucial
not least because they provide the greatest potential for future therapeutic mod-
ulation. Most work currently evaluating this has come from experiments involving
capsaicin, which also readily evokes cough in both animals and humans and is likely
to do so by stimulation of the transient receptor potential vanilloid 1 (TRPV-1) re-
ceptor (Morice and Geppetti 2004), a member of the vanilloid family of ion chan-
nels located on C-fibres (Caterina et al. 1997). This receptor is also activated by
heat and low pH. There is much interest in the effect of alterations in airway pH
which may evoke or trigger events including cough and bronchospasm (Canning
et al. 2006; Kollarik and Undem 2002). Increased expression of TRPV-1 receptors
has been demonstrated in the airways of humans, including patients with chronic
cough (Groneberg et al. 2004; Mitchell et al. 2005). Another receptor from the tran-
sient receptor potential family, the noxious cold receptor TRPA1, is exciting much
interest and since it is colocalized in neurones with TRPV-1 it may well have a
modulatory role in cough reflex sensitivity. Like TRPV-1, another receptor which is
responsive to acidification is the acid-sensing ion channel. It appears to have an es-
tablished role in nociceptive responses in particular pain (Krishtal 2003). Currently
no information exists on its presence in the human airway and on any specific role
in mediating cough.

A key mechanistic principle underlying chronic cough is upregulation of the
cough reflex. This sensitization process may occur peripherally and/or centrally
(Carr et al. 2006; Bonham et al. 2004). The clinical consequence of this hyper-
sensitive state is a cough triggered at low threshold by stimuli such as cold air,
scents and odours. Inflammation occurs within the airways in patients with chronic
cough and is likely to be responsible for the sensitization of the cough reflex. The
pathophysiological changes which typify chronic cough include disruption of the
airway epithelial lining, basement membrane thickening and chronic inflamma-
tory infiltrate (Boulet et al. 1994; Irwin et al. 2006b; Niimi et al. 2005). These
changes are mimicked by the profile of inflammatory cytokines in induced sputum
and airway lavage samples (Birring et al. 2003a, 2004a, b; Jatakanon et al. 1999;
McGarvey et al. 1999). Airway inflammation is a feature of asthma and chronic
obstructive pulmonary disease, both of which are frequently characterized by both-
ersome cough and which exhibit a heightened response to the tussive effects of cap-
saicin and citric acid (Doherty et al. 2000; Wong and Morice 1999). Bradykinin and
prostaglandin E2 (both elevated in the airways of these patients) seem particularly
important in sensitizing the cough reflex (Choudry et al. 1989). Bradykinin is also
said to have an important mechanistic role in the cough associated with angiotensin-
converting-enzyme inhibitors (Fox et al. 1996). Others suggest that neuropeptides
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such as substance P (Morice et al. 1987) are the major precipitant. Neurokinin A and
cacitonin gene related peptide, which are stored and released by C-fibres, are also
considered to be important cough reflex sensitizers. Recently, a number of published
findings have suggested that neuropeptides may have an important role in human
cough (O’Connell et al. 1995; Patterson et al. 2007). Other potentially important
inflammatory sensitizers include adenosine, or more specifically its metabolite ATP.
Both inhalation and airway challenge with ATP induce vigorous coughing in healthy
and asthmatic subjects (Basoglu et al. 2005; Crummy et al. 2005).

A number of the inflammatory mediators mentioned above have the ability
to activate the TRPV-1 receptor indirectly by activation of the protease-activated
receptors and through protein kinase dependent pathways(Dai et al. 2004; Gatti
et al. 2006; Ramachandran et al. 2007).

5 General Principles on the Management of Cough

The management of chronic cough relies on the application of a simple basic prin-
ciple. Where possible the cause of the cough should be identified and treated and
cough suppression should be only considered where such a strategy fails or is im-
practical. Implicit in this idea is that there are clear-cut diagnostic categories for the
causes of cough. In certain circumstances, such as an inhaled foreign body, this is
clearly true, with removal of the offending item producing an immediate and sus-
tained improvement in cough. Even in these circumstances the diagnosis may be
obscure with radiolucent hollow foreign bodies, such as a ballpoint pen top, or in
the example of a chicken vertebra illustrated in Fig. 1, the object may be lodged
without obvious sign for many years.

In clinical practice it is rare that the patient with the syndrome of chronic cough
presents with an obvious single diagnostic entity. Indeed, in a number of stud-
ies multiple causes of chronic cough are described within a single patient (Irwin
et al. 1981, 1990). This could have two explanations; firstly that there are genuinely

Fig. 1 A chicken vertebra
removed from the right main
bronchus 18 months after a
chicken dinner followed by an
intractable cough
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multiple causes of chronic cough, which frequently coexist, or secondly chronic
cough may have one cause which presents with protean manifestations.

In this chapter we deliberately avoid such philosophical issues and concentrate
on the therapeutic options facing the clinician in a patient with chronic cough.

5.1 Management Protocols

The algorithms recommended for the management of a patient with chronic cough
have recently been extensively reviewed in national and international guidelines.
Despite differences in the methods of producing the guidelines, i.e. whether they
were mainly evidence-based or opinion-based, the European Respiratory Society’s
guidelines (Morice et al. 2004), the British Thoracic Society’s guidelines (Morice
et al. 2006) and the American College of Chest Physicians’ guidelines (Irwin
et al. 2006) all endorse a single management philosophy based around the clini-
cal picture with limited simple investigations followed by therapeutic trials based
on the most likely cause. This approach has been tested and demonstrated to be the
quickest and most cost effective strategy (Lin et al. 2001). It avoids unnecessary and
frequently unpleasant investigations (which themselves are of dubious accuracy)
(Patterson et al. 2004) and achieves the effect desired by the patient: the decrease or
abolition of the cough in the shortest possible time.

A schematic overview of the management of adults with chronic cough as rec-
ommended by the British Thoracic Society is presented in Figs. 2 and 3. Figure 2
outlines the initial clinical assessment, including baseline investigations, and a sug-
gested sequence of trials of disease-specific treatment that could be initiated by the
treating physician in primary care. The persistence of symptoms and the need for
more-specialist investigations such as bronchial challenge testing, oesophageal stud-
ies and induced-sputum sampling and analysis should prompt referral to secondary
care and ideally to a unit with a specialist interest in the evaluation of cough.

In selected cases, a number of additional investigations, including bronchoscopy,
high-resolution computed tomography of the chest, cardiac studies and psychologi-
cal assessment, may be useful (see Fig. 3).

The approach described above is valid because in primary- and secondary-care
settings, airway diseases (including upper-airway conditions) and gastro-oesophageal
reflux disease are the conditions most frequently associated with chronic cough in
adults. Each will be considered in more detail in the following sections.

5.2 Treatment of Asthma/Airway Eosinophilia Associated Cough
Syndromes

Cough is sometimes the only symptom in asthma. In such circumstances and in the
absence of airflow obstruction, the condition ‘cough variant asthma’ may be con-
sidered. Like classic asthma, the nature of airway inflammation in cough-variant
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Fig. 2 Protocol for the evaluation of chronic cough in an adult (primary/secondary care) (modified
with permission from Morice et al. 2006)

asthma is eosinophilic and typified with raised sputum and lavage eosinophil counts
and increased exhaled nitric oxide concentrations (Brightling and Pavord 2000;
Chatkin et al. 1999). However, 20 years ago Gibson et al. described a clinical syn-
drome of ‘eosinophilic bronchitis’ which also presents with isolated cough and is
likewise associated with an airway eosinophilia (Gibson et al. 1989). What dis-
tinguishes this syndrome from cough-variant asthma is the absence of airway hy-
perresponsiveness (Pavord 2004). Finally, the condition of atopic cough described
largely in the Japanese population is also typified by cough, normal lung function
and airway eosinophila (Fujimura et al. 2003). One opinion has been that all of these
conditions represent some part of the clinical spectrum of asthma (McGarvey and
Morice 2003), although the view that they represent distinct clinical entities with
some ‘overlap’ features has been suggested (see Fig. 4) (McGarvey et al. 2007).
What is clinically more important is the feature distinguishing all three conditions
from other forms of chronic cough, which is the treatment success with corticos-
teroids. In patients with chronic cough and evidence of airway eosinophila, inhaled
corticosteroids may be dramatically effective. The time course to response has been
claimed to be slower than that in classic asthma (Brightling et al. 2000). Patients
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Fig. 3 Evaluation and management of an adult with chronic cough (secondary care/specialist
clinic) (modified with permission from Morice et al. 2006)

with eosinophilic cough syndromes have a heightened cough reflex and with suc-
cessful treatment cough reflex sensitivity returns to normal. This is illustrated in
Fig. 5, which shows the change in cough reflex sensitivity to citric acid following
administration of budesonide to a patient with cough-variant asthma. This normal-
ization of cough reflex sensitivity is particularly well illustrated in inflammatory
mechanisms of cough where reduction in the inflammatory milieu around the cough
receptor returns sensitivity to normal.

On a practical note, for patients with cough and airway eosinophilia which fails
to respond to inhaled corticosteroids, leukotriene antagonists are a much more ef-
fective second-line agent than long-acting β-agonists, as are conventionally used in
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Fig. 4 Overlap between cough, airway dysfunction and eosinophilic inflammation (reproduced
with permission from McGarvey et al. 2007)
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classic asthma (Dicpinigaitis et al. 2002). This difference in pharmacological ac-
tion is logical in that patients with cough-variant asthma and eosinophilic bronchitis
by definition have little alteration in airway tone, and giving a long-acting bron-
chodilator could only therefore alter bronchial hyperresponsiveness – a completely
separate reflex from the cough reflex. Leukotriene antagonists have been demon-
strated to ameliorate cough challenge in patients with cough-variant asthma but not
in those with classic asthma (Dicpinigaitis and Dobkin 1999). This may be because
the mediators released through the lipoxygenase pathway (1) are not responsive to
corticosteroids and (2) may be directly involved in sensitizing the cough reflex. One
of the putative cough receptors, the capsaicin receptor or TRPV-1, has intracellu-
lar binding sites which are known to be sensitive to lipoxygenase products (Hwang
et al. 2000). Thus, leukotriene antagonists may have a dual role altering the pro-
file of TH2-type inflammation within chronic cough and also directly affecting the
sensitivity of one of the major cough receptors. In such instances a trial of steroids
via the oral route may be indicted where administration is required to target al-
ternative sources of inflammation. Failure of patients to respond to 30 mg per day
of prednisolone administered orally for 2 weeks excludes a significant eosinophilc
component to their chronic cough and all forms of steroid therapy should be with-
drawn (Morice et al. 2006). Alternative diagnoses and therefore therapeutic avenues
should be considered.

5.3 Treatment of Reflux Cough

Reflux is an important cause of chronic cough, but it differs fundamentally from
the conventional textbook description of gastro-oesophageal reflux disease, and the
treatment of its cardinal symptom, heartburn. Acid exposure is the major provoca-
teur of the symptom of heartburn and the consequent oesophageal inflammation.
In contrast, reflux cough is due to, at least in part, the volume effects of reflux,
which may or may not be acidic in nature. Thus, the conventional wisdom in gastro-
oesophageal reflux disease that adequate suppression of the acid alone should pro-
duce a relief of symptoms may be incorrect in treating reflux cough.

However, it is worth considering the evidence for a mechanistic role of acid reflux
in contributing to cough. Firstly, close temporal relationships between acid reflux
events and cough bouts have been observed (Irwin et al. 1993). Secondly, patients
with acid reflux have a heightened cough reflex to capsaicin (Ferrari et al. 1995) and
this can be heightened following direct stimulation of the lower oesophagus with
acidic solutions (Javorkova et al. 2007). Finally, elevated airway levels of neuro-
peptides in patients with acid reflux and coexistent cough and asthma suggest a
link between acid reflux and neural activation (Patterson et al. 2007). The precise
relationship between acid and cough is likely to be complex as recent evidence
suggests direct acid stimulation of the upper airways may actually reduce sensitivity
to subsequent mechanical stimulation (Phua et al. 2005).
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There is no doubt that some patients with reflux cough respond to acid suppres-
sion. Surprisingly, however this has been difficult to show in clinical studies (Chang
et al. 2006). This is partly due to the poor design of the studies and is also due
to a placebo effect of treatment in the early stages of the disease. In particular, re-
flux cough is subject to a number of psychological influences and relief of stress
and dietary modifications may produce a pleasing non-pharmacological improve-
ment. Fewer than 50% of patients with clinically diagnosed reflux cough suffer
from heartburn, with the other classic symptom of reflux, regurgitation, being a
prominent feature. It is therefore not surprising that acid suppression with once-
daily proton-pump inhibitors is poorly efficacious in the treatment of reflux cough.
Even twice-daily suppression, or even full acid suppression (Khoury et al. 1999)
with twice-daily proton-pump inhibitor coupled with ranitidine at night (most noc-
turnal acid secretion is histaminergic) produces a response of approximately 50%.
However, this regime of full acid suppression is endorsed by various guideline state-
ments and appears to be effective in a number of individuals. Since it is relatively
cheap and safe there is some justification for its recommendation even in the absence
of strong evidence-based medicine support.

It is often recommended that acid suppression is given in chronic cough for a
more prolonged period that it is in heartburn (Irwin et al. 2006a, b). This may repre-
sent a genuine delayed relief from this therapy. The cynic might comment that this
gives a greater period of time for regression to the mean to take place!

If full acid suppression is ineffective or causes inadequate suppression of cough,
then promotility agents are advocated (Poe et al. 2003). The main drugs which work
on oesophageal motility are the dopamine agonists metoclopramide and domperi-
done. Both are used initially at the dose of 10 mg three times daily. Unfortunately,
the side-effect profile sometimes prevents long-term use, with drowsiness, galactor-
rhoea and rarely dystonic movements a feature of their use. It is recommended that
each of these agents should be tried in turn for 1 month to assess efficacy.

Baclofen is a GABAA agonist and mimics the inhibitory effect of the vagus nerve
on transient opening of the lower oesophageal sphincter. It can reduce cough dra-
matically in selected patients particularly when vagal inhibition is reduced in an
autonomic neuropathy (Menon et al. 2005; Dicpinigaitis et al. 1998). There may be
a central component of activity in that baclofen inhibits capsaicin cough sensitiv-
ity in normal subjects (Dicpinigaitis et al. 2000). Again side effects are a limiting
feature, particularly dysphoria.

Finally, two agents that have been relatively poorly researched can be useful in
oesophageal dysmotility. Erythromycin at a low dose is frequently used in paedi-
atric practice and acts as a motilin agonist. Our personal experience is that a number
of adult patients also respond to this as single-agent therapy. Magnesium, either in
liquid magnesium preparations or as magnesium glycerophosphate, can be dramat-
ically effective in some patients. Since this agent is very poorly absorbed from the
gastrointestinal tract it is presumably working as a topical modulator of oesophageal
smooth-muscle function.

A considerable body of evidence supports the surgical intervention in patients
with intractable reflux cough (Allen and Anvari 1998; Chen and Thomas 2000;
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Ekstrom and Johansson 2000; Fitzgerald et al. 1989; Novitsky et al. 2002; Thoman
et al. 2002). The usual procedure, Nissan fundoplication, effectively blocks signif-
icant reflux from the stomach into the oesophagus. A laparoscopic fundoplication
is relatively atraumatic but requires considerable surgical skill in order to achieve
the correct lower-oesophageal sphincter pressure. The procedure is almost univer-
sally successful in heartburn and therefore many surgeons are happy to operate on
patients who are suffering from this symptom in addition to reflux cough (Farrell
et al. 2001). In those patients without heartburn the success rate is approximately
two thirds. It has recently been suggested that those patients who do not respond
have abnormal oesophageal motility with bolus arrest at the region of the aortic arch
(Fox and Bredenoord 2007). This produces oesophagopharyngeal reflux and spasm
of the lower oesophagus. In this case fundoplication may actually be harmful. The
long-term success rate of this procedure is somewhat debated with insufficient evi-
dence as to its long-term ‘cure’ rate. In obese patients other antireflux procedures,
such a Rou-en-Y, may have the dual effect of being bariatric as well as antitussive
(Stanford et al. 2003).

5.3.1 Treatment of Laryngopharyngeal Reflux

Gastric contents can reflux as far as the larynx and hypopharynx and contribute to
a number of symptoms, including dysphonia, dysphagia, cough and throat clearing.
Symptoms do not always correlate well with laryngeal findings and most patients
do not report heartburn (Franco 2006; Khan et al. 2006). Intuitively, patients should
respond to antireflux therapy, but there is very little clinical trial evidence on which
to base recommendations.

5.4 Treatment of Upper-Airway Cough Syndrome

This is a new term introduced by the American College of Chest Physicians Con-
sensus Panel 2006 and includes what was previously termed postnasal drip syn-
drome (PNDS) (Irwin et al. 2006a, b). PNDS was previously considered the most
common cause of chronic cough (Pratter et al. 1993). In the European Respira-
tory Society guidelines, PNDS is discounted as a common cause of cough and in-
deed its very existence as a syndrome rather than a symptom has been questioned
(Morice 2004). Rhinitis is the preferred European terminology. However, the sug-
gestion the PNDS/upper-airway cough syndrome was an important cause of cough
was based on the assumption that improvement in cough following use of sedating
antihistamines suggested PNDS as the aggravating factor (Irwin et al. 1990). This
treatment response is suggested to be due to a non-specific action of the antihista-
mine on the central nervous system. Although an abundance of literature describes
the relationship between PNDS and cough, there is evidence that PNDS often coex-
ists without cough (O’Hara and Jones 2006). Any relationship between cough and
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upper-airway symptoms is not likely to be unified by mechanical stimulation of the
pharynx by mucus. A more plausible explanation for this symptom association is
inflammation of the entire airway (O’Hara and Jones 2005). Current recommenda-
tions on managing upper-airway cough syndrome include an empirical trial of sedat-
ing antihistamine/decongestant (Pratter 2006) or intranasal corticosteroids (Morice
et al. 2006). Later we suggest that the response to antihistamines is not due to an
effect on PNDS but on the TRPV-1 receptor and is therefore non specific in nature.

5.5 Idiopathic Cough

Despite a meticulous protocol involving diagnostic testing and trials of empirical
therapy, there may be no obvious cause for a chronic cough in up to 42% of pa-
tients referred for specialist evaluation (Haque et al. 2005; McGarvey et al. 1998;
Polley et al. 2005). In some cases, failure to consider causes including the asthma/
eosinophilic airway syndromes such as eosinophilic bronchitis and atopic cough,
or non-acid gastro-oesophageal reflux disease may explain diagnostic failure. How-
ever, a distinct group of patients may be considered to have true idiopathic cough
(McGarvey and Ing 2004). Current published evidence suggests a certain patient
phenotype, namely middle-aged women with prolonged non-productive cough and
cough reflex hypersensitivity (Haque et al. 2005). Recent studies have suggested
a relationship between idiopathic cough and organ-specific autoimmune disease
(Birring et al. 2004b). Almost nothing else is known about this clinical entity and
currently no therapy exists.

6 Cough Suppression

As implied earlier, for some patients ‘disease-specific’ cough therapy is ineffective.
Strategies involving cough suppression can produce highly satisfactory amelioration
of symptoms with long-term benefit. Two basic strategies can be invoked. Firstly,
the use of opiates in cough has been described for many hundreds of years. How-
ever, until recently there were no randomized controlled trials demonstrating the
efficacy of opiates in chronic cough. The opiate which is frequently used in an-
imal studies and indeed is regarded as the archetypal opiate for the treatment of
cough is codeine. Codeine however is a very variable metabolism in humans de-
pending on the cytochrome P4502D6 (Kathiramalainathan et al. 2000). In some
subjects very high blood levels of morphine are produced by oral codeine admin-
istration, whereas in others who are poor metabolizers low circulating levels lead
to a low-side-effect profile but also very low efficacy. A study therefore was under-
taken of use of low-dose morphine (5 mg twice daily) in a slow-release formulation
in chronic cough (Morice et al. 2007). There was a highly significant reduction in
diary record card cough and Leicester Cough Questionnaire score but an insignif-
icant change in cough reflex sensitivity. Approximately one third of patients with
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intractable cough responded to this regime, with a further one third responding to
10 mg twice daily in an open-label extension study. The major side effect was con-
stipation in approximately half the patients. Cough suppression with opiates appears
to be a highly effective strategy when ‘disease-specific’ remedies have proven to be
ineffective.

Until recently first-generation antihistamine drugs were only advocated within
American College of Chest Physicians’ cough guidelines (Irwin et al. 2006a, b). The
European experience has been these drugs have relatively poor efficacy. However, a
number of first-generation antihistamines are not licensed in Europe and from this
dichotomy of experience the hypothesis was formed that certain specific antihis-
tamines might have important additional effects in chronic cough. Dexbrompheni-
ramine, an isomer of brompheniramine, is a first-generation antihistamine which
has been demonstrated in a number of studies to suppress cough (Pratter 2006).
Dexbrompheniramine was tested in an in vitro assay of cloned putative cough re-
ceptor, the capsaicin TRPV-1 receptor. In this assay capsaicin response was highly
effectively blocked by dexbrompheniramine but not by several other antihistamines
(Sadofsky et al. 2005). It appears, therefore, that this class of drug has specific ac-
tions on a putative cough receptor and our clinical experience is that it is not specific
for a particular type of cough. Approximately two thirds of patients with intractable
otherwise unresponsive cough respond to this agent and it is a valuable addition to
the armamentarium of the cough specialist.

7 Non-pharmacological Treatments

Behavioural modification is a potential non-pharmacological treatment strategy.
A psychological approach presumes some psychogenic component to the symp-
tom and most evidence for its efficacy has come from case series reported in the
paediatric literature (Gay et al. 1987).

Recently the role of speech disorder management in chronic cough has been
tested in a randomized controlled trial (Vertigan et al. 2006). In this study, while
both the behavioural strategy and the placebo programme reduced cough scores, the
magnitude of improvement was significantly greater in the speech disorder interven-
tion. The improvement observed was maintained throughout the 2-month follow-up
although complete resolution of cough was not seen in any case. It is possible that
such treatment may be a helpful adjunct to the management of some subjects with
unresolved cough.

8 The Future

A number of agents are in development. As inferred earlier, suppression of the
TRPV-1 capsaicin receptor is a very likely target for cough inhibition. A num-
ber of pharmaceutical companies have developed TRPV-1 antagonists which are
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undergoing clinical trial although predominately in clinical areas of migraine, neu-
ropathic and dental pain. Clinical studies in cough are yet to be undertaken, but
whatever the result it will be an important pharmacological tool to investigate the
different forms of cough reflex stimulation.

Nocioceptin in the guise of its receptor NOP1 may be an important modula-
tory agent in sensory nerve activity. By decreasing the excitability of the afferent
nerve, one reduces the stimulus to cough. Initial clinical studies are promising, but
in general nerve inhibition, such as occurs with lignocaine, has proven to be a less
promising route (Howard et al. 1977).

Finally, much neurogenic inflammation within the airways is a consequence of
release of the neuropeptides substance P and other neurokinins. Antagonists of these
agents have proven to be particularly poor in the treatment of asthma but have been
developed in therapy of chemotherapy-induced nausea and vomiting. Their efficacy
in chronic cough remains to be determined.

9 Conclusions

The clinical pharmacological treatment of chronic cough relies on two strategies,
specific treatment of aetiological factors and non-specific cough suppression. Many
patients have important psychological problems brought on by the severe decre-
ment in the quality of life caused by chronic cough. Until recently, the treatment
of chronic cough was viewed by physicians with pessimism. In the last decade in
particular significant steps have been taken to focus scientific, clinical and phar-
macological expertise to better understand how and why patients cough and what
evaluation and treatment strategies are most appropriate. It is hoped that the mo-
mentum generated by these efforts will replace current nihilism with optimism for
the future management of this important symptom.
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Abstract As interest in clinical cough research grows, measurement of cough re-
flex sensitivity will assume an increasingly important role. With proper equipment
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safely, accurately, and reproducibly determined. Such precise measurement allows
the evaluation of the effect of pharmacological or nonpharmacological interventions
on the sensitivity of the cough reflex, or the comparison of cough reflex sensitivity
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between different subject populations. In addition to the method, other vital compo-
nents of optimal cough challenge testing include proper interpretation of data and
appropriate selection of study populations.

1 Inhalation Cough Challenge

Inhalation cough challenge allows the measurement of cough reflex sensitivity,
a vital component of clinical research studies in which differences between subject
or patient groups are assessed, and effects of pharmacological or other interventions
on cough reflex sensitivity are determined. Given the progressively increasing in-
terest in cough-related research within the academic and pharmaceutical industrial
communities, inhalation cough challenge will continue to assume an increasingly
important role. Reflecting the growing interest in high-quality cough research, the
European Respiratory Society (ERS) has recently published the first-ever guidelines
on the assessment of cough, in which cough inhalation challenge plays a prominent
role (Morice et al. 2007).

2 Tussive Agents used in Inhalation Cough Challenge

A relatively small number of provocative agents has been employed in clini-
cal cough research (Table 1). Experimentally induced cough in humans was ini-
tially described over a half century ago, employing citric acid as the tussive agent
(Bickerman et al. 1954). The past two decades have witnessed the emergence of cap-
saicin as the provocative agent of choice. Cough induction employing ultrasonically
nebulized distilled water (UNDW), or fog, has a limited but growing clinical experi-
ence. Each of these tussive agents is discussed in more detail in the following sections.

2.1 Capsaicin

The use of capsaicin to induce cough in humans was first described in 1984
(Collier and Fuller 1984). Capsaicin induces cough through stimulation of the tran-

Table 1 Tussive agents used in cough inhalation challenge

Vanilloid compounds
Capsaicin

Acid tussive agents
Citric acid
Tartaric acid
Acetic acid

Ultrasonically nebulized distilled water (fog)
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sient receptor potential vanilloid 1 (TRPV-1) receptor on cough sensory nerves
(Geppetti et al. 2006). During the past two decades, capsaicin has earned the
role of the experimental tussive agent of choice because of its ability to induce
cough in a safe, reproducible, and dose-dependent manner (Midgren et al. 1992;
Dicpinigaitis 2003a; Dicpinigaitis and Alva 2005). Further advantages of caps-
aicin cough challenge include the lack of pharyngeal discomfort and choking sensa-
tion that has been observed with citric acid challenge, and the absence of significant
tachyphylaxis, especially if the interval between cough challenges is at least 4 h
(Midgren et al. 1992; Morice et al. 1992; O’Connell et al. 1992).

2.2 Citric Acid and Other Acid Tussive Agents

The mechanism of acid-induced cough remains incompletely understood, but likely
involves the effect of lowered pH on vagal bronchopulmonary sensory nerves on
which TRPV-1 and acid sensitive ion channel membrane receptors have been iden-
tified (Kollarik et al. 2007). As mentioned already, citric acid was the first tussive
agent described in clinical research (Bickerman et al. 1954), and continues to be
used by investigators at present. The occurrence of pharyngeal discomfort and a
choking sensation is a more common occurrence with this agent than with capsaicin.
Marked tachyphylaxis has been demonstrated if citric acid challenge is repeated at
short (10-min) intervals (Morice et al. 1992). Furthermore, cross-tachyphylaxis has
been described between capsaicin and citric acid (Morice et al. 1992).

Other acid tussives have been employed in human cough research, but experi-
ence with these agents is limited. Tussive acids that have been used in clinical trials
include tartaric acid (Fujimura et al. 2000) and acetic acid (Mochizuki et al. 1995).

2.3 Ultrasonically Nebulized Distilled Water

Ultrasonically nebulized distilled water (UNDW) was initially employed over four
decades ago to induce bronchoconstriction in subjects with hyperreactive airways.
The ability of UNDW or “fog” challenge to provoke severe coughing in both healthy
subjects and patients with bronchial hyperresponsiveness was noted by early inves-
tigators (Cheney and Butler 1968). Since then, UNDW challenge has developed an
independent role as a useful tussive agent in basic and clinical research. The mecha-
nism by which UNDW induces cough involves the provision to the respiratory tract
of an aqueous solution with reduced concentration of permeant anion (Eschenbacher
et al. 1984).

As opposed to the delivery of capsaicin and citric acid during experimental cough
challenge, which will be discussed in detail later, water aerosols must be provided
by an ultrasonic nebulizer, which typically produces a much larger output per unit
volume of air than a conventional nebulizer (Mercer 1981). As experience with fog
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challenge has increased, one limitation of this method that has been demonstrated is
the inability of UNDW, at maximal attainable output, to induce cough in a significant
percentage of subjects (15–20%) who nonetheless cough upon exposure to capsaicin
and citric acid (Fontana et al. 1997). The topic of water aerosols and cough induction
has recently been reviewed (Fontana et al. 2005).

3 Capsaicin Cough Challenge: Method

Recently, the need for standardization of cough challenge methods has been ad-
dressed by the publication of the ERS guidelines on the assessment of cough
(Morice et al. 2007). The author’s method of inhalation cough challenge testing
using capsaicin, which is the recommended method in the ERS guidelines, will be
reviewed here in detail. Many aspects of the following discussion will be relevant to
cough challenge with citric acid as well; certain points of similarity and distinction
between the two tussive agents will be mentioned. The topic of cough challenge
testing employing citric acid has recently been reviewed (Kastelik 2005).

3.1 Preparation and Storage of Capsaicin Solutions

Historically, most investigators have used purified capsaicin (97–98% pure) sup-
plied by the Sigma Chemical Company (St. Louis, MO, USA, and European
branches). Recently, the US Food and Drug Administration has required American
investigators to use a pharmaceutical-grade capsaicin product obtained from For-
mosa Laboratories (Taiwan, China). The author has verified this product to be ap-
proximately 99% pure, and to yield results in cough challenge studies similar to the
Sigma product (unpublished data).

The author prepares capsaicin solutions as previously described (Dicpinigaitis
2003a). Capsaicin (30.5 mg) is dissolved in 1 ml of 100% ethanol and 1 ml poly-
oxyethylene sorbitan (Tween 80), and further dissolved in 8 ml physiological saline
to yield 10 ml of 0.01 M stock solution. If the detergent Tween 80 is not used, a
cloudy rather than crystal-clear solution is obtained. The stock solution is further
diluted with physiological saline to produce serial doubling concentrations ranging
from 0.49 to 1,000µM. If healthy subjects rather than patients with cough are to
be tested, the lowest concentration of capsaicin prepared is 0.98µM since, in the
author’s experience, induction of cough at this concentration is rare.

Stock solution is maintained at approximately −10◦C. Fresh dilutions are pre-
pared on each day of testing. Although there is no consensus regarding how often
fresh stock solution should be prepared, one study confirmed that capsaicin solu-
tions of concentrations 4◦µM and greater remain stable for 1 year if stored at 4◦C
protected from light (Kopec et al. 2002).
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3.2 Administration of Capsaicin Aerosol

The two main methods of aerosol delivery in capsaicin (and citric acid) cough chal-
lenge testing are the single-dose and dose–response methods (Morice et al. 2001).
In the single-dose method, one specific concentration of capsaicin is utilized. Typi-
cally, the number of coughs induced by a fixed time period of tidal breathing would
be determined.

In the dose–response method, aerosol administration may occur either by sin-
gle, vital-capacity inhalations of incremental concentrations of capsaicin via a
dosimeter-controlled nebulizer, or by the tidal-breath inhalation of ascending con-
centrations of capsaicin, each over a fixed time period, typically 15–60 s. Typically,
successive concentrations are administered at 1-min intervals (Dicpinigaitis 2003a).

The author prefers the single-breath dose–response method of capsaicin admin-
istration because of the accuracy and reproducibility of the delivered dose, and the
ease with which a cough response can be determined. A potential concern with cap-
saicin inhalation occurring over a prolonged (15–60-s) time period is that variations
in respiratory rate and tidal volume may cause significant variations in the amount
and concentration of aerosol delivered to the airways, both from subject to subject,
as well as from one concentration stage to another in an individual subject. This
would be particularly relevant during administration of concentrations that induce
substantial coughing, thereby preventing the subject from inhaling the tussive agent
for a significant portion of the fixed-time period of aerosol delivery. A recent study,
however, compared the single-breath and tidal-breathing (15 s) methods of capsaicin
aerosol delivery and found both to be reproducible, with good agreement between
the two methods (Nejla et al. 2000).

4 Optimizing Reproducibility of Cough Challenge Studies

A high degree of reproducibility is essential for the performance of quality research,
especially when serial cough challenges are required. Several aspects of inhalation
cough challenge methods must be recognized and controlled to yield maximally
reproducible results.

4.1 Inspiratory Flow Rate

The rate of inspiratory flow will affect the deposition of aerosol within the respira-
tory tract, as well as its concentration at the site of action, depending on the method
of delivery. Indeed, variations in inspiratory flow rate have been demonstrated to
affect the results of capsaicin (Barros et al. 1991) and citric acid (Barros et al. 1990)
cough challenge, with higher rates of inspiratory flow in those studies being in-
versely correlated with the number of coughs induced. Unless the inspiratory flow
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rate is specifically controlled, variable amounts of tussive agent will be delivered to
different subjects, and even breath-to-breath variations may occur within the same
challenge in a given subject. Consequently, such potential variability in aerosol
delivery may significantly affect the results of studies in which reproducibility of
cough challenge is essential, such as in epidemiological studies comparing different
subject populations, and in pharmacological trials measuring cough reflex sensitiv-
ity before and after drug therapy.

To ensure a consistent inspiratory flow rate during cough challenge studies, the
author employs a compressed-air-driven nebulizer (model 646; De Vilbiss Health
Care, Somerset, PA, USA) controlled by a dosimeter (KoKo DigiDoser; nSpire
Health, Louisville, CO, USA) that is modified by the addition of an inspiratory
flow regulator valve (RIFR; nSpire Health). The valve limits inspiratory flow rate to
0.5 l s−1 regardless of excessive inspiratory force, thus guaranteeing a consistent and
reproducible inspiratory effort with each breath (see Fig. 1 in Dicpinigaitis 2005).
Thus, with appropriate instruction to subjects to inhale with sufficient force, an iden-
tical inspiratory flow rate is achieved with each inhalation of tussive agent.

4.2 Nebulizer Characteristics

With the use of a standard nebulizer, significant variation may occur in the amount
of aerosol delivered per inhalation, even if inspiratory flow rate is controlled (as
discussed earlier). A second important determinant of nebulizer output is related to
the actual structure of the nebulizer. In the De Vilbiss 646 model, for example, the
straw and baffle assembly is a detachable component of the nebulizer that is removed
for washing. When this component is reattached, variable distances may result the
straw and baffle assembly and the jet orifice, which is the source of pressurized air
(see Fig. 2 in Dicpinigaitis 2005). This variation in distance, albeit minute, may
result in variable nebulizer output. Thus, to optimize reproducibility, the author uses
a nebulizer with an inspiratory flow regulator valve, as described earlier, and, with
the straw and baffle assembly welded in place, thereby eliminating the variations in
nebulizer output that may result when this component is detached and reattached,
resulting in variable distances between the jet orifice and straw.

Once these modifications have been performed, the exact output (milliliters per
minute) of the nebulizer is measured (characterized nebulizer; nSpire Health). With
the exact nebulizer output known, modulation of the duration of aerosol delivery
by the dosimeter allows the determination of aerosol output per inhalation. For
example, the author currently uses a characterized nebulizer with an output of
1.007ml min−1, with a dosimeter programmed to deliver pressurized air for 1.2 s,
thus allowing the nebulizer to deliver exactly 0.02 ml aerosol per inhalation. Since
investigators worldwide will likely continue to use different equipment for the per-
formance of cough challenge studies, one way to achieve a measure of standard-
ization would be to control nebulizer output per breath, with the aforementioned
0.02 ml being proposed here as a standard.
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4.3 Instructions to Subjects

Proper instruction to subjects before performance of the cough challenge is essential
to ensure optimal results. Subjects should specifically be instructed not to suppress
any coughs, and not to speak for 15 s after inhalation of the tussive agent, as this
may potentially suppress cough. The author prefaces each challenge study with the
following instruction to the subject: “Allow yourself to cough if you need to, and as
much as you need to.” Subjects should not be told that the induction of a specific
number of coughs determines the end of the study (see the discussion of end points
in Sect. 5).

4.4 Placebo Inhalations During Cough Challenge

To enhance cough challenge blindness, placebo breaths (inhalations of physiological
saline) should be randomly interspersed between incremental concentrations of cap-
saicin (Dicpinigaitis 2003a; Morice et al. 2001; O’Connell et al. 1996). This tech-
nique may reduce the effects of voluntary suppression or conditioned responses in
subjects who otherwise would be anticipating progressively higher concentrations
of provocative agent.

4.5 Determination of Tussive Response

In the single-breath method of inhalation cough challenge, the tussive response (if
present) to each dose of aerosol is immediate and brief; therefore, it is suggested that
only coughs occurring within 15 s of capsaicin (or citric acid) delivery be counted
(Dicpinigaitis 2005). Coughs occurring beyond this time interval may not be the
result of the tussive agent.

4.6 Published Data on Reproducibility of Inhalation Cough
Challenge

Numerous investigators have documented the high degree of reproducibility of cap-
saicin cough challenge using the dose–response method with the single-breath tech-
nique (Dicpinigaitis 2003a; Nejla et al. 2000; O’Connell et al. 1996), as well as with
the fixed time period of capsaicin inhalation (Collier and Fuller 1984; Fujimura
et al. 1992; Midgren et al. 1992; Morice et al. 1992; Nejla et al. 2000). Most of
these studies, performed mainly in healthy subjects, examined short-term (20 min
to 14 days) reproducibility of capsaicin-induced cough. Two studies that employed
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the single-breath dose–response method have confirmed long-term reproducibility
of capsaicin cough challenge data over periods of 3 months (Nieto et al. 2003) and
6 months or greater (Dicpinigaitis 2003a). The latter study evaluated 40 healthy sub-
jects in whom between-study intervals ranged from 6 to 62 months (mean 16.7 ±2.4
months).

Reproducibility of citric acid cough challenge has also been reported with both
the single-breath technique (Barber et al. 2005; Bickerman et al. 1954, 1957;
Grattan et al. 1995; Morice et al. 1994; Rostami-Hodjegan et al. 2001; Schmidt
et al. 1997) and fixed-time period of inhalation (Bickerman et al. 1954, 1957; Morice
et al. 1992). Recently, the reproducibility of citric acid cough challenge using the
KoKo DigiDoser method described earlier has been reported (Wright et al. 2007).

The reproducibility of cough reflex sensitivity and cough intensity measure-
ments with UNDW has also been documented in dose–response challenges (Fontana
et al. 1997; 1999; Morice et al. 1992).

5 Interpretation of Cough Challenge Data

The standard end points of cough challenge testing, particularly with the dose–
response method, are C2 and C5, the concentrations of tussive agent inducing
two or more and five or more coughs, respectively (Figs. 1, 2). Typically C2 and
C5 have been defined as the first administered dose inducing two or more and
five or more coughs, respectively. It has been suggested that interpolation of log-
transformed concentration–response data to determine C2 and C5 would be the
optimal (though more complicated) analysis, but differences in the values arrived
at by these two methods are small and unlikely to be of clinical significance
(Prudon et al. 2005).

There is no current consensus on which is the more highly reproducible end
point, C2 or C5. It appears from examination of the recent literature that most inves-
tigators, including the author, prefer C5, though some studies have supported C2 as
the more reproducible end point (O’Connell et al. 1996).

A potential problem with the use of C2 as an end point, especially when serial
cough challenges are performed, is the “startle phenomenon” (Dicpinigaitis 2003a).
Occasionally, subjects undergoing their first-ever capsaicin cough challenge may
cough, typically one to three times, at a particular concentration of tussive agent,
but then will not cough (or cough less) after one or two subsequent incremental
doses. As the cough challenge proceeds, a normal dose–response curve usually re-
sults. Since the number of coughs representing the “startle phenomenon” is almost
always less than five, the end point of C5 is much less likely to succumb to this
potential pitfall. The performance of a preliminary familiarization challenge may
eliminate this concern, but would of course complicate study protocols by requiring
an additional challenge.

Another potential issue relevant to cough challenge end points primarily affects
measurement of C5. In a small minority of subjects, mainly those with high cough
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Fig. 1 Dose–response curve of capsaicin cough challenge. In this study, C2, the concentration of
capsaicin inducing two or more coughs, is 7.8µM and C5, the concentration of capsaicin inducing
five or more coughs, is 31.25µM
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Fig. 2 Dose–response curve of capsaicin cough challenge. In this study, C2 and C5 are identical,
31.25µM (see the text for the definitions of C2 and C5)
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thresholds, the inhalation of high concentrations of capsaicin (almost exclusively
concentrations greater than C2) is precluded by upper-airway discomfort due to the
pungent nature of the tussive agent. Consequently, the subject is unable to perform
a full inhalation of capsaicin aerosol. If fewer than five coughs are induced by such
a partial inhalation, C5 cannot be determined. Such subjects would need to be ex-
cluded from studies in which the determination of C5 is required. Given the potential
issues surrounding both end points, the author suggests that both C2 and C5 be re-
ported in clinical trial results (Morice et al. 2007).

6 Safety of Inhalation Cough Challenge

The most rigorous analysis of safety in cough challenge testing has been with cap-
saicin as the tussive agent. A review of the greater than 20 year human experience
with inhaled capsaicin failed to document a single serious adverse event associated
with cough challenge testing (Dicpinigaitis and Alva 2005). This review encom-
passed 122 published studies describing close to 5,000 subjects undergoing cap-
saicin cough challenge, including not only healthy adults and children, but also
patients with pathological cough, asthma, chronic obstructive pulmonary disease,
acute respiratory tract infection, heart–lung transplantation, cervical spinal cord
injury, and other conditions. Side effects typically reported with capsaicin cough
challenge consist almost exclusively of transient throat irritation in a minority of
subjects. Capsaicin does not induce clinically significant bronchoconstriction in
healthy volunteers or asthmatics (Dicpinigaitis and Alva 2005).

The safety of citric acid cough challenge was reported during the initial devel-
opment of the method over a half century ago (Bickerman et al. 1954, 1957), but
more recent data have not been published. Citric acid inhalation can induce a small
decrease in the forced expiratory volume in 1 s (less than 5%) that is unlikely to be
of clinical significance (Laude et al. 1993).

In contrast to inhalation of capsaicin and citric acid, inhalation of UNDW may
be associated with clinically-significant bronchoconstriction in susceptible subjects
(Fontana et al. 2005). Thus, a heightened level of vigilance is required during the
performance of fog challenge studies.

7 Use of Inhalation Cough Challenge in Clinical Research

The performance of high-quality clinical cough research requires not only metic-
ulous attention to the cough challenge procedure itself, but also an appreciation
of issues relevant to study population, placebo effects, and proper interpretation of
study data.
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7.1 Subject Population

The significant gender difference in cough reflex sensitivity has been firmly estab-
lished. Multiple studies have demonstrated that women have a more sensitive cough
reflex than men, both in terms of healthy subjects (Dicpinigaitis and Rauf 1998;
Fujimura et al. 1996) as well as in terms of patients with chronic cough (Kastelik
et al. 2002). Thus, any study comparing cough reflex sensitivity between distinct
populations must be matched for gender. Ethnic differences in cough reflex sensi-
tivity, however, have not been demonstrated (Dicpinigaitis et al. 2001).

Studies in children have confirmed the experience in adult subjects that capsaicin
cough challenge is safe, reproducible, affected by rate of inspiratory flow, and de-
void of significant short-term tachyphylaxis (Chang et al. 1996). Further mirroring
conclusions of adult studies, pediatric trials have demonstrated enhanced cough re-
flex sensitivity in subjects with pathological cough (Chang et al. 1997a) and asth-
matic cough (Chang et al. 1997b).

Smoking status is an important consideration when designing clinical trials that
will include cough challenge. Healthy cigarette smokers have a diminished cough
reflex sensitivity relative to gender-matched nonsmokers, likely due to chronic
cigarette smoke-induced desensitization of airway cough receptors (Dicpinigaitis
2003b). This desensitization appears to be dynamic and reversible, since studies
have demonstrated enhancement of cough reflex sensitivity within 2 weeks of smok-
ing cessation in former chronic smokers (Dicpinigaitis et al. 2006), and prompt
inhibition of cough reflex sensitivity after resumption of smoking (Sitkauskiene
et al. 2007). Given these findings, clinical trials should control for smoking sta-
tus, and subjects having recently discontinued smoking should not be enrolled since
there may be an unstable baseline cough reflex sensitivity.

A viral upper respiratory tract infection (URTI) induces transient cough receptor
hyperresponsiveness to capsaicin (O’Connell et al. 1996); thus, subjects in whom
baseline cough reflex sensitivity measurements will be required should be excluded
from enrolment in clinical trials if symptoms consistent with URTI have occurred
within the previous 4 weeks.

7.2 Placebo Effect

In subjects with acute cough due to viral URTI, clinical trials have shown that a ma-
jority of the reduction in subjectively or objectively measured cough is attributable
to placebo, with only a minority of the effect being attributable to the active agent
(Eccles 2002). Proposed explanations for this observation include an antitussive ef-
fect of endogenous opioids, a demulcent effect if the placebo is administered in the
form of a syrup, and the expected transient nature of acute URTI (Eccles 2002).
A placebo effect has also been described in cough challenge studies employing cit-
ric acid as the tussive agent (Rostami-Hodjegan et al. 2001).
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7.3 Extrapolation of Subject Data to a Patient Population

Typically, a potential new pharmaceutical agent undergoes initial trials in a healthy
population. In the setting of research with putative cough suppressants however, it
must be appreciated that absence of an antitussive effect in healthy volunteers does
not preclude an effect in subjects with pathological cough, whose cough receptors
are presumably in a state of heightened sensitivity. For example, guaifenesin, com-
monly known as an expectorant, has been shown to inhibit capsaicin-induced cough
in subjects with URTI, but not in healthy volunteers (Dicpinigaitis and Gayle 2003).
The leukotriene receptor antagonist zafirlukast suppressed both subjective cough
severity and cough reflex sensitivity in subjects with cough-variant asthma, but
failed to inhibit induced cough in healthy volunteers and stable asthmatics without
cough (Dicpinigaitis et al. 2002).

Conversely, the demonstration of an antitussive effect in the laboratory does not
imply that a pharmacological agent will prove efficacious in a patient population.
The opioid narcotic codeine, for example, has been shown in some clinical trials to
inhibit capsaicin-induced cough (Dicpinigaitis et al. 1997; Fuller et al. 1988), yet
was ineffective against cough due to URTI (Freestone and Eccles 1997).
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Abstract Background: The Leicester Cough Questionnaire (LCQ) is a valid, repro-
ducible, responsive self-reported cough-specific health status measure. It has been
used to assess overall efficacy of treatments for cough, but its threshold for clinical
significance, or patient importance, is unknown. The aim of this study was to deter-
mine the minimal important difference (MID) of the LCQ for patients with chronic
cough; this is the smallest change in quality-of-life score considered to be clinically
meaningful.

Methods: The LCQ MID was first estimated by a multidisciplinary panel of ex-
perts who reviewed two cases of chronic cough. It was subsequently determined
using a standardized method. Fifty-two patients with chronic cough of more than 8
weeks’ duration attending a respiratory outpatient clinic were recruited. Participants
completed the LCQ at initial evaluation and repeated the LCQ with four Global
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Rating of Change Questionnaires (GRCQ) more than 2 months later. The LCQ total
score ranges from 3 to 21 and from 1 to 7 for physical, psychological and social do-
mains; a higher score indicates a better health-related quality of life. The GRCQ, a
15-point scale scored between +7 (a great deal better) and −7 (a great deal worse),
was used to record patient ratings of change in cough symptoms. The MID was
defined as the change in LCQ health status corresponding to a small change in the
GRCQ score.

Results: The mean (standard deviation) LCQ MID corresponding to a small
change in the GRCQ score was 1.3 (3.2); the MIDs for domains were as follows:
physical 0.2 (0.8), social 0.2 (1.1) and psychological 0.8 (1.5). This MID for LCQ
total score was similar to that determined by the expert panel. The global rating
of change scores correlated significantly with the change in LCQ total and domain
scores (r = 0.4−0.5; p < 0.005).

Conclusion: We have demonstrated that the LCQ MID is 1.3. The LCQ MID
should aid clinicians and researchers to make meaningful interpretations of health-
related quality-of-life data relating to chronic cough.

1 Introduction

Chronic cough is a common condition that often leads to considerable physical
and psychological morbidity (McGarvey et al. 1998; French et al. 2002). We have
previously reported the development of the Leicester Cough Questionnaire (LCQ)
(Birring et al. 2003), a validated self-reported health-related quality-of-life (QOL)
measure specifically for cough. The LCQ is increasingly being used as an outcome
measure of cough in clinical trials to assess therapeutic response (Morice et al. 2007;
Decalmer et al. 2007). Whilst statistically significant changes in health status are
seen after specific therapy for cough (Birring et al. 2003; Morice et al. 2007), the
clinical relevance and importance to the patient is not known. Ideally, changes in
health status scores should be presented in a context that is meaningful to patients
and healthcare professionals. This can be facilitated by determining the minimal im-
portant difference (MID) of health status questionnaires. The MID is defined as the
smallest change in the health domain of interest which patients perceive as beneficial
and which would mandate, in the absence of troublesome side effects or excessive
cost, a change in the patient’s management (Jaeschkle et al. 1989). A number of
methods are available to determine the MID. These include MID ratings by an ex-
pert multidisciplinary panel, anchor-based methods that compare changes in QOL
with other measures that assess change in health status, and distribution-based meth-
ods such as the standard error of measurement that assess the effect size and the
variability of QOL measurements (Jaeschkle et al. 1989; Jones 2002; Wyrwich and
Tierry 2002; Guyatt et al. 2002b; Beaton et al. 2002). The aim of this study was to
determine the MID for the LCQ, so that clinicians can readily detect clinically sig-
nificant changes in the health status of patients with chronic cough, both in clinical
and in research settings.
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2 Methods

2.1 Phase 1

The LCQ MID was determined by two methods. Phase 1 consisted of an estimation
of the LCQ MID by a multidisciplinary panel (n = 4) consisting of a respiratory
physician, a respiratory physiotherapist, a respiratory researcher and a technician,
all experienced in administering the LCQ in routine clinical practice to patients with
chronic cough. Three members of the panel had been involved in the development of
the LCQ. The panel members independently reviewed two hypothetical case scenar-
ios of chronic cough associated with moderate and severely impaired health-related
QOL assessed by the LCQ and were asked to indicate the minimal change (positive
or negative) in each LCQ item they considered clinically important, resulting from
a 3-month trial of proton-pump-inhibitor therapy or inhaled corticosteroids. These
changes were used to calculate new LCQ scores for each case scenario; the change
in the LCQ score from the baseline was then calculated.

Case 1: A 35-year-old man with a 6-month history of chronic cough that disturbs
sleep a little of the time, who has coughing bouts sometimes during the day, is
embarrassed a little of the time, is concerned about what others think a little of the
time and has cough that annoys his partner occasionally.

Case 2: A 56-year-old woman with a 6-year history of chronic cough that results
in chest or stomach pains a good bit of the time, who is bothered by sputum pro-
duction most of the time, has coughing bouts several times a day, has ‘hardly any
energy’, is anxious most of the time, is worried about serious illness a good bit of
the time, is concerned about what others think most of the time and has cough that
interferes with her job and enjoyment most of the time.

2.2 Phase 2

Phase 2 consisted of a prospective study to determine the LCQ MID by vali-
dated methods described by other groups (Juniper et al. 1994; Jones 2002; Guyatt
et al. 1987). (see Sects. 2.3 to 2.6)

2.3 Subjects

The subjects were 52 consecutive patients with chronic cough referred to a respi-
ratory outpatient clinic. Chronic cough was defined as a cough lasting more than 8
weeks that remained unexplained after assessment by the primary-care physician.
The patients underwent investigation and treatment according to a standardized di-
agnostic protocol described previously (Brightling et al. 1999). Each subject gave
informed consent. The study was approved by the local ethics research committee.
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2.4 Protocol

All patients completed the LCQ at the first clinic visit and a repeat LCQ and four
Global Rating of Change Questionnaires (GRCQ; Appendix 1) more than 2 months
later. The repeat questionnaires were either completed at a follow-up clinic visit or
posted to patients for completion.

2.5 Leicester Cough Questionnaire

The LCQ is a well-validated, self-completed, cough-specific health status question-
naire that has been shown to be both repeatable and responsive in patients with
chronic cough (Birring et al. 2003). The total score range for the LCQ is 3–21 and a
higher score indicates a better QOL. A seven-point Likert response scale is used for
all 19 LCQ items. The LCQ has three domains: physical, psychological and social
(range 1–7). Domain scores are calculated by averaging scores from items in each
domain; the total score is the sum of the domain scores. The LCQ can be down-
loaded from http://thorax.bmjjournals.com/cgi/content/full/58/4/339.

2.6 Global Rating of Change Questionnaire

The GRCQ is a 15-point scale widely used to determine the MID of health-related
QOL questionnaires (Juniper et al. 1994). The GRCQ is used to ask patients to
make global ratings of changes in their cough over a time interval. The response
scale ranges from −7 (a great deal worse) to +7 (a great deal better). All subjects
were asked to complete four GRCQs, each relating to one of the LCQ domains and
overall health status. The score for each GRCQ was classified as unchanged (scores
−1/0/1), a small change (−3, −2, 2, 3), a moderate change (−5, −4, 4, 5) or large
change (−7, −6, 6, 7) (Juniper et al. 1994). The MID was defined as the change in
LCQ health status corresponding to a small change in GRCQ score as defined by
Juniper et al. (1994) and Jaeschkle et al. (1989). The final accepted LCQ MID was
determined by phase 2 of this study.

2.7 Statistical Analysis

SPSS version 12 was used for data analysis. Data are presented as the mean (stan-
dard deviation) or median (range). The mean change in LCQ score was calcu-
lated for each domain. In accordance with previous studies we expressed change
of the global rating score as an absolute number, i.e. when the change was negative,
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the sign was reversed as was the sign of the change in LCQ score (Jaeschkle
et al. 1989; Juniper et al. 1994). Correlations between variables were analysed
using Pearson’s correlation coefficients (r). Paired t tests were used for group
comparisons.

3 Results

3.1 Phase 1

A multidisciplinary panel of four individuals independently reviewed two case sce-
narios of chronic cough. The mean (standard deviation) LCQ MID determined by
the expert multidisciplinary panel for total score was 1.49 (0.32) and for domain
scores the MID were as follows: physical 0.52 (0.18), psychological 0.47 (0.14) and
social 0.50 (0). There were no significant differences in MID scores between the
two cases of chronic cough (Table 1).

3.2 Phase 2

Subject characteristics are shown in Table 2. The causes of cough were asthma
(21.2%), eosinophilic bronchitis (9.6%), bronchiectasis (5.8%), gastro-oesophageal
reflux disease (5.8%), chronic bronchitis (5.8%), chronic obstructive pulmonary dis-
ease (3.8%), chronic enlarged tonsils (3.8%), rhinitis (1.9%), sarcoidosis (1.9%),
interstitial lung disease (1.9%) and idiopathic chronic cough (36.5%). The clini-
cal course of patients between visits were investigations (12%), diagnostic trial of
therapy (proton-pump inhibitors, inhaled corticosteroids and nasal corticosteroids)
(31%), treatment of underlying condition causing cough (29%), chest physiotherapy
and speech therapy (18%) and observation only (10%). The median time (range)
from the first LCQ to completion of the second LCQ was 43 weeks (9–133 weeks).

Patients with chronic cough had reduced overall health status at baseline; the
mean (standard deviation) LCQ total score was 13.6 (4.1); (normal QOL score
is 21). Health status was reduced in all domains of QOL (Table 2). The mean change

Table 1 Mean minimal important differences estimated by a multidisciplinary panel for two cases
of chronic cough

Case 1 Case 2 Mean MID (SD) (cases 1 + 2)

MID physical domain 0.63 0.41 0.52 (0.18)
MID psychological domain 0.57 0.37 0.47 (0.14)
MID social domain 0.50 0.50 0.50 (0)
MID LCQ total score 1.70 1.25 1.49 (0.32)

MID minimal important difference, SD standard deviation, LCQ Leicester Cough Questionnaire
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Table 2 Patient baseline characteristics (n = 52)

Age (years) 55 (13.9)

Female (n) (%) 29 (56)
FEV1(% predicted) 95 (4)
Duration of cough (months) 67 (77)

Smoking history
Ex-smokers (n) (%) 17 (38)
Non-smokers (n) (%) 27 (61)

LCQ scores
Physical LCQ score 4.8 (1.1)
Psychological LCQ score 4.4 (1.6)
Social LCQ score 4.4 (1.6)
Overall QOL 13.6 (4.1)

Data are presented as the mean (standard deviation).
FEV1 forced expiratory volume in 1 s, QOL quality of life

Table 3 Mean change in Leicester Cough Questionnaire score per global rating category

Global rating of change category
Same (-1/0/1) Minimal impor-

tant difference
(-3/–2/2/3)

Moderate
(–5/–4/4/5)

Large
(–7/–6/6/7)

LCQ: total −1.3 (3.1),
n = 26

1.3 (3.3), n = 14 1.7 (2.3), n = 10 2.7 (4.6), n = 7

LCQ: physical −0.6 (0.9),
n = 25

0.2 (0.8), n = 14 0.7 (1), n = 14 1.3 (1.2), n = 4

LCQ: social −0.3(1.2),
n = 34

0.2 (1.1), n = 6 0.7 (0.9), n = 12 1.3 (2.2), n = 5

LCQ: psycholog-
ical

−0.1(1.1),
n = 28

0.8 (1.5), n = 11 0.5 (0.8), n = 12 1.2 (2.1), n = 6

Data are presented as the mean (standard deviation).
n number of patients

in LCQ score for each GRCQ category at follow-up visit is given in Table 3. The
LCQ MID, corresponding to a small change in the GRCQ score was 1.3 and the
MIDs of the health domains were as follows: physical 0.2(0.8), social 0.2(1.1) and
psychological 0.8(1.5) (Table 3). Patients reporting a positive change in global rating
(+1 to +7) had improved health status (median change in LCQ score of 1.6; n = 17)
compared with those reporting a negative change (median LCQ change of –1.3;
n = 22; p = 0.5). The global rating of change scores correlated significantly with
the change in the LCQ total and domain scores (r = 0.4−0.5; all p < 0.005). This
was higher than correlation of global rating scores with post-LCQ scores (r = −0.2
to −0.3) and pre-LCQ scores (r = 0 to 0.2). The post-LCQ total and domain scores
were significantly higher than the baseline LCQ scores in those patients who in-
dicated an improvement on the global rating scale (mean difference in the LCQ
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total score of 2.7; p = 0.01; physical p = 0.007; psychological p = 0.04; social
p = 0.04). There were no statistically significant differences in the change in LCQ
scores when they were analysed per global rating category. The LCQ total score
MID was 1.2 when patients with a global rating change of –1/+1 were included in
the MID group.

4 Discussion

The LCQ is a brief, well-validated self-completed cough-specific health status ques-
tionnaire that has been shown to be repeatable and responsive. The purpose of this
study was not to validate the LCQ, which has previously been done, but to deter-
mine the MID. We have demonstrated that the MID for the LCQ total health status
score is 1.3 and the MID for LCQ health status domains ranges from 0.2 to 0.8.
This study represents an advance in the clinical utility of cough severity outcome
measures and should aid clinicians and researchers in making meaningful interpre-
tations of health-related QOL data relating to chronic cough.

We determined the LCQ MID by two methods that assessed the patients’ and
healthcare professionals’ perception of change in health status and found them to
be very similar. The expert panel consensus method is simple and brief and pro-
vides an estimation of the MID from a clinicians’ perspective (Jaeschkle et al. 1989;
Jones et al. 1991). We chose the anchor-based method of Juniper et al. (Juniper
et al. 1994) and Jaeschke et al. (Jaeschkle et al. 1989) as the main determinant of
the LCQ MID, since this is the most widely used and published method and empha-
sizes the patients’ opinion (Juniper et al. 1994). Distribution methods such as those
based on the standard deviation are being used increasingly since they are easier to
generate than anchor based methods (Guyatt et al. 2002b). Their limitations are the
dependence on heterogeneity of the population being studied and the arbitrary na-
ture of the units of measure (Guyatt et al. 2002b). These problems are minimized by
using the standard error of measurement method, which has been found to correlate
well with anchor-based methods.(Wyrwich et al. 1999) We chose multiple meth-
ods to determine the MID to enhance the interpretability of our QOL questionnaire
and overcome the limitations of individual methods (Guyatt et al. 2002b; Beaton
et al. 2002).

The GRCQ has been used to determine the MID for a wide range of QOL ques-
tionnaires, in which patients quantify the magnitude of the change in health status.
We chose to include patients with a global rating score of –1/+1 in the unchanged
category to be consistent with others (Juniper et al. 1994). It is possible that some
patients in this group may have experienced a minimal important change in health
status but there was little change in the LCQ MID when patients with GRCQ scores
of –1/+1 were included in the MID group. The LCQ MID applies to patients whose
health improved or deteriorated. We found a similar change in LCQ health status
score in those scoring an improvement in their global rating of change to those
with deterioration. It is possible that patients with deteriorating health may have a
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different LCQ MID from those experiencing an improvement. Studies with larger
numbers of patients with deterioration in health status would be required to deter-
mine a separate MID value for deteriorating health status.

The GRCQ has limitations that may lead to some imprecision in determining
the MID; it is a subjective instrument with arbitrary scales and categories, and indi-
vidual patients may interpret the wording of GRCQ questions differently, leading to
variability in GRCQ scoring. This may have contributed to the variability seen in the
LCQ MID, but this is probably true for all QOL instruments (Decalmer et al. 2007).
The GRCQ is subject to recall bias, particularly if patients are unable to recall their
prior health status and may reflect current health status in some subjects (Guyatt
et al. 2002b; Beaton et al. 2002). This may have been a particular problem for some
of our patients who completed the repeat LCQ several months after the first. The
long duration for repeat questionnaires for some patients reflects the prolonged treat-
ment trials and follow-up that are often required for patients with chronic cough.
The fact that the LCQ was administered only once before and patients were asked
to recall this visit may have improved the performance of the GRCQ and mini-
mized recall bias. Despite these limitations, the LCQ MID is similar to the MID of
other QOL questionnaires and is consistent with the observations by Juniper et al.
that QOL questionnaires utilizing a seven-point Likert response scale have a MID
of approximately 0.5 points per item or question (Redelmeier et al. 1996; Guyatt
et al. 1987; Guyatt et al. 1989). A change of LCQ score of 0.5 per question equates
to a change in LCQ domain of 0.5 and LCQ overall score change of 1.5. We found
significant correlations between global rating of change scores and the change in
LCQ scores and weaker correlations with post-LCQ and pre-LCQ scores, in keep-
ing with findings of Guyatt et al. (2002a), supporting the use of the global rating of
change scale. We generally found a stepwise increase in the change in LCQ scores
across GRCQ categories (with the exception of the psychological domain), which
suggests that this instrument was able to discriminate between patients with small
and large changes in health status related to chronic cough. Furthermore, the LCQ
MID of 1.3 is consistent with our clinical experience of using the LCQ in routine
clinical practice over the past 5 years.

We found an overall reduction in LCQ score in patients with chronic cough who
indicated their cough remained unchanged on the GRCQ. This group included pa-
tients scoring +1/-1 on the GRCQ (hardly any change), so it is possible that some
patients may have experienced more appreciable changes in health status in this
category. Another unexpected finding was a higher LCQ psychological domain
MID score than that of patients indicating moderate change in their psychologi-
cal domain. Further review of our data revealed that this was due to three patients
with large improvements in psychological domain scores who rated themselves as
slightly changed in the global rating. This may reflect that for some patients percep-
tion of overall psychological status is not easily captured with a single global rating
of change question and requires specific psychological questionnaires.

We were unable to perform a subanalysis to determine whether the LCQ MID
varied according to age, gender or cause of cough owing to the small number of
patients studied. The change in LCQ scores within individual global rating of change
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categories was not statistically significant, a finding also likely to have been influ-
enced by the small number of subjects in the subgroup analysis. Larger studies are
required to address this and it is hoped that the findings of this study will be used to
determine the sample size of future studies to demonstrate both statistically and
clinically significant differences. The findings of this study should be considered
preliminary since the MID is likely to be refined by further studies and experience
with the LCQ. Our study represents a useful starting point for interpreting QOL data
and should stimulate further studies. The MID for acute cough may differ from that
of chronic cough and needs to be determined. Objective cough assessment tools,
such as 24-h ambulatory cough monitors, may allow further refinement of the MID
for health status questionnaires.

Chronic cough frequently impacts on QOL and often profoundly. Health-related
QOL questionnaires are increasingly being used as end points in clinical trials as
they provide a standardized method to quantify the impact of cough on health status
(Morice et al. 2007). It is of critical importance that health status data are interpreted
in the correct context. The LCQ MID will facilitate this and aid interpretation of
health status data when used in outpatient clinics as well as assessing risk–benefit
profiles of new medicines and their cost-effectiveness. The MIDs for other measures
of cough severity, such as cough reflex sensitivity, diary scores and cough frequency
measurement, are not known and future studies should address this.
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Appendix 1: Global Rating of Change Questionnaire

Question 1: Since your last clinic visit, has there been any change in the impact of
your cough-related symptoms?
Question 2: Since your last clinic visit, has there been any change in your feelings
(e.g. anxiety, embarrassment) as a consequence of your cough?
Question 3: Since your last clinic visit, has there been any change in the impact
your cough has had on your work or social life?
Question 4: Since your last clinic visit, has there been any change in the impact
your cough has had on your overall quality of life?

Please circle the response that best applies to you, for each question.
–7 A very great deal worse
–6 A great deal worse
–5 A good deal worse
–4 Moderately worse
–3 Somewhat worse
–2 A little worse
–1 Almost the same, hardly any worse at all
0 No change
1 Almost the same, hardly any better at all
2 A little better
3 Somewhat better
4 Moderately better
5 A good deal better
6 A great deal better
7 A very great deal better
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Abstract We review the actions of complementary and alternative medicines
(CAMs) in the treatment of cough and of the conditions associated with it; in par-
ticular asthma and upper respiratory tract infections. These therapies may work (1)
peripherally, at the sites in the airways and lungs at which cough is being activated,
(2) in the brainstem, where the neural “cough center” is situated, or (3) at the cere-
bral cortex, where cough can be initiated, suppressed or modified by conscious or
unconscious controls. Of the large number of trials of CAMs against cough, most
are inadequate in design. It may be difficult to randomize selection. Blinding is of-
ten impossible both for the patient and the therapist, and adequate placebo controls
may be difficult to devise. The patient can usually identify the “active” treatment
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by the taste or smell of a medicine, or from the approach and apparatus being used.
Pure chemicals can be extracted from many of the herbs used as antitussives, and
can be shown to be effective in randomized, blind, and controlled trials, but it does
not follow that the herb itself, used in the recommended formula and shown to be
antitussive, acts by this agency unless a placebo effect is ruled out. A few herbs
are identified where the evidence points to a true antitussive action. Of nonherbal
treatments, the few positive results are usually outweighed by the larger number of
negative ones. Thus, in general, CAMs for cough are welcomed enthusiastically by
the patient but lack sound evidence for their efficacy. Antitussive chemicals can be
extracted from many herbs, but it is no more than a reasonable hypothesis that the
herb itself acts through this pathway.

1 Introduction

Cough is one of the commonest symptoms for patients to consult a physician, only
pain and physical disabilities surpassing it, and, with pain, it is the commonest rea-
son to visit the pharmacist (Morice 2003). Over £300 million is spent each year by
patients in the UK and over $2,000 million in the USA on over-the-counter (OTC)
treatments (including herbal) for cough (Morice 2002). Acute and subacute coughs
(by definition lasting less than 3 and between 3 and 8 weeks, respectively), which
are predominantly caused by upper respiratory tract infections (URTIs), are usually
viral (Higenbottam 2002; Morice et al. 2004; Irwin et al. 2006); the majority of
patients with acute or subacute cough do not go to the community physician, local
clinic, or hospital but instead go to the pharmacist and buy remedies on the basis of
their experience or recommendations by others, or ask the pharmacist’s advice. The
treatment is usually symptomatic (nonspecific), directed at the cough rather than at
its cause. Chronic cough, lasting over 8 weeks, often sends patients to community
practices and hospital clinics. Here, if the cause of the cough is identified, specific
(disease-specific) treatment for the condition is preferred and, if successful, should
cure the cough (Higenbottam 2002; McGarvey 2003).

In idiopathic cough, where the cause cannot be identified, symptomatic treat-
ment is the only option. In the USA, up to 20% of chronic coughs are idiopathic
(Irwin et al. 2006), and in the UK 20–40% (Morice et al. 2004). In Japan, idio-
pathic chronic cough seems rather rare (Niimi 2007). These figures may point to the
numbers of patients who potentially are attracted to complementary and alternative
medicine (CAM): those with acute or subacute cough who do not go to a physi-
cian, and those with chronic undiagnosed cough whose physician cannot provide a
satisfactory diagnosis and treatment. It should also be noted that each of the only
three antitussive drugs currently available on prescription in the UK, codeine, phol-
codine, and dextromethorphan, has adverse effects, so the physician may be wary
of prescribing and the patient of taking them. Interestingly, in 1899, there were 61
antitussive drugs available on prescription (Eccles 2008); it is not clear whether the
reduction in numbers is due to the efficiency of the three retained on the list or the
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inefficiency of the other 58. By comparison, for 2003/2004 there were 60 approved
OTC treatments for cough, many of them herbal or herbal-based.

Conventional antitussive drugs and CAMs can be tested in five different ways: (1)
in healthy (noncoughing) subjects using provocation of cough by an irritant aerosol
such as citric acid, capsaicin or distilled water (fog) (Dicpinigaitis 2007, 2008;
Morice et al. 2007); (2) in patients with cough due to airways’ disease (Irwin
et al. 2006; Morice et al. 2007); (3) in the latter group but with cough induced by
an irritant aerosol (Dicpinigaitis 2007,2008); in animals with either (4) spontaneous
cough due to disease (Korpas and Tomori 1979) or (5) induced by an irritant (Belvisi
and Hele 2003; Mackenzie et al. 2004). The distinction between these methods is
important in conventional medicine because the sensitivity to an antitussive drug de-
pends on the condition of the subject and the method chosen (Fuller 2003). Such a
consideration does not seem to have been applied to CAM and cough. Furthermore
there are different patterns of cough, depending primarily on the cause. “Wet” and
“dry” coughs are an obvious example, and the balance between inspiratory and expi-
ratory efforts within a cough bout is another (Korpas and Tomori 1979; Fontana and
Widdicombe 2007; Tatar et al. 2008). Conventional antitussive agents and general
anesthetics have different potencies on different patterns of cough in animals and
humans (May and Widdicombe 1954; Nishino et al. 1996,2004; Tatar et al. 2008),
but this approach does not seem to have been extended to CAM.

1.1 Mechanisms of Action of Antitussive Agents

Most recent extensive research has identified four probable peripheral nervous “sen-
sors” for cough stimuli in the larynx and lower respiratory tract (Canning et al. 2006;
Canning 2008). These send nerve impulses up the vagus nerves to the brainstem,
where they enter a complex neural network, the respiratory rhythm generator (pre-
viously called the “respiratory center”). The patterns of cough may depend on the
nature of its stimulus and on the sensors activated. Different neural networks in the
brainstem (in the medullary “cough center”) have been delineated to explain these
patterns (Shannon et al. 2004; Bolser 2008, Chen et al. 2008). The pharmacology of
the cough sensors has been extensively studied, including their membrane receptors
that can excite or inhibit the nerves (Geppetti 2008; Belvisi 2008; Lee and Gu 2008;
Mazzone and Undem 2008). The application of these pharmacological results to
the mode of action of antitussive agents is an emerging field of study, and is very
relevant to understanding the modes of action of herbal and other CAM treatments.

Most conventional antitussives are thought to act at brainstem level, and several
mediators and transmitters involved in cough have been identified here (Chen
et al. 2008; Takahama et al. 2008), offering possible sites of action for antitus-
sive agents. Other afferent inputs, for example, from the esophagus, nose, and ear,
are known to modulate the cough reflex initiated from the lower airways (Hanacek
et al. 2006), and some of these could be activated by herbal and other CAM
treatments.
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Finally, the role of the cerebral cortex in cough must be considered. We can vol-
untarily produce or inhibit cough, and there is growing evidence that the cortex may
play a modulating role in the cough due to disease and its responses to conventional
antitussive agents (Widdicombe et al. 2006; Davenport 2008; Eccles 2008). This is
another possible site of action of CAM antitussive agents and treatments.

1.2 The Placebo Effect

The power of placebo is very relevant to antitussive treatments in CAM. Eccles
(2002, 2006, 2008) and Parvesi et al. (2001) have shown that, with conventional
antitussive treatments for acute cough due to URTI, the placebo effect accounts
for about 80–85% of the suppression of cough caused by standard doses (e.g.,
30 mg) of codeine or dextromethorphan. The meta-analysis by Parvesi et al. (2001)
found that the residual nonplacebo effect (15–20% of total) was statistically signif-
icant. However, with cough due to other causes, e.g., bronchitis, asthma, or chronic
lung diseases, the placebo effect may be much smaller or even absent (Sevelius
et al. 1971; Alyward et al. 1984; Morice et al. 2006). Many of the early experiments
with conventional treatments did not meet current standards; e.g., although they
were usually placebo-controlled and double-blind, patient selection and treatments
were not randomized or not stated as such. However, as will be described, most of
the assessments of antitussive actions with herbal medicines and other CAM treat-
ments were neither placebo-controlled nor double-blind nor randomized.

It has been proposed that at least part of the action of placebos is the release of
endorphins in the cerebral cortex owing to, for example, sweet- or bitter-activated
sensory inputs from the mouth (Eccles 2006, 2008); this has been described as a
“physiological” component of the placebo effect. It may be a semantic quibble to
suggest that this part of the placebo response to herbal agents is a “true” antitussive
action. It might be said that for any drug that causes sensation, for example, taste or
smell, a true placebo would only be possible if the antitussive ingredient could be
removed from the preparation, without affecting the latter’s taste and smell. This is
probably impractical.

2 Herbal CAM Treatments

2.1 Introduction

CAM therapies are extremely popular. A Google search (4 February 2008) of
“cough/alternative medicine” resulted in 421,000 hits and “common cold/alternative
medicine” generated 325,000 hits. A scan of seven lay books on complementary
medicine showed that, among them, they recommended 96 different treatments for
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a common cold with embarrassingly little agreement among them (Ernst et al. 2006).
For another example, Herbmed (the herbal equivalent of PubMed) lists 966 refer-
ences under “cough, garlic,” while PubMed lists only eight. A similar search for
“cough, onion” gives 385 and six references, respectively. These examples could be
multiplied.

There are several problems is assessing the efficacy of herbal treatments for
cough:

1. It is often difficult to fully eliminate the placebo effect (see earlier), since most
herbal remedies have clear smells, tastes, and even appearances. This difficulty
is well illustrated by a recent report (Paul et al. 2007), which received much
newspaper publicity, concerning honey. (Is honey herbal – it is derived from
plants!) This report stated that honey, administered orally by syringe, was more
effective than dextromethorphan in treating children with night cough, and that
dextromethorphan was little more effective then the “placebo” – an empty sy-
ringe. The second result is not surprising since it confirmed much published ev-
idence (Eccles 2006, 2008). However the empty syringe was not an adequate
placebo for honey, since it lacked the smell, taste, and physical nature of honey.
Of course the latter qualities could have a “physiological action” as part of the
placebo effect (Eccles 2006, 2008). To test the placebo effect, the therapies could
have been given in the form of swallowed capsules, but this would not permit
the claimed action of honey, which is said to be a demulcent or soothing action
on the pharyngeal mucosa. A better, but possibly impractical, approach would
have been to give the agents while the children were asleep, since the placebo
effect, almost by definition, depends on consciousness. But interpretation of the
results is even more complex. The honey, given while the children were awake,
could exert a long-lasting “placebo effect” while the children were later asleep,
for example, by the action of endorphins released in the cerebral cortex. Thus,
we still cannot say whether honey, given as in this study, acted by a specific or by
a placebo effect; the patient may not care, but the medical scientist should. We
provide this example at some length, because it is rather typical of much research
on CAM and cough.

2. There are surprisingly few herbal treatments for cough itself. Far more exist for
conditions that cause cough, such as URTIs (including colds) and acute bronchi-
tis and asthma. In other words, the treatments are disease-specific and, as a result,
little evidence is usually presented in these trials about changes in cough itself.
If the disease is alleviated or cured so, presumably, is the cough. Symptomatic
herbal remedies for cough are uncommon.

3. Many herbal remedies that may be “antitussive” could act indirectly on cough:
for example, by expectorant, demulcent, bronchodilator, or local anesthetic ac-
tions. Ziment (2002) lists 15 such indirect ways in which herbal “antitussives”
may work (see also later) and lists over 120 herbs which are claimed, nearly al-
ways with little or no evidence, to act via these indirect mechanisms. With the
exception of bronchodilation, there are no effective means of assessing these in-
direct actions, and the relationship between bronchodilation and cough is little
understood.
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4. Nearly all herbal medicines consist of mixtures of ingredients each potentially
active against cough, and the relative role of the individual ingredients, if any,
has seldom been assessed or discussed. Nor has the possibility that different in-
gredients may have synergistic (or even occlusive) actions. The problem is com-
pounded because many herbal treatments for cough are mixtures of several or
many different plant (and even animal) components that could have antitussive
or protussive actions.

5. A single active ingredient of a herb may have more then one action that could
relieve cough. For example, menthol, extracted from Mentha species, is said to
be a local anesthetic, a Ca2+-channel blocker, a smooth-muscle relaxant, and a
cooling agent. Isolated purified menthol inhibits cough (see later), but which of
its modes of action are important has not been determined.

6. Analysis of a number of herbal extracts has identified chemicals later shown
to have “true” antitussive actions in experimental animals and sometimes in
humans. To conclude that the herb itself is a remedy for cough is clearly un-
justifiable on this evidence, although it is a reasonable hypothesis that could be
tested. To give an example, pure opioids such as morphine extracted from poppy
(Papiver somniferum) are established antitussives in animals and humans, but
there seems to be no evidence that nonpurified extracts of the plant, as would be
used in herbal medicine, are also effective; if they were, they could be working
by a placebo effect.

7. The use of nonhuman animal experiments in studying treatment of cough is im-
portant. They can analyze mechanisms of action which may be relevant to treat-
ing patients (Belvisi and Hele 2003; Mackenzie et al. 2004); they allow research
procedures which might be considered inappropriate or unethical in humans;
they may provide the basis and background for future important human stud-
ies; and they may indicate the undesirability of proceeding with human studies.
To cite one example: there have recently been extensive studies of the antitus-
sive actions in cats of polysaccharides derived from a number of plant species,
including Althaea officinalis, Articum lappa, Prunus persica, Paederia foetida,
and Rudbeckia fulgida (Nosolova et al. 1989, 2000, 2007; Sutovska et al. 2007),
some of which are used as antitussives in CAM; the positive results could lead to
a valuable new approach to human antitussive therapy, either using the herbs or
using their purified extracts.

But interpretation of animal experiments should be done with caution. For example,
animal work with conventional antitussives such as codeine and dextromethorphan
usually requires doses many times (often 10–20) greater in terms of body weight
than those given to humans to be effective (Belvisi and Hele 2003; Usmani et al.
2004). And in most animal experiments placebo controls have not been included,
although there is no reason to suppose that only humans respond to a placebo. This
problem is sometimes circumvented when control tests, using some other agent and
identical procedures, give negative or far smaller responses than those for the ac-
tive agent. The absence of blinding may not matter, at least as far as the animal
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is concerned. (The experimenter seems never to be “blinded.”) Randomization is
seldom or never mentioned. There seems to be little or no discussion as to whether
these are matters that should be of real concern for animal experimentalists.

2.2 Antitussive Herbs

In the description that follows, we will initially divide herbal antitussives into their
proposed modes of action, with examples. With few exceptions, it is claimed that
individual herbs have more than one type of action that will affect cough, but the rel-
ative strengths of these actions have seldom been assessed. For brevity, we will not
discuss safety concerns, which are undoubtedly important for many herbal antitus-
sives (Ziment 2002; Ernst et al. 2006). Only herbs used in treatment of cough and its
causes, unlike those aimed at preventing a disease from starting, will be considered.

Many of the modes of action are not strictly “antitussive,” and some may even en-
hance cough (e.g., expectorants). But since the patient with coughs benefits from the
treatment, we will use the term “antitussive” in a broad, if not always semantically
correct, sense.

2.2.1 Centrally Acting Antitussive Herbs

The most prescribed centrally acting antitussives of plant origin are codeine and
morphine, while the derivative diamorphine is even more effective; all originate
from Papiver somniferum (poppy). It is therefore surprising that poppy itself does
not feature strongly as a herbal treatment for cough, although it is widely used for
hallucinogenic effects. This is presumably because the latter can dominate the re-
sponse. Erythroxylum coca (cocaine) and Cannabis sativa (marijuana), both used as
cough suppressants, may also have a central nervous system as well as peripheral
antitussive actions, in view of their well-known hallucinogenic actions.

2.2.2 Demulcent Herbs

These act by a “soothing” effect mainly on the pharynx and larynx if the solid or
liquid preparation is given orally, or on all the airways if it is a vapor. The patient
should feel better and experiences the cough as less irritating or painful. The prob-
lem is that demulcent activity has never been measured. The only way to do it would
be by subjective patient scores (How soothed do you feel?), and even these do not
seem to have been used. In addition, a placebo action is difficult to eliminate; indeed
it seems inevitable in view of the relevant sensations aroused by the herb. To give
the solid or liquid agents by capsule would bypass their site of action, and if given
as a vapor an appropriate placebo would be hard to select.



328 J.G. Widdicombe, E. Ernst

Demulcent remedies for cough, such as guanefenesin and bromhexine, are pop-
ular in OTC medications. In herbal medicine, those given orally include Althaea
officinalis (marshmallow), Cerraria icelandica (Iceland moss), Glycyrrhiza glabra
(licorice), Limon usitatissimum (flaxseed), Tilia cordata (linden), and Verbascum
densiflorium (mullein), as well as syrupy herb extracts and very many others. Al-
though these treatments are undoubtedly popular, there seems to be no evidence
that their action on cough, if any, is other than by a placebo effect. Those inhaled
include Mentha peperita (menthol) and Eucalyptus species (eucalyptus oil) vapors
(see later).

2.2.3 Local Anesthetics

Some herbal treatments for cough contain local anesthetics that might act on ner-
vous sensors in the mucosa of the pharynx and larynx before the medicine reaches
the stomach. These include Erythroxylum coca (cocaine), Cannabis sativa (mari-
juana), and possibly Syzygium aromaticum (clove oil). However, there seems to be
no evidence that these herbs have antitussive actions by this mechanism. Most local
anesthetics also taste bitter, which could also have an antitussive action (see later).

Researchers in the field of conventional medicine are now searching intensively
for antitussive agents that act on the membrane receptors for cough sensors in the
airways (peripherally acting antitussives) (Chung 2006, 2007,2008; Barnes 2007),
but similar studies do not seem to have been conducted for herbal CAM therapies.

2.2.4 Surfactants, Saponins

Saponins and similar substances have surfactant-like properties and might be ex-
pected to ease clearance of mucus from the pharyngeal and laryngeal airway epithe-
lia, thus providing a demulcent-like response. Such herbs used to treat cough or its
causes include Hedera helix (ivy), Primula species (primrose), Quillaja saponaria
(soap bark), Grindelia camporum (gumplant), and Polygana senega (senega); how-
ever, their surfactant activities have been demonstrated only in vitro, and there is
no evidence that this effect is present in vivo or that it is “antitussive.” In addition,
many of them are bitter or even irritating and, if they are effective, this could be their
mechanism of action (see later).

2.2.5 Expectorant, Mucolytic, and Mucokinetic Herbs

Expectorants increase the production and/or removal of phlegm from the lower air-
ways. The only practical way to measure this is to make the patient spit out phlegm
into a pot (while talking precautions to avoid contamination with saliva) (Rubin
2003). This is inaccurate and is only appropriate when the patient is producing
copious amounts of phlegm, as in chronic bronchitis and bronchorrhea. Increased
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expectoration could be due to (1) increased production of mucus, (2) increased ease
or rate of its clearance (e.g., by a surfactant action; see earlier), which can be mea-
sured by the rate of movement of inhaled technitium-99m, a technique used in lab-
oratory studies of cough, but rarely in herbal medicine (Hasani et al. 2003), or (3) a
change in its physical properties – mucolysis – which can be measured in vitro but
not in vivo (Foster 2002; Rubin 2003). The terms “mucokinesis” and “mucokinet-
ics” are sometimes used but are seldom or never defined, and they seem to mean no
more that the processes just described. “Mucoregulation” and “mucoregulator” are
terms also in use, and may be useful general expressions in view of the fact that the
precise mode of action of drugs on mucus is usually unknown.

It is therefore not surprising that, in herbal medicine, an “expectorant” means a
treatment that makes patients feel they can more easily “clear their chests,” and the
mechanisms are not defined and the response is not quantified. Herbs said to treat
cough by improving “expectoration” include Capsicum species (paprika, peppers),
Adhatoda vasica (malibar nut),Ascarium sieboldi (wild ginger), Fritillaria verticil-
lata (fritillary), Eriobotrya japonica (loquat), Mulberry species (mulberry), Citrus
species (orange peel), Pinellia ternate, Pinellia ternate bulbil (Zhi bau), Boerhaavia
diffuza (hogweed), Hypericum perforatum (St. John’s wort), and many others.

2.2.6 Antispasmodic Herbs

Many antitussive herbs are claimed to work by an antispasmodic or bronchodila-
tor action (Ernst 1998). It is true that they cause either bronchial muscle relax-
ation in vitro, or decreases in airways’ resistance and increases in the forced ex-
piratory volume in 1 s (FEV1)in vivo. The relationship between bronchomotor tone
and cough and its sensitivity has been much studied. In general bronchoconstriction
causes or enhances the sensitivity of cough, while bronchodilation does the opposite
(Pavord 2004). Thus, if cough is associated with bronchoconstriction, as in asthma,
one would expect a herbal treatment causing bronchodilation to be more effective
against the associated cough, than with a cough not related to bronchospasm. In
other words, bronchodilator herbs should be also antitussive, but not necessarily the
opposite. This possibility does not seem to have been shown or tested.

Herbs claimed or shown to have antispasmodic effects, in vitro and/or in vivo,
and to be antitussive, include Adhartoda vasica (malibar nut), Petasites hybridus
(butterbur), Ephedra sinica (ephedra), Mentha peperita (peppermint), Atropa species
(atropine), Curcuma longa (turmeric), Ocimum sanctum (basil), and Piper longum
(pepper).

2.2.7 Anti-inflammatory, Antioxidant, and Antiallergic Herbs

Many antitussive herbs are claimed also to have anti-inflammatory, antioxidant, or
antiallergic properties, or a combination, usually on the basis of in vitro studies.
Presumably they would be especially effective against coughs due to URTI such
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as common colds, acute bronchitis, and allergic asthma. They include Amni vis-
naga (cromones), Glycyrrhiza glabra (licorice), Aloysia triphylla (lemon erbena),
Cymboconon citrates (lemon grass), Commiphora mukul (myrrh), and Allium cepa
(onion).

2.2.8 Strong Tasting Herbs

Many antitussive herbs taste bitter (including, paradoxically, local anesthetics) and
it has been suggested that the afferent input from nerves responding to bitter-tasting
drugs may inhibit cough (Eccles 2006, 2008; Ziment 2002). Oddly enough, many
other antitussive drugs taste sweet or sugary, and the use of honey to treat cough has
been described already; others taste spicy or peppery. The cynic might say that all
you need for an effective herbal antitussive is a strong flavor, and that it would work
by a placebo effect. For obvious reasons, it is difficult to test for a placebo effect
with these agents. If the subject can identify the “active” treatment there can be no
true placebo.

Strongly bitter herbal antitussives include Berberis vulgais (berberis), Sangui-
naria canadensis (bloodroot), Marrubium vulgare (horehound), Hedera helix (ivy),
Schisandra chinensis (schisandra),Citrus species (lemon juice),and Polygala senega
(senega). Sugary herbal treatments are usually sugary owing to addition of sugar
or honey to the preparation; of the 60 OTC antitussive preparations approved in
2003/2004, 58 had added sugar or syrup, but some herbs contain much natural sugar.
Spicy/peppery herbs used as antitussives include Capsicum species (capsaicin) and
Piper longum (pepper).

2.2.9 Decongestant Herbs

Some herbs used to treat cough and its causes are said to act as decongestants,
mainly because they are claimed to clear a blocked nose. There is no evidence that
their action against cough is based on decongestion, although if the cough is re-
lated to a congested nose or lower-airways’ mucosa, this is a theoretical possibility.
Examples include Ephedra species (ma huang) and Magnolia species (magnolia).

2.2.10 Conclusions

Thus there are at least nine ways in which herbal medicines may act to treat cough,
and each may have several subdivisions (such as mucokinetics). Examples of herbs
are given for each mechanism, but the total list is many times greater (Ziment 2001,
2002; Blumenthal 2000; Fetrow and Avila 2001; Skidmore-Roth 2001). Many herbs
are thought to act by more than one mechanism. Many herbal treatments contain
five to 12 different herbs (and even animal products). Even if it is shown that a
particular herbal therapy successfully treats a particular type of cough, it is very
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difficult to define the exact mechanisms involved. Of course, the same is true of
some conventional medical treatments of cough.

2.3 Particular Herbal Cough Therapies

In this section we select, inevitably rather arbitrarily, four herbal cough treatments
for which the effectiveness and mechanisms have been studied. With many other
herbs there are a few pointers in the literature that the herb may be objectively
considered an effective antitussive in humans, but the evidence is so thin as to
be unconvincing (Table 1). In some instances, research only on animals or animal
preparations has been done.

2.3.1 Andrographis Paniculata (King of Bitters)

This ayurvedic herb contains andrographolides in its leaves and roots which, in ad-
dition to tasting very bitter, have anti-inflammatory, antioxidant, and antiallergic
properties and act on the immune system of the body (Coon and Ernst 2004).

Extracts of this herb have been used to treat URTIs, although not specifically
for cough (Poolsup et al. 2004; Spasov et al. 2004; Ernst et al. 2006). However,
only subjective changes in cough were reported in most of the trials. Most of the
seven clinical controlled trials showed significant superiority over placebo or antibi-
otic treatment, and the method of the trials was generally acceptable (Coon and
Ernst 2004; Gabrielian et al. 2002; Caceres et al. 1999; Melchior et al. 2000).
One trial showed improvement in most symptoms of the common cold, but not
cough (Gabrielian et al. 2002). No results of experiments on animals or with cough-
provocation tests in humans seem to have been published.

2.3.2 Ephedra Sinica (Ma Huang)

Ma huang is one of the most popular Chinese (and Western) herbs and is used to treat
a variety of respiratory conditions, such as asthma and rhinitis, and also cough. It
contains ephedrine and pseudoephedrine. It is a sympathomimetic, a bronchodilator,
and a mucosal decongestant; it is presumably these properties that give it antitussive
actions (Ziment 2002). It also has anorexiant and ergogenic properties, about which
there is an extensive literature. It is officially banned in the USA because of its
popularity as a dietary supplement to lose weight, elevate mood, and improve ath-
letic performance. (It has been called “one of the most potent and dangerous herbal
medications in common use” (Bent et al. 2003); one might add “and popular.”)

Although ma huang is effective in preventing induced cough in guinea pigs and
mice (Miyagoshi et al. 1986; Minamizawa et al. 2006), there seem to be no ade-
quately conducted and controlled studies in humans (Ernst et al. 2006).
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Table 1 Some herbal treatments for cough

Species Common ‘Pure extract’ Action(s) Refs
name

Adhatoda Malibar Vascinine Bronchodilator Dhuley (1999)
vasica nut Expectorant Blumenthal (2000)

Bitter

Allium
sativum

Garlic Allicin Antibacterial Adeleye and Opiah
(2003)
Bielowy (2004)

Carum
copticum

Ajwain Carvacrol Bronchodilator Boskabady et al. (1998,
2005)

Thymol Vasodilator
Antihistamine

Crocus
sativus

Saffron Safronal Anti-inflammatory Hosseinzadeh and
Ghenaati (2006)
Duke and Ayenau
(1985)

Fritillaria Beimu Alkaloids Anti-inflammatory Saliba et al. (2004)
sps Snake’s Expectorant Jiang et al. (2005)

head Antibacterial Lin et al. (2007)

Glaucum
flavium

Glaucine Antitussive
Bronchodilator

Nosalova et al. (1989)
Dierckx et al. (1981)

Glycyrrhizae Licorice Liquiritin Anti-cAMP Kamei et al. (2003)
glabra, radix Glycyrrhizinate Bielowy (2004)

Panex Ginseng Ginsenoside Antioxidant Bielowy et al. (2004)
quinquefolium Antibacterial McElhaney (2006)

Pinene Pine oil Pinene Expectorant Medici et al. (1985)
sps Sobrerol Blumenthal (2002)

Piper Pepper Piperine Spicy Bielory et al. (2004)
longum Ziment (2004)

Theobroma Chocolate Theobromine Bronchodilator Usmani et al. (2004)
cocoa Cocoa Epicatechin Sanno et al. (1993)

Sesamus Sesame Omega 9 Bronchodilator Akoachere et al. (2002)
Indicum oil Sesamin Mucolytic Saab et al. (2006)

Surfactant

Zingiber Ginger Sesquit Anti-inflammatory Thomas et al. (2007)
Officinale Penoids Hoffman (2007)

The list is selected, somewhat arbitrarily, to give examples of herbs popular in the treatment of
cough, especially in western countries. Those detailed in the text are not included. For much
longer lists see Blumenthal (2000), Fetrow and Avila (2001), Skidmore-Roth (2001), and Ziment
(2001, 2002).
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2.3.3 Echinacea Species (Sesame Oil)

The roots and leaves, especially species Echinacea augustifolia, Echinacea pallida,
and Echinacea purpurea, of these plants have been extensively used to treat respira-
tory infections and many other medical conditions. Likewise, there is a large amount
of literature on the subject. Extracts contain many potentially active constituents,
including alkylamides, glycoproteins, and polysaccharides. Their main actions are
anti-immune, anti-inflammatory, local anesthetic, antiviral, and antioxidant (Linde
et al. 2007). Several recent reviews of the literature relating to Echinacea and URTIs
have been published (Barratt et al. 1999; Giles et al. 2000; Ernst et al. 2006; Caruso
and Gwaltney 2005; Linde et al. 2007; Melchart et al. 1999). These include several
meta-analyses, not all of them with positive conclusions. The most recent one in-
cluded 14 randomized controlled trials. Its results show that Echinacea decreased
the odds of developing a cold by 58% and the duration of a cold (and therefore
presumably the associated cough) by 1.4 days (Yale and Liu 2004). These findings
were robust in several subgroup analyses (Shah et al. 2007).

2.3.4 Mentha Species (Spearmint, Peppermint, Pennyroyal)

Mint extracts are used in many antitussive treatments, either orally or by injunc-
tion (usually chest rub). They contain about 80 potentially active compounds, those
thought to be most active including menthol (peppermint camphor), pulegone, cine-
ole, and limonene. Menthol acts as a calcium-channel antagonist and by spasmoly-
sis. Its vapor is an expectorant in rabbits (Boyd and Sheppard 1968). Whether it is a
decongestant is disputed. It stimulates nerve sensors in the respiratory tract (but not
those causing cough) and gives the sensation of coldness and may inhibit breath-
ing (Eccles 1994). In guinea pigs it inhibits the cough caused by inhaled citric acid
(Laude et al. 1994).

In healthy subjects, menthol vapor inhibits citric acid induced cough, unlike
other aromatic oils which were used to act as placebos (Packman and London 1980;
Morice et al. 1994). Unfortunately no properly designed clinical trials of vaporized
menthol against cough seem to have been done, possibly for lack of an adequate
placebo, but the basic studies suggest that it is potentially an active antitussive.

2.3.5 Conclusions

We have selected four herbs which seem to provide the most evidence for their an-
titussive effectiveness and mechanisms. Table 1 lists a further 13 antitussive herbs
with some published evidence as to their effectiveness and modes of action. Very
many more herbs, with virtually no good evidence for their efficacy, are listed else-
where (Blumenthal 2000; Skidmore-Roth 2001; Fetrow and Avila 2001; Ziment
2001, 2002).
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3 Nonherbal CAM Treatments

3.1 Introduction

Few of the many types of nonherbal CAMs have been tested against cough as a
symptom, although many have been tried against common causes of cough such as
asthma and URTI. Changes in cough associated with these conditions have been
reported infrequently.

3.2 Acupuncture

Acupuncture has been tried in many studies as a treatment of asthma and other
respiratory conditions associated with cough. The results are “highly inconsistent”
(Ernst et al. 2006). Symptomatic treatment of cough itself has seldom been studied.
One study showed that acupuncture worked significantly better than conventional
medicine in asthma (Maa et al. 2003). However, none of the studies were blinded or
adequately controlled to test for placebo effect.

3.3 Aromatherapy, Inunctions

Both aromatherapy and inunctions (rubs) have been used for centuries, but only
recently have their possible methods of action been studied. L-Menthol (Mentha
piperita), discussed earlier as an oral treatment for cough, is the most used and most
studied, and is present in the popular Vick’s Vaporub R©. It is thought to act by sev-
eral mechanisms: local anaesthetic, nerve stimulant (paradoxically), Ca2+-channel
antagonist, vasodilator, and bronchodilator (Eccles 1994; Ziment 2002). Inhaled as
a vapor (with eucalyptus oil), menthol blocks citric acid induced cough in humans
when compared, for example, with pine oil as a “placebo” (Morice et al. 1994).
When applied as an injunction, it also blocks citric acid induced cough, as does
camphor but not cineole (Packman and London 1980). Given as a vapor to unanes-
thetized guinea pigs, it blocks citric acid induced cough (Laude et al. 1994); here a
placebo effect is less likely, although not impossible. Menthol inhibits the cough
associated with endotracheal intubation (Haidl et al. 2001); such coughs due to
mechanical stimulation of the larynx and trachea (unlike those with chemical ir-
ritants) are known to be resistant to antitussive agents (Korpas and Tomori 1979;
Tatar et al. 2008). Hasani et al. (2003) showed that menthol significantly increased
lung mucociliary clearance in patients with chronic airways obstruction; interest-
ingly it also increased cough frequency, perhaps by an “expectorant” action. Apart
from this study, there seem to be no acceptable studies on the effect of menthol on
natural cough.
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Although the abovementioned results may be suggestive, there seem to have been
no rigorous clinical trials of the commercial and popular Vick’s Vaporub R© or Friars
Balsam R©, both of which contain many potentially antitussive ingredients.

3.4 Breathing Exercises, Yoga

There have been many reports of breathing exercises, such as Buteyko and prana-
yama and also yoga, as a treatment for asthma (Vedanthan et al. 1998; Manocha
et al. 2002; Cooper et al. 2003) and one for pulmonary tuberculosis (Visweswaraiah
and Telles 2004). Some have included “cough scores,” usually by the patient, but
cough itself is seldom specified. Many of the studies were controlled, using a dif-
ferent treatment procedure, and some randomized, but blinding was clearly impos-
sible, at least by the patient. These studies have been reviewed (Ernst 2000; Huntley
et al. 2002; Steurer-Stey et al. 2002; Holloway and Ram 2004; Ernst et al. 2006) and
the general conclusion is that the treatments may improve the symptoms and need
for medication by the patients, sometimes significantly, but tests such as FEV1 and
bronchial provocation show no significant change.

There seem to be no studies on URTI, or the cough related to it, and no studies
of treatments directed specifically at cough.

3.5 Diet and Nutrition

There have been trials of dietary supplements, especially vitamin C, omega 3, zinc,
and selenium, in preventing and treating asthma and URTI (Ernst et al. 2006). Nearly
all the results have been inconclusive or at the best encouraging, except for those
with vitamin C in the treatment of URTIs analyzed in a Cochrane review (Douglas
et al. 2004); vitamin C significantly reduced the duration of the illness, and pre-
sumably therefore reduced the duration of the coughs. Other prospective studies on
phlegm-producing cough have shown that its incidence is significantly reduced by
diets rich in polysaccharides and isoflavones (Butler et al. 2004), and in mainly veg-
etarian diets compared with meat-rich diets (Butler et al. 2006). The mechanisms
were not analyzed, but could involve the relative contents of antioxidants.

3.6 Exercise

There are several papers that suggest that regular exercise has a tendency to pre-
vent URTIs (Nieman et al. 1998; Ernst et al. 2006). It does not seem to have been
recommended as a preventative or therapeutic approach to asthma, or as a symptom-
directed treatment for cough. This is not perhaps surprising since exercise may cause
postexercise hyperreactivity, which usually includes coughing.
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3.7 Homeopathy

Most homeopathic trials have been directed to treat conditions associated with
cough, such as URTI including colds, rather than cough itself. Few studies have
reached acceptable scientific standards and, of those that have, the results have been
various.

A typical example is a study in 57 primary-care clinics in eight countries, with
1,577 patients with upper respiratory tract and ear complaints that usually in-
cluded cough (Haidvogl et al. 2007). The conclusion was that “homeopathic treat-
ment. . . was not inferior to conventional treatment.” This is not surprising because
the selection was not randomized and neither the patients nor the practitioners were
“blinded.” A similar study, neither randomized nor blinded, with 485 patients found
that “homeopathic therapy was effective to a similar degree or greater than the con-
ventional therapies” (Rabe et al. 2004).

A Cochrane Database meta-analysis (Vickers and Smith 2004) of homeopathy on
influenza and influenza-like conditions treated by Oscillococcinum (extracted from
the viscera of wild duck) included four studies, assessing symptoms such as cough,
which were judged scientifically appropriate for inclusion (Casanova 1984; Ferley
et al. 1989; Papp et al. 1998). “Most of the studies favor homeopathy, although
not all reach statistical significance.” A similar conclusion was reached in another
analysis of homeopathy and URTI (Ernst et al. 2006). It must be stressed that all
published studies seem to deal with treatment of URTI with cough as a symptom,
and none with homeopathic treatment of cough per se.

3.8 Hypnosis

Hypnotherapy (self-hypnosis) has been shown to be effective in treating “habit
cough” in children (Anbar and Hall 2004; Anbar and Stothower 2006). Obviously
the trials were not blinded or controlled, and the positive result is hardly surprising.
It has been used in several trials to treat asthma with encouraging but not fully con-
vincing positive results (Ernst et al. 2006; Maher-Loughnan et al. 1962); the trials
did not address cough specifically. Hypnosis does not seem to have been tried with
URTIs.

3.9 Other Nonherbal CAMs

These include massage, mediation, osteopathy, and reflexology, and have been tried
as treatments for asthma and URTIs, but seldom or not at all for treatments of cough
itself. They provide no convincing evidence for their effectiveness.



Clinical Cough V: Complementary and Alternative Medicine: Therapy of Cough 337

4 Conclusions

Herbal treatments for cough and its underlying causes are very popular and, in the
opinion of the users, often successful. It is difficult to rule out a placebo effect, a
problem that also applies to conventional antitussive agents such as codeine. The
antitussive effects are said to be via many possible pharmacological routes. Some
of these can be measured (“true” antitussive, bronchodilator actions), while oth-
ers cannot or are not (demulcent, “mucoregulation,” expectorant, etc.). Many herbs
claimed to be antitussive contain pure chemicals which, when extracted, can be
shown to have antitussive actions. It is a reasonable hypothesis, but not evidence,
that the intact herb or its concoctions may act via this pure ingredient. Evidence that
other (nonherbal) forms of CAM might be effective against cough is less convinc-
ing, again largely because of the difficulty in elimination of placebo effects. They
have usually been directed more to prevent cough-causing diseases such as asthma
and URTI than to treat the cough per se.

This rather negative conclusion may be counterbalanced by the positive advice
to consume the following herbal antitussive menu proposed by Ziment (2002):

Chicken soup with pepper, garlic, ginger and mint, to be followed by oysters
flavored with Tabasco sauce. This should be succeeded with a salad containing
onions, radish seedlings and guava leaves. The main course should consist simply
of water, following which the next dish should be a syrupy, demulcent, mucilagi-
nous, scrumptious dessert, to be capped by mint tea flavored with eucalyptus and
licorice. Then, one may choose any of a number of herbs that offer central stimu-
lation of the cerebral conversation center along with suppression of the cough cells
of the medulla. As long as it will please, such a meal can do no harm and, provided
conventional post-prandial cigars are not lit up, all coughing should be abated. At
this point in the menu of choice cough agents, it would be appropriate to debate
the antitussive potential of one of the most important herbal agents: the fermented
fruit of Vitis vinifera as prepared in selected regions of the world in accordance with
traditional oeniologic principles.

One might decide to add a spoonful of honey at some stage of the meal.

Acknowledgement We are grateful to Irwin Ziment for his expert assessment of the literature and
for permission to quote his “ideal antitussive diet.”
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Abstract Cough is a common symptom that can be self-limiting or persistent. Ide-
ally, treatment of the underlying cause(s) of cough with specific treatments should
eliminate cough. This approach may not be successful if no cause can be established
or if the treatment of the cause fails. Suppression of cough may be disease-specific
or symptom-related. There has been a long tradition in acute cough usually due to
upper respiratory tract infections to use symptom-related antitussives. In chronic
cough, suppression of cough may be achieved by disease-specific therapies, but in
many patients it may be necessary to use symptomatic antitussives. The efficacy
of some over-the-counter symptomatic antitussives is often no better than that of
a placebo. Currently available cough suppressants include the centrally acting opi-
oids such as morphine, codeine, pholcodeine, and dextromethorphan. Early studies
reported success in reducing cough in patients with chronic bronchitis or chronic ob-
structive pulmonary disease (COPD); however, a carefully conducted blinded con-
trolled study showed no effect of codeine on cough of COPD. Success with these
cough suppressants may be achieved at high doses that are associated with side ef-
fects. A slow-release preparation of morphine has been shown to have some degree
of efficacy, but this should be reserved for the most severe chronic cough patient,
and for patients with terminal cancer who may also benefit from its analgesic effects.
There are case reports of the success of centrally acting drugs such as amitriptyline,
paroxetine, gabapentin, and carbamezepine in chronic cough. New agents derived
from basic research such as new opioids such as nociceptin or antagonists of tran-
sient receptor potential vanniloid-1 may turn out to have antitussive effects. Efficacy
of symptomatic cough suppressants must be tested in double-blind randomized tri-
als using validated measures of cough in patients with chronic cough not responding
to specific treatments. Patients with chronic cough need effective antitussives that
could be used either on demand or on a long-term basis.

1 Introduction

Cough is a very common symptom, and is the most frequent reason for seeking an
ambulatory health care visit in both adults and children (Chung and Pavord, 2008).
Most commonly, a cough due to upper respiratory tract infection is transient, lasting
for just over 1 week, but during which time it is common for sufferers to use anti-
tussives, often using over-the-counter cough medicines. Consumers spend billions
of dollars per year on over-the-counter medications for cough, and yet the evidence
for their antitussive efficacy is not strong at all.

Chronic cough which persists for more than 3 weeks is also a common symp-
tom in the general population and its prevalence in the USA and Europe is around
11–20% of the adult population (Barbee et al. 1991; Cullinan 1992; Lundback
et al. 1991; Janson et al. 2001; Ford et al. 2006). Recent surveys have confirmed the
link to cigarette smoking and also to environmental pollutants (Zemp et al. 1999;
Cook and Strachan 1999; Pierse et al. 2006; Braun-Fahrlander et al. 1997; Gehring
et al. 2002; Vedal et al. 1998). When patients with chronic cough present to a
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medical doctor, the task of the latter is to investigate for any causes of the cough. A
chronic cough is most commonly associated with asthma, gastroesophageal reflux,
and postnasal drip, and treatment of these specific conditions often leads to improve-
ment in cough. These treatments may be referred to as disease-specific antitussives,
in contrast to symptomatic antitussives, which are aimed directly at cough suppres-
sion. Often the underlying condition is not amenable to treatments or no underlying
condition is diagnosed (idiopathic cough), and therefore symptomatic antitussives
are needed to control cough since this is often associated with impairment in quality
of life, depression, and physical symptoms.

While there are symptomatic antitussives that can be prescribed, the efficacy of
these is only currently being accurately surmised using validated methods of cough
measurement. The results of very few controlled clinical trials of antitussives have
been published so far, and these are now addressing some of the inadequacies of
currently available antitussives.

This chapter will discuss the treatment approaches to acute and chronic cough,
highlight the currently available disease-specific and symptomatic cough suppres-
sants, and look into the development of more efficacious antitussives, particularly
for chronic cough. The treatment of chronic cough has two aims: specific treatments
of causative factors (disease-specific), and symptomatic cough suppression.

2 Managing Chronic Cough with Disease-Specific Therapies

One example of the great progress made in the management of cough is the system-
atic diagnostic approach of finding the cause(s) of chronic cough, as advocated by
all cough guidelines (Irwin 2006; Morice et al. 2004, 2006; Kohno et al. 2006). The
management of chronic cough is dealt with in Morice and McGarvey (2008) and
has been recently reviewed in detail (Pavord and Chung 2008). The physician needs
to reach a diagnosis as to the cause(s) and apply specific treatment(s).

2.1 Eosinophil-Associated Cough

In conditions such as asthma or cough-variant asthma or eosinophilic bronchitis, in-
haled corticosteroid therapy is used with great success in controlling cough. These
airway conditions are all linked with an eosinophilic inflammation that is usually
responsive to corticosteroid therapies for which there is very good evidence. In
a study of patients with eosinophilic bronchitis, treatment with inhaled corticos-
teroids controlled cough, and was associated with an improvement in capsaicin
cough sensitivity and a marked reduction in lung eosinophil counts (Brightling
et al. 2000). Leukotriene receptor antagonists can also be effective in inhibiting
asthma-associated cough (Dicpinigaitis and Dobkin 1999). Sometimes more spe-
cific treatments of eosinophilic inflammation may be used with success (Chung
et al. 2006).
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2.2 Gastroesophageal Reflux Disease

Gastroesophageal reflux disease (GORD) is commonly associated with chronic
cough, and proton-pump inhibitors (PPI) or histamine H2-receptor antagonists are
recommended. Early case reports have hailed up to 80–100% success rate of these
treatments in controlling cough (Waring et al. 1995; Irwin et al. 1981), but a recent
Cochrane meta-analysis of therapy in controlled blinded studies of chronic cough
associated with GORD with PPIs concluded that there is “insufficient evidence to
definitely conclude that GORD treatment with these agents is beneficial for cough
associated with GORD in adults” (Chang et al. 2006). Nevertheless, it remains log-
ical to give a trial of PPI therapy to patients in whom there is evidence of GORD,
and empirically guidelines recommend using a trial of high doses for a period of at
least 2–3 months (Morice et al. 2004), which remains to be tested in clinical trials.

The possibility of nonacid volume reflux (e.g., in patients treated with PPIs) or
of abnormal upper esophageal motility problems as a cause of chronic cough has
been evoked, but these associations have yet to be established as cause and effect.
The use of promotility agents such as metoclopramide and domperidone, which are
dopamine agonists, is recommended, but has not been studied properly. Success of
surgical correction of GORD in patients whose cough has not responded to PPI
therapy has been reported (Novitsky et al. 2002), and in this group there may have
been patients with nonacid volume reflux who have benefited. However, a proper
randomized controlled study is needed to determine whether surgery provides ther-
apeutic benefit for cough caused by GORD. Increasingly, there is a recognition that
reflux of gastric contents can also cause laryngeal abnormalities that in turn could
cause cough, a condition labeled as laryngopharyngeal reflux by otolaryngologists
(Ford 2005). Clearly, the treatment of cough associated with GORD remains unsat-
isfactory, and a lot of research is needed to establish the role and efficacy of specific
treatments. This is very much linked to the issue as to whether gastroesophageal
reflux or dismotility is a cause of chronic cough. Such patients may also benefit
from nonspecific therapies in addition to specific treatments they receive related to
GORD.

2.3 Postnasal Drip

Postnasal drip syndrome (PNDS), or nasal catarrh associated with rhinosinusitis, has
been recognized as a cause of chronic cough mainly from clinical observations, al-
though in the American College of Chest Physicians’ guidelines this is now grouped
under the heading of upper airway cough syndrome (Irwin 2006). This latter term
is not ideal as it does not implicate the potential role of the larynx. Topical corticos-
teroids often with a nasal decongestant or antibiotics or antihistamines are used for
treating rhinosinusitis, and first-generation antihistamines have been reported to be
more effective than second-generation antihistamines in controlling cough, although
this needs to be confirmed in controlled studies. Some otorhinolaryngologists do
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not agree that cough is a predominant symptom of patients with PNDS (O’Hara
and Jones 2005), and it has been suggested that PNDS may be caused by laryn-
gopharyngeal reflux, i.e., gastric reflux reaching the laryngopharyngeal area (Wise
et al. 2006). There have been controlled studies that have provided evidence for the
success of rhinosinusitis treatments on chronic cough.

There is some controversy as to whether cough in conditions usually associated
with the production of mucus such as COPD or bronchiectasis should be suppressed
as this could lead to mucus accumulation with increased risk of lung infections. In
both COPD and bronchiectasis, an enhanced cough reflex has been demonstrated
(Doherty et al. 2000; Torrego et al. 2006), and therefore part of the excessive cough
which has been reported in COPD patients with the use of cough counters (Coyle
et al. 2005) may be related to an enhanced cough reflex. In these conditions, it is
difficult to reverse the previous condition with effective treatments.

2.4 Idiopathic Cough

More recent series, particularly those from the UK, have identified a significant pro-
portion of patients labeled as having “idiopathic” cough, ranging from 7 to 46%,
despite a thorough diagnostic workup (Chung and Pavord 2008). In these patients,
all associated causes of cough had excluded and the cough had not responded to
any specific treatments. Such patients tend to be middle-aged women and often
give a history of cough onset around the menopause and may have organ-specific
autoimmune disease, particularly autoimmune hypothyroidism (Mund et al. 2001,
2005). An alternative explanation is that the initiating cause of the cough may have
disappeared, but its effect on enhancing the cough reflex may be more prolonged
(Chung 2007). An example would be the transient appearance of an upper respi-
ratory tract virus infection or an exposure to toxic fumes that results in prolonged
damage of the airways’ mucosa. The repetitive mechanical and physical effects of
coughing bouts on airway cells could activate the release of various chemical medi-
ators that could enhance chronic cough through inflammatory mechanisms (Niimi
et al. 2005; Heino et al. 1990), providing a positive feed-forward system for cough
persistence. It is quite possible that there is an induction of changes in the upper
airways of inflammation and tissue remodeling induced by various causes associ-
ated with cough or by the act of coughing itself that could lead to an enhanced
cough reflex, that in turn is responsible for maintaining cough. The cough becomes
“idiopathic” when the primary inciting cause has resolved while cough is persistent.

3 Symptomatic Cough Suppressants

Cough suppressants have been traditionally divided into the central acting ones
that include the opiates morphine, diamorphine, pholcodeine, and codeine, as being
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the most effective antitussives, and nonnarcotic synthetic derivatives of morphine,
including dextromethorphan, which has no analgesic or sedative properties and is
not usually addictive.

3.1 Currently Available Narcotic Antitussives

Opiates including morphine, diamorphine, and codeine are the most effective anti-
tussive agents. At their effective doses they may cause physical dependence, respi-
ratory depression, and gastrointestinal colic. Morphine and diamorphine should be
used for severe distressing cough which cannot be relieved by other less potent an-
titussives, and are therefore usually confined to patients with terminal illness, such
as bronchial carcinoma. These opioids also relieve anxiety and pain. They cause se-
dation, respiratory depression, and constipation. Opioids can exacerbate wheezing
through the release of histamine, but this is rare. Diamorphine may be preferred to
morphine because of its lower incidence of nausea and vomiting. Morphine may
be given by mouth every 4 h, and also as a suppository. Diamorphine is preferably
given by injection.

Codeine is the methylether of morphine and has long been considered the
standard centrally acting antitussive drug against which the pharmacological and
clinical effects of newer drugs have been measured. Codeine is probably the most
commonly prescribed antitussive (with dextromethorphan) and is a frequent com-
ponent of over-the-counter cough and cold medicines combined with decongestants
and expectorants. Its antitussive activity when it is given orally has been reported in
rather small studies dating back 30 years. Codeine has been reported to possess anti-
tussive activity against pathological cough (Eddy et al. 1969b; Aylward et al. 1984)
and against induced cough in normal volunteers (Empey et al. 1979).

Codeine should be used cautiously in patients with reduced hepatic function be-
cause hepatic glucuronidation inactivates it, although 10% of the oral dose may be
demethylated to form morphine. It can be used without dose modification in patients
with renal failure. Codeine toxicity manifests itself as respiratory depression and
obtundation. Drowsiness may be an incapacitating side effect, together with nausea,
vomiting, and constipation. Rarely, allergic cutaneous reactions such as erythema
multiforme have been described. Codeine can cause physical dependence, but on
a lesser scale than morphine. Adverse reactions in children have raised some con-
cerns. Antitussive dosages of 3–5 mg/kg per day have caused somnolence, ataxia,
vomiting, rash, and facial swelling and pruritis, while at a dosage above 5 mg/kg
per day, respiratory depression requiring mechanical ventilation has been reported
in 3% of children, with two deaths (von Muhlendahl et al. 1976).

Dihydrocodeine has no particular advantage over codeine and may cause more
addiction than codeine. Pholcodeine is also reported to be as effective as codeine but
has little or no analgesic effect. There seems little to choose between codeine and
pholcodeine.
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3.2 Currently Available Nonnarcotic Antitussives

Nonnarcotic antitussives include dextromethorphan, which is a synthetic derivative
of morphine with no analgesic or sedative properties and which is usually included
as a constituent of many compound cough preparations sold over the counter. It
is reported to be as effective as codeine in suppressing acute and chronic cough
when given orally (Eddy et al. 1969a; Aylward et al. 1984), with one study show-
ing superiority over codeine (Matthys et al. 1983). Antitussive efficacy of a sin-
gle 30-mg dose has been reported against cough associated with upper respiratory
tract infections (Pavesi et al. 2001). Side effects are few with the usual dose, but at
higher doses dizziness, nausea and vomiting, and headaches may occur. It should be
avoided in patients with hepatic insufficiency as it undergoes metabolic degradation
in the liver. Dextromethorphan should be used with caution also in patients receiv-
ing monoamine oxidase inhibitors as cases of central nervous system depression and
deaths have occurred.

Other nonnarcotic preparations include noscapine and levopropoxyphene, al-
though their antitussive efficacy has not been proven. Levodropropizine, a non-
opioid antitussive with peripheral inhibition of sensory cough receptors, has a
favorable benefit–risk profile compared with dextromethorphan (Catena and
Daffonchio 1997); this is currently available in several European countries.

3.3 Effectiveness of Currently Available Symptomatic Antitussives
Against Acute Cough

Antitussives have been tried in the control of acute cough due to the common cold
(Freestone and Eccles 1997). A Cochrane review examined six trials of antitus-
sives in which effects were compared with that of a placebo (Table 1) (Schroeder
and Fahey 2004). Codeine was no more effective than a placebo in reducing cough
symptoms (Eccles et al. 1992; Freestone and Eccles 1997). Two studies favored
dextromethorphan over a placebo (Parvez et al. 1996; Pavesi et al. 2001), whereas a
third did not show an effect (Lee et al. 2000). In the two studies with positive find-
ings, ambulatory cough counts were found to be reduced by 19–36% using a 30-mg
dose of dextromethorphan, but clinical cough scores were not recorded. Some stud-
ies have demonstrated an important effect of a placebo in inhibiting cough due to the
common cold, and it is possible that there is an important placebo effect underlying
the effects of antitussives (Eccles 2002).

The lack of effectiveness of dextromethorphan or the antihistamine diphenhy-
dramine as compared with a placebo in children with upper respiratory tract in-
fection is particularly important (Korppi et al. 1991; Taylor et al. 1993; Smith and
Feldman, 1993; Schroeder and Fahey, 2004; West et al. 1975; Hutton et al. 1991;
Clemens et al. 1997). This has been confirmed in a study of 100 children where
dextormethorphan or diphenhydramine given as a single dose before bedtime was
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Table 1 Symptomatic cough suppressants for acute cough in adults

Drug Authors n Cough score Cough count

Codeine (30 mg twice
daily)

Eccles et al. (1992) 81 No effect ND

Codeine (60 mg once) Freestone and
Eccles (1997)

80 No effect No effect

Dextrometorphan (30ṁg
once)

Parvez et al. (1996) 451 ND Reduced by 19–36%
(p < 0.05)

Dextrometorphan
(30 mg once)

Lee et al. (2000) 44 Placebo = drug
effect

Placebo = drug effect
(> 50% effect)

Dextrometorphan
(30 mg once)

Pavesi et al. (2001) 710 ND Reduced by 12–17%
(p < 0.01)

Moguisteine
(600 mg per day)

Adams
et al. (1993)

108 No effect (only
in those with
high scores)

ND

ND no data

found to be no better than a placebo in providing nocturnal symptom relief for chil-
dren with cough and sleep difficulty from an upper respiratory tract infection (Paul
et al. 2004). The American Academy of Pediatrics has highlighted the fact that the
efficacy of antitussive preparations in children is lacking and that these medications
may be potentially harmful (Committee on Drugs et al. 1997). Dosage guidelines for
cough and cold mixtures have been extrapolated from adult data and clinical experi-
ence, and adverse effects and overdosage associated with these mixtures have been
reported. Their recommendation is that cough due to acute viral airway infections is
self-limiting and may be treated with fluids and humidity. The beneficial effects of
buckwheat honey in the symptomatic relief of children’s nocturnal cough and sleep
difficulty with an upper respiratory tract infection may make this preferable to the
use of antitussive mixtures (Paul et al. 2007).

3.4 Effectiveness of Currently Available Symptomatic Antitussives
Against Chronic Cough

There have been very few studies of these antitussives in patients with chronic
cough or chronic idiopathic cough. In fact, most of these studies have been per-
formed in patients with chronic bronchitis and are at least 20 years old (Table 2).
Codeine and dextromethorphan were previously shown to have an inhibitory effect
on chronic cough of bronchitis or COPD (Matthys et al. 1983; Aylward et al. 1984;
Sevelius and Colmore 1966; Sevelius et al. 1971). In studies involving larger groups
of patients, both levodropropizine and moguisteine were reported to be effective
in reducing cough frequency in chronic cough of bronchitis and COPD (Aversa
et al. 1993; Allegra and Bossi 1988). However, in a recent well-conducted study of
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Table 2 Studies of symptomatic cough suppressants in chronic bronchitis

Drug Authors n Patient
group

Effects

Codeine vs
placebo

Aylward et al. (1984) 8 Chronic
bronchitis

Decrease in coughs by 40%
at 30-mg dose (p < 0.05)

Codeine vs
placebo

Sevelius and
Colmore (1966)

10 Chronic
bronchitis

Decrease in coughs by 47%
(p < 0.01)

Codeine vs
placebo

Sevelius et al. (1971) 12 COPD Decrease in coughs by 60%
(p < 0.001)

Dextrometorphan
vs placebo

Aylward et al. (1984) 8 Chronic
bronchitis

Decrease in coughs by 50%
at 630-mg dose (p < 0.05),
and by 28% at 30-mg dose

20 mg dextrome-
torphan vs 20 mg
codeine

Matthys et al. (1983) 16 Chronic
bronchitis

Decrease in cough intensity
dextrometorphan> codeine
(p < 0.0008)

Levodropropizine
vs placebo

Allegra and
Bossi (1988)

194 Acute and
chronic
bronchitis

Decrease in cough severity,
decrease in cough
frequency by 72%
(p < 0.05)

Moguisteine vs
placebo

Aversa et al. (1993) 87 COPD,
pul-
monary
cancer,
fibrosis,
unknown

Decrease in cough
frequency by 42%
(p < 0.03)

Moguisteine vs
placebo

Adams et al. (1993) 108 Upper res-
piratory
infections

.I’ nighttime cough severity
(p < 0.05)

Codeine vs
placebo

Smith et al. (2006) 26 COPD No effect on cough counts,
capsaicin cough sensitivity
and cough-specific quality
of life

COPD chronic obstructive pulmonary disease

cough in COPD patients where cough scores, visual analogue scales, cough fre-
quency using an ambulatory cough recorder, and capsaicin cough sensitivity were
measured, a high dose of codeine (60 mg) was not effective in reducing cough
(Smith et al. 2006). This casts some doubt on the results of some of the earlier
smaller studies that reported beneficial effects on cough. More controlled trials of
these antitussives in patients with chronic cough are needed.

Moguisteine, a peripherally acting antitussive, was not more effective than a
placebo, apart from reduction of cough in a subgroup of participants with sev-
erer cough at night (Adams et al. 1993). It is to be noted that no efficacy of
dextromethorphan or codeine on cough in children has been demonstrated. In a
rare placebo-controlled study of children with acute nocturnal cough, neither dex-
tromethorphan nor codeine was significantly more effective than the placebo in re-
ducing the cough (Taylor et al. 1993).
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The main issue with the opioids such as morphine, diamorphine, and codeine is
that any potentially effective dose is usually associated with physical dependence,
respiratory depression, and gastrointestinal colic. The use of morphine and diamor-
phine has been restricted to the severe distressing cough (usually associated with
pain and distress) that often occurs in advanced lung cancer and with doses that
cause sedation, respiratory depression, and constipation. In a randomized double-
blind crossover study in 27 patients with severe chronic cough, slow-release mor-
phine tablets (5 mg twice daily for 4 weeks) compared with a placebo (Morice
et al. 2007) attenuated cough scores significantly by approximately 40% with an im-
provement in quality-of-life cough questionnaire scores, although citric acid cough
response remained unchanged. Patients tolerated the treatment well despite 40%
of them complaining of constipation and 25% of them complaining of drowsiness.
This study dispels the notion that morphine would not be tolerable in chronic cough
patients. This approach nevertheless should be used only in patients with the most
distressing cough.

4 Symptomatic Cough Suppressants from the Literature

Several potential antitussives for chronic cough have been reported in the medical
literature as case reports or open uncontrolled studies (Table 3).

4.1 Baclofen

Baclofen used as an antispasticity agent and also an agonist of the GABAB receptor
was reported to have a small beneficial effect in two patients with chronic cough
(Dicpinigaitis et al. 1998); the potential use of this compound is further supported
by its ability to inhibit capsaicin-induced cough in normal subjects (Dicpinigaitis
et al. 1998).

Table 3 Potentially new symptomatic cough suppressants

Baclofen (GABAB receptor agonists)

Amitriptyline
Gabapentin
Carbamezepine
New opioid receptor agonists
Nociceptin agonists
Tachykinin receptor antagonists
Bradykinin B2 receptor antagaonists
Antagonists of transient receptor potential vanniloid-1
Cannabinoids
Ion channel modulators
Local anesthetics
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4.2 Centrally Acting Drugs

A range of centrally acting drugs have been reported to control cough in a group
of patients in whom other measures have been unsuccessful. In five patients with
cancer complaining of intractable cough not responding to codeine or morphine
and of pruritius, paroxetine, a serotonin-reuptake inhibitor used for treatment of de-
pression, was particularly effective (Zylicz and Krajnik 2004). There are positive
reports of the effects of the tricyclic antidepressant amitriptyline in 12 patients and
of gabapentin and carbamazepine, which are antiepileptic drugs, in two patients and
one patient, respectively (Bastian et al. 2006; Mintz and Lee 2006; Jacome 1985). A
randomized but open controlled study of amitriptyline (10 mg at nighttime) versus a
combination of codeine/guaifenesin in patients with chronic cough “resulting from
postviral vagal neuropathy,” an entity that is recognized by otolaryngologists as trig-
gered by an upper respiratory tract illness with injury to various branches of the va-
gus nerves, showed significant suppression of cough with amitriptyline (Jeyakumar
et al. 2006). It is perhaps time that a double-blind controlled trial of amitriptyline in
chronic cough be undertaken.

The need for further studies in the antitussive effects of these agents such as
amitryptiline, gabapentin, and carbamezepine is supported by their use in the treat-
ment of neuropathic pain, and there are similar processing peripheral and central
mechanisms for chronic cough and chronic pain that could be controlled by these
drugs (Gracely et al. 2007). In addition, it is also possible that similar processing
mechanisms pertain to the sensation of dyspnoea, such that if cough and dyspnea
were associated together as in COPD or in advanced lung cancer, a potential symp-
tomatic antitussive might also improve dyspnoea (and pain). Capsaicin and vol-
untary coughs activate supramedullary pathways (Mazzone et al. 2007; Simonyan
et al. 2007) and agents such as amitriptyline, gabapentin, and carbamezepine may
have antitussive effects through inhibition of these pathways.

4.3 Expectorants and Mucolytics

The basis for using these agents as antitussives lies in the possibility that alter-
ing the volume of secretions or their composition will lead to suppression of the
cough reflex. Mucolytic agents such as acetylcysteine, carbocisteine, bromhexine,
and methylcysteine are often used to facilitate expectoration by reducing sputum
viscosity in patients with chronic bronchitis. A small reduction in the exacerbation
of bronchitis has been reported with orally administered acetylcysteine, accompa-
nied by small improvement in cough, a decrease in volume of sputum, and some
ease of expectoration (Aylward et al. 1980); however, other studies have failed to
show beneficial effects on mucus clearance (Hautmeyers et al. 1999).

Aromatic agents such as eucalyptus and menthol have decongestant effects
in the nose and can be useful in short-term relief of cough. Menthol inhibits
capsaicin-induced cough in normal volunteers (Morice et al. 1994), and acts on a
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cold-sensitive nervous sensor. Demulcents also form an important component of
many proprietary cough preparations and may be useful because the thick sugary
preparation may act as a protective layer on the mucosal surface. The beneficial ef-
fects of honey in improving cough of the common cold in children (Paul et al. 2007)
may result from such a demulcent effect.

5 Potential Novel Classes of Nonspecific Antitussives

Research into the neuroanatomical and neurophysiological mechanisms of sensory
cough pathways has led to the identification of specific airway afferent nerve sub-
types and of receptors and channels involved and therefore to potential cough tar-
gets. Importantly, this research is coupled with an understanding of the potential
abnormalities and dysfunction of these pathways in the hypertussive state, so that
these can be reversed or normalized. Most of the potential antitussives arising from
this research have yet to be tried in cough patients. While this list of potential novel
classes of nonspecific antitussives (Table 3) appears to focus on their effects at the
periphery, it should be remembered that they may also have central effects, which
remain more difficult to study. There have been recent reviews of the pharmacology
of the sensory neural pathway of cough and of potential targets (Chung 2005; Bolser
et al. 2006b; Dicpinigaitis 2006; Kollarik and Undem 2006).

5.1 Opioid Receptor Agonists

Opioid receptor agonists are classified by their activities at the opioid receptors µ,κ,
and δ. The current compounds, morphine and codeine, are mostly µ-receptor ago-
nists and may possess central as well as peripheral actions. BW443C, a µ-opioid
receptor agonist and a pentapeptide polar agonist, as an aerosol acts on µ recep-
tors on sensory receptors in the lung and has peripheral antitussive activity in the
lungs (Adcock et al. 1988), but this has not been demonstrated in humans (Choudry
et al. 1991).

Opioids may also act on κ-opioid receptors for their antitussive effects (Kamei
et al. 1990). A δ-selective receptor agonist (SB221122) was shown to inhibit citric
acid induced cough in the guinea pig (Kotzer et al. 2000), an effect prevented by
a δ-receptor antagonist (SB244525). However, an orally selective δ-opioid receptor
antagonist, TRK-851, with 100–250 times greater potency in inhibiting cough in rat
and guinea pig than codeine, has been considered as a potential antitussive (Ueno
et al. 2001).

Levodropropizine, a non-opioid antitussive and derivative of phenylpiperazino-
propane, inhibits vagally conducted cough in the guinea pig by activating a reflex
mediated by capsaicin-sensitive afferents, and not by a central mechanism of ac-
tion (Lavezzo et al. 1992). It inhibits C-fiber activity induced by chemical stimuli
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(Shams et al. 1996). It has been compared with dextromethorphan in patients with
nonproductive cough and has been shown to have a more favorable benefit–risk
profile (Catena and Daffonchio 1997).

5.1.1 Nociceptin

Nociceptin/orphanin is the endogenous peptide ligand for the orphan “opioid-like”
NOP1, which is a G-protein-coupled seven-transmembrane receptor. Nociceptin
does not stimulate opioid receptors. NOP1 receptors are widely distributed in the
central nervous system and are also present in airway nerves in the guinea pig
(Fischer et al. 1998), where nociceptin has been found to inhibit nonadrenergic,
noncholinergic responses (Shah et al. 1998). Capsaicin-induced bronchoconstriction
is attenuated by nociceptin (Corboz et al. 2000), an action possibly due to inhibition
of tachykinin release from sensory C-fibers. Nociceptin administered intravenously
or via the intracerebroventricular route suppresses capsaicin-induced and mechan-
ically induced cough (McLeod et al. 2001; Bolser et al. 2001), effects blocked by
an NOP1 antagonist, J113397, but not by an opioid receptor antagonist. This NOP
antagonist does not appear to penetrate the blood–brain barrier in the guinea pig
when administered orally and remains effective as an inhibitor of capsaicin-induced
cough, indicating that it also acts peripherally (McLeod et al. 2004).

Nociceptin inhibits the airway microvascular leakage induced in guinea-pig air-
ways by intraesophageal hydrochloric acid infusion, acting probably at the prejunc-
tional level by inhibiting tachykinin release (Rouget et al. 2004). Furthermore, the
ability of nociceptin to block capsaicin-induced tachykinin release and bronchocon-
striction has been traced to the activation of an inward-rectifier potassium chan-
nel (Jia et al. 2002). In the conscious guinea pig, nociceptin inhibited acid-induced
cough; this effect was shown to result from a direct inhibitory effect of nociceptin
on peripheral C-fibers caused by selective inhibition of acid-induced transient re-
ceptor potential vanniloid-1 (TRPV-1) activation (Lee et al. 2006). Many noci-
ceptin agonists have been described (Chiou et al. 2007). A selective non-peptide
nociceptin agonist is Ro-64–619, for which preclinical data have been summarized
(Shoblock 2007). No data pertaining to humans have been published so far.

5.2 Tachykinin Receptor Antagonists

Tachykinins are present in capsaicin-sensitive primary afferent nerves and act
through tachykinin receptor subtypes, NK1R, NK2R, NK3R (Geppetti et al. 1999).
In rodents, capsaicin and other irritants can cause the release of tachykinins from
peripheral nerve endings in the lungs via a local axon reflex. Tachykinins are
potent bronchoconstrictors and increase microvascular permeability, and have vari-
ous proinflammatory effects. These, together with a direct effect on myelinated Aδ-
fibers, contribute to stimulation of cough. Tachykinins may enhance the responses
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of rapidly adapting receptors (RARs) and have also been implicated in the central
“sensitization” of cough (Mutoh et al. 2000).

In the guinea pig, an NK2 receptor antagonist, SR48968, inhibited citric acid
induced cough, while an NK1 receptor antagonist was ineffective (Advenier et al.
1992; Girard et al. 1995). A study in asthmatic subjects found no effect of CP-99,994
against bronchoconstriction and cough induced by hypertonic saline (Fahy et al.
1995). A non-peptide NK3 receptor antagonist (SB235375), with low penetrance
into the central nervous system, inhibited citric acid induced cough and airways’
hyperreactivity in the guinea pig (Hay et al. 2002; Daoui et al. 1998) but its devel-
opment has been suspended.

5.3 Bradykinin B2 Receptor Antagonists

Bradykinin is a short peptide produced by the action of proteases, and can in-
duce inflammation, and stimulate sensory nerve endings to induce the release of
neuropeptides. Bradykinin activates RARs, and also causes bronchoconstriction
(Bergren 1997). It also activates airway C-fibers and can cause coughing in the
guinea pig and in patients with asthma. B2 receptor antagonist HOE 140 inhib-
ited citric acid induced cough in the guinea pig (Featherstone et al. 1996). In the
guinea pig, an inhibitor of angiotensin-converting enzyme caused sensitization of
the cough reflex, and this was inhibited by a B2 receptor antagonist (HOE 140,
icatibant) (Dicpinigaitis 2006). A number of B2 receptor antagonists have been de-
veloped (Bock and Longmore 2000), but these have not been tried for cough.

5.4 Antagonists of Transient Receptor Potential Vanilloid
Receptor-1

Capsaicin, the pungent ingredient of chilli peppers, stimulates airway C- and Aδ-
fibers, and also causes in guinea pigs and rats the release of neuropeptides in the
airways, leading to airway smooth-muscle contraction and plasma extravasation.
These lead to an increase in the activity of RARs. Capsaicin activates TRPV1
present on subpopulations of primary afferent neurones (Caterina et al. 1997). Cap-
sazepine is a receptor antagonist of TRPV1, and blocks capsaicin-induced and cit-
ric acid induced cough (Lalloo et al. 1995). The TRPV1 receptor is localized to
small-diameter afferent neurones in dorsal root and vagal sensory ganglia (Szal-
lasi and Blumberg 1999) and is stimulated by protons, the endogenous receptor
agonist of TRPV1 an eicosanoid, anandamide, and inflammatory mediators such as
12-hydroperoxyeicosatetraenoic acid and leukotriene B4. TRPV1 channel activity is
strongly modulated by the action of inflammatory mediators such as prostaglandins
and bradykinin, through a protein kinase A or protein kinase C mediated receptor
phosphorylation (Szallasi and Blumberg 1999; Premkumar and Ahern 2000).
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An increase in expression of TRPV1 in epithelial airway nerves of the airways’
mucosa of patients with nonasthmatic chronic cough has been reported. The in-
crease was correlated with the degree of capsaicin cough responsiveness (Groneberg
et al. 2004), supporting a role for TRPV1 in the enhanced cough reflex seen in
chronic cough. Airway inflammation may modulate TRPV-1 sensitivity and an
amplification of TRPV-1 may cause an increase in tussive sensitivity (McLeod
et al. 2007a). Sensitization of TRPV-1 receptors can occur after ovalbumin sensi-
tization of the guinea pig or after exposure to sulfur dioxide (McLeod et al. 2006,
2007b).

Novel TRPV1 antagonists such as iodoresiniferatoxin are very potent blockers,
being 450-fold more potent that capsazepine. Iodoresiniferatoxin has been shown
to be effective in inhibiting cough induced by citric acid and capsaicin in the
guinea pig (Trevisani et al. 2004). Noncompetitive TRPV1 antagonists consisting
of the trimers of N-alkylglycines are also effective in reducing capsaicin-induced
neurogenic inflammation (Garcia-Martinez et al. 2002). McLeod et al. (2006)
showed that N-(4-tert-butylphenyl)-4-(3-cholorphyridin-2-yl)-tetrahydropyrazine-
1(2H)-carboxamide (BCTC) can inhibit allergen-induced cough in sensitized guinea
pigs and a derivative of BCTC inhibits capsaicin-induced and citric acid induced
cough (Leung et al. 2007). TRPV1 antagonists are currently undergoing trials in
humans for migraine and pain (McLeod et al. 2007a).

5.5 Cannabinoids

Interest in the cannabinoids as modulators of cough was first shown by the demon-
stration that intravenous ∆9-tetrahydrocannabinol reduced the amplitude of the
cough response induced by electrical stimulation of the superior laryngeal nerve
or by mechanical stimulation of the tracheal mucosa in anesthetized cats (Gordon
et al. 1976). However, there are conflicting data regarding the receptor mediating
these effects on cough. A selective CB2 agonist, JWH133, reduced citric acid in-
duced cough in conscious guinea pigs, an action that was associated with inhibition
of sensory nerve depolarization of the isolated vagus nerves induced by hypertonic
saline, capsaicin, and prostaglandin E2 (PGE2) (Patel et al. 2003). This was sug-
gestive of a peripheral mode of action of cannabinioids. However, an endogenous
cannabinoid, anandamide, inhibited cough and bronchospasm induced by capsaicin
in rodents through activation of CB1 cannabinoid receptors present on airway nerves
(Calignano et al. 2000). In another study, CB1 or CB2 antagonists had no effect on
anandamide-induced cough. In mice, the antitussive effects of a cannabinoid ago-
nist against capsaicin-induced cough were shown to be via activation of CB1 re-
ceptors, probably acting centrally, as this was a µ2-opioid effect (Morita and Kamei
2003).
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5.6 Ion Channel Modulators

5.6.1 Potassium Channels

Several potassium channels are located on vagal sensory neurones. A benzimi-
dazalone compound, NS1619, is an opener of a large conductance Ca2+-activated
(BKCa) channel. It inhibits citric acid induced cough and the generation of action
potentials in the guinea-pig tracheal Aδ- and C-fibers stimulated by hyperosmolality
(Fox et al. 1997). These effects were prevented by iberiotoxin, a BKCa channel se-
lective blocker. An ATP-sensitive K+ channel opener, pinacidil, also inhibits cough
induced by capsaicin in the guinea pig, an effect reversed by the ATP-sensitive K+

channel blocker glibenclamide (Morita and Kamei 2000). Moguistine may work as
an ATP-sensitive K+ channel opener, underlying its antitussive activity (Morita and
Kamei 2000).

5.6.2 Chloride Channels and Diuretics

Isotonic solutions of low chloride concentrations can stimulate action potential dis-
charge of a subpopulation of Aδ-fibers and C-fibers in guinea pigs (Fox et al. 1995),
and activate afferent fibers in the dog (Sant’Ambrogio et al. 1993). Low-chloride
solutions induce cough in human, and the diuretic frusemide inhibits cough induced
by low-chloride solutions but not by capsaicin (Ventresca et al. 1990). Frusemide
inhibits to some extent airway afferent action potential discharge, and sensitizes
slowly adapting receptors and desensitizes RARs in rat airways (Sudo et al. 2000).
The mechanism by which frusemide works is unknown (Bolser et al. 2006b), but
it may inhibit a neuronally expressed chloride transporter in the airways (Mazzone
and McGovern 2006).

Frusemide-sensitive Na+/K+/2Cl− cotransporter (NKCC1) is expressed by the
majority of neurones in the vagal sensory ganglia and by the peripheral termi-
nals of low-threshold mechanosensors (cough receptors) in the guinea-pig trachea
(Mazzone and McGovern 2006) The cotransporter allows the accumulation of intra-
cellular chloride ions above the electrochemical equilibrium and opening of mem-
brane chloride channels results in a depolarizing chloride current that contributes
to the activation of sensory fibers. Lee et al. (Lee et al. 2005) have shown that
bradykinin-induced depolarization of airway afferent nerves is inhibited by niflumic
acid, a selective inhibitor of calcium-activated chloride channels, which reduces cit-
ric acid induced cough in anaesthetized guinea pigs (Mazzone and McGovern 2006).

5.7 γ-Aminobutyric Acid Receptors

γ-Aminobutyric acid (GABA) is an inhibitory neurotransmitter present in the central
and peripheral nervous system, and the development of selective GABA receptor
agonists and antagonists has led to the discovery of potential antitussive effects
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of these compounds. GABAB receptors modulate cholinergic and tachykininergic
nerves (Chapman et al. 1993). Capsaicin-induced cough is inhibited in the conscious
guinea pig by the GABAB receptor agonists, baclofen and 3-aminopropylphosphinic
acid, an effect mediated through a central stimulation of GABAB receptors (Bolser
et al. 1994). In human volunteers, there was an inhibitory effect of baclofen on
capsaicin-induced cough (Dicpinigaitis et al. 1998), but only a small beneficial ef-
fect was shown in two patients with chronic cough (Dicpinigaitis and Dobkin 1997).

5.8 Local Anesthetics

Afferent nerves need voltage-gated sodium channels for action potential conduc-
tion from the nerve terminals to the central nervous system. Lignocaine and bupivi-
caine are local anesthetics by virtue of their sodium channel blocking activity, and
block the cough response when delivered to the upper and lower airways by aerosol
(Hansson et al. 1994). These agents also dampen upper-airway protective reflexes,
and may occasionally induce bronchoconstriction, and therefore need to be used
with care. Lignocaine inhalation inhibits cough at doses that do not affect reflex
bronchoconstriction (Choudry et al. 1990). Lignocaine aerosol was also shown to
be quickly effective in 62 patients with COPD (Chong et al. 2005); however, nebu-
lized terbutaline was equally effective. Their duration of action is only of the order
of 30 min or less. At present, these are usually reserved for the severest persistent
coughers (Howard et al. 1977).

There has been some work in identifying specific sites of action of local anes-
thetics and of novel anesthetic-like molecules with antitussive activity (Carr 2006).
Mexilitine, which has been shown to inhibit capsaicin cough response modestly
in human (Fujimura et al. 2000), specifically inhibits action potential formation in
guinea-pig tracheal mechanosensitive fibers which are cough receptors at concen-
trations that do not block action potential conduction along the sensory nerve axon
(Carr 2006). This suggests that cough receptor nerve terminals express Na+ chan-
nels that have properties that are different from those of their axons. In addition,
there is evidence that myelinated cough afferents may have nonmyelinated termi-
nals (Coleridge and Coleridge 1986), which may also explain these observations.

The quartenary ammonium compound RSD931, which inhibits spontaneous and
histamine-evoked discharges from airway RARs but activates pulmonary C-fibers,
reduces citric acid induced and capsaicin-induced cough in guinea pigs and rab-
bits (Adcock et al. 2003). However, this profile of effect was dissimilar to that of
lignocaine, which was more generally inhibitory.

Other subtypes of Na+ channels such as the tetrodotoxin (TTX)-resistant Na+

channels are also expressed by airway afferent nerves. Capsaicin-sensitive neurones
are sensitized by inflammatory mediators, such as PGE2, an effect partly medi-
ated by an increase in TTX-resistant Na+ currents (Kwong and Lee 2005). These
neurones are inactivated in the normal airways, but are recruited in inflamed airways
to contribute to cough sensitization (Mazzone et al. 2005). Therefore, selective in-
hibitors of TTX-resistant Na+ channels may be useful as cough suppressants in
chronic cough.
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5.9 5-Hydroxytryptamine

5-Hydroxytryptamine (5-HT), or serotonin, receptors are present in nodose gan-
glia and facilitate neural transmission in visceral C-fiber afferents. Activation of
central 5-HT pathways mediates the antitussive activity of opiates in experiments
performed in mice (Mazzone 2004). Infusion of 5-HT and of 5-hydroxytryptophan
reduced cough responses to chloride-deficient solutions, but had no effect on cap-
saicin responses (Stone et al. 1993). In guinea pigs, an agonist at the 5-HT1A recep-
tor, 8-hydroxy-2-(di-n-propylamino)tetralin, showed both excitatory and inhibitory
influences on the cough reflex to capsaicin, which may be initiated via postsynap-
tic stimulation of central serotoninergic neurones and/or coexisting peripheral sites
(Undem and Carr 2001).

5.10 Other Potential Antitussives

Theobromine has been proposed as an antitussive after demonstration of an in-
hibitory effect on nerve conduction in the vagus nerves and on capsaicin cough
responses in normal individuals (Usmani et al. 2005). No studies have been per-
formed in cough patients. In a systematic review of methylxanthines in the treat-
ment of cough in children, no conclusive evidence of an effect was found (Chang
et al. 2005).

Because of the inflammatory response one observes in chronic cough and the
plausibility that inflammatory factors may enhance the cough reflex, it is possible
that certain specific anti-inflammatories may be good antitussives.

6 Evaluation and Clinical Use of Symptomatic Cough
Suppressants

The recent American College of Chest Physicians’ recommendations regarding
the use of cough suppressants are summarized in Table 4 (Bolser et al. 2006a).
The recommendations concentrate on patients with chronic and/or acute bronchi-
tis with an upper respiratory tract infection. Cough suppressants are not recom-
mended for cough resulting from upper respiratory tract infections, but there is a
recommendation for peripheral and central cough suppressants in patients with acute
or chronic bronchitis. Very little is mentioned regarding patients with chronic cough
without bronchitis and the use of cough suppressants. Neither do the European
guidelines on cough (Morice et al. 2004) specifically broach this issue, when clearly
patients with “idiopathic” cough or patients who still cough despite primary treat-
ment of the cause(s) and who suffer deterioration in quality of life would need relief
from their cough. On the other hand, currently available cough suppressants are not
very effective and have a low therapeutic ratio, so it may not be possible to make a
clear recommendation.
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Table 4 Recommendations of the American College of Chest Physicians’ guidelines (2006) for
symptomatic cough suppressants

1. In patients with chronic or acute bronchitis, peripheral cough suppressants, such as
levodropropizine and moguisteine, are recommended for the short-term symptomatic re-
lief of coughing.Level of evidence, good; benefit, substantial; grade of recommendation,
A (STRONG)
2. In patients with cough due to URI, peripheral cough suppressants have limited efficacy
and are not recommended for this use. Level of evidence, good; benefit, none; grade of rec-
ommendation, D (NEGATIVE)
3. In patients with chronic bronchitis, central cough suppressants, such as codeine and dex-
tromethorphan, are recommended for the short-term symptomatic relief of coughing. Level
of evidence, fair; benefit, intermediate; grade of recommendation, B (MODERATE)
4. In patients with cough due to URI, central cough suppressants have limited efficacy for
symptomatic relief and are not recommended for this use. Level of evidence, good; benefit,
none; grade of recommendation, D (NEGATIVE)

URI upper respiratory tract infection

With the advent of potential cough suppressants, randomized placebo-controlled,
double-blind studies should be performed. So what about the type of cough patient
for clinical trials of symptomatic antitussives? These should include patients with
a persistent cough despite adequate treatment of any associated causes or without
associated cause. Tools for the assessment of cough been developed and validated
including cough-specific quality-of-life questionnaires, objective cough counts, and
cough challenges that can be used in clinical trial environments (Yousaf and Birring
2008; Chung et al. 2006). Cough count is not the only aspect of cough that is impor-
tant because the perceived severity by the patient is needed, and validated quality-
of-life questionnaires are now available to assess this.

Although for many patients with chronic cough there may be adequate con-
trol with a careful diagnosis and specific treatments directed towards associated
cause(s), for others, symptomatic cough suppressants may be needed. We need
better treatments of the associated cause(s) and more efficacious symptomatic
antitussives.
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Mucokinetics, 329
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N
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O
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Opioids, 65, 170, 171
Oscillococcinum, 336
Osteopathy, 336
OTC treatments for cough, 323

P
Panex quinquefolium, 332
Papiver somniferum (poppy), 326, 327
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R
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GABA-A, 194, 195
glutamate, 193, 194
neurokinin-1, 191
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Rhinitis, 331
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Schisandra chinensis (schisandra), 330
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Sleep, 243, 258
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Sniff, 245
Sodium channels blockers, 162–164
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Strychnine-sensitive glycinergic transmission,

226
Substance P, 8, 190–196
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Tachykinin receptor antagonists, 15
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TRPV1, 92, 101, 133, 356, 357
TRPV3, 119
TRPV-1 antagonists, 15
True placebo effect, 251–253
Tuberculosis, 335
Tumor necrosis factor α, 13

U
Ultrasonically nebulized distilled water

(UNDW), 298–300, 304, 306
United States Food and Drug Administration

(FDA), 300
Upper respiratory tract infections (URTIs),

322, 325, 331, 333
Urge-to-cough, 7–9, 12, 242, 247, 256, 257,

260
URTIs, 325, 329, 333, 334, 335, 336

V
Vagotomy, 6, 9
Vagus nerves, 67, 246, 323
Vasodilator, 334
Verbascum densiflorium (mullein), 328
Vick’s vaporub R©, 334, 335
Visual analogue scores, 14
Vitamin C, 335
Voltage-gated Ca2+channels, 141
Voltage-gated sodium channels, 359
Voluntary control, 246
Voluntary cough, 245, 247, 256, 257, 270

W
Well-known hallucinogenic actions, 327
“Wet” and “dry” coughs, 323

Y
Yoga, 335

Z
Zafirlukast, 169, 170
Zinc, 335
Zingiber officinale, 332
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