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ABSTRACT: The airway narrowing in chronic obstructive pulmonary disease (COPD) has often

been misunderstood as being irreversible. However, a large proportion of patients with COPD do

respond to bronchodilator agents with significant changes in lung function.

Unlike in asthma, abnormalities in airway smooth muscle structure or function are not believed

to play a key role in COPD airway narrowing. Although there are only limited data suggesting that

cholinergic tone may be increased in COPD, the well-documented efficacy of antimuscarinic

agents in increasing airway calibre suggests that cholinergic tone represents the major reversible

component of airflow obstruction in these patients. Airway wall thickening and loss of airway-to-

parenchyma interdependence are nonreversible components of airflow obstruction in COPD that

may amplify the effect of changes in airway smooth muscle tone. Thus, keeping airway smooth

muscle tone to a minimum might offer patients long-lasting airway patency and protection against

breathlessness, which is the major complaint of patients with COPD.

Receptor antagonism by anticholinergic agents can achieve effective relaxation of airway

smooth muscle in COPD. According to a classical view of cholinergic receptor function and

distribution, the ideal anticholinergic bronchodilator would be one that blocks both M1 and M3

receptors, which mediate airway smooth muscle contraction, but not the M2 receptor, stimulation

of which reduces acetylcholine release from vagus nerve endings and prevents the airway smooth

muscle from contracting by excessive increments.

Agents with such pharmacodynamic selectivity are not available, but effective and prolonged

inhibition of airway smooth muscle tone has been obtained with tiotropium, which binds to all

three major muscarinic receptor subtypes, but for much longer to M3 than to M2 receptors. Recent

data show that long-term treatment with tiotropium for 1 yr helps sustain 24-h airway patency.

This sustained effect may help to explain the improvements in both exacerbation rate and lung

function observed in chronic obstructive pulmonary disease patients treated with tiotropium.
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C
hronic obstructive pulmonary disease
(COPD) and asthma are both obstructive
airway diseases; however, they have

distinct pathological and clinical differences.
The underlying chronic airway inflammation in
asthma is mainly eosinophilic and driven by
CD4+ T-cells, while in COPD it is neutrophilic
and characterised by the presence of increased
numbers of macrophages and CD8+ T-cells [1]. In
addition, airflow obstruction in asthma is often
completely reversible, either spontaneously or
with treatment, while in COPD it is never fully
reversible and is usually progressive, particularly
if exposure to noxious agents continues. This is
reflected in the recent American Thoracic Society
and European Respiratory Society joint state-
ment, which defined COPD as a ‘‘preventable
and treatable disease state characterised by
airflow limitation that is not fully reversible’’ [2].

Although, by definition, the airflow obstruction
of COPD is not fully reversible, many individuals
do show significant, albeit partial, reversibility
following bronchodilator administration. For in-
stance, a retrospective analysis of two 6-month
trials showed that more than half of patients with
moderate-to-severe COPD do respond to broncho-
dilator treatment with increments of forced expira-
tory volume in one second (FEV1) or forced vital
capacity of o200 mL and 15% from baseline [3].

It is now generally accepted that airflow obstruc-
tion in COPD, although not fully reversible, is in
fact determined by both irreversible and rever-
sible components. The aim of the present article is
to describe these components of airflow obstruc-
tion in COPD, with a view to explaining how
bronchodilators can effectively increase airway
calibre.
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AIRFLOW OBSTRUCTION IN COPD
The calibre of the intrapulmonary airways is dependent upon
the force generated by the smooth muscle, the load it works
against and the geometry of the airway wall [4]. In healthy
lungs, airway smooth muscle maintains a low-level basal
bronchomotor tone due to stimulation by acetylcholine
released from the vagus nerve [5]. The influence of this basal
tone on airway resistance is normally minimal, but the effect is
nevertheless detectable as a small bronchodilator response to
anticholinergic drugs [6]. The low baseline level of cholinergic
tone of airway smooth muscle may have a far greater
proportional effect on airway resistance in the intrinsically
narrowed airways than in normal airways for geometric
reasons [5], because the resistance to airflow of an airway is
inversely proportional to the fourth power of its internal
radius.

In asthma, the airway smooth muscle is thicker than normal,
and an increased ability to generate force is considered to be
the major mechanism for airway narrowing [7]. In COPD, the
airway smooth muscle has a near-normal thickness, and the
ability to generate force is weakly correlated with the degree of
airflow obstruction [8]. It is therefore believed that airway
narrowing in COPD is mainly due to the increased thickness of
the airway wall and the loss of elastic load (due to disruption
of alveolar attachments; fig. 1) [9]. These nonreversible
(structural) changes amplify the effects of changes in airway
smooth muscle tone.

The intracellular mechanisms involved in regulating airway
smooth muscle tone have been well studied [10]. Circulating
catecholamines activate surface b2-adrenoceptors, which are
coupled to adenylate cyclase via a Gs protein. This causes an
increase in intracellular cyclic adenosine monophosphate
(cAMP), which activates protein kinase A (PKA). PKA, in
turn, phosphorylates several proteins inside the cell, leading to
relaxation of the airway smooth muscle. Muscarinic receptors
(M3 receptors) are coupled via Gq proteins to phospholipase C
(PLC), which promotes the formation of inositol 1,4,5-
trisphosphate and the release of intracellular calcium, thus
leading to contraction of airway smooth muscle. The M3

receptors of the smooth muscle cell membrane are activated by
the acetylcholine released from post-ganglionic cholinergic
fibres of the parasympathetic nervous system, causing bronch-
oconstriction [5]. In addition, cholinergic pathways may be
activated by inflammatory mediators or cigarette smoke
through the reflex action of C-fibre nerves that stimulate the
parasympathetic ganglia. The C-fibres originate from the
irritant receptors within the airway wall. In this way, there is
a direct link between airway irritants and acute airway smooth
muscle constriction, although the role in more chronic changes
in airway muscle tone is unclear.

In asthma, adrenergic agonists are generally more potent
bronchodilators than anticholinergic agents. However, there is
some evidence that patients with COPD respond similarly to
both types of agents. Ipratropium (an anticholinergic agent)
caused a similar rapid bronchodilation in patients with either
asthma or bronchitis, whereas fenoterol (an adrenergic agent)
plus theophylline induced a considerably greater effect in the
former condition [11]. One explanation as to why patients with
COPD respond similarly to anticholinergic and adrenegeric

agents is that the major reversible component of their airway
narrowing is due to cholinergic bronchomotor tone, which can
be equally reduced by blocking cholinergic neurotransmission
or by directly relaxing the airway smooth muscle.

The relative contributions of cholinergic (parasympathetic) and
noncholinergic mechanisms in airflow obstruction in patients
with emphysema were studied by administering supramax-
imal doses of an anticholinergic agent (atropine methonitrate)
and an adrenergic agent (salbutamol) in sequence and in
combination [12]. Serial doses of one agent were administered
to achieve a plateau of bronchodilation, then the other agent
was administered. The anticholinergic agent alone produced as
much bronchodilation as could be achieved with maximal
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FIGURE 1. Microphotographs showing peripheral airways of similar size from

patients a) without and b) with airway obstruction, defined as forced expiratory volume

in one second/forced vital capacity ,0.7. Note the thicker airway wall in the obstructed

subject. AAi: intact alveolar attachments; AAd: destroyed alveolar attachments. Scale

bars520 mm. Reprinted from [9] with permission from the publisher.
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doses of either agent alone or in combination, supporting the
concept that cholinergic activity is the dominant reversible
component of airflow limitation in this disease.

The question arises: is cholinergic tone increased in patients
with COPD compared with healthy subjects? Cholinergic tone
can be indirectly estimated in vivo by measuring the increase in
FEV1 following the administration of an anticholinergic
agent. Using this method, GROSS et al. [6] lent support to the
notion that cholinergic tone is increased in patients with COPD
compared with healthy subjects, with the increase in FEV1

being directly proportional to disease severity [6]. Further-
more, two-thirds of the day-to-day variation in baseline airflow
in patients with COPD can be attributed to variations in
cholinergic tone [6]. However, the relative roles of smooth
muscle contraction and structural changes in airway calibre
cannot be separated in vivo; this topic therefore remains
unresolved.

REDUCING CHOLINERGIC TONE IN COPD
Acetylcholine stimulates cholinergic receptors, which can be
divided into nicotinic and muscarinic receptors. Three mus-
carinic receptor subtypes have been found in human airways:
M1, M2 and M3 [13]. A classic scheme of the location of each
receptor subtype and its function in airway tone is shown in
figure 2. M1 and M3 receptors, upon stimulation with
acetylcholine, mediate the cholinergic effect, causing airway
narrowing. M2 receptors, when engaged by acetylcholine,
deliver a negative feedback signal to the pre-junctional nerve
ending, diminishing further release of acetylcholine [14].
According to this view, the ideal anticholinergic agent would
be one that preferentially blocks M1 and M3 receptors, and
maintains the function of the M2 receptor. However, there are
reasons why a fully M3-selective agent may not be necessary
to obtain an optimal bronchodilator effect. First, if blockade
of all M3 receptors was achieved, any increase in acetylcholine
release would not have an additional effect on muscle
contraction. Secondly, M2 receptors are also present in the
smooth muscle cell membrane and their activation inhibits
adenylate cyclase, thus reducing the relaxant response to

b-receptor stimulation [15]. Therefore, blockade of the post-
junctional M2 receptor would favour accumulation of intra-
cellular cAMP and smooth muscle relaxation.

Tiotropium is a once-daily, inhaled anticholinergic agent that
acts through prolonged M3 receptor blockade. Table 1 com-
pares tiotropium and ipratropium in terms of their binding
affinity to cloned human M1 and M3 receptors expressed in
Chinese hamster ovary cells and the dissociation half-life of the
receptor–drug complex [16]. In the in vitro study [16],
dissociation half-lives for tiotropium–muscarinic receptor
complexes were two orders of magnitude longer than those
of ipratropium–muscarinic receptor complexes. Although
tiotropium is not subtype-selective in the classic pharmaco-
dynamic view, because the binding affinity is similar for all
three subtypes, the much longer binding to M3 than to M2

receptors provides a type of pharmacokinetic selectivity.

Data show that tiotropium (18 mg) administered once daily to
patients with COPD increases FEV1, with sustained 24-h action
(fig. 3) [17]. Patients were administered once-daily tiotropium
at either 09:00 h or 21:00 h (with placebo administered at the
alternative time), or twice-daily placebo in a repeated-dose,
parallel-group study, specifically designed to determine
whether the time of dosing at steady state influences the
bronchodilator response. Tiotropium significantly increased
FEV1 above placebo over the 24-h period, regardless of
whether it was given in the morning or the evening. During
the night, FEV1 showed a decline between 03:00 h and 06:00 h
[17]. Tiotropium effectively limited the early morning decline in
FEV1 observed in patients with COPD who received placebo [17].

Although it is rational to begin bronchodilator therapy with a
single agent, most patients with COPD will have only modest
responses to single agents. The addition of a second or third
bronchodilator with different mechanisms of action can result
in improved bronchodilator and clinical effect. A recent 6-week
study in moderate-to-severe COPD patients showed that a
combination treatment with tiotropium and formoterol pro-
vides significant additive improvements in daytime and night-
time lung function compared with single-agent therapy [18].
Positive interactions between antimuscarinic and b-agonist
agents may stem from different mechanisms. First, stimulation
of pre-junctional b-adrenoceptors may reduce acetylcholine
release, although this effect differs between species [19–22].
Secondly, blockade of post-junctional M2 receptors may
enhance the relaxant response to b-agonists, by increasing
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FIGURE 2. Cholinergic regulation of airway smooth muscle tone. (+):

increased cholinergic tone when stimulated; (-): decreased cholinergic tone when

stimulated. Reprinted from [13] with permission from the publisher.

TABLE 1 Binding affinities and dissociation half-lives (t1/2)
of tiotropium and ipratropium

Receptor Tiotropium Ipratropium

KD nM t1/2 h KD nM t1/2 h

M1 0.041 14.6 0.183 0.110

M2 0.021 3.6 0.195 0.035

M3 0.014 34.7 0.204 0.260

KD: kinetically determined dissociation constant. Reprinted from [16] with

permission from the publisher.
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cAMP production. Thirdly, blockade of M2 and M3 receptors
may counterbalance the possible upregulation of PLC induced
by long-term b-receptor stimulation [23].

Maintaining 24-h airway patency may help to reduce the rate
of COPD exacerbations. Several large-scale studies have shown
that tiotropium significantly reduces the number of exacerba-
tions and delays the time to first exacerbation compared with
placebo or ipratropium [24–27]. The mechanisms by which
tiotropium might reduce the frequency of exacerbations
remain to be defined. However, the sustained 24-h broncho-
dilation, and consequent reduction in lung hyperinflation
afforded by maintenance tiotropium treatment, may allow
patients to withstand an insult for longer before experiencing
intolerable breathlessness, which is a key symptom during an
exacerbation. Because exacerbations are related to FEV1 decline
[28], it can be postulated that this effect may also lead to a
reduced decline in lung function. A re-analysis of the data
from the 1-yr tiotropium trials suggests that tiotropium may
affect the long-term decline in lung function in patients with
COPD [29]. The decline in trough FEV1 was, on average, 12 mL
in the tiotropium-treated patients and 58 mL in the placebo-
treated patients. A similar trend was also present in the 3-h
post-dose FEV1, although its magnitude was considerably less.
Longer-term trials specifically designed to study this effect are
required to confirm this observation.

A hypothetical mechanism by which bronchodilator treatment
may reduce the frequency of exacerbations and the decline in
lung function is outlined below. In patients with COPD, some
airways close at lung volumes within the resting tidal volume
range. The cyclical closure and re-opening of the small airways
during tidal breathing may cause or worsen airway wall injury
due to repeated mechanical stress. In the long term, this might
result in an accelerated decline in lung function. As mentioned
previously, repeated exacerbations also lead to airway wall
injury and may contribute to the rapid decline in lung function.

Maintaining airway patency may prevent the decline in lung
function by reducing mechanical stress on the airway walls.
Although exacerbations may still occur, the healing of the lung
is not hampered and, therefore, the decline in lung function is
slower. Thus, effective 24-h bronchodilation may have not only
a symptomatic effect but also a favourable impact on the
progression of the disease.

CONCLUSIONS
The airflow obstruction in COPD has often been misunder-
stood as being irreversible. However, a number of patients
with moderate-to-severe COPD show significant reversibility
in their airflow obstruction in response to bronchodilator
agents. It is now accepted that airflow obstruction in COPD,
although not fully reversible, is in fact determined by both
irreversible and reversible components. Although airway
smooth muscle does not appear to be abnormal in COPD, the
effects of its contraction/relaxation on airway resistance may
be amplified due to nonreversible structural changes, such as
airway wall thickening and loss of airway-to-parenchyma
interdependence.

Airway smooth muscle tone is primarily sustained by
cholinergic activity, which may be increased in chronic
obstructive pulmonary disease. Therefore, inhibition of choli-
nergic activity by anticholinergic agents is a logical therapeutic
means of increasing airflow in chronic obstructive pulmonary
disease. Tiotropium maintains 24-h airway patency in patients
with chronic obstructive pulmonary disease. Analyses of long-
term treatment suggest that tiotropium reduces the occurrence
of exacerbations and may also slow the decline in lung
function. Because tiotropium acts by reducing airway smooth
muscle tone, it can be speculated that these effects are related
to sustained 24-h airway patency.
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