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Chapter 9

Summary and general discussion






9.1. Introduction

Asthma is defined as a chronic inflammatory disorder, associated with airway hyperresponsive-
ness. As described in the general introduction deep inspirations modulate airway responses
to bronchoconstrictor agents and can therefore be considered as a very strong endogenous
protective mechanism against airway narrowing. The airways of asthmatic patients respond
differently to lung inflation by deep inspiration resulting in less bronchodilation of constricted
airways. The loss of this protective mechanism may be involved in the pathophysiology of
asthma. The studies described in this thesis were all directed at either further elucidating the
(patho)physiological mechanism underlying deep inspiration-mediated bronchoprotection, or
to restoring this protective mechanism in asthma. A summary of the conclusions of the studies
will be followed by a general discussion and directions for future research.

9.2. Summary

In chapter 2 and 3 the results are shown from an observational study to examine airway
responses to deep inspiration in patients with asthma, COPD and healthy control subjects. We
found that the bronchodilatory effect of deep inspiration is impaired in patients with asthma,
and even more markedly impaired in patients with COPD, as compared with healthy subjects.
It appears that the loss of deep inspiration-induced bronchodilation is not asthma specific.
Whether it occurs from the same pathophysiological mechanism is unclear. However, in
asthma, this impairment was related to the inflammatory cell numbers within the submucosa
and airway smooth muscle layer. Namely, reduced deep inspiration-induced bronchodilation
was associated with increased numbers of mast cells within the airway smooth muscle bundles
and increased CD4* lymphocyte counts in the bronchial lamina propria (chapter 2). This asso-
ciation was not found in patients with COPD. In addition, in asthma impaired bronchodilation
by deep inspirations was related to a lower level of expression of calponin, desmin, and MLCK
expression in bronchial biopsies, whereas increased airway hyperresponsiveness was associ-
ated with a higher level of expression of a-SM-actin, desmin, and elastin in bronchial biopsies.
Thus, airway hyperresponsiveness, lung function, and airway responses to deep inspiration are
associated with the level of expression of some, but not all, of the smooth muscle contractile
and structural proteins, as well as the composition of the extracellular matrix within the airway
wall (chapter 3).

In chapter 4, we examined the effect of airway wall edema on airway responses to deep
inspiration. This was done in patients with mitral valve regurgitation needing mitral valve
repair surgery, since they are expected to have pulmonary congestion in the absence of allergic
airway inflammation. We expected to observe an increase in respiratory resistance following
a deep inspiration, as is seen in patients with asthma with spontaneous airways obstruction’,
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as a result of fluid flux across the airway wall as a result of large transpulmonary pressures dur-
ing deep inspiration. However, in patients with mitral valve disease a deep inspiration did not
lead to bronchoconstriction, although lung function was diminished as compared to healthy
subjects. Thus, this suggests that airway wall edema per se may not lead to bronchoconstriction
following deep inspiration (chapter 4).

Chapters 5, 6 and 7 show the results of studies addressing ways to restore the beneficial
protective mechanism of deep inspirations against airway narrowing. First, we investigated
whether maximal reduction of airway inflammation by a course of high-dose oral prednisone
on top of inhaled corticosteroids in well controlled asthmatic patients would further improve
deep inspiration-induced bronchodilation. Indeed, the degree of deep inspiration-induced
bronchodilation at a given level of airways obstruction was improved by this treatment regimen.
The improvement was not related to concurrent reductions in airway hyperresponsiveness or
to changes in the level of exhaled NO (chapter 5). Second, anticholinergic drugs have been
shown to protect against airway wall remodelling in animal models of allergic inflammation. It
inhibited both airway smooth muscle proliferation, as well as smooth muscle contractility. We
hypothesized that 21 days of treatment with tiotropium would improve lung function, airway
hyperresponsiveness and deep inspiration-induced bronchodilation by inhibiting allergy-
driven airway inflammation in asthma. Treatment with tiotropium did not significantly improve
deep inspiration-induced bronchodilation or airway hyperresponsiveness, but a significant
effect on baseline bronchial tone was observed. This was shown by improvements in both
FEV,/FVC ratio and FEV, % predicted (chapter 6). And finally, in chapter 7 we aimed to dilate
constricted airways by using passive inflation with positive-pressure inflation in mild asthma. In
addition, we examined whether this would restore bronchodilation by lung inflation in patients
with asthma who showed no significant bronchodilation by an active deep inspiration. We
showed that airways obstruction can indeed be reduced by positive-pressure inflation of the
lungs in asthma, comparable to active deep inspiration. And this could also be achieved in
patients with asthma who were not capable of significantly reducing airways obstruction by an
active deep inspiration (chapter 7).

Finally, in chapter 8 we have used time series of the respiratory system impedance data
from the studies shown in chapter 2 and 3 to study the respiratory system with high temporal
resolution. Fluctuations in time series of respiratory system impedance measurements by
forced oscillation technique exist in the healthy lung, and the variability of these fluctuations
differs from an asthmatic lung? We hypothesized that the temporal course of respiratory
system impedance is differentially affected by respiratory disease. In addition, we considered
the impedance signal to arise from a dynamic system, and assumed that this system contains a
deterministic component, that changes in distinct ways in different respiratory disease. In other
words, a specific respiratory disease corresponds to changes in the control parameters that
modify the dynamic behavior of the system. Using cross-validated linear discriminant analysis
on mean Zrs, Rrs and Xrs enabled us to classify COPD vs. healthy controls, and asthma vs. COPD.



The distance-based analysis shows further evidence that there are differences in respiratory
properties between asthma and COPD. Differences in the shape of the dynamic behavior were
sufficient to correctly classify 80% of subjects to be either asthmatic or COPD patient (cross-
validated). These findings are in keeping with the hypothesis that the two diseases affect the
within-breath dynamics of respiratory impedance in a different way (chapter 8).

Taken together, we may conclude that specific inflammatory cells within the airway sub-
mucosa and airway smooth muscle layer, as well as the level of expression of specific smooth

muscle and extracellular proteins may alter the airway responses to deep inspirations, but
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Figure 1. Possible mechanisms explaining impaired beneficial effects of deep inspiration.

This figure is derived from figure 5 in chapter 1. It shows the possible mechanisms explaining impaired
beneficial effects of deep inspiration. In addition, the arrows show the main results of our studies and
where they interact with these mechanisms. First, the level of expression of specific airway smooth muscle
proteins, nor treatment with tiotropium-bromide, seems to interfere with the amount of stretch of the
airways that is induced by lung inflation, and thus the degree of bronchodilation upon deep inspiration
is not affected. On the other hand, the number of CD4+ lymphocytes in submucosa and mast cells in
smooth muscle bundles may affect the remodeling and/or inflammatory process in the airway wall and
thereby affect airway distensibility upon deep inspiration. Maximal steroid therapy and passive positive
pressure inflation increased bronchodilation, most likely through increasing airway stretch upon deep
inspiration.
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edema per se does not. In addition, steroids and passive positive pressure inflation improve
bronchodilation of constricted airways by deep inspiration, whereas tiotropium does not exert
this effect (Figure 1). And finally, studying impedance data with high temporal resolution
shows that the dynamic behavior of the respiratory system differs between asthma and COPD.
These findings will be further discussed in relation with other published data in the following

sections.

9.3. Deep inspiration-induced bronchodilation, airway inflammation
and steroid responses

In chapter 2 we found that in asthma increased numbers of CD4 + lymphocytes within the
submucosa, and mast cells within the airway smooth muscle bundles, are related to less
bronchodilation following a deep breath. Furthermore, in chapter 5 we showed that high dose
prednisolone on top of inhaled corticosteroids significantly improved deep inspiration-induced
bronchodilation of constricted airways. Are these phenomena linked? In other words is the
improvement by steroid therapy likely a result of inhibition of submucosal CD4+ lymphocytes

or mast cells in the smooth muscle layer?

9.3.1. CD4+ lymphocytes

First, steroids have been shown to reduce CD4+ lymphocytes. For example, in allergic asthmatic
patients pre-treatment with prednisone (3 days prednisone 30mg twice daily) inhibited influx
of inflammatory cells, specifically eosinophils, basophils and CD4+ lymphocytes, in broncho-
alveolar lavage fluid after segmental allergen challenge®. Another placebo-controlled study
showed that a longer treatment protocol with oral corticosteroids (prednisolone 20mg o.d. for 2
weeks followed by 10mg for 4 weeks) significantly reduced asthma symptoms, albuterol usage,
and increased FEV1 in steroid naive asthmatic patients. This was accompanied by a reduction
in submucosal eosinophils (81%), mast cells (62%) and CD4+ lymphocytes (68%), whereas
placebo treatment resulted in no significant changes in cell numbers in the bronchial biopsies.
The reduction in CD4+ lymphocytes was related to a decrease in airway hyperresponsiveness?,
Also, inhaled corticosteroids suppress airway inflammation by ongoing allergen challenge with
low-dose house dust mite in mild asthmatic patients, especially eosinophils, neutrophils, and
lymphocytes®.

On the other hand, in patients with asthma withdrawal of inhaled corticosteroid therapy
(1760 mcg/day), until peak flow dropped by 25%, FEV1 dropped by 15% or 6 weeks elapsed,
showed that half of the patients exacerbated and half of them did not. In both groups eosinophils
increased in bronchial biopsies by steroid withdrawal, but CD4+ lymphocytes increased only in
the groups that exacerbated®. This suggests that the steroid withdrawal-induced increase of

CD4+ lymphocytes exert a greater influence on the airway function than eosinophils, and may



explain why we did not find a relationship between eosinophils and airway responses to deep
inspiration. Taken together, it is plausible that steroid-induced improvement in bronchodilation
by deep inspiration is mediated through inhibition of submucosal CD4 lymphocyte infiltration.

9.3.2. Mast cells in airway smooth muscle bundles

What about mast cells in airway smooth muscle bundles? In asthma, as compared to non-
asthmatic subjects, the airway smooth muscle bundles are infiltrated by increased numbers
of mast cells and lymphocytes’. Mast cells are recruited to the airway smooth muscle bundles
by numerous chemo attractants (stem cell factor, chemokines, cytokines, CCR3 and CxCR1)8.
In contrast, non-asthmatic airway smooth muscle releases mediators that inhibit mast cell
migration towards asthmatic airway smooth muscle®. The presence of mast cells within the
airway smooth muscle layer has been associated with airway hyperresponsiveness in asthma,
but not in subjects with eosinophilic bronchitis®'®. Furthermore, dexamethasone-treated
smooth muscle cells were less effective in enhancing C3a-induced mast cell degranulation and
thus may lead to less bronchoconstriction'!. But whether mast cell migration to airway smooth
muscle is reduced by steroid treatment has not been investigated yet. Therefore, no direct con-
clusions can be made whether steroid-treatment in asthma improves deep inspiration-induced
bronchodilation by reducing mast cell infiltration or degranulation in airway smooth muscle
bundles.

9.3.3. Steroids and airway smooth muscle cell relengthening

Although the beneficial effects of corticosteroids have been attributed to suppression of airway
inflammation it is possible that steroid-treatment exerts direct action on airway smooth muscle
cells as well and thereby improves airway hyperresponsiveness and deep inspiration-induced
bronchodilation. It has been shown that force fluctuations imposed on contracted airway
smooth muscle cells in vitro results in relengthening of the cells'?, and is regulated through
the p38MAPkinase signaling pathway'3. Corticosteroids inhibit p38MAPkinase signaling and
indeed augment force fluctuation-induced relengthening of airway smooth muscle cells in
vitro'4. Steroid-treatment could therefore have improved deep inspiration-induced bronchodi-
lation by augmenting relengthening of airway smooth muscle cells upon stretch by inhibiting
p38MAPkinase. However, this is still speculative since we did not measure p38MAPkinase in our
studies.

9.4. Deep inspiration-induced bronchodilation and airway smooth
muscle cells

As shown in the introduction, there are many hypotheses on the role of airway smooth muscle
in the (patho)physiological of deep inspiration-induced bronchodilation (chapter 1; 3.1 and
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4.2). By examining the relationship between airway responses to deep inspiration and the
expression of structural and contractile markers of airway smooth muscle cells in bronchial
biopsies of patients with asthma as shown in chapter 3 we aimed to further elucidate this
role. We found that more bronchodilation by deep inspirations was related to higher levels
of expression of calponin, desmin, and MLCK in bronchial biopsies, whereas increased airway
hyperresponsiveness was associated with a higher level of expression of a-SM-actin, desmin,
and elastin. Are our results in support of the previously presented hypotheses?

9.4.1. Plasticity

Plasticity refers to the ability of airway smooth muscle cell to adapt its contractile apparatus to
the length at which it is activated. Smooth muscle cells with longer actin filaments show a more
elastic behavior by increasing the range of myosin-actin overlap, which can generate the same
amount of force after being stretched'> and may therefore increase airway hyperresponsive-
ness. A higher level of a-SM-actin expression in bronchial biopsies may indicate more actin
monomers that can form longer actin filaments by polymerization in the asthmatic inflamma-
tory environment, and thus supports the relationship we found with airway hyperresponsive-
ness. In contrast, we would have expected to find increased levels of a-SM-actin expression
in patients with less bronchodilation after a deep breath, but found the opposite. Increased
a-SM-actin expression, in combination with increased levels of desmin and elastin expression,
may therefore determine force generation upon stimulation but not stretch-induced broncho-
dilation. It is possible that more factors, such as extra-cellular matrix composition, airway wall
thickness, or number of alveolar attachments determine the net bronchodilatory effect of lung
inflation.

9.4.2. Increased smooth muscle tone

Interestingly, we found a positive relationship between FEV,% predicted and the positive
staining intensity for the smooth muscle proteins calponin, desmin, and MLCK, as well as a
negative relationship between these markers and deep breath-induced reduction in respi-
ratory resistance. It has been shown that cultured smooth muscle cells with increased tone
produce enhanced levels of contractile proteins, such as myosin, MLCK and desmin, when
cultured under cyclic stretch conditions'®. The positive correlations between FEV,% predicted
and deep breath-induced bronchodilation could therefore reflect the effect of stretch on con-
tractile protein production in these patients with asthma, rather than the influence of increased
expression of these contractile markers on airway function. Most in vitro studies on the effect
of length changes have been performed in isolated tracheal smooth muscle strips and provide
length oscillations'”'8, A recent study in an isolated intact bronchial airway with luminal vol-
ume oscillations showed no bronchodilation by increasing oscillatory strains. It demonstrates
the difficulty of testing airway wall contraction and dilation at airway smooth muscle cellular
level, since the lung has such a unique geometry and structure'®. Therefore, human in vivo



experiments, such as the recent studies, are most likely to reflect the “true” pathophysiology of
the airways in asthma.

9.5. Intervention studies

Although research on (patho)physiological mechanisms is both interesting and necessary, in
clinical research the inevitable question is “what is the clinical relevance?’ Since deep inspira-
tions have shown to provide a physiological protective mechanism against airway narrowing
(chapter 1) and that this beneficial effect is lost in asthma this clinical relevance is very close.
Namely, if this mechanism can be restored in asthma it could provide the best combat to bron-
chospasms, and thus symptoms, and possibly reduce the need of current medical treatment.
Unfortunately, restoring deep inspiration-induced bronchodilation and/or bronchoprotection
in asthma of which the (patho)physiological mechanism is not completely understood may not
be possible yet. On the other hand, trying to restore this mechanism could also lead to new
insights on underlying pathophysiology.

Several studiesin this thesis have intervened with parts of the pathophysiological mechanism
in order to at least improve deep inspiration-induced bronchodilation. We studied the effect
of maximal steroid treatment (chapter 5), anticholinergic treatment (chapter 6), and passive
inflation (chapter 7) on airway responses to deep inspiration. Each of these studies interacted
with possible causes of impaired stretch of the airways by lung inflation (Figure 1). Maximal
steroid treatment could reduce airway wall remodeling as well as inflammatory induced airway
wall thickening. Anticholinergic treatment has shown to reduce allergy driven airway smooth
muscle proliferation and contractility. And, passive inflation may stretch the airways more
effectively plus to a larger extent by ‘pushing from the inside’ with positive pressure inflation
than what can be achieved by ‘pulling from the outside’ with negative intra-thoracic pressure.
In addition, anticholinergic treatment and passive inflation could also have changed the effect
of stretch on the contractile apparatus of the smooth muscle cell, although we have not directly
measured that. Below, these interventions are discussed, as well as bronchial thermoplasty, a

novel option in asthma treatment.

9.5.1. Maximal steroid treatment

The improvement in deep inspiration-induced bronchodilation, as measured by improvement
in M/P ratio, in asthma patients by the use of systemic steroid treatment on top of maintenance
therapy with inhaled steroids was a novel finding. Previously, several studies already showed
that inhaled corticosteroid in steroid-naive asthma patients improved bronchodilation follow-
ing deep inspiration?>?', whereas another study found no effect of inhaled corticosteroids on
the bronchodilatory effect of a deep inspiration in a study with asthmatic patients with mild-
to-severe airway hyperresponsiveness. The methods of assessing the airway responses to deep
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inspiration differed among these three studies, as well as the dose and type of inhaled steroids
used. This emphasizes the need for more standardized measurements of deep inspiration-
induced bronchodilation, preferably measurements not including a deep breath such as the
forced oscillation technique. Furthermore, the results implicate that patients with asthma, who
are regularly treated with inhaled corticosteroids, can have residual airway inflammation?223
that impairs the mechanical properties of the airways even during clinically stable episodes.
Patients with impaired airway responses to deep inspiration, although being clinically stable,
may therefore be more at risk for the development of exacerbations. As airway responses to
deep inspiration tend to be related to asthma severity?* and the severity of breathlessness?>,
long-term studies are required in order to address the prognostic implications of impaired
responses of the airways to deep inspiration in asthma patients.

9.5.2. Anticholinergic treatment

Recent meta-analysis indicating that usage of long-acting beta-agonists without concomitant
inhaled corticosteroids increases the risk of asthma-mortality?¢?” has given way for developing
studies on alternative bronchodilatory treatment in asthma, such as tiotropium. Interestingly,
anticholinergics have also been shown to inhibit airway smooth muscle proliferation and
contractility in models of allergic inflammation?®2°, Therefore, we hypothesized that in allergic
asthma daily use of tiotropium reduces smooth muscle contractility, thereby improving lung
function, airway hyperresponsiveness and deep inspiration-induced bronchodilation. Treat-
ment with tiotropium did not significantly improve deep inspiration-induced bronchodilation
orairway hyperresponsiveness, but a significant effect on baseline bronchial tone was observed.
Improvements in lung function have been shown by tiotropium added to conventional therapy
in severe asthma. Long-term effects of anticholinergic treatment on airway hyperresponsive-
ness to a non-cholinergic agent has not been investigated before, although acute protection
against histamine-induced bronchoconstriction has been shown by pre-treatment with
ipatropium-bromide in normal subjects3?, possibly via inhibition actelycholine after vagal
reflex release by histamine3'. An inhibitory effect of tiotropium on airway smooth muscle cells
has been found in ovalbumin challenged guinea pigs and not in non-challenged animals?3,
This might be due to an increased level of acetylcholine by an augmented acetylcholine release
after allergen challenge, reduction of inhibitory M2 receptors, or nonneuronal release of ace-
tylcholine in conditions of allergic inflammation32. In the absence of inflammatory mediators
or growth factors increased levels of acetylcholine may not result in structural changes within
the airways and thus no inhibitory effect of tiotropium can be observed. Therefore it is pos-
sible that in these mild asthmatic patients a lower level of inflammatory mediators was present
within the airways and thereby reducing the inhibitory effect of daily tiotropium inhalation.
Since we did not include induced sputum or bronchial biopsies as outcomes of this study we
cannot relate this to the improvement in lung function we found in our study. Taken together,
tiotropium has bronchodilatory effects both acute and prolonged in mild asthmatic patients



and may therefore be considered as alternative long-acting bronchodilator. Whether the
observed changes in lung function and airway hyperresponsiveness are a result of sustained
bronchodilation by muscarinic receptor blockage or inhibition of allergen-induced remodeling
remains to be established.

9.5.3. Improving stretch by positive pressure lung inflation

We postulated that airway wall distension can be improved by manipulation of the intra-
thoracic pressures by passive lung inflation in patients with asthma. Mechanical inflation of
the lungs would induce stretch of the airways without large subatmospheric intrathoracic
pressures and could therefore prevent extravasation of fluid in inflamed airways. In addition,
the inflated volume may open closed airways, thereby redistributing tethering forces of the
parenchyma on the airway wall. Indeed, we showed that positive pressure inflation resulted in
more bronchodilation, as compared to an active deep inspiration in patients with asthma. The
opposite has been done as well by adding a resistance to a deep inspiration, which resulted in
lower airway conductance in patients with asthma as compared to a regular deep inspiration,
but not in healthy subjects3. Since we did not measure transpulmonary pressures it is difficult
to discriminate whether the bronchodilatory effect of positive pressure inflation was a result
of actual dilation of the airway tree or reopening of closed airways that could not be opened
by active deep inspiration. The relationship between the increase in inspiratory volume and
improvement in bronchodilation following positive pressure inflation, suggests that a lower
inspiratory volume by any cause could result in reduced bronchodilation following lung infla-
tion. Instead of improving lung inflation-induced stretch of the airways, the reverse has been
investigated as well. For example by strapping the chest wall, which reduced lung function34,
increased airway constriction to methacholine®, and indeed reduced deep inspiration-
induced bronchodilation3®. Also, several studies on airway responses to deep inspiration have
been performed in obese patients, who are known to have reduced inspiratory capacity. Obese
asthmatics, but not lean asthmatics or non-asthmatic obese subjects, show an increase in
airway resistance following a deep breath3’. Also, obese non-asthmatic subjects show no bron-
choprotective effects of deep inspiration as compared to non-obese non-asthmatic subjects,
indicating that obesity alone alters airway mechanics during deep inspirations3?, possibly as
a result of lower inspiratory volume capacities. Our data suggest that the tethering forces of
the parenchyma during active deep inspiration, possibly in relation to the magnitude of the
inspired volume, are not strong enough to adequately stretch the airway wall, which may be
overcome by positive-pressure inflation, and could be applicated to non-asthmatic disorders
resulting in lower inspiratory volumes as well, such as obesity.

9.5.4. Bronchial thermoplasty
Airway smooth muscle has been mentioned to be the appendix of the lung, in other words
it may be useless and possibly harmfull*®. A new intervention called bronchial thermoplasty
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delivers controlled thermal energy to the airway wall resulting in prolonged reduction/loss of
airway smooth muscle mass*. There is some evidence that it improves overall asthma control,
as shown by improvement in quality of life, asthma symptoms, severe exacerbations, and
health care utilization®'-*4. In addition, initially it appeared that airway hyperresponsiveness
was reduced by bronchial thermoplasty as well*>, but placebo controlled studies could not
demonstrate this. In dogs, bronchial thermoplasty led to increased airway size in both relaxed
and contracted states over a normal range of inflation pressures*, and reduced airway closure
to methacholine*” as shown with high-resolution CT scans. Whether airway responses to deep
inspiration are affected by bronchial thermoplasty remains to be investigated. However, it can
be postulated that if indeed airway smooth muscle content is decreased in the treated airways,
that in pharmacologically constricted airways the contraction can more easily be overcome by
lung inflation, and might even be comparable to the response of airways to deep inspiration in
healthy controls.

9.6. Dynamic behavior of the respiratory system

Another approach to lung disease is by system biology*®4°. The lung is a complex organ, and sys-
tem biology integrates information from all levels of structure and function of the system>%->2, A
characteristic of biological systems is their temporal behavior. Studying the temporal behavior
of the lung by analysis of fluctuations in airway function over time is a way to approach lung
disease as a biological system®3, Variability analysis of the respiratory system has been success-
fully applied on impedance data? and peak flow measurements before>*. We used time series of
impedance measurements by forced oscillation technique to examine this temporal behavior
in asthma and whether this method allowed us to discriminate between asthma and COPD.
The non-linear distance-based time series analysis of respiratory impedance led to a correct
classification of patients with asthma or COPD in at least 80% of cases. This suggests that the
within-breath dynamics of respiratory impedance as captured by forced oscillation technique
provides alternative information on characterizing patients with obstructive lung disease. In
addition, this method could be used to monitor airway disease and evaluate treatment.

9.7. Future research

The studies described in this thesis have helped to provide more insight into the (patho)physio-
logical mechanism of deep inspiration-induced bronchodilation and have shown that standard
therapy (glucocorticosteroids), and novel therapy (passive positive pressure inflation) improves
the airway responses to deep inspiration. However, many questions remain before fully
understanding the bronchoprotective effects of deep inspirations. First of all, the contractile



apparatus of the airway smooth muscle and its function over different lengths needs to be clari-

fied in order to understand how deep inspiration-induced stretch can influence it. Second, the

interaction of inflammatory cells with smooth muscle cells and the functional consequences

should be addressed. And finally, direct interventional studies intended to improve airway

function and airway responses to deep inspiration should be extended. These considerations

and the results of the studies in this thesis led to these research questions:

Are mast cells within the smooth muscle layer influenced by standard asthma therapy, and
is this related to improvements in airway function and deep inspiration dynamics?

Is it useful to create new therapies targeting specific airway smooth muscle proteins, such
as actin or desmin to reduce airway hyperresponsiveness?

Is extra-cellular matrix deposition in airway smooth muscle bundles responsible for
impaired airway responses to deep inspiration?

Do steroids also have an acute effect on deep inspiration-induced bronchodilation in vivo
by stretch-induced relengthening of airway smooth muscle cells as has been shown in
vitro?

Could passive positive pressure inflation be useful in clinical practice, such as in the emer-
gency unit for acute asthma exacerbations?

Would passive positive pressure inflation improve airway responses to deep inspiration in
other pulmonary diseases or disorders associated with lower inspiratory volume capacity as
well?

Does tiotropium indeed inhibit allergy driven airway smooth muscle proliferation in vivo in
asthma?

Do changes in the temporal behavior of airway function provide information on the course
of the disease and treatment effects?

9.7. Final remarks

Deep inspirations provide a strong physiological endogenous protection against airway nar-

rowing, which is lost in asthma, and other pulmonary diseases such as COPD. This thesis has

provided further insight in the (patho)physiological mechanism underlying the beneficial

effects of deep inspirations, as well as treatment options to restore this mechanism.
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