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ABSTRACT
BACKGROUND: At the beginning of the clinical course of asthma, before disease onset and from
the earliest stages of life, structural and/or functional abnormalities of the airway wall have been
documented in the literature. Such observations are consistent with the proposal that asthma is a
developmental disorder. This Master’s thesis considers the possibility that ‘airway remodelling’,
particularly thickening of the airway smooth muscle (ASM) layer, is a consequence of developmental
disruption. Two knowledge gaps were addressed: (i) in Chapter 3, the structural mechanism
(hypertrophy, hyperplasia and/or extracellular matrix ‘ECM’ deposition) of normal ASM thickening
was examined from late gestation to adulthood; (ii) in Chapter 4, the susceptibility of these
maturational processes to disease was assessed in the context of an in utero infection, analogous to
chorioamnionitis, a prenatal condition that is associated with asthma development.
METHODS: To investigate the structural mechanism of ASM thickening with maturation, an ovine
developmental model spanning late gestation to adulthood was used: 128 days’ gestation (n= 8); 150
days’ gestation (term, n= 9); 1 month (n= 9); 4 months (post-weaning, n= 10); 1 year (sexual maturity
i.e. adult, n= 11); and 5 years (n= 7). Prenatal lambs (128 and 150 days’ gestation) were delivered via
caesarean section. In the second study, a prenatal ovine model of chorioamnionitis was used to
examine the effect of a chronic intrauterine infection on ASM growth. Chorioamnionitis was induced
via intra-amniotic injection of the bacterium Ureaplasma parvum serovar 6 in ewes at ~50 days’
gestation. Lambs exposed to Ureaplasma (n= 16) in utero were compared to a vehicle (media)/sham
control group (n= 10). At 135-141 days’ gestation the lambs were delivered, again via caesarean
section. All animals were euthanised via intravenous administration of a barbiturate. The left lung
was fixed and airway samples obtained from the trachea, main bronchus (MB), left upper segmental
(LUS), left upper sub-segmental (LUSS) and left upper parenchymal locations (LUP, containing
small peripheral airways) for histological analysis. Airway samples were processed and embedded
into wax blocks, from which 0.5 μm and 30 μm sections were obtained and stained with Masson’s
trichrome and Haematoxylin stain respectively for microscopic analysis. From the 0.5 μm sections,
point counting was conducted to determine the volume fractions of the ASM layer components (ASM,
VASM; ECM, VECM and ‘Other’, VOTHER). The 30 μm sections were analysed via planimetry to
determine airway wall dimensions (e.g. ASM thickness), and through the use of stereological
techniques, ASM cell size (VC) and number of ASM cells per length of airway (NL) were also
determined.
RESULTS: The ASM layer thickened with age and this growth was predominantly due to cellular
hyperplasia (indicated by an increase in NL) and also a disproportionate increase in ECM. Cell size
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did not change with age. Growth of the ASM layer due to maturational processes was observed across
most of the tracheobronchial tree, but not in the most peripheral airways studied (i.e. LUP airways).
When growth of the ASM was observed, this was proportional to airway size (assessed from the
perimeter of the basement membrane). In response to Ureaplasma infection, changes were limited to
one anatomical location; the LUP airway. There was a clear increase in ASM thickness in the LUP
airway after Ureaplasma infection, the magnitude of which equated to ~34%. However, the
mechanism associated with this abnormal ASM growth could not be isolated, and there was no
statistical change in volume fractions, cell size or number. Notably, there was some evidence of a
greater susceptibility to Ureaplasma infection in males compared with female lambs.
CONCLUSIONS: Findings from this Master’s thesis indicate that cellular hyperplasia is the
predominant mechanism associated with normal ASM growth and the airway is susceptible to chronic
intrauterine infection, causing a specific thickening of the ASM layer in the peripheral airways.
Identifying the mechanisms of normal and abnormal ASM thickening improves our overall
understanding of asthma pathogenesis and I propose that greater consideration should be afforded to
the paradigm that airway remodelling has a developmental origin.
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Chapter 1 – Literature review

1.1 Introduction
Asthma is a chronic inflammatory disorder characterised by excessive narrowing of the airway (Noble
et al. 2013; Woolcock, Salome & Yan 1984) leading to breathing difficulties and symptoms of
wheeze, chest tightness and cough. Environmentally-induced airway inflammation (e.g. allergy) is
often postulated to promote ‘airway remodelling’ (e.g. airway structural changes) (Snibson et al.
2005), including an increase in airway smooth muscle (ASM) mass, which is causally linked with the
onset of excessive airway narrowing (Noble et al. 2013). However, there is now accumulating data
to suggest that inflammation is not necessarily an upstream promoter of airway remodelling (CastroRodriguez et al. 2018). Several studies demonstrate alterations to the structure and physiology of the
airways before the onset of asthma later in life (O'Reilly et al. 2013; Owens et al. 2017). Such findings
are instead consistent with the notion that airway remodelling has a developmental origin and that
remodelling may be a consequence of an adverse event within the in utero environment.
The purpose of this Master’s thesis was to improve our understanding of airway development and
how it can be disrupted by in utero disturbances. A developmental sheep model was used to address
experimental aims. Structural mechanisms of normal ASM growth were examined in terms of
hyperplasia, hypertrophy and extracellular matrix (ECM) deposition (Chapter 3). The same
mechanisms were re-evaluated after the introduction of a disruptive stimulus during key periods of
airway development (Chapter 4), notably Ureaplasma to induce an inflammatory environment
consistent with ‘chorioamnionitis’ (Getahun et al. 2010), a disorder that is related to subsequent
asthma onset (Romero et al. 2006; Schittny 2017). It was reasoned that an association between
chorioamnionitis and asthma could be mediated by structural abnormalities (modelling or
remodelling) that evolve in utero and result in a lifelong risk of airway disease. The Literature review
presented below describes an overview of respiratory physiology, how this becomes disrupted in
asthma and finally the key findings supporting the early life origins of asthma. Together this
background commentary provides sufficient context for the project Aims and Hypotheses (Section
1.4) which tests the overarching paradigm that airway remodelling has a developmental origin.
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1.1 Respiratory system (patho)physiology
1.1.1 Mechanics of breathing
Movement of air in and out of the lung (ventilation) is facilitated by pressure gradients relative to
atmospheric conditions (Carhart 2012; Dimech & Sturman 2011). During inspiration, pressure in the
pleural space (normally below atmospheric pressure) drops to the point where it becomes ‘negative’
relative to the atmospheric pressure thereby causing the alveolar compartments to distend. As the
alveoli expand during inspiration, pressure within the alveoli falls below atmospheric pressure and
air is drawn into the lungs (Figure 1.1.) (Dimech & Sturman 2011). This pressure gradient reverses
during expiration as alveolar pressure increases above atmospheric pressure and air flows out of the
lung. The difference between atmospheric and alveolar pressures is referred to as the
‘transrespiratory’ pressure, and is always opposite in direction (positive or negative) during
inspiration and expiration.
The above pressure gradients are established due to manipulation of thoracic cavity dimensions via
respiratory muscle contraction. Contraction of the diaphragm and external intercostal muscles
increases vertical, lateral and anteroposterior dimensions of the thorax (West 2012) and it is this
expansion in thoracic volume which lowers pleural pressure. Passive expiration typically relies on
the elastic recoil of the lungs (i.e. tendency to collapse) to expel air, as the inspiratory muscles relax
causing the thorax to resume its normal dimensions at rest (Davies & Misra 2014). However, during
active expiration the abdominal and internal intercostal muscles are recruited to assist in expiration
(Davies & Misra 2014; Mateika & Duffin 1995). Active expiration occurs during exercise,
vocalisations (shouting or crying), cough or in the context of disease where airway resistance is
increased (Davies & Misra 2014). Pleural pressure may become positive (above atmospheric
pressure) during forced expiration and further compresses the alveolar space, thereby propelling air
out of the lung (Kacmarek, Stoller & Heuer 2017; West 2012).
Another important pressure gradient within the respiratory system is the transpulmonary pressure,
which is the difference in pressure between the alveoli and pleural space (intrapleural) (Dimech &
Sturman 2011; Kacmarek, Stoller & Heuer 2017). At ‘end inspiration’ transpulmonary pressure is
~10 cmH2O, equivalent in magnitude to pleural pressure since alveolar pressure is equalised with
transpulmonary pressure (Dimech & Sturman 2011). At ‘end expiration’ transpulmonary pressure
falls to 5 cmH2O, as pleural pressure becomes more positive (Dimech & Sturman 2011). Under static
conditions, transpulmonary pressure is equivalent to transmural pressure, the pressure across the
airway wall. Transpulmonary and transmural pressures favour distension of the lung and airway
respectively.
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Ventilation would clearly not be possible
without the action of respiratory muscles to
generate

the

required

pressure

gradient.

However, effective ventilation is also dependent
on the respiratory (mechanical) load, which the
respiratory

muscles

must

overcome

if

inspiration/expiration is to occur (Wijdicks
2013). Respiratory load includes the compliance
of the lungs and chest wall as well as airway
resistance (Lo Mauro & Aliverti 2016).
Compliance refers to the change in tissue
volume per unit of pressure change (Davies &
Misra 2014). With respect to the lungs and chest
wall, compliance essentially describes how
easily the lungs or chest wall expands. A highly
compliant lung for example is one that easily
inflates or in other words has a greater volume
change per unit of pressure change. The greater
the lung compliance the less work (see below)
must be performed by the respiratory muscles.
Lung compliance is greatest at functional
residual capacity (the volume of gas remaining
at the end of expiration), which is the normal
resting position of the lungs (Davies & Misra
Figure 1.1. Changes in alveolar and pleural
pressure during a single tidal breath.
Changes in alveolar pressure relative to

2014; Dimech & Sturman 2011). However, at
high and low lung volumes, lung compliance is

atmospheric pressure generates a pressure

reduced because of tensioning within ECM

gradient responsible for airflow into and out of

fibres and airway collapse respectively (Davies

the lungs. During inspiration, a pressure

& Misra 2014). The overall pulmonary

gradient exists between alveolar and pleural

compliance is a combination of lung and chest

pressure, which is responsible for keeping the
airways patent during ventilation. Adapted from
Rhoades and Bell (2013).

wall compliance and constitutes a load opposing
respiratory muscle contraction (Davies & Misra
2014).
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Airway resistance is the other major load to ventilation and is defined as the pressure gradient divided
by the flow (mL/second) generated (Davies & Misra 2014). Low airway resistance indicates that air
can easily flow through the airway, and that a lower pressure gradient is required for a given airflow.
According to the Law of Poiseuille (shown below), the following factors affect airway resistance and
therefore airflow: viscosity of the gas (μ), rate of flow (V̇), airway length (l) and radius (r) (Kaminsky
2012).
∆𝑃 =

8𝑙𝜇𝑉̇
𝜋𝑟 4

Airway radius is a major determining factor of airway resistance and is influenced by the tone of
ASM that lines the tracheobronchial tree (see Section 1.1.2). The importance of airway radius is
demonstrated mathematically in the formula shown above. A 50% reduction in airway radius will
result in a 16-fold increase and decrease in airway resistance and airflow respectively. Conversely, if
airway radius was held constant whilst manipulating another variable, changes in airway resistance
are far less pronounced. For instance, a doubling of airway length without a change in radius produces
a 2-fold increase and decrease in airway resistance and airflow respectively. Airway resistance
accounts for 80% of the total resistance opposing respiratory muscle driven airflow (Kacmarek,
Stoller & Heuer 2017; West 2012). The remaining 20% of the total resistance is attributed to tissue
resistance, which arises due to the movement or distortion of the viscera (including the lungs) and
chest wall (Kacmarek, Stoller & Heuer 2017; West 2012).
Work of breathing can be described as the energy dissipated to maintain adequate ventilation (Davies
& Misra 2014). During inspiration energy is expended to overcome the elastic recoil of the lungs
(reciprocal of compliance), tissue resistance and airway resistance (Davies & Misra 2014). On the
other hand, during expiration this energy is recovered by the recoil of the lungs (i.e. potential energy)
(Davies & Misra 2014). With respect to tissue and airway resistance, the energy lost is never
recovered (Davies & Misra 2014). Greater work of breathing is a defining feature of respiratory
disease. An increase in airway resistance due to airway obstruction is seen in conditions such as
chronic obstructive pulmonary disease and asthma (see Section 1.1.4) since patients expend more
energy to maintain their ventilation (Davies & Misra 2014). Patients with pulmonary fibrosis may
also expend more energy as a result of decreased compliance and increased resistance (Bachofen &
Scherrer 1967; Davies & Misra 2014).
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1.1.2 Airway calibre and ASM contraction
As discussed, airway radius or airway calibre (i.e. diameter) is a major factor affecting airway
resistance and airflow for a given pressure gradient. Airway calibre is mainly influenced by ASM
tone, but may also be affected by airway wall thickness (e.g. airway wall inflammation induced
oedema or airway remodelling) and luminal secretions (e.g. excessive mucous secretions) (Barnes
1998; Hirshman & Bergman 1990; Rodger 1985). Under normal resting conditions, the ASM layer
exhibits a small degree of contraction known as intrinsic or basal tone, which is maintained by
parasympathetic nerve release of acetylcholine (ACh). The intrinsic tone of ASM is modulated
through a combination of neural (i.e. autonomic nervous system) and humoral factors (e.g. ACh and
histamine), which will be discussed later in this section (Barnes 1998; Hirshman & Bergman 1990;
Webb 2003).
Contraction of ASM is initiated through an increase in intracellular Ca2+ concentration [Ca2+]i within
ASM cells (Hirshman & Bergman 1990; Rodger 1985; Webb 2003). Normally under resting
conditions (ASM relaxed), [Ca2+]i is approximately 1-2 × 10-7 mol/L (M) while the extracellular Ca2+
concentration [Ca2+]o is around 1-2 × 10-3 M; consequently creating an inwardly directed Ca2+
concentration gradient across the cell membrane (Rodger 1992). Although, the cell membrane is
poorly permeable to Ca2+ (passive Ca2+ influx), the Ca2+ concentration gradient is maintained by
extruding Ca2+ out of the cell via a Na+/Ca2+ exchanger (1) and Ca2+/Mg2+ adenosine triphosphatase
(ATPase) (2) both found on the membrane (Hirota, Helli & Janssen 2007; Rodger 1985; Webb 2003).
The Na+/Ca2+ exchanger pumps 3 Na+ ions into the cell per Ca2+ ion extruded; this exchange of ions
is dependent on an inwardly directed Na+ gradient driven by a Na+/K+ ATPase pump (3 Na+ into: 2
K+ out of cell) also found on the cell membrane (Rodger 1985; Webb 2003). The extrusion of Ca2+
via the Na+/Ca2+ exchanger ensures [Ca2+]i remains low and is further aided by Ca2+/Mg2+ ATPase,
which pumps out 2 Ca2+ ions per adenosine triphosphate (ATP) hydrolysed (mediated by the binding
of Mg2+ to the enzyme’s catalytic site) (Rodger 1985; Webb 2003). However, for ASM excitationcontraction coupling to occur [Ca2+]i must first increase to approximately 0.5-1 × 10-6 M (Rodger
1992).
There are three mechanisms by which ASM [Ca2+]i may be increased: (1) entry of extracellular Ca2+
into the cytosol by receptor-operated Ca2+ channels (ROCs) on the cell membrane; (2) L-type voltageoperated Ca2+ channels (VOCs) on the cell membrane; and (3) release of Ca2+ ions stored within the
sarcoplasmic reticulum (SR) (Hirota, Helli & Janssen 2007; Rodger 1985). Receptor-operated Ca2+
channels become activated through ligand binding, including P2X receptors which are non-selective
cation channels that allow Ca2+, Na+ and K+ to enter the cell in response to ATP binding (Mounkaïla,
Marthan & Roux 2005; Ralevic & Burnstock 1998). The influx of Na+ via P2X receptors depolarises
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the cell membrane and activates VOCs which further contribute to the influx of extracellular Ca2+
into the cell (Mounkaïla, Marthan & Roux 2005; Rodger 1985; Rodger 1992; Somlyo & Somlyo
1994).
Release of sarcoplasmic Ca2+ into the cytosol is mediated by the inositol 1,4,5-triphosphate (IP3)
pathway as well as Ca2+-induced Ca2+ release (Hirota, Helli & Janssen 2007; Webb 2003). The IP3
pathway is the main mechanism of sarcoplasmic Ca2+ release and is initiated by an agonist such as
ACh binding to a G-protein coupled receptor (GPCR) on the ASM cell membrane (Jones 1993; Webb
2003). Airway smooth muscle cells exhibit the muscarinic receptor subtype M3, which is coupled to
the G-protein Gq/11; binding of ACh to this GPCR activates Gq/11 (Barnes, Minette & Maclagan 1988;
Barnes 1998; Caulfield & Birdsall 1998). G-protein activation stimulates phospholipase C (PLC)
activity, an enzyme which hydrolyses the membrane lipid phosphatidylinositol 4,5-biphosphate into
the following second messengers: IP3 and diacylglycerol (Barnes 1998; Rodger 1992; Webb 2003).
The resulting IP3 binds to IP3 sensitive Ca2+ channels (IP3 receptors) on the SR, which leads to Ca2+
efflux from the SR into the cytosol (Hirota, Helli & Janssen 2007; Somlyo & Somlyo 1994; Webb
2003). The subsequent elevation in [Ca2+]i mediated by IP3 activates ryanodine receptors (Ca2+
channels) on the SR to induce sarcoplasmic Ca2+ release and contribute to increasing [Ca2+]i (Hirota,
Helli & Janssen 2007; Mahn et al. 2010; Sanders 2001).
When [Ca2+]i rises to approximately 0.5-1 × 10-6 M, excitation-coupling contraction in ASM occurs
(Rodger 1992). The free Ca2+ ions in the cytosol bind to the calcium binding protein, calmodulin
(CalM), at a ratio of four Ca2+ ions per CalM molecule (Allen & Walsh 1994). The resulting Ca-CalM
complex activates myosin light chain kinase (MLCK), an enzyme that phosphorylates (i.e. adds a
phosphate group) at serine 19 on the regulatory light chain (MLC20) of the myosin II molecule (Allen
& Walsh 1994; Somlyo & Somlyo 1994). The MLC20 is one of two pairs of light chains (consisting
of two chains of 20 kilodaltons, kDa, MLC20 and another two of 17 kDa, LC17), which, along with
two heavy chains (~230 kDa each) comprise myosin II (Allen & Walsh 1994). The rod-like tail of
myosin II is formed by the heavy chains, while each head is comprised of one MLC20, LC17 and a
heavy chain (Allen & Walsh 1994). The subsequent phosphorylation of MLC20 induces a
conformational change of the myosin head (from a constrained to a more extended conformation) that
activates Mg2+-ATPase and enables cross-bridge cycling to occur between myosin and actin filaments
(Allen & Walsh 1994; Brozovich et al. 2016).
Initially, the myofilaments (actin and myosin) assume a rigor state whereby the absence of ATP
results in the myosin head binding strongly to the actin filament (Arner & Malmqvist 1998; Brozovich
et al. 2016). However, when ATP binds onto the myosin head, the rapid dissociation of myosin from
actin occurs (Brozovich et al. 2016). The ATP molecule bound to the myosin head is then hydrolysed
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by Mg2+-ATPase to produce adenosine diphosphate (ADP) and inorganic phosphate (Pi), which are
retained on the myosin head (Brozovich et al. 2016; Coirault, Chemla & Lecarpentier 1999). A crossbridge forms as the myosin head proceeds to bind to the actin filament, which in turn triggers the
release of Pi from the myosin head (Coirault, Chemla & Lecarpentier 1999; Franzini-Armstrong &
Peachey 1981). The dissociation of Pi induces a conformational change of the myosin head, causing
it to bend towards the myosin tail (i.e. power stroke) and in doing so pulls on the actin filament
(Coirault, Chemla & Lecarpentier 1999; Hopkins 2006). The myofilaments slide across each other
causing the muscle to shorten and generate force. Upon near maximal shortening, cross-bridges can
remain attached for a longer period per cross-bridge cycle in a phenomenon known as the ‘latch state’
(Hai & Murphy 1989; Hathaway et al. 1991; Murphy & Rembold 2005). In the latch state, ASM can
maintain tension at reduced ATP consumption as only one ATP molecule is consumed per crossbridge cycle i.e. energy efficient (Hai & Murphy 1989; Hathaway et al. 1991). Following the myosin
power stroke, ADP is released from the myosin head and thus the cross-bridge returns to a rigor state,
until another ATP molecule binds onto myosin to initiate cross-bridge cycling again (Coirault,
Chemla & Lecarpentier 1999; Franzini-Armstrong & Peachey 1981).
Following contraction, muscle relaxation is induced by decreasing [Ca2+]i and increasing myosin light
chain phosphatase (MLCP) activity (Webb 2003). Intracellular Ca2+ concentration may be decreased
by sequestration of Ca2+ into the SR (1) or extrusion from the cell via a Na+/Ca2+ exchanger (2) and
Ca2+/Mg2+ ATPase (3) on the cell membrane (Webb 2003). On the SR membrane are Ca2+/Mg2+
ATPases also known as SERCA pumps, which pump cytosolic Ca2+ into the SR. Sarcoplasmic Ca2+
binds onto the calcium binding proteins calreticulin and calsequestrin, which can buffer high
concentrations of Ca2+ (Sanders 2001). The influx of cytosolic Ca2+ into the SR decreases [Ca2+]i,
which is further aided by the extrusion of Ca2+ via a Na+/Ca2+ exchanger and Ca2+/Mg2+ ATPase on
the cell membrane (previously discussed) (Rodger 1985; Sanders 2001; Webb 2003). As [Ca2+]i falls,
MLCK becomes inactivated due to the dissociation of the Ca-CalM complex, thereby halting further
phosphorylation of MLC20 i.e. contraction (Savineau & Marthan 1997; Webb 2003). Conversely,
MLCP which dephosphorylates MLC20 increases in activity and in turn promotes ASM relaxation
(Savineau & Marthan 1997; Webb 2003). The enzyme MLCP is regulated by the G-protein Rho,
which when bound to guanosine triphosphate (GTP) activates Rho kinase (ROK) to inhibit MLCP
and promote muscle contraction (Webb 2003). However, if ROK is inhibited MLCP activity will
increase, followed by MLC20 dephosphorylation and consequently ASM relaxation (Webb 2003).
The pathways involved in regulating ASM contraction and relaxation are summarised in Figure 1.2.
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Figure 1.2. The molecular signalling pathways involved in ASM contraction and relaxation.
Muscle contraction is initiated by an increase in intracellular Ca2+, [Ca2+]i mediated through an influx of
extracellular Ca2+ via L-type voltage-operated (VOCs) and receptor-operated (ROCs) channels. The
binding of an agonist to a G-protein coupled receptor (GPCR) on the cell membrane stimulates
phospholipase C to produces inositol 1,4,5-triphosphate (IP3), which binds onto ryanodine receptors
(not shown in the figure) on the sarcoplasmic reticulum to release Ca2+ into the cytosol i.e. increasing

[Ca2+]i. Ca2+ binds onto calmodulin (CalM) to activate myosin light chain kinase, which phosphorylates
the myosin light chain and allows cross-bridge cycling to occur between myosin and actin filaments.
Muscle relaxation is mediated by a decrease in [Ca2+]i via the removal of intracellular Ca2+ (not shown
in the figure) and the dephosphorylation of the myosin light chain via myosin light chain phosphatase,
which is regulated by Rho kinase (not shown in the figure). Adapted from Hilgers and Webb (2005);
Webb (2003).

As discussed earlier, the intrinsic tone of ASM influences airway calibre and is modulated by neural
and humoral factors. Airway smooth muscle receives postganglionic sympathetic and
parasympathetic innervation, from which the release of neurotransmitters can induce muscle
contraction or relaxation via binding to receptors on ASM cells (Barnes 1998; Canning 2006). The
sympathetic neurotransmitter adrenaline for example, may evoke contraction or relaxation in
response to binding of α1-adrenergic or β2-adrenergic receptors respectively (Barnes 1989; Barnes
1998; Canning 2006). Acetylcholine however, is a parasympathetic neurotransmitter which binds
onto M3 in ASM to induce muscle contraction (Barnes 1989; Barnes 1998). Airway smooth muscle
tone may also be influenced by humoral factors including bronchoactive mediators released during
inflammation e.g. histamine binding onto H1 receptors on ASM cells leading to muscle contraction
(Barnes 1989; Barnes 1998). The balance of these neural and humoral factors is what determines
ASM tone and in turn airway calibre.
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Although airway calibre is influenced by ASM tone, the presence of ASM in healthy individuals
appears to have no relevant physiological function (Mitzner 2004; Seow & Fredberg 2001).
Numerous hypotheses have been proposed regarding the role of ASM under normal conditions and
include the protection of the airway from over distension, generation of fluid pressure during foetal
lung development via peristaltic contractions or even peristaltic assistance with mucous expulsion
(Seow & Fredberg 2001). Despite the number of hypotheses proposed, many have been disregarded
due to a lack of evidence, and there remains a lack of consensus on the normal physiological role of
ASM (Mitzner 2004). Consequently, ASM has been considered the ‘appendix of the lung’, a vestigial
feature that serves no modern function (Mitzner 2004; Seow & Fredberg 2001). In contrast, while the
absence of ASM does not appear to have any detrimental effect, expansion of the muscle is associated
with respiratory diseases such as asthma (see Section 1.2) (James 2005; Noble et al. 2013). In asthma,
thickening of the ASM layer is associated with an increased airway narrowing capacity (Noble et al.
2013), referred to as airway hyperresponsiveness (AHR); that in turn leads to airway obstruction and
hence airflow limitation (Doeing & Solway 2013). The magnitude of airflow limitation due to
changes in airway calibre can be quantified using lung function tests such as spirometry (Dimech &
Sturman 2011).

1.1.3 Assessment of lung function in the clinical laboratory
Spirometry is the primary method of assessment for respiratory disease, as it provides an indicator of
general respiratory health by measuring airflow into and out of the lungs (Dimech & Sturman 2011;
Miller et al. 2005). To measure airflow, patients perform a forced vital capacity (FVC) manoeuvre,
which involves a rapid full inspiration, followed by total and forceful expiration of air out the lungs
(Dimech & Sturman 2011; Miller et al. 2005). Forced vital capacity is defined as the total volume of
air forcefully expired from the lung after a maximal inspiration. From the same FVC manoeuvre, the
forced expiratory volume in one second (FEV1) is also determined, which is the volume of air that is
expired in one second (Dimech & Sturman 2011; Miller et al. 2005). From the FVC and FEV1 a
FEV1/FVC ratio is calculated and may reflect any airflow impairment (Culver 2015). In other words,
the FEV1/FVC ratio demonstrates how efficient the lungs are at moving air out of the lungs. In a
healthy individual the FEV1/FVC ratio is usually >80% which is the proportion of air that was inhaled
into the lungs that can be expired in one second (Dimech & Sturman 2011). Impedance of airflow is
suggestive of abnormal respiratory health due to respiratory disease. However, the FEV1/FVC ratio
also reduces with age due to a loss of lung elastic recoil pressure (Pierce 2005).
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1.1.4 Obstructive and restrictive disease
Restrictive disorders are characterised by lower lung compliance and high elastic recoil pressure
(Dunnill 1970; Maron 1997). The lower lung compliance reduces total lung capacity (i.e. volume of
air in the lungs after maximum inspiration), while the high elastic recoil pressure tends to increase
expiratory flow (Maron 1997; Plantier et al. 2018). The effect of reduced lung compliance and high
elastic recoil pressure is reflected by a reduction in FVC, but a normal or slightly elevated FEV1/FVC
ratio (Dimech & Sturman 2011; Pierce 2005). Pulmonary fibrosis is an example of a restrictive
disorder, where the fall in lung compliance arises due to the replacement of lung parenchyma with
fibrous or scar tissue (Maron 1997; Plantier et al. 2018).
Obstructive disorders are characterised by an increase in airway resistance due to narrowing of the
airway lumen (Pellegrino et al. 2005). An increase in airway resistance is reflected by a fall in the
FEV1/FVC ratio (typically <80%) (Dimech & Sturman 2011). Chronic obstructive pulmonary disease
is a common obstructive disease that involves abnormalities to the airway wall (bronchitis) and
alveoli (emphysema) (Barnes 2000). Obstruction of the airway lumen due to excessive mucus release,
airway wall thickening, destruction of small airways and collapse due to reduced transpulmonary
pressure all contribute to airflow limitation in chronic obstructive pulmonary disease (Barnes 2000;
Marini et al. 2017). Another common obstructive disorder is asthma and the disease that most
concerns the present thesis, which will be discussed in more depth in the section below.

1.2 Asthma
1.2.1 Prevalence and treatment
Asthma is a prevalent chronic inflammatory disorder, affecting 11% of the Australian population
(AIHW 2020a) and is the most common chronic disease among Australian children (AIHW 2020c;
Bereznicki et al. 2015). The prevalence of asthma in children (~20%) is greater than in adults and
significantly higher among Aboriginal and Torres Strait Islander children than in non-indigenous
children (AIHW 2020b; Bereznicki et al. 2015; Jarvis & Burney 1998). The risk factors associated
with childhood asthma include a family history of asthma, pollution, smoking, obesity and a sedentary
lifestyle (Beasley, Semprini & Mitchell 2015). Asthma is characterised by airway inflammation,
which occurs in response to airborne irritants (Gillissen & Paparoupa 2015; GINA 2020; Postma et
al. 2014). It is often proposed that inflammation is the cause of remodelling of the airway wall in
asthmatic patients (Bergeron, Tulic & Hamid 2010) that promotes functional abnormality, namely
AHR, discussed in section 1.2.2 (Lambert et al. 1993). The resulting airway obstruction contributes
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to symptoms of dyspnoea (breathlessness), chest tightness, wheeze and cough (GINA 2020; Postma
et al. 2014).
Asthma treatment can be separated into interventions that target inflammation (e.g. inhaled
corticosteroids, ICS) or ASM contraction i.e. bronchodilators (e.g. short and long acting β2-agonists)
(GINA 2020). Depending on asthma severity (mild, moderate or severe) the treatment recommended
by the treating physician may vary accordingly. Low dose ICS is often prescribed to relieve and
control symptoms of mild asthma which occur around twice a month or less, as well as reducing the
risk of exacerbations and lung function deficits (GINA 2020). Low dose ICS is also used to manage
moderate asthma in combination with long acting β2-agonists, as patients in this category are
symptomatic on an almost daily basis (GINA 2020). For severe asthma, implementation of high dose
ICS with long acting β2-agonists is not always effective at managing persistent and frequent
symptoms (GINA 2020; Wener & Bel 2013).
Long term use of high dose ICS increases the risk of side effects in patients including adrenal
suppression, reduced bone density and cataracts, which is a concern especially when managing
asthma in children (Wener & Bel 2013). Furthermore, the use of long acting β2-agonists is associated
with an increased risk of exacerbations and asthma related deaths (Wener & Bel 2013). An alternative
to pharmacological intervention is bronchial thermoplasty, which uses radiofrequency thermal energy
to ablate the ASM layer (Pretolani et al. 2017), with reports of improved health outcomes 10 years
after the procedure (Chaudhuri et al. 2021). The physiological mechanism of this somewhat
controversial treatment methodology is now becoming more clear; there is evidence of attenuated
AHR in patients with mild to moderate asthma after bronchial thermoplasty (Cox et al. 2006),
increased bronchial tree volume (Langton et al. 2020a; Langton, Noble & Donovan 2021), reduced
airway resistance (Langton et al. 2020b) and ventilation heterogeneity (Langton et al. 2020c).

1.2.2 Airway hyperresponsiveness (AHR)
Airway hyperresponsiveness is an important feature of asthma and other respiratory diseases, which
describes an excessive airway narrowing capacity in response to a contractile stimulus i.e. a bronchial
challenge. Bronchial challenges directly or indirectly promote ASM contraction. A direct challenge
causes muscle contraction by activating specific receptors on ASM cells, and includes methacholine
and histamine (Borak & Lefkowitz 2016), acting through M3 and H1 receptors respectively. An
indirect challenge includes exercise and cold air which promote ASM contraction by stimulating the
endogenous release of bronchoactive mediators such as histamine (Joos & O'Connor 2003). The
subsequent bronchoconstrictor effect on lung function of healthy individuals is small, compared to
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the enhanced constriction observed in asthmatic patients (Cockcroft & Davis 2006; Woolcock,
Salome & Yan 1984).
The methacholine challenge is most commonly performed in order to assess AHR and begins with a
baseline measurement of lung function (i.e. FEV1 and FVC) via spirometry (Coates et al. 2017). A
given concentration of methacholine is then administered using a nebuliser while the subject breathes
quietly (tidal breathing) for at least 1 minute followed by spirometry (Coates et al. 2017). Increasing
concentrations of methacholine are administered and spirometry subsequently performed, until the
measured FEV1 falls by 20% of baseline. The provocative concentration of a contractile stimulus
(methacholine), that corresponds to a 20% decrease in FEV1 is referred to as the PC20, which can be
used to categorise the level of airway responsiveness in an individual (Table 1.1.) (Coates et al. 2017;
Crapo et al. 2000). A PC20 of >16 mg/mL indicates normal airway responsiveness, while an AHR
classification can be concluded when PC20 is <4 mg/mL (Coates et al. 2017; Crapo et al. 2000).
Airway hyperresponsiveness is well depicted by plotting a dose-response curve of FEV1 against log
[contractile stimulus]. In healthy individuals a sigmoidal curve is observed, which shifts leftwards
(increased sensitivity) in patients with asthma (Figure 1.3.) (Woolcock, Salome & Yan 1984). Mild
asthmatics still exhibit a sigmoidal curve, however, the curve’s plateau increases (elevated maximal
response). The plateau is absent in moderate asthmatics, a feature of asthma that cannot be obtained
from PC20 (Woolcock, Salome & Yan 1984). An increase in sensitivity and elevated or absent
maximal response are together reflective of AHR.
Clinicians often utilise AHR as a ‘functional’ biomarker to assist in the diagnosis and management
of asthma (GINA 2020). Due to the transient nature of asthma symptoms, they are not always a
reliable source of evidence for clinicians to make a diagnosis and determine the severity of asthma.
Identification of AHR enables the clinician to be more confident in a diagnosis of asthma severity
(GINA 2020).
Table 1.1. Categorisation of airway responsiveness based on PC20
PC20 (mg/mL)

Interpretation

>16

Normal airway responsiveness

4-16

Borderline AHR

1-4

Mild AHR

0.25-1

Moderate AHR

<0.25

Severe AHR

The level of airway responsiveness in an individual can be indicated by the PC20 (mg/mL), which is
the provocative concentration of a contractile stimulus (methacholine) corresponding to a 20%
decrease in FEV1. Adapted from Coates et al. (2017).
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Figure 1.3. Airway narrowing capacity in mild to moderate asthmatics and healthy individuals

in response to inhaled histamine during a bronchial challenge. Greater airflow obstruction and
hence airway narrowing capacity is observed with increasing severity of asthma. The leftward shift of
the sigmoidal curve represents an increase in sensitivity to histamine. Adapted from Woolcock, Salome
and Yan (1984).

Figure 1.4. The relationship between normalised ASM thickness (√ASM area/Pbm) and airway
narrowing (% volume) in bronchial segments from healthy and asthmatic subjects. The ASM
area was normalised to the perimeter of the basement membrane (Pbm). Asthmatics exhibit greater
thickening of the ASM layer than healthy subjects, which in turn is positively correlated with airway

narrowing. Adapted from Noble et al. (2013).

The underlying mechanism leading to AHR in asthma is unclear, however evidence indicates an
association with airway remodelling, in particular the expansion of the ASM layer (Lambert et al.
1993; Noble et al. 2013). Simulations from mathematical models indicate that an increase in the
thickness of the ASM layer, as seen in asthma, enhances airway narrowing capacity via greater muscle
shortening (Lambert et al. 1993). The simulation was supported in a study by Noble et al. (2013),
where thickening of the ASM layer was accompanied by an increase in airway narrowing capacity in
the airways of asthmatic patients (Figure 1.4.). Consequently, thickening of the ASM layer is believed
to be a major contributor to AHR.
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1.2.3 Airway remodelling
Airway remodelling refers to a series of structural changes that occur in the airways of individuals
with respiratory disease. In asthma, the structural changes observed include an increase in the
following airway components: epithelial thickness, basement membrane thickness, goblet cells,
submucosal cells, airway vasculature (angiogenesis) and ASM mass (Figure 1.5.) (Castro-Rodriguez
et al. 2018; James 2005). Airflow is impeded as airway calibre decreases due to increased mucous
production (goblet and submucosal cell proliferation), airway wall oedema (a downstream
consequence of processes such as angiogenesis) and AHR (increased ASM mass). The role that ASM
plays in asthma, more specifically in the development of symptoms, is evident through the effective
use of bronchodilators and bronchial thermoplasty in treating the condition (Cazzola et al. 2013;
Pretolani et al. 2017). Expansion of the ASM layer is associated with reduced lung function and
worsening disease severity (Gillissen & Paparoupa 2015; James et al. 2009). The focus of the present
thesis is therefore directed at the origin of the abnormally thick ASM layer seen in asthmatic airways.

Normal

Asthma

Basement
membrane

Epithelium

ASM
100 μm

Figure 1.5. Comparison of histological cross-sections of a medium sized airway (Movat’s
pentachrome stain) from a healthy (left) and asthmatic (right) subject. Remodelling of the
asthmatic airway is visible in the cross-section above, as the airway smooth muscle (ASM, stained
pink), epithelium (stained purple) and basement membrane (stained orange) are clearly thicker than
in the healthy airway. There is also an increased mucous production (stained pale blue) in the
epithelium of the asthmatic airway. Adapted from Wadsworth, Sin and Dorscheid (2011) .
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1.2.4 Mechanisms of airway smooth muscle thickening
There are three likely mechanisms that contribute to the increased ASM thickness seen in asthma:
hypertrophy (i.e. increase in cell size), hyperplasia (i.e. increase in cell numbers) and an increase in
ECM within the ASM layer (Figure 1.6.) (James 2005). The available evidence supporting these
mechanisms is described below.
Several studies have reported ASM hypertrophy in the large (Benayoun et al. 2003; James et al. 2012)
and small (Ebina et al. 1993) airways of asthmatic patients. Benayoun et al. (2003) obtained bronchial
biopsies from healthy individuals and asthmatics with varying degrees of disease severity. All
categories of asthma severity had larger ASM cells compared to the control group, with severe
asthmatics exhibiting the greatest increase in cell size. Similar findings were reported by James et al.
(2012) following post-mortem examination of airways from non-fatal and fatal cases of asthma;
irrespective of disease severity, hypertrophy was only observed in the large airways of asthmatics.
However, in another post-mortem examination of airways from fatal asthmatics, hypertrophy was
only found in the small airways (Ebina et al. 1993).
Hypertrophic growth of the ASM layer in asthma may be accompanied by hyperplasia at similar or
different anatomical regions (Ebina et al. 1993; James et al. 2012). In the study by James et al. (2012),
only fatal cases of asthma exhibited both hypertrophy and hyperplasia in the large airways, while in
the small airways, only hyperplasia was detected. Findings from the study by Ebina et al. (1993) also
demonstrated the presence of hypertrophy and hyperplasia in the large airways of fatal asthmatics,
however, hyperplasia was not detected in the small airways. Whilst the presence of both hypertrophy
and hyperplasia appears to be associated with worsening disease severity of asthma (Ebina et al. 1993;

Figure 1.6. Proposed mechanisms leading to increased ASM thickness in asthma. The presence
of one or more mechanisms: an increase in cell size (hypertrophy), number (hyperplasia) or an
increased deposition of ECM may contribute to an increased ASM thickness. Adapted from Bara et al.
(2010).
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James et al. 2012), there is evidence that the presence of hyperplasia alone is a marker of less severe
disease. A bronchial biopsy study of mild to moderate asthmatic patients by Woodruff et al. (2004)
found evidence of ASM layer thickening due to hyperplasia without hypertrophy. Whether this
phenomenon is localised to the large airways is unclear as small airways were not examined.
Thickening of the ASM layer in asthma may also be influenced by changes to the composition of the
ASM layer, more specifically increased deposition of ECM. In asthma there is evidence of increased
deposition of ECM proteins including tenascin, collagen and fibronectin within the airway wall
(Laitinen et al. 1997; Roche et al. 1989; Wilson & Li 1997). It was theorised that due to increased
deposition of ECM components in the airways of asthmatic subjects, this could lead to
disproportionately greater ECM within the ASM layer. An increase in the volume fraction of ECM
(VECM) within the ASM layer has previously been reported in subjects with fixed airflow limitation
(Cairncross et al. 2020; Jones et al. 2016). However, this pathology does not seem to apply to
reversible airflow limitation. In asthma, VECM was found to be similar in individuals with and without
asthma, though the absolute amount of ECM was greater in asthmatics (James et al. 2012).

1.3 Developmental origins of asthma
1.3.1 Evidence of early life origins of asthma
Airway remodelling in asthma has traditionally been thought to arise due to repeated inflammatory
events developed throughout life, however, the findings from several studies have begun to cast doubt
on whether postnatal inflammation is indeed the primary determinant of airway remodelling and
whether anti-inflammatory therapy can be expected to correct primary pathologies such as ASM
thickening (Wang et al. 2020). Influential findings from James and colleagues (James et al. 2009;
James et al. 2018) point to a lack of an effect of age or duration of disease on ASM thickness. In the
scatter plot shown in Figure 1.7., subjects with asthma have a thicker ASM layer and this is greatest
in fatal disease (which can be simplistically considered severe asthma), but there is no correlation
with subject age. Given that subjects are likely exposed to numerous inflammatory exposures
throughout life, a gradual increase in ASM thickness might be expected if inflammation was an
influencing factor.
Evidence acquired from children with asthma or infants/children who go on to develop asthma is
insightful since this is considered an important timepoint corresponding to the onset of disease.
Biopsy studies of children with asthma indicate that a larger volume fraction of the subepithelial
tissue is occupied by ASM (Regamey et al. 2008). The amount of ASM in the biopsy was related to
cell number rather than cell size. In preschool aged children not yet diagnosed with asthma, thickening

ASM (area/Pbm) mm
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Figure 1.7. ASM thickness (ASM area/Pbm) by age (years) in healthy individuals and subjects
with nonfatal or fatal asthma. ASM thickness (ASM area normalised to the perimeter of the basement
membrane, Pbm) was greater in subjects with a history of asthma compared to controls, with fatal
asthmatics exhibiting more thickening than subjects with non-fatal asthma. Furthermore, no effect of
age on ASM thickness was observed in any of the groups. Adapted from James et al. (2009).

of the ASM layer was associated with the development of the disease later in childhood (O'Reilly et
al. 2013). The same association was not identified for either basement membrane thickness or
mucosal eosinophil or ASM mast cell values; there was no difference between children who did or
did not have asthma at school age.
When assessing the majority of evidence on airway structure in children, there seems to be little
support for the notion that inflammation produces ASM thickening. A systemic review of 39 studies
examining airway remodelling and inflammation in childhood asthma was conducted by CastroRodriguez et al. (2018). Their findings are stated verbatim: “The relationship between inflammation
and remodelling in children cannot be determined. Failure to demonstrate eosinophilic inflammation
in the absence of remodelling is contrary to the hypothesis that inflammation causes these changes”.
These findings do not dismiss the important role of inflammation in asthma pathogenesis and severity.
However, it is possible that airway inflammation and remodelling can be observed simultaneously
(e.g. in biopsy) without having any causal relationship. This idea was nicely demonstrated in a mouse
model of ASM thickening produced by growth factor overexpression, independent of inflammation
(Wang et al. 2018a). Thickening of ASM exaggerated bronchoconstriction and this was further
enhanced when animals were sensitised and exposed to an allergen (Wang et al. 2018a). The
combined exposure produced an inflamed airway with remodelling (akin to asthma), but due to two
independently acquired abnormalities.
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Thickening of the ASM layer is positively correlated with airway narrowing capacity (Noble et al.
2013) and a major determinant of AHR (Lambert et al. 1993). Therefore, lung function data of infants
and children prior to the onset of disease may indicate the presence of underlying airway structural
abnormalities early in life. In a longitudinal study of an at-risk birth cohort (n= 411), spirometry and
bronchial responsiveness to methacholine was assessed in children from infancy until the age of 7
years (Bisgaard, Jensen & Bønnelykke 2012). Infants that developed asthma later in childhood had
impaired lung function characterised by reduced airflow and enhanced bronchial responsiveness
(Bisgaard, Jensen & Bønnelykke 2012). A similar association exists between infant lung function and
adult asthma, such that impaired lung function in infancy is predictive of persistent asthma in
adulthood (Owens et al. 2017). The significance of early life impairment in lung function extends
beyond asthma, for instance a low lung function in childhood is predictive of chronic obstructive
pulmonary disease later in life (Bui et al. 2021). Irrespectively deficits in lung function early in life
implicates the in utero environment as the origin of an abnormal airway structure that may follow
adverse maternal exposures (Bui et al. 2020).
In summary, there is mounting evidence of early structural and functional changes to the airways
prior to a doctor-diagnosis of asthma. Once asthma has been acquired, ASM thickness seems
relatively fixed (James et al. 2018), which matches well with the trajectory of lung function, where
relative to control, disease progression is minimal (James et al. 2005; Phelan, Robertson & Olinsky
2002; Sears et al. 2003). Asthma severity is also relatively constant over time (Phelan, Robertson &
Olinsky 2002). These observations suggest an alternative pathway to the onset of airway remodelling,
one that is initiated early in the disease course and perhaps prior to birth. This thesis therefore
considers the possibility that airway remodelling is a developmental abnormality. To provide
sufficient context, Section 1.3.2 will summarise key stages of respiratory system development.
Comparisons between the different stages for humans and sheep (the model adopted in this project)
lung development are indicated in Table 1.2. below.
Table 1.2. Differences in human and sheep foetal lung development
Lung development stage

Human (weeks)

Sheep (days)

Embryonic

3-7

17-30

Pseudoglandular

5-17

30-85

Canalicular

16-26

80-120

Saccular

24-38

110-140

Alveolarisation

Week 36-8 years

120-term

Term

>38

150

Lung development is much longer in humans than in sheep. Furthermore, in sheep alveolarisation is
completed by the time of birth, while in humans this process continues postnatally. Adapted from
Davis and Mychaliska (2013); Schittny (2017).
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1.3.2 Pre-natal and post-natal human lung development
Lung development begins early in gestation and occurs across five overlapping phases: embryonic
(weeks 3-7), pseudoglandular (weeks 5-17), canalicular (weeks 16-26), saccular (weeks 24-38) and
alveoli (week 36-8 years) (Figure 1.8.) (Davis & Mychaliska 2013). Week 3 of gestation marks the
beginning of the embryonic stage (pre-natal lung development), in which lung organogenesis occurs.
An outgrowth known as the primitive lung bud develops from the ventral wall of the foregut and
eventually gives rise to airways and alveoli (Davis & Mychaliska 2013). The primitive lung bud is
lined with endoderm, forming airway epithelium and expanding into the surrounding mesenchyme to
generate smooth muscle, vasculature, cartilage and other connective tissue. (Burri 1984). Autonomic
innervation of the lung develops from the ectoderm (Davis & Mychaliska 2013). During the
embryonic stage, the neural crest cells migrate from the ectoderm to the primitive lung bud and
develop into the sympathetic and parasympathetic nervous systems. The pulmonary vasculature also
develops during the embryonic stage, as the pulmonary arteries form from outgrowths off the sixth

Lung development stages

Embryonic
Weeks 3-7

Pseudoglandular
Weeks 5-17

Canalicular
Weeks 16-26
Saccular
Weeks 24-38
Alveolarisation
Week 36-8 years
Figure 1.8. The stages of lung development demonstrating the development of the airways.
The branching pattern of the tracheobronchial tree becomes established during the pseudoglandular
phase, which also coincides with the appearance of ASM in the large airways. Adapted from Schittny
(2017).
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pair of aortic arches (Burri 1984; Davis & Mychaliska 2013). Pulmonary veins arise from the
developing heart (Davis & Mychaliska 2013). Development of the pulmonary arterial and venule
systems occurs in parallel to branching of the primitive lung bud (Davis & Mychaliska 2013; Jeffery
1998). From the primitive lung bug the trachea forms and bifurcates into the left and right primary
bronchial bud (main bronchi), which undergo further branching in the pseudoglandular stage.
During the pseudoglandular stage, the tracheobronchial tree and vasculature branching patterns
become established, and smooth muscle appears in the large airways (Jeffery 1998). Mesenchymal
cells differentiate into smooth muscle myoblasts, immature smooth muscle cells and eventually
mature smooth muscle cells i.e. ASM cells (Sparrow & Lamb 2003). Bundles of ASM cells encircle
the circumference of the airway and are laid down in a parallel manner along the airway, except where
the airway bifurcates (Sparrow & Lamb 2003). At a bifurcation, the ASM cell bundles change
orientation from parallel to oblique; curving of the bundles accommodates for the associated change
in airway contour (Sparrow & Lamb 2003). Airway smooth muscle first appears in the large
(proximal) airways and then sequentially in the smaller (distal) airways (Jeffery 1998). Any
interference during the pseudoglandular stage of lung development could promote thickening of the
ASM layer.
The mesenchymal cells not only differentiate into ASM, but also cartilage, which provides structural
support to the airways (Davis & Mychaliska 2013; Jeffery 1998). By the end of the pseudoglandular
stage the bronchioles have formed and are lined with pseudostratified columnar ciliated epithelium
(Davis & Mychaliska 2013; Merkus, ten Have-Opbroek & Quanjer 1996; Schittny 2017). The
differentiation and maturation of primitive endodermal cells gives rise to the various cell types that
comprise airway epithelium: ciliated, goblet and basal cells (Jeffery 1998). Following a similar
pattern to ASM, both cartilage and airway epithelium first appear in the proximal airways before
spreading distally (Burri 1984; Jeffery 1998; Schittny 2017).
The subsequent canalicular stage is characterised by the early development of lung parenchyma and
establishment of the distal pulmonary circulation (Burri 1984; Merkus, ten Have-Opbroek & Quanjer
1996). Acini are the functional units of the lung and constitute the lung parenchyma (Schittny 2017).
Each acinus is supplied by a terminal bronchiole and is comprised of respiratory bronchioles with
clusters of short tubules and buds at the end, that develop into alveolar ducts and alveoli respectively
(Burri 1984; Schittny 2017). Cuboidal epithelium lines the newly formed respiratory airways with
undifferentiated glycogen-rich cuboidal epithelial cells, giving rise to Type I and II pneumonocytes
(Davis & Mychaliska 2013). Type I pneumonocytes form a thin sheet that is interspersed with Type
II pneumonocytes and lines the inner surface of the future alveolar ducts and alveoli (Burri 1984;
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Schittny 2017). Surfactant, which is secreted by the Type II pneumonocytes, aids in reducing surface
tension and preventing atelectasis of alveoli (Chakraborty & Kotecha 2013; Schittny 2017).
Growth of acinar airways results in the condensation of the surrounding mesenchyme, due to
lengthening of the tubules and widening of the buds (Burri 1984; Schittny 2017). Furthermore, the
previously loose network of capillaries within the mesenchyme surrounds the future alveoli, and in
doing so are in close proximity to the overlying cuboidal epithelium (Burri 1984). The resulting
alveolocapillary membrane gradually becomes thinner and eventually forms the future blood-gas
barrier (Burri 1984; Davis & Mychaliska 2013; Merkus, ten Have-Opbroek & Quanjer 1996). Both
the acini and the future blood-gas barrier continue to develop into the saccular stage.
The final stage of pre-natal lung development is the saccular stage, in which airway branching has
ceased and alveolarisation has yet to begin (Schittny 2017). The acinar airways continue to grow in
length and width to form clusters of larger airspaces (Schittny 2017). Where two such airspaces meet,
primary septa form. The septa are lined with mainly Type I pneumocytes interspersed with Type II
pneumocytes and contain a double-layered capillary network separated by a layer of mesenchyme
(Burri 1984; Schittny 2017). As in the canalicular stage, the mesenchyme layer undergoes
condensation, and by 24 weeks the future blood-gas barrier is thin enough (0.6 μm) to facilitate
adequate gas-exchange (Davis & Mychaliska 2013). Furthermore, the mesenchymal cells
differentiate into elastic and collagen fibres, both of which (particularly the former) play a vital role
in alveolar formation (Burri 1984; Mecham 2018; Schittny 2017).
Alveolarisation is the final stage of lung development, whereby the number of alveoli significantly
increases from between ~0-50 million at birth to over 300 million in an adult lung (Burri 2006).
Narrow ridges arise from the primary septa and rapidly elongate to form secondary septa, which
divide the airspaces into alveoli (Burri 1984; Burri 2006; Mecham 2018). Within the crest of each
secondary septum are elastic and collagen fibres, whose presence are associated with the initiation of
secondary septa formation and hence alveolarisation (Burri 2006; Mecham 2018). Studies examining
lung development in PDGF-A-deficient mice (lacking mesenchymal cells involved in elastic and
collagen fibre formation), observed a reduction in elastic and collagen fibre deposition within the
lung parenchyma that was associated with an absence of alveolarisation (Lindahl et al. 1997).
Immediately prior to birth, and up until 6 months of age postnatally, there is a sudden increase in
alveoli number in the lung parenchyma that is referred to as ‘bulk alveolarisation’ (Burri 2006). Over
the next several months after birth, up until 2-3 years of age, the lung parenchyma undergoes further
development (Burri 2006). The primary and secondary septa are considered ‘immature’ due to the
presence of a double-layered capillary network, compared to the single-layered capillary network of
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the ‘mature’ interalveolar walls of an adult lung (Burri 1984; Burri 2006). Consequently, the doublelayered capillary network undergoes restructuring to become single-layered, a phase of
alveolarisation that is specific to mammalian lungs (Burri 1984; Burri 2006). The two capillary layers
orientate next to each other, as the absolute mass of the septal interstitium reduces (Burri 2006).
Eventually, both capillary layers merge and the septa transform into the slender interalveolar walls
found within an adult lung (Burri 1984; Burri 2006). By 3 years of age, a child’s lung is a miniaturised
version of an adult’s lung (Burri 2006). Based on previous studies of alveolar counting in children,
the alveolar number of a child’s lung will continue to increase until 8 years of age (Burri 1984; Burri
2006; Dunnill 1970). While alveolarisation is the final stage of lung development, the ASM layer
(and airway wall in general) continues to grow and increase in mass until adulthood (Hislop &
Haworth 1989). The abnormal expansion of the ASM layer seen in asthma may be attributed to the
disruption of normal growth processes, for which there is little information in the literature. Research
has largely been concerned with understanding abnormal growth processes (airway remodelling)
associated with respiratory diseases; in spite of this there is still a lack of consensus on the exact
growth mechanism involved in producing the ASM thickening in asthmatic airways. The present
thesis will therefore attempt to address this gap in the literature by characterising the mechanisms
associated with normal and abnormal ASM growth.

1.3.3 Prenatal disorders affecting lung organogenesis
The proposed association between the foetal environment and the onset of airway remodelling leading
to asthma later in life stems from the ‘Developmental Origins of Health and Disease’ (previously
‘Foetal Origins of Disease’) hypothesis, which is an expansion of the well-known ‘Barker hypothesis’
(Calkins & Devaskar 2011; Mandy & Nyirenda 2018). The Barker hypothesis initially proposed that
undernutrition in utero and during infancy predisposed an individual to later development of
cardiovascular disease, including coronary heart disease and stroke in adulthood (Barker 2007). The
‘Developmental Origins of Health and Disease’ hypothesis was subsequently revised to postulate that
exposure to adverse events (both nutritional and non-nutritional disturbances) during foetal
development may lead to the onset of numerous diseases in adulthood (Calkins & Devaskar 2011;
Mandy & Nyirenda 2018). In the context of asthma, exposure to such adverse events in utero is
thought to affect airway development in such a way that it may account for the changes to airway
structure and physiology reported in early childhood. There are number of prenatal abnormalities that
potentially disrupt airway development and hence lead to the onset of asthma, which include but are
not limited to intrauterine growth restriction (IUGR), maternal exposure to environmental triggers,
preterm birth and chorioamnionitis.
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A foetus is thought to possess an inherent ‘growth potential’; failure to reach this expected growth
potential is known as IUGR (Cox & Marton 2009; Pike, Pillow & Lucas 2012). Common risk factors
associated with IUGR include maternal smoking, hypoxia and late gestation placental ischemia (Pike,
Pillow & Lucas 2012; Suhag & Berghella 2013). Growth restriction generally arises due to
insufficient foetal oxygen and nutrient supply by the placenta, which occurs in late gestation during
the alveolarisation stage of lung development (Cox & Marton 2009; Pike, Pillow & Lucas 2012).
Distal airway development would therefore be assumed to be most likely affected by IUGR. There is
evidence of structural changes to lung parenchyma in sheep models of IUGR, where growth
restriction has been associated with decreased alveolarisation as well as thickening of the alveolar
wall and blood-air barrier (Lipsett et al. 2006; Maritz et al. 2004). However, no such thickening of
the airway wall has been observed as is found in asthma, rather the walls are thinner and contain less
cartilage (Wignarajah et al. 2002). Of particular interest are recent findings from a study of maternal
hypoxia-induced IUGR mice which demonstrated evidence of airway remodelling, specifically
greater ASM thickening in growth restricted foetal mice compared with controls (Wang & Noble
2020). Furthermore, in rodent offspring that were classified as ‘IUGR’, bronchoconstrictor response
to inhaled methacholine is altered (Wang et al. 2018b), there are changes to in vitro ASM force
production (Noble et al. 2019) and a more heterogenous distribution of airway calibre (Wang et al.
2017). These various findings from models of IUGR demonstrate the capacity for disturbances within
the in utero environment to impact airway development.
Maternal exposure to environmental insults such as smoking and air pollution are another source of
potential foetal growth disturbance that have been associated with the onset of respiratory disease
after birth (Britt et al. 2013; Dietert 2011). The risk of childhood asthma is increased in children
whose mothers smoked during pregnancy, and has been implicated in the onset of other risk factors
for asthma, including IUGR, preterm birth and impaired lung function at birth (Zacharasiewicz 2016).
Foetal exposure to maternal smoking is known to cause abnormal lung development and placental
abnormalities through nicotine and other toxins contained in tobacco smoke (Zacharasiewicz 2016).
Studies of maternal smoking in mice have shown structural and functional changes in the offspring
of dams exposed to smoke during pregnancy. Prenatal smoking in mice induced thickening of the
ASM layer and enhanced airway response to methacholine in offspring, both of which are
contributing factors for asthma development (Blacquière et al. 2009). The effects of maternal smoking
in animal offspring are comparable to that found in infants and children, with reports of increased
airway responsiveness (Young et al. 1991) and reduced airway function (Dezateux et al. 2001). There
is also evidence of gross airway wall thickening associated with maternal smoking in children who
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died from sudden infant death syndrome, however no ASM remodelling was found (Elliot, Vullermin
& Robinson 1998).
Preterm birth (<37 weeks gestation) is another risk factor in the development of asthma, which is
associated with an impaired lung function at birth, often attributed to incomplete/interrupted lung
development (Been et al. 2014; Bolton et al. 2015; Moss 2006). The infant is therefore born with
lungs that are structurally immature and deficient in surfactant, however, attempts are made to rectify
this incomplete growth by inducing maturation of the preterm lung via maternal administration of
antenatal corticosteroids (Moss 2006). The functional consequences of this incomplete foetal lung
growth are apparent in data collected from studies of children born preterm, in which an early birth
has been shown to be associated with lower respiratory flow rates and enhanced bronchial
responsiveness (Bolton et al. 2015; Moss 2006). The reason behind the relationship between preterm
birth and asthma remains unclear, and is further complicated by a well-established association
between asthma and the prenatal disorder chorioamnionitis (Been et al. 2014; Getahun et al. 2010).
Chorioamnionitis is a prenatal disorder characterised by foetal membrane (chorion and amnion)
inflammation and infection, which promotes foetal lung inflammation (Getahun et al. 2010).
Ureaplasma is the most common bacterium species isolated from human amniotic fluid in cases of
intrauterine infection (Romero et al. 2006) and has previously been used to induce chorioamnionitis
in prenatal ovine models (Knox et al. 2010; Moss et al. 2008). Chorioamnionitis is associated with
preterm birth and subsequent asthma development (Getahun et al. 2010; Romero et al. 2006). One
could speculate that this inflammatory in utero condition contributes to both prematurity and/or onset
of asthma later in life as a result of disrupted airway growth. Lung tissue from still born foetuses with
chorioamnionitis exhibited increased ASM cell proliferation compared with foetuses where
chorioamnionitis was not identified (May et al. 2004). It is therefore feasible that in the scenario of
chorioamnionitis, an inflammatory driven airway remodelling process promotes thickening of the
ASM layer that may be detectable (directly or indirectly through changes in function) in the first
stages of prenatal life. An individual who has established remodelling may carry a life-long risk for
asthma development, especially when combined with other known risk factors, such as susceptibility
to allergic disease. Research on the effects of chorioamnionitis on airway development is lacking in
the literature, a knowledge gap addressed in the present thesis.
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1.4 Aims and hypothesis
The prenatal period is an important part of lung development, which involves many significant
structural changes including the emergence of ASM. Any disruptions during the prenatal period could
lead to the postnatal development of respiratory diseases such as childhood asthma, which is
characterised by abnormal thickening of the ASM layer. However, before we can begin to investigate
the mechanisms leading to abnormal airway growth, we must first understand normal growth
processes, namely the mechanism associated with normal ASM growth. The first study of this project
will attempt to characterise the normal development of the airways from late gestation until
adulthood, to establish the mechanism of ASM thickening with maturation. In the second study, we
will further investigate the effect of a common prenatal disorder known as chorioamnionitis on airway
development in utero, which includes the potential modification of the ASM layer i.e. abnormal ASM
thickening. These aims will be accomplished by a series of structural examinations on airway samples
acquired from an ovine developmental model, and a prenatal ovine model of chorioamnionitis,
induced through intra-amniotic injections of the bacterium Ureaplasma. This project will test the
following hypotheses outlined below.

Hypotheses:
1) The thickness of the ASM layer increases during development from late gestation to adulthood.
2) Normal ASM growth is produced by one or more of the following mechanisms: hyperplasia,
hypertrophy or an increased deposition of ECM.
3) Chorioamnionitis produces thickening of the ASM layer.
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Chapter 2 – Methods

Experimentation was approved by the Animal Ethics Committee of The University of Western
Australia (UWA, RA/3/100/1368 and RA/3/100/1512). Animals were housed at the Shenton Park
Field Station and Large Animal Facility of UWA, from where tissue samples were collected for
dissection in the Respiratory Research laboratory of the School of Human Sciences at UWA.
Histological analyses of tissue samples were carried out in the Stereological Suite at the Western
Australian Sleep Disorders Research Institute, Sir Charles Gairdner Hospital.

2.1 Animal handling
An ovine model (Ovis aries) was used to examine airway development under normal (Study 1 - results
presented in Chapter 3) and pathological (i.e. chorioamnionitis, Study 2 - results presented in Chapter
4) conditions. The first study acquired animals of different ages, from late gestation to adulthood: 128
days’ gestation (n= 8); 150 days’ gestation (term, n= 9); 1 month (n= 9); 4 months (post-weaning, n=
10); 1 year (sexual maturity i.e. adult, n= 11); and 5 years (n= 7). All sheep were euthanised via a
barbiturate overdose (sodium pentobarbitone, 150 mg/kg) administered intravenously and
exsanguinated, followed by excision of the trachea and lungs. Prenatal lambs (128 and 150 days’
gestation) were delivered via caesarean section, before organ removal. Measurements of body and
lung weights as well as tracheal length and diameter were recorded for each animal.
In the second study, chorioamnionitis was simulated through intrauterine exposure to Ureaplasma
(n= 16), which was compared to a vehicle (media) only control group (n= 10), as described previously
(Dando et al. 2012). At 50 days’ gestation, under ultrasound guidance, 2 mL of Ureaplasma parvum
serovar 6 (2 × 104 colony-forming units, CFUs) or media control was injected into the amniotic cavity
of the ewes. The lambs were subsequently studied after caesarean delivery at 135-141 days’ gestation.
Protocols for euthanasia and tissue collection were the same as that described for Study 1.

2.2 Tissue sampling and processing
The (left and right) lungs were fixed by instillation of 10% neutral buffered formalin through the
trachea at 20 cmH2O. Only the left lung was used for histological analysis, as the right lung was
utilised in related studies characterising airway smooth muscle (ASM) contractile function. Each
fixed (left) lung was dissected to acquire transversely cut airway samples (free of branching) from
multiple central and peripheral anatomical regions along the tracheobronchial tree. Airway samples
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were obtained from the trachea, main bronchus (MB), left upper segmental (LUS), left upper subsegmental (LUSS) and left upper parenchymal section (LUP, containing small peripheral airways)
(Figure 2.1.). Similar samples were acquired from the middle and lower lobes and were stored for
future investigations in a biobank.
The acquired airway samples were placed in 70% ethanol, before being processed in an automated
tissue processor (model no. ASP 200, Leica Biosystems, Nussloch, Germany). Airway samples were
processed as follows: (1) equilibration to increasing concentrations of ethanol (i.e. 70%, 90% and
100%) for 10 hours; (2) equilibration in toluene for 2 hours; and (3) immersion in paraffin wax for
2.5 hours. Following tissue processing the airway samples were embedded in paraffin wax. The
resulting wax blocks were sectioned transversely using an automated rotary microtome (HistoCore
AUTOCUT, Leica Biosystems, Nussloch, Germany) to obtain 0.5μm and 30μm sections. To facilitate
the cutting of thin sections, wax blocks were initially cooled with dry ice.
Thin 0.5μm sections were manually stained using the Masson’s trichrome technique, to examine
volume fractions (VV) of ASM (VASM), extracellular matrix (ECM, VECM) and ‘Other’ (VOTHER)
within the ASM layer by point counting.

Thick 30μm sections were manually stained with

Haematoxylin only, to examine airway wall morphology as well as ASM cell size and number by
morphometry and stereology respectively.
UPPER

A)

MB

B)

LUS
LUP
LUSS
LMP

LLP

LOWER
Figure 2.1. Dissected sheep lung. (A) Airway samples were acquired from the main bronchus (MB),
left upper segmental (LUS) and left upper sub-segmental (LUSS). (B) Parenchymal sections containing
small peripheral airways were taken from the left upper (LUP), middle (LMP) and lower (LLP) region of
the lung, however only the LUP section was used for the purposes of this project. The upper and lower
regions of the lung are indicated by the black double-ended arrow. Not shown in the figure is sampling

from the trachea, which was also obtained.
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2.3 Point counting: volume fractions
Thin 0.5μm sections were viewed under 100 X magnification using a confocal microscope (model
no. BX51, Olympus Life Science, Tokyo, Japan) to estimate VASM, VECM and VOTHER within the ASM
layer. ‘Other’ refers to space between the ASM cells. Each component of the ASM layer was
differentiated according to the colour of the stain; ASM stained red, ECM stained blue and ‘Other’
appeared white. A counting grid was overlaid onto the section and the number of points (intersections
on the grid) falling on the tissue of interest (muscle, ECM or ‘Other’) was determined (Figure 2.2.).
Point counting was performed systematically around the airway circumference in a clockwise
manner, beginning at 12 o’clock and shifting subsequently to 3, 6 and 9 o’clock, and if necessary, 1,
4, 7 and 10 o’clock until 200 points of ASM was reached. If at a specific location smooth muscle was
not present, this region was omitted and the next region was then counted.

0.05 mm
Figure 2.2. Magnified section (100 X) of ASM layer from a 0.5 μm section of a foetal MB stained
using the Masson’s trichrome technique. A counting grid was overlaid onto the ASM layer and the
points falling on the tissue of interest (ASM cells, stained red; ECM, stained blue and ‘Other’, appeared
white) were counted. Counting was performed in a clockwise manner around the airway circumference
until 200 points of ASM was reached.

Each point on the counting grid represents a unit of area, from which an area fraction (A A) can be
calculated. To determine VV it was assumed that AA= VV, based on the principle of Delesse (Reid
1980). Therefore, VASM was determined by dividing the total number of points falling on the ASM
layer by the sum of the points falling on ASM, ECM and ‘Other’.
VASM= (∑ points on ASM) / (∑ points on ASM + ECM + ‘Other’)
To calculate VECM or VOTHER the equation above was used, however the total of number of points
falling on ASM was replaced by ECM or ‘Other’ respectively.

38
2.4 Planimetry: measuring airway wall dimensions
Thick 30μm sections were analysed via planimetry using a confocal microscope (model no. BX51,
Olympus Life Science, Tokyo, Japan) attached to a digital camera (model no. DP72, Olympus Life
Science, Tokyo, Japan) and the imaging software newCAST (version 4.2.1, Visiopharm A/S,
Horsholm, Denmark). Airway wall dimensions (perimeter and areas of wall compartments) were
analysed under 10 X magnification, except for the LUP airways which were examined at 100 X. The
following perimeters (Px, mm) and areas (Ax, mm2) were measured: (Pi, Ai) area enclosed by the
internal perimeter of the epithelium; (Pbm, Abm) area enclosed by the basement membrane perimeter;
(Pmo, Amo) area enclosed by the outer border of the ASM layer; and (Po, Ao) area enclosed by the
airway adventitia (Figure 2.3.). The total area occupied by the ASM layer (AASM) and cartilage
(ACART) were also measured. From these measurements the following airway wall areas were
calculated: inner (WAi= Amo-Ai), outer (WAo= Ao-Amo), total (WAt= Ao-Ai) and epithelium (AEPI=
Abm-Ai).
P o, Ao
Pbm, Abm
Cartilage

Epithelium
WAo
WAt

WAi

Pi, Ai
ASM layer

Airway
lumen

Pmo, Amo

Adventitia

Figure 2.3. Schematic of a relaxed airway in cross-section depicting the airway wall dimensions.
Using planimetry, the perimeters and areas of the internal border of the epithelium (Pi, Ai), basement
membrane (Pbm, Abm), outer border of the ASM layer (Pmo, Amo) and the adventitia (Po, Ao) were
measured. From these measurements the inner (WAi), outer (WAo) and total (WAt) airway wall areas
were determined. The area occupied by the ASM layer, cartilage and epithelium were also measured.
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2.5 Stereology: ASM cell size and number
The measurement system was the same as above; 30μm thick sections were viewed under 100 X
magnification. The optical dissector method is a stereological probe used to unbiasedly sample the
ASM layer and determine the number of ASM cell nuclei within a known volume of tissue (Howard
2005). The method involves focusing through the depth of the section i.e. optical dissection, thus
enabling ASM cell nuclei to be counted as they come into focus on the focal plane. However, before
ASM cell nuclei can be counted the depth of the ASM layer must first be determined. Using the
optical dissector method, tissue depth was measured as the distance between the top and bottom
surface of the tissue section. Tissue depth measurement was conducted at 10 points around the airway,
from which the average depth was calculated. Using the average tissue section depth, a ‘guardrail’ or
margin of approximately 5 μm was applied to the top and bottom of the tissue section. Applying
margins ensured that any irregularities of the tissue surface due to cutting artefacts may be avoided.
Following guardrail application, 40 high-power fields (HPF) were randomly generated around the
ASM layer using the newCAST software. A counting frame, which comprised of red exclusion lines
and green active margins, was superimposed onto the focal plane (Figure 2.4.). When the top guardrail
was surpassed in the focal plane, the counting frame was said to be ‘active’ (i.e. the active margins
turned from red to green). Any ASM cell nuclei that came into focus situated wholly or partly within
the frame whilst it was ‘active’ and did not touch the red exclusion lines were counted. Nuclei
counting for the current HPF continued until the bottom guardrail was reached (i.e. active margins
turned from green to red). Sampling then proceeded to the next HPF until all 40 HPF were sampled
and a total number of ASM cells counted for a given airway was determined.
Numerical density (NV, cells/mm3), the resulting number of ASM cell nuclei counted for a given
airway was then divided by the volume of tissue sampled, as indicated below:
NV= total no. ASM cell nuclei / tissue volume
The volume of tissue sampled was calculated by multiplying the area of the counting frame by the
depth of the tissue in which nuclei counting occurred (i.e. distance between the top and bottom
guardrail). From NV, the number of ASM cells per unit of length of airway (NL, cells/mm) and average
cell volume (VC, cells/μm3) were also calculated. Importantly, when the optical dissector focuses
through the depth of a thick and transversely cut section of an airway, this is equivalent to focusing
along the length of an airway section (L, usually 1 mm). Therefore, by multiplying N V by AASM and
L, NL may be calculated:
NL= NV × AASM × L
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Figure 2.4. A magnified region (100 X) of the ASM layer in a 30 μm section (Haematoxylin stain)
of an LUS airway (1 month old lamb) at different depths using the optical dissector. Panels A-F
show the ASM layer at different depths, starting near the top of the ASM layer (Panel A, 5 μm) whereby
the ASM cell nuclei (purple rod-like structures) start to come into focus and down through the ASM layer

until the bottom is reached (Panel F, 30 μm). A guardrail of 5 μm was applied and when the active
margin turned from red (Panel A, 5 μm) to green (Panel B, 10 μm) any ASM cell nuclei that were in
focus, wholly or partly within the counting frame and not touching the red exclusion lines were counted.

Finally, VC was calculated as the inverse of NV. However, since the ASM layer contains not only
ASM, but ECM and ‘Other’ components, ASM volume was corrected to account for these different
components in order to avoid overestimating VC. Therefore, Nv was multiplied by VASM as below:
VC= 1 / NV (NV= cells / (tissue volume × VASM)

2.6 Amniotic fluid analysis for infection
In addition to lung sampling, amniotic fluid was acquired at delivery from control and Ureaplasma
exposed sheep (Chapter 4) and processed for the detection of viable Ureaplasma. Anerobic culture
of 200 μL of thawed amniotic fluid samples in 1.8 mL of 10B broth over 72 hours at 37°C was
performed. Further assessment used ½ dilutions (100 μL samples and 100 μL 10B broth) in 96-well
plates (Knox et al. 2010). Media contained urea which, as it was metabolised by any Ureaplasma
present, caused the media to become more alkaline. The inclusion of the indicator phenol red allowed
visualisation of the pH shift with Ureaplasma growth and the colour change from yellow to red was
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scored (- yellow/negative; + pink; ++ dark pink; +++ red). The positive control was the stock
inoculum (1/10 to 1/200 dilutions).

2.7 Outcome measures and interpretation
The primary outcome measures for both studies were identical and included the following parameters:
Pbm (mm), airway wall areas (inner, outer and total; mm2), AASM (mm2), ACART (mm2), AEPI (mm2),
NV (cells/mm3), NL (cells/mm), VC (cells/μm3) and volume fractions of ASM layer (VASM, VECM and
VOTHER). The perimeter of the basement membrane (Pbm) was used as an indicator of airway size as
it is thought to be constant, even when airway dimensions change i.e. ASM contraction or lung
inflation (Bai et al. 1994; James et al. 1987; James et al. 1988). As a result, Pbm was used to standardise
the absolute measurements of airway wall areas by dividing the respective area by Pbm to calculate
thickness (area/Pbm, mm) or normalised thickness (√area/Pbm, i.e. dimensionless).
The above parameters allow for the determination of airway growth, focusing on the ASM layer, and
also the mechanism driving ASM growth. That is, an increase in the area of the ASM layer is expected
with increasing age and/or disrupted development in the context of disease (e.g. chorioamnionitis).
The area of the ASM layer is driven both by an increase in perimeter and thickness (area/Pbm). Finally,
the growth may be proportional or disproportional, reflected by changes in (√area/Pbm). The
mechanism of ASM growth may be caused by either hyperplasia (i.e. cell proliferation), hypertrophy
(i.e. increased cell size) or due to changes in the ASM layer composition (possibly due to an increase
in VECM). An increase in NL would indicate hyperplasia, whereas an increase in VC would indicate
hypertrophy. Changes to ASM layer composition would be reflected by changes to VASM, VECM and
VOTHER.

2.8 Statistical analyses
Graphical presentation (see Chapters 3 and 4) and statistical analysis of data were performed using
Prism 9 (GraphPad Software Inc., 2021, California, USA). Analyses assume a Gaussian distribution
and data are presented as mean ± standard error (SEM). Transformation of data to meet normality
assumptions was considered where necessary. A p value <0.05 was considered statistically
significant.
Tracheal data was analysed separately from the intraparenchymal airways (main bronchus, LUS,
LUSS and LUP) due to differences in anatomical structure. The effect of age on airway growth
(Chapter 3) was assessed from the foetal (128 days’ gestation) to adult (1 year) time-points; tracheal
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and intraparenchymal data were analysed using a one-way non-repeated and two-way mixed design
ANOVA (factor 1 age; factor 2 location) both with Tukey’s post hoc test respectively. The effect of
Ureaplasma on airway dimensions (Chapter 4) was analysed by an unpaired t-test for the trachea,
and a two-way mixed design ANOVA with Šidák’s post hoc test (factor 1 control/Ureaplasma group;
factor 2 location) for intraparenchymal airways. Other sub-analyses are indicated in Chapters 3 and
4.
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Chapter 3 - Ontogeny of the airway smooth muscle layer: hyperplasia-induced
muscle expansion in an ovine developmental model

3.1 Introduction
Respiratory diseases such as asthma often manifest in early childhood which coincides with postnatal
lung development (Regamey et al. 2008). A fundamental pathology of asthma is increased thickness
of the airway smooth muscle (ASM) layer (Castro-Rodriguez et al. 2018; James 2005), regarded as a
key component of broader ‘airway remodelling’, and is observed early on in the clinical course of the
disease (James et al. 2009). Bronchial biopsies taken from asthmatic children exhibit a greater fraction
of ASM compared with non-asthmatic controls (Regamey et al. (2008) and this remodelling of the
ASM layer is also apparent in pre-school aged children who subsequently develop asthma at school
age (O'Reilly et al. 2013). The mechanism behind the abnormal increase in ASM thickness is not
completely understood, although given the early life presentation of ASM remodelling it is reasonable
to propose that it involves some disruption to a developmental process.
To better understand the mechanism behind the abnormal expansion of the ASM layer seen in asthma,
there is a need to establish the mechanism of normal ASM growth. The ASM first appears in the
pseudoglandular stage of foetal development and continues to increase in thickness until adulthood
(Davis & Mychaliska 2013; Jeffery 1998). Such growth of the ASM layer may be accommodated by
one of three mechanisms: hypertrophy (i.e. increase in cell size), hyperplasia (i.e. increase in cell
numbers) and an increase in extracellular matrix within the ASM layer (James 2005). The current
study aims to address the above knowledge gap by characterising the mechanism of normal airway
growth, with an emphasis on the ASM layer and establish the relative contributions of hypertrophy,
hyperplasia and ECM expansion underlying ASM growth. To address the study aim we used an ovine
developmental model which comprised six age groups spanning from foetal to adult timepoints. A
systematic sampling approach was used to acquire both proximal and distal airways that were
quantified using the morphological and stereological techniques described in Sections 2.3-2.5 of the
methods Chapter.

3.2 Results
The sections below describe the demographics of each age groups before outlining broad airway
growth (including the ASM layer) and importantly the mechanism of ASM growth in terms of
hypertrophy, hyperplasia and ECM expansion. As indicated in Section 3.2.1 below, only female
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animals were acquired in older 5 year animals and for this reason the effect of ‘senescence’ (from
sexually mature 1 year animals to 5 years) was only examined in female animals (Section 3.2.5).
Possible sex effects are also considered in Section 3.2.4. Tracheal data are presented and analysed
separately from intraparenchymal airways (main bronchus, LUS, LUSS and LUP) due to its different
anatomical structure, particularly the incomplete encircling of the airway circumference by the
tracheal ASM layer. On some occasions, data from the main bronchus is graphed separately from
other intraparenchymal airways due to clear differences in scale, which hinder comparisons between
more distal airways. The intraparenchymal airways will be denoted on graphs as the following: MB
(main bronchus), LUS (left upper segmental), LUSS (left upper sub-segmental) and LUP (left upper
parenchymal section, which contains small peripheral airways).

3.2.1 Animal characteristics
Sex ratio, body and lung weights are provided in Table 3.1. Lung and body weights as expected
increased with age, with the exception of lung weight at 128 days’ gestation, which tended to be
greater than at 150 days’ gestation; and was proportionally greater when normalised to body weight
(p<0.0001). The greater lung weight in the foetal group was attributed to the presence of amniotic
fluid. Normalised lung weight was greater at 150 days’ gestation compared with all other postnatal
timepoints (p<0.01).

3.2.2 Airway growth
Airway growth was determined by quantifying the perimeter or area of the following airway wall
components: basement membrane, ASM, cartilage, airway wall area (inner, outer and total) and
epithelium. The perimeter of the basement membrane (Pbm) was used as an indicator of airway size
(Bai et al. 1994; James et al. 1988; James et al. 1987) and to calculate thickness (area/Pbm, mm) and
Table 3.1. Animal characteristics
Age

Sex

Body weight

Left lung weight

Left lung weight/Body

(M:F)

(kg)

(g)

weight (%)

128 days

5:3

3.38 ± 0.37

43.84 ± 5.20

1.29 ± 0.06

150 days

6:3

4.56 ± 0.39

38.37 ± 2.75

0.86 ± 0.06*

1 month

4:5

12.17 ± 0.31*^

76.67 ± 1.55

0.63 ± 0.02*^

4 months

6:4

30.70 ± 1.29*^#

148.50 ± 5.88*^#

0.49 ± 0.02*^

1 year

7:4

38.59 ± 1.09*^#†

235.09 ± 20.84*^#†

0.61 ± 0.54*^

5 years
0:7
61.43
± 1.90*^#†•
276.86
± 23.05*^#†
0.05*^ cf. 1
Data
are mean ± standard
error
(SEM).
*p<0.0001 cf.
128 days;
^p<0.01 cf. 150 0.46
days;± #p<0.01
month; †p<0.001 cf. 4 months; •p<0.0001 cf. 1 year. Analysed by a One-way non-repeated measures
ANOVA.

45
normalised thickness (√area/Pbm, dimensionless). Changes in thickness reflect absolute growth, while
normalised thickness indicates whether changes to each wall component are proportional to airway
size. Airway size generally increased with age throughout the tracheobronchial tree, aside from the
LUP airways, where there was no evidence of growth (Figure 3.1.). Older sheep (4 months - 1 year)
had larger airways compared to airways from younger sheep (128 days’ gestation - 1 month) (p<0.05).
The area (Figure 3.2.) and thickness (Figure 3.3.) of the ASM layer increased with age across most
of the tracheobronchial tree, again with the exception of LUP. In contrast, normalised ASM thickness
was independent of age across all anatomical locations indicating that changes in the ASM were
proportionate to airway size (Figure 3.4.). Distal airways (LUSS and LUP) had a proportionally
thicker ASM layer than the main bronchus (p<0.001).

A)

B)

C)

Figure 3.1. Effect of age on trachea (A), main bronchus (B) and intraparenchymal (C) airway
size. Airway size was defined by the perimeter of the basement membrane (Pbm). Data are mean ±
SEM. *p<0.05 cf. 128 days; ^p<0.05 cf. 150 days; #p<0.05 cf. 1 month; †p<0.01 cf. 4 months. Analysed
by a One-way non-repeated (A) and Two-way mixed design ANOVA (B and C).

46
Non-muscular airway components were also affected by age. Cartilage area generally increased with
age throughout the tracheobronchial tree, aside from the LUP airways, where there was no evidence
of growth (Figure 3.5.). Similarly, the areas of the inner, outer, total and epithelial compartments
increased with age at all anatomical locations, aside from LUP. Changes in the total wall area and
epithelium are shown in Figures 3.6. and 3.7. respectively.
There were similar changes to the thickness of the cartilage, inner, outer and total wall components,
which increased at most anatomical locations, but not in LUP airways. With respect to epithelial
thickness, no strong effect of age was found in the intraparenchymal airways. In the trachea of 4
month sheep, the epithelium was thicker than in 128 day foetal animals (p<0.05). Overall, most of
the non-muscular airway components were found to be growing in proportion to airway size.
However, the epithelium became proportionally thinner with an increase in age across most of the
tracheobronchial tree, apart from the LUP airways whose epithelium became proportionally thicker
instead.
A)

B)

C)

Figure 3.2. Effect of age on ASM area in the trachea (A), main bronchus (B) and
intraparenchymal airways (C). Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.05 cf. 150 days;
#p<0.05 cf. 1 month; †p<0.01 cf. 4 months. Analysed by a One-way non-repeated (A) and Two-way
mixed design ANOVA (B and C).

A)

B)

47

C)

Figure 3.3. Effect of age on ASM thickness in the trachea (A), main bronchus (B) and
intraparenchymal airways (C). Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.01 cf. 150 days;
#p<0.01 cf. 1 month. Analysed by One-way non-repeated (A) and Two-way mixed design ANOVA (B
and C).

A)

Figure 3.4. Effect of age on ASM growth in the
trachea (A) and intraparenchymal airways (B) in
proportion to airway size. Data are mean ± SEM.
There was no effect of age on proportional ASM
thickness. Analysed by a One-way non-repeated (A)
and Two-way mixed design ANOVA (B).

B)
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A)

B)

C)

Figure 3.5. Effect of age on cartilage area in the trachea (A), main bronchus (B) and
intraparenchymal airways (C). Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.05 cf. 150 days;
#p<0.05 cf. 1 month; †p<0.0001 cf. 4 months. Analysed by a One-way non-repeated (A) and Two-way
mixed design ANOVA (B and C).
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A)

B)

C)

Figure 3.6. Effect of age on the total airway wall (WAt) area in the trachea (A), main bronchus
(B) and intraparenchymal airways (C). Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.05 cf.
150 days; #p<0.05 cf. 1 month; †p<0.01 cf. 4 months. Analysed by a One-way non-repeated (A) and
Two-way mixed design ANOVA (B and C).
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A)

B)

C)

Figure 3.7. Effect of age on the epithelial area in the trachea (A), main bronchus (B) and
intraparenchymal airways (C). Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.05 cf. 150 days;
#p<0.01 cf. 1 month. Analysed by a One-way non-repeated (A) and Two-way mixed design ANOVA
(B and C).
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3.2.3 Mechanisms of ASM growth
To determine the mechanism behind the observed ASM growth with age, the ASM layer was first
analysed for any changes in composition, before assessing ASM cell size (VC), density (NV) and
number of ASM cells per mm of airway (NL). The ASM layer contains not only ASM, but ECM and
‘Other’ components, therefore any changes to one or more components could alter ASM area.
Volume fractions were determined for each component of the ASM layer: VASM, VECM, VOTHER.
The relative composition of the ASM layer is depicted in Figure 3.8. for trachea and LUP; a foetal
(128 days’ gestation) and adult (1 year) timepoint is provided. The ASM layer is predominantly
composed of ASM cells, and to a lesser extent ECM and ‘Other’ components. The VASM was
independent of age across all anatomical locations (Figure 3.9.). In contrast, VECM was greater in older
age groups (4 months and 1 year) compared with the 1 month group, irrespective of location (Figure
3.10.). With regards to VOTHER, no statistically apparent effect of age was found in the trachea or
intraparenchymal airways, despite a trend for a decrease in ‘Other’ (Figure 3.11.). Distal airways
(LUS, LUSS and LUP) contained a proportionally greater amount of ASM in the ASM layer (VASM),
but a smaller proportion of ‘Other’ compared with the main bronchus (p<0.05 and p<0.01
respectively).

A) n= 8

B) n= 11

Figure 3.8. Effect of age on ASM
layer

composition

in

the

trachea (A and B) and LUP (C
and D). Average volume fraction
(as a percentage) for ASM (VASM),
ECM (VECM) and ‘Other’ (VOTHER)
were compared at foetal (A and C)
and adult (B and D) time points.

C) n= 8

D) n= 11
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A)
Figure 3.9. Effect of age on the volume
fraction of ASM (VASM) in the trachea (A) and
intraparenchymal airways (B). Data are
mean ± SEM. No significant effect of age was
found throughout the tracheobronchial tree.
Analysed by a One-way non-repeated (A) and
Two-way mixed design ANOVA (B).

B)

A)
Figure 3.10. Effect of age on the volume
fraction of ECM (VECM) in the trachea (A) and
intraparenchymal airways (B). Data are mean
± SEM. An effect of age was found throughout
the tracheobronchial tree. *p<0.05 cf. 128 days;
^p<0.05 cf. 150 days; #p<0.01 cf. 1 month.
Analysed by a One-way non-repeated (A) and
Two-way mixed design ANOVA (B).

B)
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A major focus of the analysis was to determine the presence of cell hypertrophy and hyperplasia.
Hypertrophy would be reflected by an increase in Vc (cell size), and all other factors being equal, a
decrease in cell density (Nv) i.e. if cell size increases then there will be fewer cells in a given area of
the ASM layer. Cell size (Figure 3.12.) and density (Figure 3.13.) were independent of age across all
anatomical locations. However, the number of ASM cells per mm of airway denoted by NL, increased
with age across most of the tracheobronchial tree, consistent with hyperplasia (Figure 3.14.). The
only location where there was no change in NL was LUP, which as described above, did not exhibit
any gross changes in airway dimensions. The LUS airways had smaller ASM cells and a greater cell
density compared to other distal airways (p<0.05 and p<0.05 respectively), and a greater cell density
compared with the main bronchus (p<0.05).

A)

Figure 3.11. Effect of age on the volume
fraction of ‘Other’ (VOTHER) in the trachea (A)
and intraparenchymal airways (B). Data are
mean ± SEM. No significant effect of age was
found throughout the tracheobronchial tree.
Analysed by a One-way non-repeated (A) and

Two-way mixed design ANOVA (B).

B)

54
A)

Figure 3.12. Effect of age on ASM cell size
(VC) in the trachea (A) and intraparenchymal
airways (B). Data are mean ± SEM. No
significant

effect

of

age

was

observed

throughout the tracheobronchial tree. Analysed
by a One-way non-repeated (A) and Two-way
mixed design ANOVA (B).

B)

A)

Figure 3.13. Effect of age on ASM cell density
(NV) in the trachea (A) and intraparenchymal
airways (B). Data are mean ± SEM. No
significant effect of age was observed throughout
the tracheobronchial tree. Analysed by a Oneway non-repeated (A) and Two-way mixed
design ANOVA (B).

B)
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A)

B)

C)

Figure 3.14. Effect of age on the number of ASM cells per mm (NL) in the trachea (A), main

bronchus (B) and intraparenchymal airways (C). Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.05
cf. 150 days; #p<0.05 cf. 1 month. Analysed by a One-way non-repeated (A) and Two-way mixed design
ANOVA (B and C).

3.2.4 Sex effects
A secondary analysis was performed to determine the effect of sex on airway and ASM growth. Due
to the stratification of the animal groups into male or female, the analyses had reduced statistical
power. Nonetheless, growth of the ASM layer and non-muscular airway components (in terms of area
and thickness) followed a similar trajectory in male and female animals, and appeared to be due to an
increase in NL (Figures 3.15.-3.17.). Overall, in both sexes the area (males, p<0.001; females,
p<0.0001) and thickness (males, p<0.05; females, p<0.05 trachea only) of the ASM layer increased
with age across most of the tracheobronchial tree, and corresponded with an increase in N L (males,
p<0.001; females, p<0.01). Although, in female animals there was a trend for ASM thickness to
increase in the intraparenchymal airways, no statistically apparent effect of age was found (p= 0.14).
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A)

B)

C)

D)

Figure 3.15. Effect of age on the ASM area and number of ASM cells per mm (NL) in the trachea
of male (A and C) and female (B and D) sheep. Data are mean ± SEM. *p<0.05 cf. 128 days; ^p<0.05
cf. 150 days; #p<0.05 cf. 1 month. Analysed by a One-way non-repeated ANOVA.
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A)

B)

C)

D)

Figure 3.16. Effect of age on the ASM area and number of ASM cells per mm (NL) in the main
bronchus of male (A and C) and female (B and D) sheep. Data are mean ± SEM. *p<0.05 cf. 128
days; ^p<0.05 cf. 150 days; #p<0.05 cf. 1 month; †p<0.05 cf. 4 months. Analysed by a Two-way mixed
design ANOVA.
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Figure 3.17. Effect of age on

A)

the ASM area and number of
ASM cells per mm (NL) in the
intraparenchymal airways of
male (A and C) and female (B
and D) sheep. Data are mean ±
SEM. *p<0.05 cf. 128 days;
^p<0.05 cf. 150 days; #p<0.05
cf. 1 month; †p<0.01 cf. 4
months. Analysed by a Two-

B)

C)

D)

way mixed design ANOVA.
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3.2.5 Effect of senescence
The effect of ageing (i.e. senescence), on airway and ASM growth was examined by comparing 1
year (sexual maturity) and 5 year old female animals. Compared with earlier time-points, airway
growth broadly plateaued after 1 year. With respect to the ASM layer, only in the main bronchus was
there an increase in ASM area (Figure 3.18.). The mechanism of ASM growth in the main bronchus
from 1 year to 5 years involved some hypertrophic growth, reflected by a decrease in cell density
(NV) (p<0.05) (Figure 3.19.), and a trend for an increase in cell size (VC) that was of borderline
significance (p= 0.05) (Figure 3.20). There was no evidence of a change in NL (p= 0.99) or ASM
composition (VASM, p= 0.88; VECM, p= 0.10; VOTHER, p= 0.98).
With regards to other airway wall areas (inner, outer and total), the only locations that exhibited a
change from 1 year to 5 years were the main bronchus and LUS airways (Figures 3.21. – 3.23.). In
the main bronchus there was an increase in all wall areas from 1 to 5 years of age (inner, p<0.01;
outer, p<0.05; total, p<0.05), while in the LUS airways the same wall areas decreased (inner, p<0.01;
outer, p<0.05; total, p<0.05). There was no evidence of change to the airway wall areas in the trachea
(inner, p= 0.66; outer, p= 0.50; total, p= 0.66), LUSS (inner, p= 0.20; outer, p= 0.89; total, p= 0.79)
or LUP airways (inner, p= 0.96; outer, p= 0.98; total, p= 0.98).

A)

B)

C)

Figure 3.18. Effect of ageing on ASM area
in the trachea (A), main bronchus (B) and
intraparenchymal airways (C). Data are
mean ± SEM. ⁕p<0.05. Analysed by an
Unpaired t-test (A) and Two-way mixed
design ANOVA (B and C).

A)

Figure 3.19. Effect of ageing on ASM
cell density (NV) in the trachea (A) and
intraparenchymal airways (B). Data
are mean ± SEM. ⁕p<0.05. Analysed by
a Welch’s t-test (A) and Two-way mixed
design ANOVA (B).

B)

A)

Figure 3.20. Effect of ageing on ASM
cell size (VC) in the trachea (A) and
intraparenchymal airways (B). Data
are mean ± SEM. Analysed by a Welch’s
t-test (A) and Two-way mixed design
ANOVA (B).

B)
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A)

B)

C)

Figure 3.21. Effect of ageing on the inner
airway wall (WAi) area in the trachea (A),
main bronchus (B) and intraparenchymal
airways (C). Data are mean ± SEM. ⁕⁕p<0.01.
Analysed by an Unpaired t-test (A) and Twoway mixed design ANOVA (B and C).

A)

B)

C)

Figure 3.22. Effect of ageing on the outer
airway wall (WAo) area in the trachea (A),
main bronchus (B) and intraparenchymal
airways (C). Data are mean ± SEM. ⁕p<0.05.
Analysed by an Unpaired t-test (A) and Twoway mixed design ANOVA (B and C).
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A)

B)

C)

Figure 3.23. Effect of ageing on the total
airway wall (WAt) area in the trachea (A),
main bronchus (B) and intraparenchymal
airways (C). Data are mean ± SEM. ⁕p<0.05.
Analysed by an Unpaired t-test (A) and Twoway mixed design ANOVA (B and C).

3.3 Discussion
There is a lack of information in the literature surrounding the mechanism of normal airway smooth
muscle (ASM) growth, rather, research focus has been directed at understanding abnormal growth
(remodelling) of ASM in respiratory diseases such as asthma. The purpose of this study was therefore
to characterise the mechanisms of normal airway growth with an emphasis on the ASM layer. Results
showed that the ASM layer thickens with age and that this growth is due to cellular hyperplasia,
indicated by an increase in the number of cells within a given length of airway. Hypertrophy was not
observed during critical periods of development (up until adulthood). However, there was some
evidence of a developmental shift in the composition of the ASM layer, specifically an increase in
the proportion of extracellular matrix (ECM). With respect to airway growth, the non-muscular
airway components followed a similar trajectory as the ASM layer, expanding in proportion to airway
size.
An ovine model (Ovis aries) was used to examine airway development from late gestation to
adulthood. Sheep are a well-established animal model for the respiratory system, although mice
(Sakai et al. 2001; Takeda et al. 1997), pigs (Booth, Sparrow & Mitchell 1992; Sparrow & Mitchell
1990) and dogs (Gunst & Stropp 1988; Shore et al. 1983) have also been used by various research
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groups. Airway development was studied across six age groups, each of which corresponded to a
milestone in human development: 128 days’ gestation (late foetal period), 150 days’ gestation (term
birth), 1 month (infant), 4 months (weaning), 1 year (sexual maturity i.e. adult) and 5 years (ageing).
At each age, proximal and distal airways were sampled from a single lobe of the left lung (upper
lobe), and one additional sample from the level of the trachea. Airway branching patterns differ
between sheep (monopodial) and humans (bipodial) (Meeusen et al. 2009); anatomical classification
of airways (e.g., segmental and sub-segmental) closely followed the criteria used for the human
bronchial tree. Inter-lobe differences in airway structure may well exist and represents an area of
future study, however, we preferentially sampled more regions from a single lobe rather than fewer
regions across multiple lobes.
A particular innovation of this ontogeny study was the employment of contemporary stereological
techniques, including a volume fraction correction of muscle elements within the ASM layer that
allowed for a more accurate determination of ASM cell size (VC). The use of thin sections (0.5 μm)
to quantify volume fractions reduces the overlap between the different ASM layer components that
arise from tissue in a different plane to that being imaged (Jones, Elliot & James 2014). Therefore,
the isolation of the ASM volume from other non-muscle elements allows for ASM cell size to be
calculated, after unbiasedly counting the number of cells within that volume using the optical
dissector method. These approaches combined are sensitive to hypertrophic growth (VC), hyperplasia
(NL) and compositional changes within the ASM layer that occur during development.
The main aim of this study was to establish the mechanism of ASM growth. Morphometric analysis
of the ASM layer indicated an increase in ASM area with age (with the exception of LUP airways, as
discussed below). The perimeter of the basement membrane (Pbm) was similarly affected, reflecting
a general increase in airway size with age. Since the ASM (other than in the trachea) is for the most
part a continuous band around the airway circumference, it stands to reason that if Pbm increases, part
of the increase in ASM area is due to elongation of ASM layer. In addition to elongation of the ASM
layer, area per Pbm also increases with age, consistent with ASM layer thickening. That is, area of
muscle divided by perimeter is a surrogate for average thickness of the layer and indeed other wall
components. Growth of the ASM layer was proportionate to airway size since normalised thickness
(√area/Pbm) was constant across age groups.
Our findings strongly suggest that expansion of the ASM layer with age is due to hyperplasia, rather
than hypertrophy. The total number of ASM cells per mm of airway (NL) increased with age,
deposited in both the longitudinal (circumferential) and transverse (layer thickness) dimensions. This
interpretation is simplified due to the lack of an effect of age on VC, since an increase in cell volume
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(assuming isotropy) will favour a decrease in the number of cells for a given length of airway i.e.
fewer larger cells decreases cell density. Cell density was however unaffected by age.
Potential changes in ASM layer composition in terms of the proportions ECM and ASM were also
examined. Previous studies report an increase in the volume fraction of ECM (VECM) in subjects with
fixed airflow limitation (Cairncross et al. 2020), distinct from asthma where these fractions are similar
in subjects with and without asthma (James et al. 2012). There was some evidence of such a
compositional change with development; VECM increased and there was a non-significant trend for a
decrease in the volume fraction of ‘Other’ (VOTHER). In essence, expansion of VECM can be explained
by a fall in VOTHER. In comparison, the volume fraction of ASM (VASM) was unchanged.
A study by Hislop and Haworth (1989) examined human lungs after autopsy including eight foetuses,
nine infants from 2 weeks to 8 months of age and a further three young adults from 17-25 years of
age. The age distribution at which lungs were acquired was notably varied due to the opportunistic
nature of the sampling method, yet the use of precious human tissue makes these data of great
importance. A positive correlation between postnatal age and ASM thickness (area per epithelial
perimeter) was established across proximal and distal airways, from the main bronchus to the
respiratory bronchioles. From eight months of age to adulthood there appeared to be a clear increase
in ASM thickness in the proximal airways which did not reach significance, potentially due to low
statistical power and variation that was particularly high in the adult airways. Changes in ASM
thickness in the distal airways seemed less pronounced.
It is important to appreciate that our measurements, and indeed those performed by Hislop and
Haworth (1989), do not provide any information on variability in ASM thickness across the airway
length i.e. local variability in ASM distribution. Our laboratory has previously examined variability
in ASM area within transverse sections across 100 µm intervals for a total of 1 mm length of airway
(Jones, Elliot & James 2014). The area of the ASM layer variability is approximately 25% along the
airway length. Some of this variability is expected since the ASM is distributed in bands that spiral
along the longitudinal dimension of the airway. Tran et al. (2004) examined the effect of age on ASM
architecture within the distal airways of rhesus monkeys. Size of ASM bundles were not affected by
age (5 days to 6 months postnatal age), although the pitch of the ASM was altered, finally measured
as a 9-15 degrees deviation from the transverse plane depending on anatomical location. The pitch of
the ASM layer is estimated at 13 degrees in adult humans (Ebina et al. 1990; Lei et al. 1997).
The current study has focused on describing structural changes with age, but does not offer
information on the associated changes in airway function, in particular the bronchoconstrictor
response to contractile agonists. Methacholine studies of healthy subjects have shown infants and
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children to have a greater sensitivity to an inhaled bronchoconstrictor compared with adults (Hopp et
al. 1985; Townley et al. 1979). These findings are consistent with an in vitro study using porcine
tissue, where ASM strips from foetal and suckling pigs (e.g. infant) exhibited increased sensitivity to
Ca2+ (negative log of the dose producing half maximal response) compared to older animals (Sparrow
& Mitchell 1990). The progressive decline in bronchoconstrictor sensitivity with age appears to
coincide with changes in maximal airway narrowing capacity due to maturation (Duguet et al. 2001).
Using lung slices, Duguet et al. (2001) demonstrated a greater airway narrowing capacity in immature
compared with mature rabbits, and similar findings were observed using isolated bronchial segments
(Ramchandani et al. 2003). These in vitro findings match well with in vivo studies on rabbits, where
airway narrowing capacity is reduced with age (Shen et al. 1996; Tepper, Kisling & Brearton 1993).
Below we will attempt to relate present findings on airway structure to established functional changes
across age.
Expansion (thickening) of the ASM layer with age must increase the total force and therefore tension
produced by the contracting muscle. However, according to the Law of Laplace, the resultant collapse
pressure is related to airway lumen radius, such that for a given tension, the pressure in a younger,
smaller airway will be greater than in an older, larger airway. In our study it was observed that
thickening of the ASM occurred in proportion to airway size (Pbm), and if it is reasonably assumed
that Pbm and radius scale in direct proportion, ASM thickening should be perfectly offset by changes
in radius, and ultimately the collapse pressure developed during bronchoconstriction will be
independent of age. This scenario is only relevant to proportional thickening of the ASM layer. In
rabbits, active pressure is greater in immature compared with mature animals (Ramchandani et al.
2003) and this may reflect proportionally greater ASM content (Ramchandani et al. 2000).
Another important consideration is how ASM contractility changes with age. Contractility is not a
precisely defined termed, but is often used to reflect changes in the force per unit cross-sectional area
i.e. stress. Murphy et al. (1989) examined the in vitro contractile response of tracheal ASM strips
from pigs aged 2 and 10 weeks post-birth, in which younger pigs exhibited a greater maximal active
force in response to acetylcholine (ACh) than older pigs. These observations are consistent with in
vitro experiments on airway segments from guinea pigs, whereby active stress was greater in younger
than older animals (Brink et al. 1980). One possible explanation for an apparent decline in active
stress with age is a decrease in the proportion of contractile components within a given cross-sectional
area of the ASM layer. In the present study, the proportions of ASM and ‘Other’ in the ASM layer
were largely unaffected by age, while there was evidence for an increase in VECM with age. It seems
unlikely that these changes contribute to a decrease in ASM stress with age, particularly in view of
the findings of Sparrow and Mitchell (1990), who directly normalised force to cross-sectional area of
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myosin and still found a decrease in ASM stress with age. Furthermore, while changes to the ECM
are known to affect ASM contraction, the expected response is an increase in contractility due to
stiffening of the cellular substrate (An et al. 2009).
For a given level of ASM force or tension, the magnitude of airway narrowing is attenuated by
opposing mechanical loads to ASM shortening and this may be reflected by wall compliance. Foetal
tracheas from human subjects or rabbits are more compliant than those from adults (Bhutani,
Rubenstein & Shaffer 1981). Similarly, in the bronchus, compliance falls with maturation in rabbits
(Shen et al. 2000) and pigs (McFawn & Mitchell 1997). The mechanism for alterations in airway
compliance is more complex. While absolute cartilage content is inversely correlated with both
compliance and airway narrowing (Noble, Turner & Mitchell 2002), the proportion of cartilage seems
constant across different developmental milestones (McFawn & Mitchell 1997) and here we observe
that the proportional thickness of the cartilage was unchanged. Whether absolute cartilage determines
mechanical after-load, or if the elastance of cartilage itself varies with age (McFawn & Mitchell
1997), is not completely understood. Irrespective of the mechanism, a decline in airway narrowing
capacity with age may in part be attributed to coinciding age-related changes in airway compliance.
This possibility was supported in a mathematical model of airway narrowing wherein the greater
compliance of the immature airway was the predominant factor accounting for increased narrowing
capacity (Lambert et al. 2002).
Present data demonstrates an increase in airway epithelial area, as well as absolute thickness (data
now shown). The increased diffusion distance as a result of this thickness could be biologically
meaningful. Loss of epithelial barrier integrity is a potential cause of increased sensitivity to inhaled
bronchoconstrictor agents. Sparrow and Mitchell (1991) examined reactivity of bronchial segments
isolated from juvenile pigs and reported a greater sensitivity to ACh administered to the luminal
compared with the serosal surface, the difference of which was reduced after epithelial denudation
(Sparrow & Mitchell 1991). Similarly, human adult bronchi with the epithelial membrane removed
exhibited a 40-fold increase in sensitivity to ACh (e.g. luminal surface) than in intact bronchi (Omari,
Sparrow & Mitchell 1993). Changes in epithelial barrier function with age are feasible. Mitchell,
McFawn and Sparrow (1992) showed that airways from suckling pigs (4-5 weeks) were five times
more sensitive to carbachol than in older pigs (26 weeks). In comparison, there is no such difference
in sensitivity of ASM strips i.e. without the epithelial barrier (Mitchell, McFawn & Sparrow 1992).
If epithelial permeability does decline with age (potentially protective), then diffusion distance may
be a factor as suggested by increased thickness of the epithelium in airways from older sheep. An
area of future study is to assess changes in airway epithelial tight junction expression with maturation.
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Interestingly, in other epithelial tissues around the body (e.g. skin), the expression of tight junction
proteins is reduced with age (Jin et al. 2016), reducing barrier integrity.
In the present study, parenchymal sections containing small, peripheral (LUP) airways were collected
and assessed in the same manner as large airways. Unlike more proximally located airways, there
was no apparent effect of age on the development of LUP airways; size (Pbm) as well as the thickness
of the ASM layer and non-muscular wall components seemed unaffected. These results may reflect
the precocious nature of sheep lung development as alveolarisation occurs prior to birth (>125 days
of gestation) (Alcorn et al. 1981), unlike in human infants, where considerable alveoli development
occurs in the postnatal period. Peripheral airways may mirror the advanced stage of parenchymal
development, as suggested by our present data and in agreement with findings from another ovine
study (Wignarajah et al. 2002). Wignarajah et al. (2002) examined changes in ovine airway structure
with maturation and reported minimal growth of the distal airways (peripheral bronchi to bronchioles)
with regards to luminal area and relative wall thickness from late gestation to 2 months post-birth.
The present study was not powered to assess differences between male and female animals. Sexual
dimorphism in airway growth is nonetheless acknowledged. For instance, computed tomographybased assessment of airway dimensions (trachea and left and right main bronchi) demonstrates that
lumen diameter increases progressively more in males compared with females after the age of 14
years (Kuo et al. 2018). No direct comparison between males and females was made in the present
study, since our primary aim was to identify mechanisms of ASM growth. Male and female animals
were broadly similar in that growth of the ASM layer was due to hyperplasia and not hypertrophy. In
another study examining airway growth in sheep, Ishak et al. (2014) reported no difference between
male and female animals in the proportion of proliferating and apoptotic cells within alveoli tissue.
The present study also considered senescence at the level of the airway wall. Following maturation
(20-25 years), human lung function declines with advancing age. An age-dependent deterioration in
lung function is underpinned by stiffening of the chest wall (Sharma & Goodwin 2006) and loss of
lung elastic recoil (Gibson et al. 1976) as well as bronchial wall thickening (Copley et al. 2009). In
the current study we examined the effect of ageing on airway and ASM growth by comparing 1 year
(sexual maturity) and 5 year old female animals. Only in the main bronchus was growth of the ASM
layer observed, and in this instance, hypertrophy was the underlying mechanism. These findings are
consistent with those of Bai et al. (2000), who also observed a trend for greater ASM area in airways
from older (40-49 years) than younger (17-23 years) adults. In contrast to the apparent thickening of
ASM in the large bronchus, we observed a decrease in airway wall area in the most distal airways
studied (LUS), suggesting some structural degradation as a result of the ageing process. There is
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recent evidence from a cross-sectional study of human lungs that both alveoli and the number of distal
airways decreases in later life (Verleden et al. 2021).
Our findings allow us to speculate on how airway remodelling evolves throughout childhood.
Hyperplastic growth of ASM with development (as reported in the present study), is analogous to
hyperplasia in subjects with asthma (Woodruff et al. 2004). In the context of disease, upregulation of
normal proliferative ASM growth during development may drive airway remodelling that is observed
early in childhood (Regamey et al. 2008) and remaining relatively constant in adulthood (James et al.
2018). Modification of proliferation in the developing airway is potentially more malleable compared
with after maturation. When comparing rates of ASM proliferation in situ, there is no consistent
evidence to support increased proliferation in adult asthmatic subjects, and no relationship between
proliferation with total number of ASM cells or layer thickness (James et al. 2018). An alternative
paradigm on the pathogenesis of airway remodelling is that disruption of normal developmental
processes contributes to increased thickness of the ASM layer in asthma.
In concluding, our results support hyperplasia as the primary mechanism of ASM growth from late
gestation to adulthood. An increase in the proportion of ECM within the layer was also documented,
the significance of which should be examined in future studies. Understanding the basic biology of
airway maturation provides a foundation for intervention and possibly mitigation of excessive ASM
growth that contributes to the severity of asthma.
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Chapter 4 - Smooth muscle remodelling in peripheral airways of near-term
lambs after intrauterine exposure to Ureaplasma

4.1 Introduction
The fundamental role of airway remodelling, particularly airway smooth muscle (ASM) thickening
is well established (James & Wenzel 2007). There is now mounting evidence that airway remodelling
has developmental origins and may not necessarily be due to cumulative inflammatory exposure
throughout postnatal life as conventionally hypothesised (Castro-Rodriguez et al. 2018). Endobronchial
biopsies taken from pre-school aged children were observed to have thickening of the ASM layer even
before diagnosis of asthma later in childhood (O'Reilly et al. 2013). It is also established that the expiratory
flow impairment that presents in the first few weeks of life is associated with asthma development (Owens
et al. 2017), strongly implicating some prenatal mechanism as a cause of this early dysfunction. The

pseudoglandular-canalicular period is a vulnerable window of airway development, marking the first
appearance of the ASM layer. Preliminary findings in a mouse mode of foetal growth restriction, show
that the thickness of the ASM layer is increased in the foetal airway, when the abnormality to foetal
development occurs during periods of airway development (Wang & Noble 2020).

The present study is motivated by an association between asthma and another prenatal disorder;
chorioamnionitis (Getahun et al. 2010), characterised by foetal membrane inflammation and
infection. In a study on lung tissue acquired from stillborn foetuses with chorioamnionitis, ASM cell
proliferation was enhanced in comparison to control foetuses (May et al. 2004). Therefore, in individuals
exposed to chorioamnionitis the ASM layer may become thicker at birth, and represent a predisposition
to asthma development, particularly when combined with other environmental risk factors acquired during
postnatal life (Wang et al. 2018a). Chorioamnionitis is also strongly interrelated with preterm birth, which
is in turn associated with asthma development (Been et al. 2014; Getahun et al. 2010).
The specific aim of this study was to determine the effect of chorioamnionitis on airway development.
We used a prenatal ovine model of chorioamnionitis, induced through intra-amniotic injection of the
bacterium Ureaplasma parvum serovar 6 in the ewes at ~50 days’ gestation (i.e. during the
pseudoglandular stage in sheep) under ultrasound guidance. Animals were then sacrificed at 135-141
days’ gestation after caesarean section delivery. The same systematic sampling approach was used to

acquire both proximal and distal airways as used in Chapter 3 and quantified using the morphological
and stereological techniques described in Sections 2.3-2.5 of the methods Chapter.
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4.2 Results
The sections below describe the demographics of the control and Ureaplasma groups, before
outlining the effect of Ureaplasma exposure on airway and ASM growth. During injection, successful
penetration into the amniotic cavity was confirmed by assessing electrocyte concentration within fluid
sampled by syringe withdrawal. That is, high (>100 mM) levels of sodium (Na+) and chloride (Cl-)
ions in the amniotic fluid is consistent with fluid from the amniotic cavity (Wales & Murdoch 1973),
whereas much lower and/or undetectable concentrations reflected allantoic fluid and therefore an
unsuccessful injection. All animals receiving Ureaplasma had confirmation of amniotic fluid (mM:
Na+ 130.13 ± 2.01; Cl- 120.19 ± 1.54). With respect to the control animals, these were comprised of
four animals that received injections of media into the amniotic cavity (mM: Na+ 136.75 ± 3.92; Cl117.25 ± 2.43) and six animals where access to the amniotic cavity was not confirmed during
injection, and therefore no media was administered. Animals that were penetrated without the
administration of media were classified as ‘sham injected’. There was no notable difference in animal
characteristics between media and sham injected animals, nor any variance in airway structure (data
not shown).

4.2.1 Animal characteristics
Sex ratio, age, body and lung weights are provided in Table 4.1. Average gestational age was
statistically lower in the Ureaplasma group (p<0.05), a difference of approximately 2 days. There
was no difference in body weight and absolute or normalised lung weights between groups. Both
groups contained more males than females, with a similar sex ratio (Chi-square= 0.15; p= 0.70).

4.2.2 Effect of Ureaplasma exposure on intrauterine airway development
The analysis approach was identical to Chapter 3. Differences at the level of the trachea were
compared by t-test. Unless otherwise stated, intraparenchymal airways (main bronchus, LUS, LUSS
and LUP) were compared by a two-way mixed design ANOVA. The intraparenchymal airways will
Table 4.1. Animal characteristics
Sex

Age

Body weight

Left lung

Left lung weight/Body

(M:F)

(days)

(kg)

weight (g)

weight (%)

Control

7:3

138 ± 0.68

4.42 ± 0.32

63.10 ± 9.04

1.40 ± 0.11

Ureaplasma

10:6

136 ± 0.49*

4.49 ± 0.19

55.73 ± 2.96

1.25 ± 0.04

Group

Data are mean ± standard error (SEM). *p<0.05 cf. control. Analysed by an Unpaired (age and body
weight) and Welch’s t-test (absolute and normalised left lung weight).
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be denoted on graphs as follows: MB (main bronchus), LUS (left upper segmental), LUSS (left upper
sub-segmental) and LUP (left upper parenchymal section, which contains small peripheral airways).
Airway and ASM growth were examined in near-term lambs exposed to Ureaplasma as per the
methodology described in Sections 3.2.2 and 3.2.3. Exposure to Ureaplasma did not affect airway
size; the perimeter of the basement membrane (Pbm) was similar between the control and Ureaplasma
groups across all anatomical locations (Figure 4.1.). A non-significant trend for increased ASM
thickness was observed in the trachea (p= 0.12) and there was also a borderline interaction between
group and anatomical location when analysing the remaining intraparenchymal airways (Interaction
p= 0.07, Figure 4.2.), likely driven by a tendency for greater thickness in the LUP airway (significant
by t-test p<0.01). Normalised ASM thickness (√ASM/Pbm) was greater in the LUP airway of the
B)

A)

Figure 4.1. No effect of Ureaplasma exposure on airway size (Pbm) of the trachea (A) and
intraparenchymal airways (B). Data are mean ± SEM. No significant difference in airway size was
found between the control (n= 10) and Ureaplasma (n= 16) groups throughout the tracheobronchial
tree. Analysed by a Welch’s t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.2. No effect of Ureaplasma exposure on ASM thickness in the trachea (A) and
intraparenchymal airways (B). Data are mean ± SEM. No significant difference in ASM thickness
was found between the control (n= 10) and Ureaplasma (n= 16) groups throughout the
tracheobronchial tree. Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).
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Ureaplasma group (0.07 ± 0.01) compared with control (0.05 ± 0.003) (p<0.05, Figure 4.3.). No other
changes in either thickness (Table 4.2.) or normalised thickness of non-muscular wall components
were observed between groups.

A)

B)

Figure 4.3. Effect of Ureaplasma exposure on normalised ASM thickness (√ASM/Pbm) in the
trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. *p<0.05. Normalised ASM
thickness was greater in the LUP airways of the Ureaplasma group (n= 16) in comparison to the control
group (n= 10). Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).
Table 4.2. Thickness of non-muscular airway wall components
Wall thickness (mm)

Cartilage

Epithelium

Inner wall

Outer wall

Total wall

Trachea

Main
bronchus

LUS

LUSS

LUP

Control

0.31 ± 0.03

0.12 ± 0.01

0.10 ± 0.01

0.07 ± 0.01

0.04 ± 0.01

Ureaplasma

0.29 ± 0.02

0.12 ± 0.01

0.08 ± 0.01

0.05 ± 0.01

0.03 ± 0.01

Control

0.03 ± 0.002

0.03 ± 0.001

0.03 ± 0.001

0.03 ± 0.002

0.02 ± 0.003

Ureaplasma

0.03 ± 0.001

0.03 ± 0.001

0.03 ± 0.001

0.03 ± 0.001

0.02 ± 0.002

Control

0.23 ± 0.02

0.15 ± 0.01

0.12 ± 0.01

0.09 ± 0.01

0.06 ± 0.01

Ureaplasma

0.23 ± 0.01

0.15 ± 0.01

0.13 ± 0.01

0.10 ± 0.003

0.06 ± 0.01

Control

0.57 ± 0.04

0.43 ± 0.02

0.42 ± 0.03

0.28 ± 0.02

0.12 ± 0.03

Ureaplasma

0.57 ± 0.02

0.41 ± 0.02

0.37 ± 0.02

0.25 ± 0.02

0.13 ± 0.03

Control

0.80 ± 0.05

0.58 ± 0.02

0.54 ± 0.03

0.37 ± 0.02

0.18 ± 0.04

Ureaplasma

0.80 ± 0.02

0.55 ± 0.03

0.50 ± 0.02

0.35 ± 0.02

0.19 ± 0.03

Data are mean ± SEM. No significant differences in the thickness of non-muscular airway wall
components were observed between the control (n= 10) and Ureaplasma (n=16) groups across the
tracheobronchial tree. Analysed by an Unpaired t-test (trachea) and Two-way mixed design ANOVA
(intraparenchymal airways).
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Thickening of the ASM layer within the LUP airways following exposure to Ureaplasma did not
appear to be associated with the presence of hypertrophy or hyperplasia. Hypertrophy would be
reflected by an increase in cell volume (VC) and a decrease in cell density (NV), and hyperplasia by
an increase in the number of ASM cells per mm of airway (NL). However, VC (trachea, p= 0.41;
intraparenchymal airways, p= 0.88; Figure 4.4.), NV (trachea, p= 0.81; intraparenchymal airways, p=
0.41) and NL (trachea, p= 0.52; intraparenchymal airways, p= 0.68; Figure 4.5.) were similar between
Ureaplasma and control groups across all locations.

B)

A)

Figure 4.4. No effect of Ureaplasma exposure on ASM cell size (VC) in the trachea (A) and
intraparenchymal airways (B). Data are mean ± SEM. No significant difference in VC was found
between the control (n= 10) and Ureaplasma (n= 16) groups throughout the tracheobronchial tree.
Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.5. No effect of Ureaplasma exposure on the number of ASM cells per mm (NL) in the
trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in
NL was found between the control (n= 10) and Ureaplasma (n= 16) groups throughout the
tracheobronchial tree. Analysed by a Welch’s t-test (A) and Two-way mixed design ANOVA (B).
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Changes in the composition of the ASM layer in the Ureaplasma group also cannot account for an
increase in ASM thickness within LUP airways. Proportion of ASM (VASM) was similar between the
control and Ureaplasma groups across the tracheobronchial tree (trachea, p= 0.62; intraparenchymal
airways, p= 0.10; Figure 4.6.). There was also no effect of Ureaplasma exposure on the volume
fraction of ECM (VECM) in the trachea (p= 0.19) or intraparenchymal airways (p= 0.41) (Figure 4.7.),
or on VOTHER in the trachea (p= 0.86) or intraparenchymal airways (p= 0.06) (Figure 4.8.).

A)

B)

Figure 4.6. No effect of Ureaplasma exposure on volume fraction of ASM (VASM) in the trachea
(A) and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in VASM was

found between the Ureaplasma (n= 16) and control (n= 10) groups across the tracheobronchial tree.
Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.7. No effect of Ureaplasma exposure on volume fraction of ECM (VECM) in the trachea
(A) and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in VECM was
found between the Ureaplasma (n= 16) and control (n= 10) groups across the tracheobronchial tree.
Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).
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A final analysis was performed to examine potential differences between males and females in the
response to Ureaplasma. With respect to changes in airway structure, there was no evidence of a sexdependent effect of Ureaplasma exposure. Both males and females from the Ureaplasma group
exhibited increased thickness of the ASM layer in the LUP airway (Figure 4.9.).

A)

B)

Figure 4.8. No effect of Ureaplasma exposure on volume fraction of ‘Other’ (VOTHER) in the
trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in
VOTHER was found between the Ureaplasma (n= 16) and control (n= 10) groups across the
tracheobronchial tree. Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.9. Effect of Ureaplasma exposure on absolute (A) and normalised (B; √ASM/Pbm) ASM
thickness in the LUP airways of male and female sheep. Data are mean ± SEM. *p<0.05. In both
male and female sheep absolute and normalised ASM thickness were greater in the Ureaplasma group
(n= 10 M: 6 F) in comparison to the control group (n= 7 M: 3 F). Analysed by a Two-way mixed design
ANOVA (A and B).
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4.2.3 Confirmed Ureaplasma infection at delivery
At the time of sacrifice, Ureaplasma colonisation was determined by colour development of 10B
broth. The results of this analysis revealed Ureaplasma only in three animals within the Ureaplasma
group, and none from the control group. These three animals were all male and for this reason a
secondary analysis was performed whereby control males (n= 7) were compared to the Ureaplasma
sub-group where infection was detected.
Airway size across the tracheobronchial tree was similar between the Ureaplasma and control groups
(Figure 4.10.), although there was a trend for a decrease in tracheal Pbm (p= 0.15). There was no
difference in ASM thickness across the tracheobronchial tree between groups (trachea, p= 0.37;
intraparenchymal airways, p= 0.39; Figure 4.11.), and this was not affected by normalisation (trachea,
p= 0.32; intraparenchymal airways, p<0.01; Figure 4.12). However, when the LUP airways were
analysed independently, the Ureaplasma group (0.017 ± 0.001 mm) was statistically thicker in
comparison to the control group (0.009 ± 0.001 mm) (p<0.01, unpaired t-test), and there was a similar
difference in normalised thickness (p<0.05, unpaired t-test).

A)

B)

Figure 4.10. No effect of confirmed Ureaplasma infection on airway size (Pbm) of the trachea (A)
and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in airway size

was found between the Ureaplasma (n= 3) and control (n= 7) groups across the tracheobronchial tree.
Analysed by a Welch’s t-test (A) and Two-way mixed design ANOVA (B).
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A)

B)

Figure 4.11. No effect of confirmed Ureaplasma infection on ASM thickness in the trachea (A)

and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in ASM thickness
was found between the Ureaplasma (n= 3) and control (n= 7) groups across the tracheobronchial tree.
Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.12. No effect of confirmed Ureaplasma infection on normalised ASM thickness
(√ASM/Pbm) in the trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No
significant difference in normalised ASM thickness was found between the Ureaplasma (n= 3) and
control (n= 7) groups across the tracheobronchial tree. Analysed by an Unpaired t-test (A) and Twoway mixed design ANOVA (B).

78
The location-specific muscle thickening observed in the Ureaplasma group was not associated with
hypertrophy or hyperplasia. There was no difference between groups in terms of VC (trachea, p= 0.64;
intraparenchymal airways, p= 0.24; Figure 4.13.), NV (trachea, p= 0.64; intraparenchymal airways,
p= 0.53) or NL (trachea, p= 0.34; intraparenchymal airways, p= 0.36; Figure 4.14.). Separate analysis
of the LUP airways (unpaired t-tests) also showed no difference in VC (p= 0.31), NV (p= 0.79) or NL
(p= 0.66) after Ureaplasma infection.

A)

B)

Figure 4.13. No effect of confirmed Ureaplasma infection on ASM cell size (VC) in the trachea

(A) and intraparenchymal airways (B). Data are mean ± SEM. No significant difference in VC were
found between the Ureaplasma (n= 3) and control (n= 7) groups across the tracheobronchial tree.
Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.14. No effect of confirmed Ureaplasma infection on the number of ASM cells per mm
(NL) in the trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No significant
differences in NL were found between the Ureaplasma (n= 3) and control (n= 7) groups across the
tracheobronchial tree. Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).
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Changes in ASM layer composition again does not account for any observed thickening of the ASM
layer. The Ureaplasma group exhibited similar VASM (trachea, p= 0.51; intraparenchymal airways,
p= 0.86; Figure 4.15.), VECM (trachea, p= 0.94; intraparenchymal airways, p= 0.80; Figure 4.16.) and
VOTHER (trachea, p= 0.41; intraparenchymal airways, p= 1.00; Figure 4.17.) to the control group
across all anatomical locations. Separate analysis of the LUP airway (unpaired-t-tests) revealed
similar outcomes for VASM (p= 0.35), VECM (p= 0.25) and VOTHER (p= 0.69).

A)

B)

Figure 4.15. No effect of confirmed Ureaplasma infection on the volume fraction of ASM (VASM)
in the trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No significant

differences in VASM were found between the Ureaplasma (n= 3) and control (n= 7) groups across the
tracheobronchial tree. Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

A)

B)

Figure 4.16. No effect of confirmed Ureaplasma infection on the volume fraction of ECM (VECM)
in the trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No significant
differences in VECM were found between the Ureaplasma (n= 3) and control (n= 7) groups across the
tracheobronchial tree. Analysed by a Welch’s t-test (A) and Two-way mixed design ANOVA (B).
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A)

B)

Figure 4.17. No effect of confirmed Ureaplasma infection on volume fraction of ‘Other’ (VOTHER)
in the trachea (A) and intraparenchymal airways (B). Data are mean ± SEM. No significant
differences in VOTHER were found between the Ureaplasma (n= 3) and control (n= 7) groups across the
tracheobronchial tree. Analysed by an Unpaired t-test (A) and Two-way mixed design ANOVA (B).

4.3 Discussion
Accumulating evidence of changes to airway structure and physiology prior to the onset of asthma,
is consistent with the notion that airway remodelling may be a consequence of abnormal development
in utero (Getahun et al. 2010; O'Reilly et al. 2013; Owens et al. 2017). The present study was
motivated by an established relationship between asthma and the prenatal disorder chorioamnionitis
(Getahun et al. 2010). Chorioamnionitis is highly associated with preterm birth, which is also
statistically linked with asthma development (Been et al. 2014; Getahun et al. 2010). The aim herein
was to examine the effect of chorioamnionitis on airway development, modelled by chronic
intrauterine Ureaplasma exposure in pregnant sheep. Results indicate thickening of the airway
smooth muscle (ASM) layer in the peripheral airways of near-term lambs, which may contribute to
an increased risk of airway disease (including asthma) in the postnatal period.
A prenatal ovine model (Ovis aries) of chorioamnionitis was simulated through intra-amniotic
injection of the bacterium Ureaplasma parvum serovar 6 in pregnant sheep under ultrasound
guidance. Ureaplasma was introduced at ~50 days’ gestation, which falls within the pseudoglandular
stage of lung development when the ASM layer first makes an appearance (Jeffery 1998).
Ureaplasma exposure during early gestation provided an opportunity to manipulate growth of the
entire bronchial tree, which develops serially from proximal to distal airways. Serovar 6 was chosen
over other serovars due to its strong association with preterm birth; in a study of pregnant women,
serovar 6 was identified most frequently in women who delivered prematurely (Knox & Timms
1998). Critically, we performed a caesarean section from ~135 days’ gestation (term= 150 days in
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sheep), to minimise the possibility of early spontaneous delivery and allow for the effects of foetal
infection and inflammation (chorioamnionitis) to be examined independent from the adverse
consequences of preterm birth. Lambs were randomly assigned a delivery date between 135-140
days’ gestation, and as a result of this randomisation, Ureaplasma were statistically younger by 2
days of gestation. This difference in age at delivery is unlikely to be of biological importance in an
animal group which was immediately euthanised for assessment of airway wall structure.
Experiments were particularly focused on assessing the effect of Ureaplasma-induced
chorioamnionitis on ASM thickness. While the majority of the tracheobronchial tree was unaffected
by Ureaplasma exposure, the absolute and normalised (√ASM/Pbm) thickness of the ASM layer were
increased in the LUP airways of the Ureaplasma group compared with the control. A predominant
effect on the distal airways could reflect a later development in comparison to the proximal airways,
such that Ureaplasma exposure may have even preceded the formation of the small airways.
Thickening of the ASM layer has certainly been documented in small airways from subjects with
asthma (Carroll et al. 1993; James et al. 2012) and this can be reasonably assumed to promote
functional deficits. In a recent review, chronic inflammation and dysfunction in the small airways of
both children and adults were described as risk factors for asthma persistence, severity, worse control
and loss of pulmonary function with age (Cottini et al. 2021).
It is useful to compare the magnitude of the change in ASM thickness to relevant reported values in
the literature. After Ureaplasma exposure, ASM thickness (√ASM/Pbm) in the distal airways was
increased by 34% compared to the control group. In a mouse model of maternal hypoxia-induced
foetal growth restriction, a ~21% increase in foetal ASM thickness was reported (Wang & Noble
2020). Importantly, similar to the present study, the hypoxic intervention was targeted to coincide
with critical periods of airway development. Finally, in subjects with asthma, depending on the
severity of the disease and the anatomical site of assessment, increases in ASM thickness range from
~12 to 83% (Carroll et al. 1993; James et al. 2012; Noble et al. 2013). Changes observed after
Ureaplasma exposure in sheep therefore compare well to other scenarios where ASM remodelling is
believed to be of functional significance.
Whether changes in ASM thickness observed immediately prior to birth persist throughout postnatal
life is unclear. In the above mouse model of maternal hypoxia-induced foetal growth restriction
(Wang & Noble 2020), thickening of foetal ASM was resolved once the hypoxic exposure was
removed. No change in ASM thickness was observed in growth restricted juvenile or adult mice,
although bronchoconstrictor response was altered in a sex-dependent manner (Wang et al. 2018a) and
ASM force production was reduced in growth restricted males in vitro (Noble et al. 2019). In subjects
with asthma, there is no evidence of resolution or progression of ASM thickness, which remains
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constant across age and is not affected by duration of disease (James et al. 2009; James et al. 2018).
That is, there is no evidence of spontaneous resolution of ASM remodelling (or as a result of
treatment) in subjects with established disease. This is however, a potentially different scenario to a
malleable developing airway that may be both susceptible to disease processes and capable of
recuperation.
The mechanism of ASM thickening associated with Ureaplasma exposure could not be identified
despite a comprehensive stereological examination of hypertrophy (increase in cell size, VC),
hyperplasia (number of ASM cells per mm, NL) and tissue proportions within the ASM layer (e.g.
extracellular matrix, ECM). It is possible that no one mechanism dominates and all in part contribute
to ASM thickening, though in isolation the small changes may be difficult to detect. Indeed in asthma,
there is evidence of ASM cell hypertrophy (Ebina et al. 1993), hyperplasia (James et al. 2012) and an
increased absolute deposition of ECM (Bai et al. 2000) in the distal airways. Furthermore, as
discussed previously, changes in VC may affect NL since fewer cells can be arranged within a given
length of airway (assuming isotropic cell growth). Failure to identify the structural mechanism of
ASM thickening is nonetheless a limitation of the present study and different approaches in the future
could be considered. For example, proliferative and apoptotic assays are a natural extension and will
at least provide an indication of whether the ASM cell population is changing at the time of study.
Further follow-up analyses are required to better understand the mechanism of ASM thickening in
the distal airways. The different array of histological probes performed across the bronchial tree was
time consuming and we sought to characterise changes throughout the lung rather than focusing on a
particular region. Identifying an increase in ASM thickness in the small airways is encouraging,
however, before publication it is necessary to obtain more parenchymal blocks to assess how other
similar sized airways are impacted by Ureaplasma exposure. Small airways have historically been
thought to be the silent zone of the lung (Mead 1970), such that a change in one airway will not
impact lung function, in comparison to changes within an upstream airway which does impact
downstream flow (Donovan et al. 2018). Hence it is now important to demonstrate how representative
changes in the LUP airway are in comparison to other peripheral airways, particularly in view of the
proposal that airway hyperresponsiveness may in fact reflect closure of small rather than large
airways (Irvin & Bates 2009).
An interesting observation made in the current study was that male lambs seem more susceptible to
Ureaplasma infection. Ureaplasma colonisation and hence infection at delivery was revealed in three
animals from the Ureaplasma group, all of which were male. All other animals that were originally
infected with Ureaplasma seemed to fight off the infection, such that there were no live colonies
detected at delivery. Increased susceptibility to persisting infection in males is broadly consistent with
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that from the available literature. Previous studies have found a greater incidence of Ureaplasma
urealyticum (another species of Ureaplasma different to that used in the current study, Ureaplasma
parvum) (Goldenberg et al. 2006) and chorioamnionitis (Becroft, Thompson & Mitchell 2010) in
preterm and term male infants respectively. With regards to ASM thickness (√ASM/P bm), although
no significant interaction was found between sex and group (p= 0.35), possibly due to low statistical
power, there was a larger percentage increase in males (~44%) compared to females (~16%) exposed
to Ureaplasma. Together these observations suggest that sex-related differences exist for Ureaplasma
infection, as male lambs appear to be at greater risk of persisting intrauterine infection, as well as
showing signs of being more adversely affected by Ureaplasma than female lambs i.e. greater ASM
thickening.
A well espoused hypothesis is that the abnormalities of foetal development may increase the risk of
asthma through a reduction in airway size (Martinez et al. 1988; Stick 2000). However, our results
showed no evidence of a reduction in airway size following Ureaplasma exposure, as the perimeter
of the basement membrane (Pbm) which was used an indicator of airway size did not change
considerably from that of the control group in both the large and small airways. A similar observation
was made for non-muscular wall components, which appeared unaffected by Ureaplasma exposure.
Therefore, any effect of Ureaplasma appears to be specific to the ASM layer, and we propose that
any association between intrauterine complications and postnatal respiratory disease is more than a
simple reduction in airway size (Wang & Noble 2020).
To conclude, our results demonstrate ASM thickening in the peripheral airways after chronic
intrauterine infection with Ureaplasma. Since changes in ASM thickness were identified in near-term
lambs, susceptibility to airway disease may begin at birth, analogous to the association between infant
lung function and adult asthma (Wang & Noble 2020). It is possible that such early life deficits in
infant lung function have a structural origin that may include abnormalities of the ASM layer. Future
studies should continue to examine structural antecedents of respiratory disease and consider
mitigation strategies during critical periods of airway development.
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Chapter 5 - General discussion

My contention is that by understanding the developmental trajectory of the healthy airway wall, it is
then possible to form hypotheses regarding the onset of disease, such as that which follows
chorioamnionitis. This Master’s thesis is a histological report of normal and abnormal growth
processes. Such measurements were only feasible through use of an animal model, in this instance
sheep, large enough to accommodate the isolation of airways from different regions of the
tracheobronchial tree. Below key findings are further emphasised, beginning with one key assumption
that is relevant to both result Chapters 3 and 4.
Throughout this thesis, it was assumed that airway size is reliably approximated by the perimeter of
the basement membrane (Pbm), supported by studies dating back to 1987, suggesting that Pbm is not
affected by airway smooth muscle (ASM) contraction or lung inflation (Bai et al. 1994; James et al.
1987; James et al. 1988). The above studies proposed that a constant perimeter was maintained by
folding and unfolding of the mucosa rather than compression (shortening) or distension (lengthening)
of the membrane. In the context of the present project, the assumption of a constant Pbm is important
as this means there was no impact of variable ASM tone between age groups (Panitch et al. 1992) or
the inflationary pressure applied during lung fixation (20 cmH2O). However, two studies have queried
whether Pbm is constant across all physiological conditions and suggest that the Pbm distends from
anywhere between ~10-50% with inflation (McParland et al. 2004; Noble et al. 2005). There was no
clear evidence of any apparent distension of the basement membrane in either result Chapter. Firstly,
in the ontogeny study (Chapter 3), if Pbm increased more in one age group than the other, and assuming
wall area is not affected by inflation or ASM contraction, this would shift the relationship between
wall thickness and Pbm. On the contrary, normalised wall thickness was constant across all age groups,
suggesting that the airway wall was growing in proportion to airway size (Pbm). Secondly, for a given
anatomical location, Pbm was comparable between control and Ureaplasma animals (Chapter 4).
While this does not necessarily indicate that the basement membrane is constant, it was encouraging
that there was no bias between groups impacting experimental conclusions.
In Chapter 3, I demonstrated that the ASM layer thickens with age from late gestation until adulthood
(Figure 5.1.), and this is due to cellular hyperplasia. The majority of the tracheobronchial tree
exhibited growth with age, with the exception of the left upper parenchymal airway (LUP, containing
small peripheral airways), that somewhat surprisingly did not change from the foetal to adulthood
timepoints. Perhaps coincidentally, in Chapter 4, it was the LUP airway where ASM thickening was
identified after Ureaplasma exposure (Figure 5.2.), though the mechanism behind this growth could
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not be identified. Failure to identify the mechanism of ASM thickening associated with Ureaplasma
exposure is a methodological limitation, as there must be some change in ASM cell morphology or
extracellular matrix (ECM) to account for the observed ‘remodelling’. As to why the LUP airway,
which appeared to be growth resistant (Chapter 3), thickened in response to Ureaplasma is not clear.
B) 150 d

A) 128 d

C) 1 m

ASM layer
ASM layer

ASM layer

0.5 mm
D) 4 m

E) 1 yr

ASM layer

ASM layer
Figure 5.1. Histological cross-sections of ovine LUS airways (30 μm sections, Haematoxylin
stain) at 10 X magnification, demonstrating ASM layer growth from late gestation (128 days’
gestation, A) until adulthood (1 year old, E). The ASM layer (indicated by arrows) can be seen to
progressively increase in thickness with age.

A)

B)

ASM layer
ASM layer
0.5 mm
Figure 5.2. Comparison of histological cross-sections of a LUP airway (30 μm section,
Haematoxylin stain) from a control (A) and Ureaplasma exposed (B) lamb at 10 X magnification.
Ureaplasma exposed lambs exhibited a thicker ASM layer (indicated by arrows) in the LUP airways

compared to the control lambs.
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There was an expectation that thickening of the ASM may occur more easily during periods of
proliferation and rapid growth. One could alternatively speculate on the reverse scenario; that periods
of active tissue development affords some degree of recuperation against a pathological process,
whereas exposure at a point where development had slowed promotes a more persisting structural
modification.
Thickening of the ASM layer, whether due to normal growth processes or excessive in the context of
disease, is assumed to occur by one of three mechanisms: hypertrophy (increase in cell size),
hyperplasia (increase in cell numbers) and an increase in ECM within the ASM layer. I wish to clarify
how measurements of tissue proportions (volume fractions) should be interpreted and that the role of
ECM should not be under appreciated. In both Chapters 3 and 4, there was evidence of ASM
thickening; if we assume that tissue proportions remain virtually constant (small deviations did
occur), then any increase in ASM thickness will be

In utero infection

accompanied by an increase in absolute ECM. There is
of course an intimate association between ASM cells
and matrix (Parameswaran et al. 2006) and it is
therefore intuitive that these tissues would expand

Inflammation

simultaneously, although as discussed, in subjects
without a history of asthma, a disproportionate
increase in ECM is associated with airflow limitation
(Jones et al. 2016). Disproportionate changes in ECM

Airway
remodelling

AHR

aside, any change in airway function as a result of
ASM thickening can be attributed to both an absolute
increase in ASM as well as ECM.
This thesis has provided an important contribution

↑ Asthma risk

towards understanding abnormal airway growth

Figure 5.3. Working paradigm of prenatal
inflammation-induced

airway

processes which may lead to opportunities for
intervention and disease mitigation. Results from

asthma

Chapter 4 are consistent with the notion that airway

development. The presence of airway

remodelling has a developmental origin and may not

remodelling

airway

necessarily be due to cumulative postnatal exposure to

hyperresponsiveness (AHR) early in life is

environmental factors such as allergens, pollutants,

remodelling

leading

and

to

hence

thought to arise from prenatal rather than
postnatal exposure to inflammation. Airway
remodelling and/or AHR contribute to the
onset of asthma later in life.

oxidative stress and microbes (Murrison et al. 2019;
Papi et al. 2018). An alternative working paradigm is
proposed in Figure 5.3., in which the inflammation
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associated with airway remodelling (ASM thickening) arises in response to in utero infection.
Thickening of the ASM layer increases airway narrowing capacity (Noble et al. 2013) and contributes
to airway hyperresponsiveness (AHR) (Lambert et al. 1993). It has previously been shown that
increased airway responsiveness to histamine in early infancy is related to impaired lung function,
wheeze and asthma in childhood (Turner et al. 2009). The onset of AHR alone is not necessarily
sufficient for the development of asthma, as demonstrated by asymptomatic hyper-responders (Boulet
2003). However, the presence of airway remodelling and/or AHR early in life can be considered
predisposing factors that contribute to asthma, particularly when coinciding with other important
disease drivers e.g. allergy (Wang et al. 2018a).
In closing, findings from this Master’s thesis reinforce the importance of the in utero environment in
programming airway structure-function. Knowledge acquired on normal and abnormal growth
processes provide the necessary background to inform future early life strategies designed to
normalise ASM function, thereby helping to reduce disease morbidity and health care costs of treating
patients.

88

References

AIHW 2020a, Asthma. Available from: https://www.aihw.gov.au/reports/chronic-respiratoryconditions/asthma. [31 March 2021].
AIHW 2020b, Australia's children. Available from: https://www.aihw.gov.au/reports/childrenyouth/australias-children. [4 July 2021].
AIHW 2020c, Health of children. Available from: https://www.aihw.gov.au/reports/australiashealth/health-of-children. [31 March 2021].
Alcorn, DG, Adamson, TM, Maloney, JE & Robinson, PM 1981, 'A morphologic and morphometric
analysis of fetal lung development in the sheep', The Anatomical Record, vol. 201, no. 4, pp.
655-667. Available from: Wiley Online Library. [14 February 2021].
Allen, BG & Walsh, MP 1994, 'The biochemical basis of the regulation of smooth-muscle
contraction', Trends in Biochemical Sciences, vol. 19, no. 9, pp. 362-368. Available from:
ScienceDirect. [2 April 2020].
An, SS, Kim, J, Ahn, K, Trepat, X, Drake, KJ, Kumar, S, Ling, G, Purington, C, Rangasamy, T,
Kensler, TW, Mitzner, W, Fredberg, JJ & Biswal, S 2009, 'Cell stiffness, contractile stress
and the role of extracellular matrix', Biochemical and Biophysical Research Communications,
vol. 382, no. 4, pp. 697-703. Available from: ScienceDirect. [18 February 2021].
Arner, A & Malmqvist, U 1998, 'Cross-bridge cycling in smooth muscle: a short review', Acta
Physiologica Scandinavica, vol. 164, no. 4, pp. 363-372. Available from: Wiley Online
Library. [12 April 2020].
Bachofen, H & Scherrer, M 1967, 'Lung tissue resistance in diffuse interstitial pulmonary fibrosis',
The Journal of Clinical Investigation, vol. 46, no. 1, pp. 133-140. Available from: PubMed.
[4 March 2021].
Bai, A, Eidelman, DH, Hogg, JC, James, AL, Lambert, RK, Ludwig, MS, Martin, J, McDonald, DM,
Mitzner, WA, Okazawa, M, Pack, RJ, Paré, PD, Schellenberg, RR, Tiddens, HAWM,
Wagner, EM & Yager, D 1994, 'Proposed nomenclature for quantifying subdivisions of the
bronchial wall', Journal of Applied Physiology, vol. 77, no. 2, pp. 1011-1014. Available from:
American Physiological Society. [27 January 2020].

89
Bai, TR, Cooper, J, Koelmeyer, T, Paré, PD & Weir, TD 2000, 'The effect of age and duration of
disease on airway structure in fatal asthma', American Journal of Respiratory and Critical
Care Medicine, vol. 162, no. 2, pp. 663-669. Available from: ATS Journals Online. [15
February 2021].
Bara, I, Ozier, A, Tunon de Lara, J-M, Marthan, R & Berger, P 2010, 'Pathophysiology of bronchial
smooth muscle remodelling in asthma', European Respiratory Journal, vol. 36, no. 5, pp.
1174-1184. Available from: European Respiratory Society. [5 April 2021].
Barker, DJP 2007, 'The origins of the developmental origins theory', Journal of Internal Medicine,
vol. 261, no. 5, pp. 412-417. Available from: Wiley Online Library. [30 March 2021].
Barnes, PJ 1989, 'Airway receptors', Postgraduate Medical Journal, vol. 65, no. 766, pp. 532-542.
Available from: PubMed. [21 April 2020].
Barnes, PJ 1998, 'Pharmacology of airway smooth muscle', American Journal of Respiratory and
Critical Care Medicine, vol. 158, no. Suppl. 2, pp. S123-S132. Available from: ATS Journals
Online. [8 February 2020].
Barnes, PJ 2000, 'Chronic obstructive pulmonary disease', The New England Journal of Medicine,
vol. 343, no. 4, pp. 269-280. Available from: PubMed. [22 April 2020].
Barnes, PJ, Minette, P & Maclagan, J 1988, 'Muscarinic receptor subtypes in airways', Trends in
Pharmacological Sciences, vol. 9, no. 11, pp. 412-416. Available from: ScienceDirect. [31
March 2020].
Beasley, R, Semprini, A & Mitchell, EA 2015, 'Risk factors for asthma: is prevention possible?', The
Lancet, vol. 386, no. 9998, pp. 1075-1085. Available from: PubMed. [3 March 2021].
Becroft, DMO, Thompson, JMD & Mitchell, EA 2010, 'Placental chorioamnionitis at term:
Epidemiology and follow-up in childhood', Pediatric and Developmental Pathology, vol. 13,
no. 4, pp. 282-290. Available from: Sage Journals Online. [14 March 2021].
Been, JV, Lugtenberg, MJ, Smets, E, van Schayck, CP, Kramer, BW, Mommers, M & Sheikh, A
2014, 'Preterm birth and childhood wheezing disorders: a systematic review and metaanalysis', PLoS Medicine, vol. 11, no. 1. Available from: PubMed. [5 June 2019].
Benayoun, L, Druilhe, A, Dombret, M-C, Aubier, M & Pretolani, M 2003, 'Airway structural
alterations selectively associated with severe asthma', American Journal of Respiratory and
Critical Care Medicine, vol. 167, no. 10, pp. 1360-1368. Available from: ATS Journals
Online. [6 June 2019].

90
Bereznicki, BJ, Beggs, S, Duff, C & Bereznicki, L 2015, 'Adherence to management guidelines for
childhood asthma in Australia', Australian Family Physician, vol. 44, no. 12, pp. 933-938.
Available from: PubMed. [3 March 2021].
Bergeron, C, Tulic, MK & Hamid, Q 2010, 'Airway remodelling in asthma: from benchside to clinical
practice', Canadian Respiratory Journal, vol. 17, no. 4, pp. e85-93. Available from: PubMed.
[6 June 2019].
Bhutani, VK, Rubenstein, SD & Shaffer, TH 1981, 'Pressure-volume relationships of tracheae in fetal
newborn and adult rabbits', Respiration Physiology, vol. 43, no. 3, pp. 221-231. Available
from: ScienceDirect. [8 February 2021].
Bisgaard, H, Jensen, SM & Bønnelykke, K 2012, 'Interaction between asthma and lung function
growth in early life', American Journal of Respiratory and Critical Care Medicine, vol. 185,
no. 11, pp. 1183-1189. Available from: ATS Journals Online. [5 April 2021].
Blacquière, MJ, Timens, W, Melgert, BN, Geerlings, M, Postma, DS & Hylkema, MN 2009,
'Maternal smoking during pregnancy induces airway remodelling in mice offspring',
European Respiratory Journal, vol. 33, no. 5, pp. 1133-1140. Available from: European
Respiratory Society. [7 April 2021].
Bolton, CE, Bush, A, Hurst, JR, Kotecha, S & McGarvey, L 2015, 'Lung consequences in adults born
prematurely', Thorax, vol. 70, no. 6, pp. 574-580. Available from: BMJ Journals. [7 March
2021].
Booth, RJ, Sparrow, MP & Mitchell, HW 1992, 'Early maturation of force production in pig tracheal
smooth muscle during fetal development', American Journal of Respiratory Cell and
Molecular Biology, vol. 7, no. 6, pp. 590-597. Available from: ATS Journals Online. [2
February 2021].
Borak, J & Lefkowitz, RY 2016, 'Bronchial hyperresponsiveness', Occupational Medicine, vol. 66,
no. 2, pp. 95-105. Available from: Oxford Academic Journals. [25 April 2020].
Boulet, L-P 2003, 'Asymptomatic airway hyperresponsiveness: a curiosity or an opportunity to
prevent asthma?', American Journal of Respiratory and Critical Care Medicine, vol. 167, no.
3, pp. 371-378. Available from: ATS Journals Online. [7 April 2021].
Brink, C, Duncan, PG, Midzenski, M & Douglas, JS 1980, 'Response and sensitivity of female
guinea-pig respiratory tissues to agonists during ontogenesis', The Journal of Pharmacology

91
and Experimental Therapeutics, vol. 215, no. 2, pp. 426-433. Available from: ASPET
Journals Online. [11 February 2021].
Britt, RD, Jr, Faksh, A, Vogel, E, Martin, RJ, Pabelick, CM & Prakash, YS 2013, 'Perinatal factors
in neonatal and pediatric lung diseases', Expert Review of Respiratory Medicine, vol. 7, no. 5,
pp. 515-531. Available from: PubMed. [6 April 2021].
Brozovich, FV, Nicholson, CJ, Degen, CV, Gao, YZ, Aggarwal, M & Morgan, KG 2016,
'Mechanisms of vascular smooth muscle contraction and the basis for pharmacologic
treatment of smooth muscle disorders', Pharmacological Reviews, vol. 68, no. 2, pp. 476-532.
Available from: PubMed. [12 April 2020].
Bui, DS, Lodge, CJ, Perret, JL, Lowe, A, Hamilton, GS, Thompson, B, Giles, G, Tan, D, Erbas, B,
Pirkis, J, Cicuttini, F, Cassim, R, Bowatte, G, Thomas, P, Garcia-Aymerich, J, Hopper, J,
Abramson, MJ, Walters, EH & Dharmage, SC 2021, 'Trajectories of asthma and allergies
from 7 years to 53 years and associations with lung function and extrapulmonary comorbidity
profiles: a prospective cohort study', The Lancet Respiratory Medicine, vol. 9, no. 4, pp. 387396. Available from: PubMed. [7 July 2021].
Bui, DS, Perret, JL, Walters, EH, Abramson, MJ, Burgess, JA, Bui, MQ, Bowatte, G, Lowe, AJ,
Russell, MA, Alif, SM, Thompson, BR, Hamilton, GS, Giles, GG, Thomas, PS, Morrison, S,
Johns, DP, Knibbs, LD, Zock, J-P, Marcon, A, Garcia-Aymerich, J, Erbas, B, Jarvis, D,
Svanes, C, Lodge, CJ & Dharmage, SC 2020, 'Lifetime risk factors for pre- and postbronchodilator lung function decline. A population-based study', Annals of the American
Thoracic Society, vol. 17, no. 3, pp. 302-312. Available from: PubMed. [7 July 2021].
Burri, PH 1984, 'Fetal and postnatal development of the lung', Annual Review of Physiology, vol. 46,
no. 1, pp. 617-628. Available from: Annual Reviews. [13 July 2020].
Burri, PH 2006, 'Structural aspects of postnatal lung development - alveolar formation and growth',
Biology of the Neonate, vol. 89, no. 4, pp. 313-322. Available from: Karger Journals. [17
August 2020].
Cairncross, A, Jones, RL, Elliot, JG, McFawn, PK, James, AL & Noble, PB 2020, 'Airway narrowing
and response to simulated deep inspiration in bronchial segments from subjects with fixed
airflow obstruction', Journal of Applied Physiology, vol. 128, no. 4, pp. 757-767. Available
from: American Physiological Society. [9 February 2021].
Calkins, K & Devaskar, SU 2011, 'Fetal origins of adult disease', Current Problems in Pediatric and
Adolescent Health Care, vol. 41, no. 6, pp. 158-176. Available from: PubMed. [6 April 2021].

92
Canning, BJ 2006, 'Reflex regulation of airway smooth muscle tone', Journal of Applied Physiology,
vol. 101, no. 3, pp. 971-985. Available from: American Physiological Society. [21 April
2020].
Carhart, E 2012, 'The physiology of respiration. Patients experiencing difficulty breathing can prove
challenging to assess in the prehospital environment', EMS World, vol. 41, no. 1, pp. 61-66.
Available from: PubMed. [3 March 2021].
Carroll, N, Elliot, J, Morton, A & James, A 1993, 'The structure of large and small airways in nonfatal
and fatal asthma', American Review of Respiratory Disease, vol. 147, no. 2, pp. 405-410.
Available from: ATS Journals Online. [6 June 2019].
Castro-Rodriguez, JA, Saglani, S, Rodriguez-Martinez, CE, Oyarzun, MA, Fleming, L & Bush, A
2018, 'The relationship between inflammation and remodeling in childhood asthma: a
systematic review', Pediatric Pulmonology, vol. 53, no. 6, pp. 824-835. Available from: Wiley
Online Library. [5 June 2019].
Caulfield, MP & Birdsall, NJM 1998, 'International Union of Pharmacology. XVII. Classification of
muscarinic acetylcholine receptors', Pharmacological Reviews, vol. 50, no. 2, pp. 279-290.
Available from: ASPET Journals Online. [31 March 2020].
Cazzola, M, Page, CP, Rogliani, P & Matera, MG 2013, 'β2-agonist therapy in lung disease',
American Journal of Respiratory and Critical Care Medicine, vol. 187, no. 7, pp. 690-696.
Available from: ATS Journals Online. [14 July 2020].
Chakraborty, M & Kotecha, S 2013, 'Pulmonary surfactant in newborn infants and children', Breathe,
vol. 9, no. 6, pp. 476-488. Available from: European Respiratory Society. [2 August 2020].
Chaudhuri, R, Rubin, A, Sumino, K, Lapa e Silva, JR, Niven, R, Siddiqui, S, Klooster, K, McEvoy,
C, Shah, PL, Simoff, M, Khatri, S, Barbers, R, Mark Grubb, G, McMullen, EA, Olson, JL &
Laviolette, M 2021, 'Safety and effectiveness of bronchial thermoplasty after 10 years in
patients with persistent asthma (BT10+): a follow-up of three randomised controlled trials',
The Lancet Respiratory Medicine. Available from: PubMed. [10 April 2021].
Coates, AL, Wanger, J, Cockcroft, DW, Culver, BH, Carlsen, K-H, Diamant, Z, Gauvreau, G, Hall,
GL, Hallstrand, TS, Horvath, I, de Jongh, FHC, Joos, G, Kaminsky, DA, Laube, Beth L,
Leuppi, JD & Sterk, PJ 2017, 'ERS technical standard on bronchial challenge testing: general
considerations and performance of methacholine challenge tests', European Respiratory
Journal, vol. 49, no. 5. Available from: European Respiratory Society. [14 July 2020].

93
Cockcroft, DW & Davis, BE 2006, 'Mechanisms of airway hyperresponsiveness', Journal of Allergy
and Clinical Immunology, vol. 118, no. 3, pp. 551-559. Available from: ScienceDirect. [14
July 2020].
Coirault, C, Chemla, D & Lecarpentier, Y 1999, 'Relaxation of diaphragm muscle', Journal of Applied
Physiology, vol. 87, no. 4, pp. 1243-1252. Available from: American Physiological Society.
[14 April 2020].
Copley, SJ, Wells, AU, Hawtin, KE, Gibson, DJ, Hodson, JM, Jacques, AET & Hansell, DM 2009,
'Lung morphology in the elderly: comparative CT study of subjects over 75 years old versus
those under 55 years old', Radiology, vol. 251, no. 2, pp. 566-573. Available from: RSNA
Journals. [15 February 2021].
Cottini, M, Lombardi, C, Berti, A & Comberiati, P 2021, 'Small-airway dysfunction in paediatric
asthma', Current Opinion in Allergy and Clinical Immunology, vol. 21, no. 2, pp. 128-134.
Available from: Wolters Kluwer. [19 March 2021].
Cox, G, Miller, JD, McWilliams, A, FitzGerald, JM & Lam, S 2006, 'Bronchial thermoplasty for
asthma', American Journal of Respiratory and Critical Care Medicine, vol. 173, no. 9, pp.
965-969. Available from: ATS Journals Online. [9 April 2021].
Cox, P & Marton, T 2009, 'Pathological assessment of intrauterine growth restriction', Best Practice
& Research Clinical Obstetrics & Gynaecology, vol. 23, no. 6, pp. 751-764. Available from:
ScienceDirect. [6 April 2021].
Crapo, RO, Casaburi, R, Coates, AL, Enright, PL, Hankinson, JL, Irvin, CG, MacIntyre, NR, McKay,
RT, Wanger, JS, Anderson, SD, Cockcroft, DW, Fish, JE & Sterk, PJ 2000, 'Guidelines for
methacholine and exercise challenge testing-1999. This official statement of the American
Thoracic Society was adopted by the ATS Board of Directors, July 1999', American Journal
of Respiratory and Critical Care Medicine, vol. 161, no. 1, pp. 309-329. Available from: ATS
Journals Online. [14 July 2020].
Culver, B 2015, 'Defining airflow limitation and chronic obstructive pulmonary disease: the role of
outcome studies', European Respiratory Journal, vol. 46, no. 1, pp. 8-10. Available from:
European Respiratory Society. [22 April 2020].
Dando, SJ, Nitsos, I, Kallapur, SG, Newnham, JP, Polglase, GR, Pillow, JJ, Jobe, AH, Timms, P &
Knox, CL 2012, 'The role of the multiple banded antigen of Ureaplasma parvum in intraamniotic infection: major virulence factor or decoy?', PLoS One, vol. 7, no. 1. Available from:
PubMed. [26 January 2020].

94
Davies, S & Misra, U 2014, 'Respiration: ventilation', Anaesthesia & Intensive Care Medicine, vol.
15, no. 11, pp. 544-546. Available from: ScienceDirect. [17 January 2020].
Davis, RP & Mychaliska, GB 2013, 'Neonatal pulmonary physiology', Seminars in Pediatric Surgery,
vol. 22, no. 4, pp. 179-184. Available from: ScienceDirect. [20 July 2020].
Dezateux, C, Stocks, J, Wade, AM, Dundas, I & Fletcher, ME 2001, 'Airway function at one year:
association with premorbid airway function, wheezing, and maternal smoking', Thorax, vol.
56, no. 9, pp. 680-686. Available from: PubMed. [7 April 2021].
Dietert, RR 2011, 'Maternal and childhood asthma: risk factors, interactions, and ramifications',
Reproductive Toxicology, vol. 32, no. 2, pp. 198-204. Available from: ScienceDirect. [7 April
2021].
Dimech, J & Sturman, J 2011, 'Measurement of respiratory function: ventilation', Anaesthesia &
Intensive Care Medicine, vol. 12, no. 10, pp. 453-457. Available from: ScienceDirect. [22
April 2020].
Doeing, DC & Solway, J 2013, 'Airway smooth muscle in the pathophysiology and treatment of
asthma', Journal of Applied Physiology, vol. 114, no. 7, pp. 834-843. Available from:
PubMed. [22 April 2020].
Donovan, GM, Elliot, JG, Green, FHY, James, AL & Noble, PB 2018, 'Unraveling a clinical paradox:
why does bronchial thermoplasty work in asthma?', American Journal of Respiratory Cell and
Molecular Biology, vol. 59, no. 3, pp. 355-362. Available from: ATS Journals Online. [19
March 2021].
Duguet, A, Wang, C-G, Gomes, R, Ghezzo, H, Eidelman, DH & Tepper, RS 2001, 'Greater velocity
and magnitude of airway narrowing in immature than in mature rabbit lung explants',
American Journal of Respiratory and Critical Care Medicine, vol. 164, no. 9, pp. 1728-1733.
Available from: ATS Journals Online. [4 February 2021].
Dunnill, MS 1970, 'The anatomy of restrictive lung disease', Human Pathology, vol. 1, no. 2, pp. 265274. Available from: ScienceDirect. [22 April 2020].
Ebina, M, Takahashi, T, Chiba, T & Motomiya, M 1993, 'Cellular hypertrophy and hyperplasia of
airway smooth muscles underlying bronchial asthma: a 3-D morphometric study', American
Review of Respiratory Disease, vol. 148, no. 3, pp. 720-726. Available from: ATS Journals
Online. [17 March 2021].

95
Ebina, M, Yaegashi, H, Takahashi, T, Motomiya, M & Tanemura, M 1990, 'Distribution of smooth
muscles along the bronchial tree: a morphometric study of ordinary autopsy lungs', American
Review of Respiratory Disease, vol. 141, no. 5 pt 1, pp. 1322-1326. Available from: ATS
Journals Online. [10 February 2021].
Elliot, J, Vullermin, P & Robinson, P 1998, 'Maternal cigarette smoking is associated with increased
inner airway wall thickness in children who die from sudden infant death syndrome',
American Journal of Respiratory and Critical Care Medicine, vol. 158, no. 3, pp. 802-806.
Available from: ATS Journals Online. [7 April 2021].
Franzini-Armstrong, C & Peachey, LD 1981, 'Striated muscle-contractile and control mechanisms',
Journal of Cell Biology, vol. 91, no. 3, pp. 166-186. Available from: PubMed. [14 April
2020].
Getahun, D, Strickland, D, Zeiger, RS, Fassett, MJ, Chen, W, Rhoads, GG & Jacobsen, SJ 2010,
'Effect of chorioamnionitis on early childhood asthma', Archive of Pediatrics and Adolescent
Medicine, vol. 164, no. 2, pp. 187-192. Available from: JAMA Network. [6 June 2019].
Gibson, GJ, Pride, NB, O'cain, C & Quagliato, R 1976, 'Sex and age differences in pulmonary
mechanics in normal nonsmoking subjects', Journal of Applied Physiology, vol. 41, no. 1, pp.
20-25. Available from: American Physiological Society. [15 February 2021].
Gillissen, A & Paparoupa, M 2015, 'Inflammation and infections in asthma', The Clinical Respiratory
Journal, vol. 9, no. 3, pp. 257-269. Available from: PubMed. [14 July 2020].
GINA 2020, Global strategy for asthma management and prevention. Available from:
www.ginasthma.org. [29 March 2021].
Goldenberg, RL, Andrews, WW, Faye-Petersen, OM, Goepfert, AR, Cliver, SP & Hauth, JC 2006,
'The Alabama Preterm Birth Study: intrauterine infection and placental histologic findings in
preterm births of males and females less than 32 weeks', American Journal of Obstetrics and
Gynecology, vol. 195, no. 6, pp. 1533-1537. Available from: PubMed. [14 March 2021].
Gunst, SJ & Stropp, JQ 1988, 'Pressure-volume and length-stress relationships in canine bronchi in
vitro', Journal of Applied Physiology, vol. 64, no. 6, pp. 2522-2531. Available from: American
Physiological Society. [4 February 2021].
Hai, C & Murphy, RA 1989, 'Ca2+ crossbridge phosphorylation, and contraction', Annual Review of
Physiology, vol. 51, no. 1, pp. 285-298. Available from: Annual Reviews. [29 March 2021].

96
Hathaway, DR, March, KL, Lash, JA, Adam, LP & Wilensky, RL 1991, 'Vascular smooth muscle. a
review of the molecular basis of contractility', Circulation, vol. 83, no. 2, pp. 382-390.
Available from: PubMed. [16 April 2020].
Hilgers, RHP & Webb, RC 2005, 'Molecular aspects of arterial smooth muscle contraction: focus on
Rho', Experimental Biology and Medicine, vol. 230, no. 11, pp. 829-835. Available from:
Sage Journals Online. [13 April 2021].
Hirota, S, Helli, P & Janssen, LJ 2007, 'Ionic mechanisms and Ca2+ handling in airway smooth
muscle', European Respiratory Journal, vol. 30, no. 1, pp. 114-133. Available from: European
Respiratory Society. [27 March 2020].
Hirshman, CA & Bergman, NA 1990, 'Factors influencing intrapulmonary airway calibre during
anaesthesia', British Journal of Anaesthesia, vol. 65, no. 1, pp. 30-42. Available from:
PubMed. [8 February 2020].
Hislop, AA & Haworth, SG 1989, 'Airway size and structure in the normal fetal and infant lung and
the effect of premature delivery and artificial ventilation', American Review of Respiratory
Disease, vol. 140, no. 6, pp. 1717-1726. Available from: ATS Journals Online. [5 September
2020].
Hopkins, PM 2006, 'Skeletal muscle physiology', Continuing Education in Anaesthesia Critical Care
& Pain, vol. 6, no. 1, pp. 1-6. Available from: Oxford Academic Journals. [14 April 2020].
Hopp, RJ, Bewtra, A, Nair, NM & Townley, RG 1985, 'The effect of age on methacholine response',
Journal of Allergy and Clinical Immunology, vol. 76, no. 4, pp. 609-613. Available from:
PubMed. [2 February 2021].
Howard, V 2005, Unbiased stereology: three-dimensional measurement in microscopy, 2nd edn,
Garland Science/BIOS Scientific Publishers, Oxford.
Irvin, CG & Bates, JHT 2009, 'Physiologic dysfunction of the asthmatic lung', Proceedings of the
American Thoracic Society, vol. 6, no. 3, pp. 306-311. Available from: ATS Journals Online.
[7 July 2021].
Ishak, N, Sozo, F, Harding, R & De Matteo, R 2014, 'Does lung development differ in male and
female fetuses?', Experimental Lung Research, vol. 40, no. 1, pp. 30-39. Available from:
Taylor & Francis Online Journals. [15 February 2021].

97
James, A 2005, 'Remodelling of airway smooth muscle in asthma: what sort do you have?', Clinical
& Experimental Allergy, vol. 35, no. 6, pp. 703-707. Available from: Wiley Online Library.
[22 April 2020].
James, AL, Bai, TR, Mauad, T, Abramson, MJ, Dolhnikoff, M, McKay, KO, Maxwell, PS, Elliot, JG
& Green, FH 2009, 'Airway smooth muscle thickness in asthma is related to severity but not
duration of asthma', European Respiratory Journal, vol. 34, no. 5, pp. 1040-1045. Available
from: European Respiratory Society. [5 June 2019].
James, AL, Elliot, JG, Jones, RL, Carroll, ML, Mauad, T, Bai, TR, Abramson, MJ, McKay, KO &
Green, FH 2012, 'Airway smooth muscle hypertrophy and hyperplasia in asthma', American
Journal of Respiratory and Critical Care Medicine, vol. 185, no. 10, pp. 1058-1064. Available
from: ATS Journals Online. [9 February 2021].
James, AL, Hogg, JC, Dunn, LA & Paré, PD 1988, 'The use of the internal perimeter to compare
airway size and to calculate smooth muscle shortening', American Review of Respiratory
Disease, vol. 138, no. 1, pp. 136-139. Available from: ATS Journals Online. [27 January
2020].
James, AL, Noble, PB, Drew, S-A, Mauad, T, Bai, TR, Abramson, MJ, McKay, KO, Green, FHY &
Elliot, JG 2018, 'Airway smooth muscle proliferation and inflammation in asthma', Journal
of Applied Physiology, vol. 125, no. 4, pp. 1090-1096. Available from: American
Physiological Society. [14 February 2021].
James, AL, Palmer, LJ, Kicic, E, Maxwell, PS, Lagan, SE, Ryan, GF & Musk, AW 2005, 'Decline in
lung function in the Busselton Health Study: the effects of asthma and cigarette smoking',
American Journal of Respiratory and Critical Care Medicine, vol. 171, no. 2, pp. 109-114.
Available from: ATS Journals Online. [8 April 2021].
James, AL, Paré, PD, Moreno, RH & Hogg, JC 1987, 'Quantitative measurement of smooth muscle
shortening in isolated pig trachea', Journal of Applied Physiology, vol. 63, no. 4, pp. 13601365. Available from: American Physiological Society. [27 January 2020].
James, AL & Wenzel, S 2007, 'Clinical relevance of airway remodelling in airway diseases',
European Respiratory Journal, vol. 30, no. 1, pp. 134-155. Available from: European
Respiratory Society. [4 March 2021].
Jarvis, D & Burney, P 1998, 'ABC of allergies. The epidemiology of allergic disease', British Medical
Journal, vol. 316, no. 7131, pp. 607-610. Available from: PubMed. [3 March 2021].

98
Jeffery, PK 1998, 'The development of large and small airways', American Journal of Respiratory
and Critical Care Medicine, vol. 157, no. 5, pp. S174-S180. Available from: ATS Journals
Online. [13 July 2020].
Jin, S-P, Han, SB, Kim, YK, Park, EE, Doh, EJ, Kim, KH, Lee, DH & Chung, JH 2016, 'Changes in
tight junction protein expression in intrinsic aging and photoaging in human skin in vivo',
Journal of Dermatological Science, vol. 84, no. 1, pp. 99-101. Available from: PubMed. [19
February 2021].
Jones, RL, Elliot, JG & James, AL 2014, 'Estimating airway smooth muscle cell volume and number
in airway sections. sources of variability', American Journal of Respiratory Cell and
Molecular Biology, vol. 50, no. 2, pp. 246-252. Available from: ATS Journals Online. [4
February 2021].
Jones, RL, Noble, PB, Elliot, JG, Mitchell, HW, McFawn, PK, Hogg, JC & James, AL 2016, 'Airflow
obstruction is associated with increased smooth muscle extracellular matrix', European
Respiratory Journal, vol. 47, no. 6, pp. 1855-1857. Available from: European Respiratory
Society. [26 March 2021].
Jones, SVP 1993, 'Muscarinic receptor subtypes: modulation of ion channels', Life Sciences, vol. 52,
no. 5-6, pp. 457-464. Available from: ScienceDirect. [31 March 2020].
Joos, GF & O'Connor, B 2003, 'Indirect airway challenges', European Respiratory Journal, vol. 21,
no. 6, pp. 1050-1068. Available from: European Respiratory Society. [25 April 2020].
Kacmarek, RM, Stoller, JK & Heuer, AJ 2017, Egan's fundamentals of respiratory care, 11th edn,
Elsevier, Missouri.
Kaminsky, DA 2012, 'What does airway resistance tell us about lung function?', Respiratory Care,
vol. 57, no. 1, pp. 85-99. Available from: PubMed. [22 April 2020].
Knox, CL, Dando, SJ, Nitsos, I, Kallapur, SG, Jobe, AH, Payton, D, Moss, TJ & Newnham, JP 2010,
'The severity of chorioamnionitis in pregnant sheep is associated with in vivo variation of the
surface-exposed multiple-banded antigen/gene of Ureaplasma parvum', Biology of
Reproduction, vol. 83, no. 3, pp. 415-426. Available from: PubMed. [5 June 2019].
Knox, CL & Timms, P 1998, 'Comparison of PCR, nested PCR, and random amplified polymorphic
DNA PCR for detection and typing of Ureaplasma urealyticum in specimens from pregnant
women', Journal of Clinical Microbiology, vol. 36, no. 10, pp. 3032-3039. Available from:
PubMed. [9 March 2021].

99
Kuo, W, Ciet, P, Andrinopoulou, E-R, Chen, Y, Pullens, B, Garcia-Peña, P, Fleck, RJ, Paoletti, M,
McCartin, M, Vermeulen, F, Morana, G, Lee, EY & Tiddens, HAWM 2018, 'Reference values
for central airway dimensions on CT images of children and adolescents', American Journal
of Roentgenology, vol. 210, no. 2, pp. 423-430. Available from: PubMed. [22 February 2021].
Laitinen, A, Altraja, A, Kämpe, M, Linden, M, Virtanen, I & Laitinen, LA 1997, 'Tenascin is
increased in airway basement membrane of asthmatics and decreased by an inhaled steroid',
American Journal of Respiratory and Critical Care Medicine, vol. 156, no. 3, pp. 951-958.
Available from: ATS Journals Online. [30 March 2021].
Lambert, RK, Ramchandani, R, Shen, X, Gunst, SJ & Tepper, RS 2002, 'Computational model of
airway narrowing: mature vs. immature rabbit', Journal of Applied Physiology, vol. 93, no. 2,
pp. 611-619. Available from: American Physiological Society. [12 February 2021].
Lambert, RK, Wiggs, BR, Kuwano, K, Hogg, JC & Paré, PD 1993, 'Functional significance of
increased airway smooth muscle in asthma and COPD', Journal of Applied Physiology, vol.
74, no. 6, pp. 2771-2781. Available from: American Physiological Society. [6 June 2019].
Langton, D, Banks, C, Noble, PB, Plummer, V, Thien, F & Donovan, GM 2020a, 'The effect of
bronchial thermoplasty on airway volume measured 12 months post-procedure', ERJ Open
Research, vol. 6, no. 4, pp. 00300-2020. Available from: PubMed. [10 April 2021].
Langton, D, Bennetts, K, Noble, P, Plummer, V & Thien, F 2020b, 'Bronchial thermoplasty reduces
airway resistance', Respiratory Research, vol. 21, no. 1, p. 76. Available from: PubMed. [10
April 2021].
Langton, D, Bennetts, K, Thien, F, Plummer, V & Noble, PB 2020c, 'Bronchial thermoplasty reduces
ventilation heterogeneity measured by multiple breath nitrogen washout', Respiratory
Research, vol. 21, no. 1, p. 308. Available from: PubMed. [10 April 2021].
Langton, D, Noble, PB & Donovan, GM 2021, 'Response of individual airways in vivo to bronchial
thermoplasty', Journal of Applied Physiolology. Available from: American Physiological
Society. [10 April 2021].
Lei, M, Ghezzo, H, Chen, MF & Eidelman, DH 1997, 'Airway smooth muscle orientation in
intraparenchymal airways', Journal of Applied Physiology, vol. 82, no. 1, pp. 70-77. Available
from: American Physiological Society. [10 February 2021].
Lindahl, P, Karlsson, L, Hellström, M, Gebre-Medhin, S, Willetts, K, Heath, JK & Betsholtz, C 1997,
'Alveogenesis failure in PDGF-A-deficient mice is coupled to lack of distal spreading of

100
alveolar smooth muscle cell progenitors during lung development', Development, vol. 124,
no. 20, pp. 3943-3953. Available from: The Company of Biologists. [17 August 2020].
Lipsett, J, Tamblyn, M, Madigan, K, Roberts, P, Cool, JC, Runciman, SI, McMillen, IC, Robinson, J
& Owens, JA 2006, 'Restricted fetal growth and lung development: a morphometric analysis
of pulmonary structure', Pediatric Pulmonology, vol. 41, no. 12, pp. 1138-1145. Available
from: Wiley Online Library. [7 April 2021].
Lo Mauro, A & Aliverti, A 2016, 'Physiology of respiratory disturbances in muscular dystrophies',
Breathe, vol. 12, no. 4, pp. 318-327. Available from: PubMed. [4 March 2021].
Mahn, K, Ojo, OO, Chadwick, G, Aaronson, PI, Ward, JPT & Lee, TH 2010, 'Ca2+ homeostasis and
structural and functional remodelling of airway smooth muscle in asthma', Thorax, vol. 65,
no. 6, pp. 547-552. Available from: BMJ Journals. [2 April 2020].
Mandy, M & Nyirenda, M 2018, 'Developmental Origins of Health and Disease: the relevance to
developing nations', International Health, vol. 10, no. 2, pp. 66-70. Available from: PubMed.
[6 April 2021].
Marini, T, Hobbs, SK, Chaturvedi, A & Kaproth-Joslin, K 2017, 'Beyond bronchitis: a review of the
congenital and acquired abnormalities of the bronchus', Insights into Imaging, vol. 8, no. 1,
pp. 141-153. Available from: PubMed. [22 April 2020].
Maritz, GS, Cock, ML, Louey, S, Suzuki, K & Harding, R 2004, 'Fetal growth restriction has longterm effects on postnatal lung structure in sheep', Pediatric Research, vol. 55, no. 2, pp. 287295. Available from: Nature Journals. [7 April 2021].
Maron, MB 1997, 'Relating basic concepts of pulmonary mechanics to clinical situations', Advances
in Physiology Education, vol. 273, no. 6, pp. S85-S95. Available from: American
Physiological Society. [22 April 2020].
Martinez, FD, Morgan, WJ, Wright, AL, Holberg, CJ & Taussig, LM 1988, 'Diminished lung function
as a predisposing factor for wheezing respiratory illness in infants', The New England Journal
of Medicine, vol. 319, no. 17, pp. 1112-1117. Available from: New England Journal of
Medicine. [18 March 2021].
Mateika, JH & Duffin, J 1995, 'A review of the control of breathing during exercise', European
Journal of Applied Physiology and Occupational Physiology, vol. 71, no. 1, pp. 1-27.
Available from: SpringerLink Journals. [4 March 2021].

101
May, M, Marx, A, Seidenspinner, S & Speer, CP 2004, 'Apoptosis and proliferation in lungs of human
fetuses exposed to chorioamnionitis', Histopathology, vol. 45, no. 3, pp. 283-290. Available
from: Wiley Online Library. [5 June 2019].
McFawn, P & Mitchell, H 1997, 'Bronchial compliance and wall structure during development of the
immature human and pig lung', European Respiratory Journal, vol. 10, no. 1, pp. 27-34.
Available from: European Respiratory Society. [7 February 2021].
McParland, BE, Paré, PD, Johnson, PRA, Armour, CL & Black, JL 2004, 'Airway basement
membrane perimeter in human airways is not a constant; potential implications for airway
remodeling in asthma', Journal of Applied Physiology, vol. 97, no. 2, pp. 556-563. Available
from: American Physiological Society. [25 March 2021].
Mead, J 1970, 'The lung's quiet zone', The New England Journal of Medicine, vol. 282, no. 23, pp.
1318-1319. Available from: New England Journal of Medicine. [19 March 2021].
Mecham, RP 2018, 'Elastin in lung development and disease pathogenesis', Matrix Biology, vol. 73,
pp. 6-20. Available from: PubMed. [16 August 2020].
Meeusen, EN, Snibson, KJ, Hirst, SJ & Bischof, RJ 2009, 'Sheep as a model species for the study and
treatment of human asthma and other respiratory diseases', Drug Discovery Today: Disease
Models, vol. 6, no. 4, pp. 101-106. Available from: ScienceDirect. [5 June 2019].
Merkus, PJFM, ten Have-Opbroek, AAW & Quanjer, PH 1996, 'Human lung growth: a review',
Pediatric Pulmonology, vol. 21, no. 6, pp. 383-397. Available from: Wiley Online Library.
[3 August 2020].
Miller, MR, Hankinson, J, Brusasco, V, Burgos, F, Casaburi, R, Coates, A, Crapo, R, Enright, P, van
der Grinten, CPM, Gustafsson, P, Jensen, R, Johnson, DC, MacIntyre, N, McKay, R, Navajas,
D, Pedersen, OF, Pellegrino, R, Viegi, G & Wanger, J 2005, 'Standardisation of spirometry',
European Respiratory Journal, vol. 26, no. 2, pp. 319-338. Available from: European
Respiratory Society. [22 April 2020].
Mitchell, H, McFawn, P & Sparrow, M 1992, 'Increased narrowing of bronchial segments from
immature pigs', European Respiratory Journal, vol. 5, no. 2, pp. 207-212. Available from:
European Respiratory Society. [19 February 2021].
Mitzner, W 2004, 'Airway smooth muscle: the appendix of the lung', American Journal of Respiratory
and Critical Care Medicine, vol. 169, no. 7, pp. 787-790. Available from: ATS Journals
Online. [21 April 2020].

102
Moss, TJ 2006, 'Respiratory consequences of preterm birth', Clinical and Experimental
Pharmacology and Physiology, vol. 33, no. 3, pp. 280-284. Available from: Wiley Online
Library. [7 April 2021].
Moss, TJ, Knox, CL, Kallapur, SG, Nitsos, I, Theodoropoulos, C, Newnham, JP, Ikegami, M & Jobe,
AH 2008, 'Experimental amniotic fluid infection in sheep: effects of Ureaplasma parvum
serovars 3 and 6 on preterm or term fetal sheep', American Journal of Obstetrics &
Gynecology, vol. 198, no. 1. Available from: PubMed. [5 June 2019].
Mounkaïla, B, Marthan, R & Roux, E 2005, 'Biphasic effect of extracellular ATP on human and rat
airways is due to multiple P2 purinoceptor activation', Respiratory Research, vol. 6, no. 1, p.
143. Available from: PubMed. [30 March 2020].
Murphy, RA & Rembold, CM 2005, 'The latch-bridge hypothesis of smooth muscle contraction',
Canadian Journal of Physiology and Pharmacology, vol. 83, no. 10, pp. 857-864. Available
from: PubMed. [29 March 2021].
Murphy, TM, Mitchell, RW, Blake, JS, Mack, MM, Kelly, EA, Munoz, NM & Leff, AR 1989,
'Expression of airway contractile properties and acetylcholinesterase activity in swine',
Journal of Applied Physiology, vol. 67, no. 1, pp. 174-180. Available from: American
Physiological Society. [11 February 2021].
Murrison, LB, Brandt, EB, Myers, JB & Hershey, GKK 2019, 'Environmental exposures and
mechanisms in allergy and asthma development', The Journal of Clinical Investigation, vol.
129, no. 4, pp. 1504-1515. Available from: PubMed. [3 April 2021].
Noble, PB, Jones, RL, Cairncross, A, Elliot, JG, Mitchell, HW, James, AL & McFawn, PK 2013,
'Airway narrowing and bronchodilation to deep inspiration in bronchial segments from
subjects with and without reported asthma', Journal of Applied Physiology, vol. 114, no. 10,
pp. 1460-1471. Available from: American Physiological Society. [22 April 2020].
Noble, PB, Kowlessur, D, Larcombe, AN, Donovan, GM & Wang, KCW 2019, 'Mechanical
abnormalities of the airway wall in adult mice after intrauterine growth restriction', Frontiers
in Physiology, vol. 10, no. 1073. Available from: PubMed. [4 March 2021].
Noble, PB, Sharma, A, McFawn, PK & Mitchell, HW 2005, 'Elastic properties of the bronchial
mucosa: epithelial unfolding and stretch in response to airway inflation', Journal of Applied
Physiology, vol. 99, no. 6, pp. 2061-2066. Available from: American Physiological Society.
[25 March 2021].

103
Noble, PB, Turner, DJ & Mitchell, HW 2002, 'Relationship of airway narrowing, compliance, and
cartilage in isolated bronchial segments', Journal of Applied Physiology, vol. 92, no. 3, pp.
1119-1124. Available from: American Physiological Society. [8 February 2021].
O'Reilly, R, Ullmann, N, Irving, S, Bossley, CJ, Sonnappa, S, Zhu, J, Oates, T, Banya, W, Jeffery,
PK, Bush, A & Saglani, S 2013, 'Increased airway smooth muscle in preschool wheezers who
have asthma at school age', Journal of Allergy and Clinical Immunology, vol. 131, no. 4, pp.
1024-1032. Available from: ScienceDirect. [5 June 2019].
Omari, TI, Sparrow, MP & Mitchell, HW 1993, 'Responsiveness of human isolated bronchial
segments and its relationship to epithelial loss', British Journal of Clinical Pharmacology,
vol. 35, no. 4, pp. 357-365. Available from: PubMed. [12 February 2021].
Owens, L, Laing, IA, Zhang, G & Le Souëf, PN 2017, 'Infant lung function predicts asthma
persistence and remission in young adults', Respirology, vol. 22, no. 2, pp. 289-294. Available
from: Wiley Online Library. [5 June 2019].
Panitch, HB, Deoras, KS, Wolfson, MR & Shaffer, TH 1992, 'Maturational changes in airway smooth
muscle structure-function relationships', Pediatric Research, vol. 31, no. 2, pp. 151-156.
Available from: Nature Journals. [2 April 2021].
Papi, A, Brightling, C, Pedersen, SE & Reddel, HK 2018, 'Asthma', The Lancet, vol. 391, no. 10122,
pp. 783-800. Available from: ScienceDirect. [3 April 2021].
Parameswaran, K, Willems-Widyastuti, A, Alagappan, VKT, Radford, K, Kranenburg, AR &
Sharma, HS 2006, 'Role of extracellular matrix and its regulators in human airway smooth
muscle biology', Cell Biochemistry and Biophysics, vol. 44, pp. 139-146. Available from:
SpringerLink Journals. [3 April 2021].
Pellegrino, R, Viegi, G, Brusasco, V, Crapo, RO, Burgos, F, Casaburi, R, Coates, A, van der Grinten,
CPM, Gustafsson, P, Hankinson, J, Jensen, R, Johnson, DC, MacIntyre, N, McKay, R, Miller,
MR, Navajas, D, Pedersen, OF & Wanger, J 2005, 'Interpretative strategies for lung function
tests', European Respiratory Journal, vol. 26, no. 5, pp. 948-968. Available from: European
Respiratory Society. [29 March 2021].
Phelan, PD, Robertson, CF & Olinsky, A 2002, 'The Melbourne Asthma Study: 1964-1999', Journal
of Allergy and Clinical Immunology, vol. 109, no. 2, pp. 189-194. Available from:
ScienceDirect. [5 June 2019].

104
Pierce, R 2005, 'Spirometry: an essential clinical measurement', Australian Family Physician, vol.
34, no. 7, pp. 535-539. Available from: PubMed. [22 April 2020].
Pike, K, Pillow, JJ & Lucas, JS 2012, 'Long term respiratory consequences of intrauterine growth
restriction', Seminars in Fetal and Neonatal Medicine, vol. 17, no. 2, pp. 92-98. Available
from: ScienceDirect. [6 April 2021].
Plantier, L, Cazes, A, Dinh-Xuan, A-T, Bancal, C, Marchand-Adam, S & Crestani, B 2018,
'Physiology of the lung in idiopathic pulmonary fibrosis', European Respiratory Review, vol.
27, no. 147. Available from: European Respiratory Society. [22 April 2020].
Postma, DS, Reddel, HK, ten Hacken, NHT & van den Berge, M 2014, 'Asthma and chronic
obstructive pulmonary disease', Clinics in Chest Medicine, vol. 35, no. 1, pp. 143-156.
Available from: ClinicalKey. [4 March 2021].
Pretolani, M, Bergqvist, A, Thabut, G, Dombret, MC, Knapp, D, Hamidi, F, Alavoine, L, Taillé, C,
Chanez, P, Erjefält, JS & Aubier, M 2017, 'Effectiveness of bronchial thermoplasty in patients
with severe refractory asthma: clinical and histopathologic correlations', Journal of Allergy
and Clinical Immunology, vol. 139, no. 4, pp. 1176-1185. Available from: ScienceDirect. [5
June 2019].
Ralevic, V & Burnstock, G 1998, 'Receptors for purines and pyrimidines', Pharmacological Reviews,
vol. 50, no. 3, pp. 413-492. Available from: ASPET Journals Online. [30 March 2020].
Ramchandani, R, Shen, X, Elmsley, CL, Ambrosius, WT, Gunst, SJ & Tepper, RS 2000, 'Differences
in airway structure in immature and mature rabbits', Journal of Applied Physiology, vol. 89,
no. 4, pp. 1310-1316. Available from: American Physiological Society. [8 February 2021].
Ramchandani, R, Shen, X, Gunst, SJ & Tepper, RS 2003, 'Comparison of elastic properties and
contractile responses of isolated airway segments from mature and immature rabbits', Journal
of Applied Physiology, vol. 95, no. 1, pp. 265-271. Available from: American Physiological
Society. [10 February 2021].
Regamey, N, Ochs, M, Hilliard, TN, Muhlfeld, C, Cornish, N, Fleming, L, Saglani, S, Alton, EW,
Bush, A, Jeffery, PK & Davies, JC 2008, 'Increased airway smooth muscle mass in children
with asthma, cystic fibrosis, and non-cystic fibrosis bronchiectasis', American Journal of
Respiratory and Critical Care Medicine, vol. 177, no. 8, pp. 837-843. Available from: ATS
Journals Online. [5 June 2019].

105
Reid, IM 1980, 'Morphometric methods in veterinary pathology: a review', Veterinary Pathology,
vol. 17, no. 5, pp. 522-543. Available from: Sage Journals Online. [26 January 2020].
Rhoades, R & Bell, DR 2013, Medical physiology: principles for clinical medicine, 4th edn,
Lippincott Williams & Wilkins, Philadelphia.
Roche, WR, Williams, JH, Beasley, R & Holgate, ST 1989, 'Subepithelial fibrosis in the bronchi of
asthmatics', The Lancet, vol. 333, no. 8637, pp. 520-524. Available from: ScienceDirect. [30
March 2021].
Rodger, IW 1985, 'Excitation-contraction coupling and uncoupling in airway smooth muscle', British
Journal of Clinical Pharmacology, vol. 20, no. Suppl 2, pp. 255S-266S. Available from:
PubMed. [26 March 2020].
Rodger, IW 1992, 'Airway smooth muscle', British Medical Bulletin, vol. 48, no. 1, pp. 97-107.
Available from: Oxford Academic Journals. [8 February 2020].
Romero, R, Espinoza, J, Gonçalves, LF, Kusanovic, JP, Friel, LA & Nien, JK 2006, 'Inflammation in
preterm and term labour and delivery', Seminars in Fetal and Neonatal Medicine, vol. 11, no.
5, pp. 317-326. Available from: ScienceDirect. [5 June 2019].
Sakai, K, Yokoyama, A, Kohno, N, Hamada, H & Hiwada, K 2001, 'Prolonged antigen exposure
ameliorates airway inflammation but not remodeling in a mouse model of bronchial asthma',
International Archives of Allergy and Immunology, vol. 126, no. 2, pp. 126-134. Available
from: Karger Journals. [4 February 2021].
Sanders, KM 2001, 'Invited review: mechanisms of calcium handling in smooth muscles', Journal of
Applied Physiology, vol. 91, no. 3, pp. 1438-1449. Available from: American Physiological
Society. [1 April 2020].
Savineau, J & Marthan, R 1997, 'Modulation of the calcium sensitivity of the smooth muscle
contractile apparatus: molecular mechanisms, pharmacological and pathophysiological
implications', Fundamental & Clinical Pharmacology, vol. 11, no. 4, pp. 289-299. Available
from: Wiley Online Library. [16 April 2020].
Schittny, JC 2017, 'Development of the lung', Cell and Tissue Research, vol. 367, no. 3, pp. 427-444.
Available from: PubMed. [23 July 2020].
Sears, MR, Greene, JM, Willan, AR, Wiecek, EM, Taylor, DR, Flannery, EM, Cowan, JO, Herbison,
GP, Silva, PA & Poulton, R 2003, 'A longitudinal, population-based, cohort study of

106
childhood asthma followed to adulthood', The New England Journal of Medicine, vol. 349,
no. 15, pp. 1414-1422. Available from: New England Journal of Medicine. [8 April 2021].
Seow, CY & Fredberg, JJ 2001, 'Historical perspective on airway smooth muscle: the saga of a
frustrated cell', Journal of Applied Physiology, vol. 91, no. 2, pp. 938-952. Available from:
American Physiological Society. [21 April 2020].
Sharma, G & Goodwin, J 2006, 'Effect of aging on respiratory system physiology and immunology',
Clinical Interventions in Aging, vol. 1, no. 3, pp. 253-260. Available from: PubMed. [23
February 2021].
Shen, X, Bhargava, V, Wodicka, GR, Doerschuk, CM, Gunst, SJ & Tepper, RS 1996, 'Greater airway
narrowing in immature than in mature rabbits during methacholine challenge', Journal of
Applied Physiology, vol. 81, no. 6, pp. 2637-2643. Available from: American Physiological
Society. [10 February 2021].
Shen, X, Ramchandani, R, Dunn, B, Lambert, R, Gunst, SJ & Tepper, RS 2000, 'Effect of
transpulmonary pressure on airway diameter and responsiveness of immature and mature
rabbits', Journal of Applied Physiology, vol. 89, no. 4, pp. 1584-1590. Available from:
American Physiological Society. [12 February 2021].
Shore, S, Irvin, CG, Shenkier, T & Martin, JG 1983, 'Mechanisms of histamine-induced contraction
of canine airway smooth muscle', Journal of Applied Physiology, vol. 55, no. 1, pp. 22-26.
Available from: American Physiological Society. [4 February 2021].
Snibson, KJ, Bischof, RJ, Slocombe, RF & Meeusen, EN 2005, 'Airway remodelling and
inflammation in sheep lungs after chronic airway challenge with house dust mite', Clinical &
Experimental Allergy, vol. 35, no. 2, pp. 146-152. Available from: Wiley Online Library. [4
April 2021].
Somlyo, AP & Somlyo, AV 1994, 'Signal transduction and regulation in smooth muscle', Nature, vol.
372, no. 6503, pp. 231-236. Available from: Nature Journals. [31 March 2020].
Sparrow, MP & Lamb, JP 2003, 'Ontogeny of airway smooth muscle: structure, innervation,
myogenesis and function in the fetal lung', Respiratory Physiology & Neurobiology, vol. 137,
no. 2-3, pp. 361-372. Available from: ScienceDirect. [13 July 2020].
Sparrow, MP & Mitchell, HW 1990, 'Contraction of smooth muscle of pig airway tissues from before
birth to maturity', Journal of Applied Physiology, vol. 68, no. 2, pp. 468-477. Available from:
American Physiological Society. [6 June 2019].

107
Sparrow, MP & Mitchell, HW 1991, 'Modulation by the epithelium of the extent of bronchial
narrowing produced by substances perfused through the lumen', British Journal of
Pharmacology, vol. 103, no. 1, pp. 1160-1164. Available from: PubMed. [12 February 2021].
Stick, S 2000, 'The contribution of airway development to paediatric and adult lung disease', Thorax,
vol. 55, no. 7, pp. 587-594. Available from: BMJ Journals. [18 March 2021].
Suhag, A & Berghella, V 2013, 'Intrauterine growth restriction (IUGR): etiology and diagnosis',
Current Obstetrics and Gynecology Reports, vol. 2, pp. 102-111. Available from:
SpringerLink Journals. [6 April 2021].
Takeda, K, Hamelmann, E, Joetham, A, Shultz, LD, Larsen, GL, Irvin, CG & Gelfand, EW 1997,
'Development of eosinophilic airway inflammation and airway hyperresponsiveness in mast
cell-deficient mice', The Journal of Experimental Medicine, vol. 186, no. 3, pp. 449-454.
Available from: PubMed. [4 February 2021].
Tepper, RS, Kisling, J & Brearton, L 1993, 'Maturation affects the maximal pulmonary response to
methacholine in rabbits', Pediatric Pulmonology, vol. 16, no. 1, pp. 48-53. Available from:
Wiley Online Library. [10 February 2021].
Townley, RG, Bewtra, AK, Nair, NM, Brodkey, FD, Watt, GD & Burke, KM 1979, 'Methacholine
inhalation challenge studies', Journal of Allergy and Clinical Immunology, vol. 64, no. 6 pt 2,
pp. 569-574. Available from: ScienceDirect. [2 February 2021].
Tran, M-UT, Weir, AJ, Fanucchi, MV, Murphy, AE, Winkle, LSV, Evans, MJ, Smiley-Jewell, SM,
Miller, L, Schelegle, ES, Gershwin, LJ, Hyde, DM & Plopper, CG 2004, 'Smooth muscle
development during postnatal growth of distal bronchioles in infant rhesus monkeys', Journal
of Applied Physiology, vol. 97, no. 6, pp. 2364-2371. Available from: American Physiological
Society. [1 February 2021].
Turner, SW, Young, S, Goldblatt, J, Landau, LI & Le Souëf, PN 2009, 'Childhood asthma and
increased airway responsiveness: a relationship that begins in infancy', American Journal of
Respiratory and Critical Care Medicine, vol. 179, no. 2, pp. 98-104. Available from: ATS
Journals Online. [5 June 2019].
Verleden, SE, Kirby, M, Everaerts, S, Vanstapel, A, McDonough, JE, Verbeken, EK, Braubach, P,
Boone, MN, Aslam, D, Verschakelen, J, Ceulemans, LJ, Neyrinck, AP, Van Raemdonck, DE,
Vos, R, Decramer, M, Hackett, TL, Hogg, JC, Janssens, W, Verleden, GM & Vanaudenaerde,
BM 2021, 'Small airway loss in the physiologically ageing lung: a cross-sectional study in

108
unused donor lungs', The Lancet Respiratory Medicine, vol. 9, no. 2, pp. 167-174. Available
from: ClinicalKey. [15 February 2021].
Wadsworth, S, Sin, D & Dorscheid, D 2011, 'Clinical update on the use of biomarkers of airway
inflammation in the management of asthma', Journal of Asthma and Allergy, vol. 4, pp. 7786. Available from: PubMed. [10 April 2021].
Wales, RG & Murdoch, RN 1973, 'Changes in the composition of sheep fetal fluids during early
pregnancy', Journal of Reproduction and Fertility, vol. 33, no. 2, pp. 197-205. Available from:
Bioscientifica. [4 March 2021].
Wang, KCW, Cras, TDL, Larcombe, Alexander N, Zosky, Graeme R, Elliot, John G, James, Alan L
& Noble, Peter B 2018a, 'Independent and combined effects of airway remodelling and
allergy on airway responsiveness', Clinical Science, vol. 132, no. 3, pp. 327-338. Available
from: Portland Press Journals. [4 March 2021].
Wang, KCW, Donovan, GM, James, AL & Noble, PB 2020, 'Asthma: pharmacological degradation
of the airway smooth muscle layer', The International Journal of Biochemistry & Cell
Biology, vol. 126, p. 105818. Available from: ScienceDirect. [4 Aprl 2021].
Wang, KCW, Larcombe, Alexander N, Berry, Luke J, Morton, Jude S, Davidge, Sandra T, James,
Alan L & Noble, Peter B 2018b, 'Foetal growth restriction in mice modifies postnatal airway
responsiveness in an age and sex-dependent manner', Clinical Science, vol. 132, no. 2, pp.
273-284. Available from: Portland Press Journals. [8 April 2021].
Wang, KCW, Morton, JS, Davidge, ST, Larcombe, AN, James, AL, Donovan, GM & Noble, PB
2017, 'Increased heterogeneity of airway calibre in adult rats after hypoxia-induced
intrauterine growth restriction', Respirology, vol. 22, no. 7, pp. 1329-1335. Available from:
Wiley Online Library. [8 April 2021].
Wang, KCW & Noble, PB 2020, 'Foetal growth restriction and asthma: airway smooth muscle
thickness rather than just lung size?', Respirology, vol. 25, no. 8, pp. 889-891. Available from:
Wiley Online Library. [16 March 2021].
Webb, RC 2003, 'Smooth muscle contraction and relaxation', Advances in Physiology Education, vol.
27, no. 4, pp. 201-206. Available from: American Physiological Society. [8 February 2020].
Wener, RRL & Bel, EH 2013, 'Severe refractory asthma: an update', European Respiratory Review,
vol. 22, no. 129, pp. 227-235. Available from: European Respiratory Society. [31 March
2021].

109
West, JB 2012, Respiratory physiology: the essentials, 9th edn, Wolters Kluwer Health/Lippincott
Williams & Wilkins, Philadelphia.
Wignarajah, D, Cock, ML, Pinkerton, KE & Harding, R 2002, 'Influence of intrauterine growth
restriction on airway development in fetal and postnatal sheep', Pediatric Research, vol. 51,
no. 6, pp. 681-688. Available from: Nature Journals. [9 February 2021].
Wijdicks, EFM 2013, 'Neurogenic paradoxical breathing', Journal of Neurology, Neurosurgery &
Psychiatry, vol. 84, no. 11, p. 1296. Available from: BMJ Journals. [4 March 2021].
Wilson, JW & Li, X 1997, 'The measurement of reticular basement membrane and submucosal
collagen in the asthmatic airway', Clinical & Experimental Allergy, vol. 27, no. 4, pp. 363371. Available from: Wiley Online Library. [30 March 2021].
Woodruff, PG, Dolganov, GM, Ferrando, RE, Donnelly, S, Hays, SR, Solberg, OD, Carter, R, Wong,
HH, Cadbury, PS & Fahy, JV 2004, 'Hyperplasia of smooth muscle in mild to moderate
asthma without changes in cell size or gene expression', American Journal of Respiratory and
Critical Care Medicine, vol. 169, no. 9, pp. 1001-1006. Available from: ATS Journals Online.
[3 February 2021].
Woolcock, AJ, Salome, CM & Yan, K 1984, 'The shape of the dose-response curve to histamine in
asthmatic and normal subjects', American Review of Respiratory Disease, vol. 130, no. 1, pp.
71-75. Available from: ATS Journals Online. [14 July 2020].
Young, S, Le Souëf, PN, Geelhoed, GC, Stick, SM, Turner, KJ & Landau, LI 1991, 'The influence of
a family history of asthma and parental smoking on airway responsiveness in early infancy',
The New England Journal of Medicine, vol. 324, no. 17, pp. 1168-1173. Available from: New
England Journal of Medicine. [7 April 2021].
Zacharasiewicz, A 2016, 'Maternal smoking in pregnancy and its influence on childhood asthma',
ERJ Open Research, vol. 2, no. 3, pp. 00042-2016. Available from: PubMed. [7 April 2021].

