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Abstract 
 
 
 

Asthma is a chronic respiratory disease, characterized by inflammation, airway 

hyperresponsiveness (AHR) and obstruction of the airways. During an asthma attack, 

the contraction of airway smooth muscle (ASM) in combination with increased mucus 

production reduces the bronchial diameter, increasing the resistance to airflow into the 

lungs. New Zealand has one of the highest prevalence rates for asthma in the world, 

with a total estimated cost around NZ$ 825 million per year. 

 

The intrinsic causes of asthma are currently not well understood. Several treatments 

have been developed, but none of them present a cure for this chronic disease. Most of 

these treatments pharmacological with side effects sometimes fatal and affecting many 

patients. Some patients show no response to existing treatments.   

 

ASM contraction is believed to be the main driving mechanism in asthma attacks. The 

response of ASM in healthy and asthmatic airways seems to be influenced by breathing 

patterns such as tidal breathing and deep inspiration, with strong differences between 

healthy and asthmatic airways. Therefore understanding airway mechanics and the 

dynamic response of ASM in vivo seems to be an essential component in the search for 

a new alternative in the treatment of asthma.  

 

The proposed research investigates the response of ASM in sensitized models in the 

presence of imposed oscillations in vivo and in vitro. The results from this study in 

combination with the previous work done in this area will help to increase the 

understanding of how length oscillations affect the response of ASM in healthy and 

asthmatic subjects.  
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Chapter 1  
Background 

1.1. Introduction 
Asthma is a chronic respiratory disease, characterized by inflammation, airways 

hyperresponsiveness and obstruction of the airways. During an asthma attack, the 

contraction of ASM in combination with an increased mucus production reduces the 

bronchial diameter, and increases the resistance to airflow into the lungs. Some of the 

most recurrent symptoms of asthma are wheezing, shortness of breath, chest tightness 

and coughing. 

It is estimated that around 300 million people of different ages, and all ethnic 

backgrounds, suffer from asthma [1, 2], and this number is expected to rise at 100 

million by 2025 [2]. New Zealand has one of the highest prevalence rates for asthma. 

The burden of this disease to governments, health care systems, families, and patients is 

increasing worldwide too. In New Zealand the total cost of asthma is estimated around 

NZ$ 825 million per year [3]  

 

The intrinsic causes of asthma are currently not well understood, however several 

treatments have been developed, but none of them present a cure for this disease. Most 

of these treatments are pharmaceutical [4] with some side effects which sometimes are 

fatal [5]. Others hardly show any effect to patient’s condition [6].   

 

Airway smooth muscle (ASM) contraction is believed to be the main driving 

mechanism in asthma attacks. The response of ASM in healthy and asthmatic airways 

seems to be influenced by breathing patterns such as tidal breathing and deep 

inspiration, with strong differences between healthy and asthmatic airways [7, 8]. 

Therefore understanding airway mechanics and the dynamic response of ASM in vivo 

seems to be an essential component in the search for a new alternative in the treatment 

of asthma.  

 

The Institute of Biomedical Technologies (IBTec) has been working in this area for 

over 15 years, studying the response of ASM and different length oscillations condition 

applied to isolated strips of trachealis smooth muscle. The proposed research will 

investigate the response of ASM in sensitized models in the presence of imposed 
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oscillations in vivo. It is believed that mechanical oscillations act directly in perturbing 

the binding between actin and myosin [9-11]. If this statement is correct we hypothesize 

“that imposing breathing oscillations at different frequencies and amplitudes can 

contribute to relaxing ASM in sensitized animal models”. The results from this study in 

combination with previous work done in this area will help to increase understanding of 

how length oscillations affect the response of ASM in healthy and asthmatic subjects. 

Furthermore the combination of data in vivo and in vitro from healthy and asthmatic 

airways may allow us to develop a method to help in relieving contracted airways in 

asthmatic subjects. 

 

This chapter summarize the respiratory system, physiology and the ASM role in the 

contraction process.  

 

1.2. Respiratory physiology 
 

The role of the respiratory system is to provide oxygen and remove carbon dioxide in 

the body tissues [12]. In order to reach this objective without exposing the body to any 

risk, this system is continuously acting as a first line of defence through the nose, 

filtering  air particles and heating the air to near core body temperature [13]. Any 

remaining particles are caught by mucus lining the airways walls, which is propelled 

towards the throat by cilia extending from the epithelial cells lining the airways. After 

passing the larynx the filtered air enters into the trachea which consists of a series of 

“C” shaped cartilage discs with a layer of smooth muscle and epithelium. At the end of 

the trachea the airways split into two primary bronchi, each leading to a single lung 

which are composed of lobes (3 lobes in the right lung and 2 lobes in the left lung).  The 

primary bronchi further divide into smaller and smaller branches (secondary, tertiary, 

etc), finally becoming even smaller structures called bronchioles, which have terminal 

branches called terminal bronchioles which end in alveolar sacks, where the gas 

exchange takes place (Fig 1.1) [4]. 
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Figure 1.1: Respiratory system[14] 

 

1.3. Airway smooth muscle 
Smooth muscle is a key component of all hollow organs such as airways, vasculature, 

bladder and gastrointestinal tract. Smooth muscle can contract to change the shape or 

size of the organ. The key difference with skeletal muscle is its capability to sustain 

contractions at reduced energy cost [15, 16]. In airways the smooth muscle is 

surrounded by many other airway wall components such as elastin and collagen. 

However, smooth muscle is the only active component and consequently held 

responsibility for acute asthma attacks. During a normal breath cycle, the muscle 

displays passive and active forces. The passive forces correspond to the force observed 

during the resting state. These forces maintain the tone of the muscle, while the active 

forces shorten the muscle during a contraction [16].  
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Muscle contraction has been interpreted in terms of a model called "sliding filament 

model" firstly proposed by Huxley and Niedergerke [17] and for Huxley and Hanson 

[18].  

 

The fundamental molecular mechanism of force development in smooth and striated 

muscles is similar. In both cases, the production of force occurs as a result of the 

cyclical interaction of contractile filaments, composed of actin and myosin, this 

interaction is known as cross-bridge cycling. In the following sections a detailed 

explanation of this process is presented. 

 

1.4. Structure of the contractile apparatus 
The contractile apparatus in smooth muscle is composed of actin which forms the thin 

filaments, myosin which forms the thick filaments and dense bodies and plaques which 

serve as attachment points for the thin filaments[15]. Intermediate filaments link the 

dense bodies into a cytoskeletal network which maintains the rigidity of the cell in the 

absence of contraction [19, 20] (Fig 1.2.). 

 

 
Figure 1.2: Components of cytoskeleton and myofilaments on SM  

 

a. Thin filaments 

Actin is the principal protein constituent of the thin filaments [7]. This protein can be 

found as monomeric  G-actin or as filamentous F-actin,  which forms a double-stranded 

helical array (Fig 1.3) [21]. Other proteins can be associated with actin such as:  

tropomyosin, caldesmon, and calponin. Caldesmon seems to participate in the activation 

or inhibition of the actin-tropomyosin complex in the presence or absence of Ca2+ [22], 
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but not all about this regulatory process of caldesmon over the thin filaments is totally 

understood [21, 23] . Electron microscopy studies of single thin filaments have shown 

that when caldesmon is phosphorylated, it displaces tropomyosin to reveal the myosin 

binding sites on actin [23]. 

  

 

 

 

 

 

 

 
Figure 1.3: Components contractile apparatus [24] 

 

 

b. Thick Filaments 

Monomeric myosin molecules polymerized to form myosin filaments or thick filaments. 

This large and asymmetric protein consists of six polypeptide chains: two heavy chains 

(~205 kDa each) that form a dimer , and two pairs of light chains:  “regulatory chain” 

(20kDa) and “essential chain” (17kDa)  [21]. The heavy chain dimer consists of a main 

body and two terminal globular heads (fig 1.5).   The light chains (one essential and one 

regulatory) are located in the neck region of each myosin head (Fig 1.4). 

 

 

 

 

 

 

 
Figure 1.4: Myosin structure (Adapted from reference [25]) 

 

c. Intermediate filaments 

The intermediate filaments have a diameter of 7-15 nm [15, 21]. These filaments link 

the dense bodies into a cytoskeletal network which maintains the rigidity of the cell [19, 

20], and they are grouped into bundles that run along the length of the cell and show 
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ramifications to the cell membrane. There are six types of intermediate filaments: type I, 

II, III, IV, V and VI, based on their composition.  Type III intermediate filaments are 

mostly found in the ASM. This type contains four different proteins, where desmin and 

vimentin are the predominant ones in ASM [21, 26]. Other protein that can be found 

related to the intermediate filaments in ASM is plectin, which forms crosslinks between 

actin, microtubules, intermediate filaments, and thick filaments. Vimentin and plectin 

have been attributed to the observed changes in length adaptability of ASM during 

maduration [26].  

 

d. Membrane-associated dense plaques 

In electron micrographs, bundles of actin filaments and intermediate filaments can be 

seen penetrating the inner surface of electron dense areas of the membrane termed 

"dense bands" or "dense plaques" [21]. The primary components of these sites are 

transmembrane integrins, which attach to extracellular matrix proteins at one end and to 

cytoskeletal proteins at the other end.    

 

In smooth muscle, other proteins such as vinculin, talin, α-actinin, and paxillin have 

been localized at the membrane-associated dense plaque sites. There is biochemical 

evidence that vinculin, talin, and α-actinin function to link actin filaments to 

transmembrane integrins; however the nature of the molecular interactions of this 

linkage is still not clear [27-29]. 

 

e. Cytosolic dense bodies 

Dense areas have also been observed in electron micrographs of the smooth muscle cell 

cytoplasm, and are referred to as "dense bodies". Dense bodies in ASM act as striated 

muscle Z-disks equivalents, and they are considered anchorage sites in a network of thin 

and intermediate filaments [20]. These structures are distributed relatively uniformly 

throughout the cell cytoplasm and virtually all cytoplasmic dense bodies appear in 

association with the actin filaments [15, 19-21].  

 

Laterally aligned dense bodies move rapidly toward one another during contraction, 

indicating attachment to contractile filaments. Analysis of the movement of dense 

bodies in contracting isolated smooth muscle cells suggests that they provide 

mechanical coupling between the contractile apparatus, the cytoskeleton, and the cell 

surface [30]. 
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f. Dynamic relation of structural components 

The filaments of smooth muscle have the ability to change in length during the 

relaxation or contraction of the muscle. The change in length of these filaments is due to 

(de)polymerization [21]. Smooth muscle contains large amounts of gelsolin and profilin, 

both acting as potent regulators of actin filament polymerization. Studies in smooth 

muscle from canine trachea also have shown that the amount of G-actin in airway 

smooth muscle is ~40% of the total actin content, but after the contractile stimulation 

the G-actin content decreases by ~30%. This finding suggest that the stimulation of the 

smooth muscle activates the polymerization of the G-actin into F-actin [31, 32].  

  

After length changes ASM goes through an adaptation process, in order to optimally 

respond to a new stimulus. This partial recovery of its ability to generate maximal force 

at different lengths is named length adaptation [33, 34]. Many research groups have 

attributed the length adaptation of ASM to actin mobility [8, 21, 31, 35, 36]. This 

concept is supported by the finding that inhibition of the actin polymerization process 

results in an important reduction in ASM force generation [31]. Other studies have 

observed that myosin polymerization could be more important than actin polymerization 

in relation to length adaptation in ASM [19, 37, 38]. It has been demonstrated in porcine 

trachea that the thin / thick filaments ratio decreases when the muscle is contracted [38]. 

In pig tracheal smooth muscle the thick filament content may increase upon contraction, 

but there is no agreement on the extent of this [39].  In the following paragraph we will 

discuss the contractile process. 

 

The contractile apparatus in smooth muscle is capable of a) generating maximal force 

over a large length range and b) maintaining force at low ATP turnover rate. ATP is a 

molecule that provides chemical energy in many biological processes. It has been 

observed in vitro by single-molecule techniques that the concentration of ATP can 

modulate force controlled length change in smooth muscle [40]. The most commonly 

accepted sequence of events in smooth muscle contraction is as follows: 

 

In the resting state myosin is detached from actin, and the myosin binding site on actin 

is not available. After stimulation of smooth muscle the myosin binding site in the actin 

become available. The resting myosin is activated first through phosphorylation of its 

regulatory light chain, and an ATP molecule attaches at its ATP binding site located in 
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its head. This leads to the reorientation of myosin, leading to its interaction with the 

myosin binding site in actin.  

 

The sequence of the contractile process could be summarized as follows: 

 

1. Phosphorylation of the regulatory light chain on the myosin (fig 1.5. a): The myosin 

light chain kinase (MLCK) is activated through the Ca2+-calmodulin complex. Once the 

MLCK is activated it phosphorylates the regulatory light chain of the myosin. This step 

is crucial for the interaction of SM myosin with actin. 

 

2. ATP hydrolysis (fig 1.5. b): The myosin head has an ATP binding site, where the 

hydrolysis of ATP occurs. This hydrolysis reorients the myosin head.   

 

3. Attachment of myosin to actin (Cross-bridge) (fig 1.5. c): the reoriented myosin head 

attaches to the myosin binding site on the actin and releases the previously hydrolyzed 

phosphate and ADP.  

 

4. Power stroke (fig 1.5. d): the cross-bridge generates force that displaces the thin actin 

filament along the thick filament; this displacement generates shortening of the muscle 

which corresponds to contraction. 

 

5. Detachment of myosin from actin (fig 1.5. e): after the power stroke, the stability of 

the cross bridge is disrupted by the binding of another molecule of ATP, and as a result 

the myosin head becomes detached from actin.  

 

 

 

 

 

 

 

 

 

 

 

C b id  
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Figure 1.5:  Smooth muscle contraction process [15]  

 

The cross-bridge cycle corresponds to the physical interaction of myosin and actin, 

which generates displacement of thick filaments over thin filaments. This cycle in 

smooth muscle is strongly dependent on the activation of the MLCK which 

phosphorylates the regulatory light chain of the myosin. In addition to this 

phosphorylation step, the binding of a molecule of ATP is also needed to energize the 

myosin cross-bridge for the development of force.  It has been proposed that myosin of 

smooth muscle can exist in two different states: phosphorylated and dephosphorylated 

[41-43]. Hai and Murphy suggested that in smooth muscle exists a second and slower 

cross-bridge cycle. This second state appears when myosin heads attach to actin and 

subsequently dephosphorylate, resulting in a more stable attachment. According to the 

four-state model of Hai and Murphy actin and myosin could be found during the 

contraction as follows: A actin (thin filament); M myosin (detached, unphosphorylated); 

Mp (detached, phosphorylated); AMp (attached, phosphorylated); AM (attached, 
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unphosphorylated). The cross-bridge is believed to move constantly between these 

states and its representation accounts to two different cycle speeds and a dependence of 

cycling speed on phosphorylation (Fig 1.6), due to the rate of detachment being lower 

from AM to A+M than AMP to A+Mp. The activation of the muscle initially drives the 

majority of cross-bridges to the fast configuration, but when the length is stabilized, the 

slow cycling configuration becomes prevalent [13, 41-43]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 1.6: Four state model of Hai and Murphy (1988) [42] 

 
Smooth muscle dysfunction is associated with a number of diseases, such as erectile 

dysfunction, vascular and respiratory disorders etc. [7, 44-47]. ASM plays an important 

role in a number of respiratory diseases, such as asthma [7] and chronic obstructive 

pulmonary diseases [44]. Many of these are chronic diseases with no known cures.  

 

1.5. Thesis structure 
This thesis intends to cover in the following chapters: Current knowledge on asthma and 

its therapies (chapter 2); Animal models and sensitization protocols, in order to generate 

asthmatic subjects for the study (chapter 3); Testing of superimposed oscillations 

(SILO) on intact airways (in vitro)  from healthy and asthmatic subjects, to determine 

effect of these types of oscillations in these two types of airways (chapter 4); 

Techniques to evaluate bronchoconstriction in vivo and construction of setup to evaluate 

respiratory function in animal models (chapter 5); Testing of SILO in vivo on intact 

airways from healthy and asthmatic subjects, in order to compare response of ASM 

from healthy and asthmatic subjects in the presence of SILO in vitro and in vivo 

(chapter 6); and finally a chapter for the discussion and conclusions of the results 

(chapter 7). 
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1.6.  Closure 
This chapter presented the basis of the system that will be studied as well as some 

muscle components and their function. To understand how these components interact 

and change during asthma, it will be necessary to have more details on how asthma 

alters the basic structure of the airways. The next chapter will discuss these topics and 

present some information related with physiological oscillations and its impact on the 

airways. 

 

 

  



24 
 

Chapter 2  
Asthma, ASM and mechanical response 

 

2.1. Introduction 
This chapter discusses asthma, its available treatments, airway remodelling and the 

effects of different breathing patterns. Relevant literature are cited and discussed and the 

main objectives of the research are spelled at the end of this chapter. 

 

2.2. Asthma 
Asthma is the most common respiratory disease and it is estimated that approximately 

one in six New Zealand adults has the condition of asthma. Some studies show that the 

prevalence of this disease has increased in the last 20 years [48], especially in children 

[49]. It is a chronic disease which is characterized by recurrent attacks of breathlessness, 

wheezing, chest tightness, shortness of breath, and coughing, but the frequency and 

severity of these symptoms vary from person to person. Symptoms may occur several 

times in a day or week in affected individuals, and for some people become worse 

during physical activity or at night. During an asthma attack, the lining of the bronchial 

tubes swell, causing the airways to narrow and reduce the flow of air into and out of the 

lungs. Recurrent asthma symptoms frequently cause sleeplessness and daytime fatigue 

[50]. The airway narrowing that occurs in asthma is caused by three major factors: 

inflammation, bronchospasm, and hyperreactivity. The inflamed tissues produce an 

excess amount of mucus, which blocks the smaller airways and contributes to a 

reduction in the lumen of airways. The constriction of the smooth muscle around the 

bronchial passages causes the reduction of the lumen of the airways.  

 

In healthy subjects, an allergen challenge does not fully collapse the airways. In 

contrast, allergen challenge results in exaggerated airway narrowing at relatively low 

allergen concentrations in asthmatic patients. The increased response of the asthmatic 

airways is known as hyperreactivity, while the high sensitivity to low concentrations of 

allergens is termed as hypersensitivity of the airways, both collectively known as airway 

hyper responsiveness (AHR) [51].  
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An asthma attack can be caused by a number of factors such as exercise or allergen 

exposure. Asthmatic airways are characterized by many features, such as reversible 

airway obstruction, chronic inflammation, AHR, and airway remodelling. Airway 

remodelling corresponds to structural changes observed in the airway walls of asthmatic 

patients. The most common among these changes are epithelial proliferation [52], 

reticular basement membrane thickening, sub epithelial fibrosis, increase in vascularity, 

goblet cell hyperplasia and hypertrophy, and an increases in airway smooth muscle 

(ASM) mass.  

 

2.3.  Asthma Treatments 
Traditionally the asthma symptoms have been treated using pharmaceutical 

bronchodilators and inflammation suppressors. Currently other alternatives have been 

developed, in order to reduce the drugs intake. In the following the existing treatments 

for asthma are discussed. The first section discussed medicinal treatments, while the 

second focuses on alternative, non-medicinal treatments. 

 

 

2.3.1.  Medicinal Treatments 
Currently, there is no definitive cure for asthma, although medications can relieve the 

symptoms. Generally there are two types of medication: 1) bronchodilators that induce 

relaxation of ASM, e.g. Beta-2 adrenergic receptors agonists [4]; 2) agents that aim to 

prevent attacks by reducing inflammation of the airways, e.g. corticosteroids [49, 53].  

Some of these drugs have shown notable side effects [5] some of which may be 

attributed to overuse of medication and some to difficulties with distribution of 

medicine in the lungs. 

  

a. Beta-2 adrenergic receptor agonists  

β2-adrenoreceptor agonists are a type of drug used to combat symptoms of asthma and 

other pulmonary diseases [54]. These types of drugs induce dilation of the airways 

through the activation of the β2-adrenoreceptors. The activation of β2-adrenoreceptors 

increases the formation of cAMP and activates different pathways that lead to 

bronchorelaxation [55].  According to its period of action these drugs could be divided 

into short and long acting β2-adrenoreceptors agonists. 
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The short acting β2-adrenoreceptors agonists include drugs such as salbutamol, 

terbutaline, and isoproterenol. These medications are useful in treating mild to moderate 

symptoms of asthma [56], and they are normally used for acute asthma attacks [57]. On 

the other hand the longer acting β2-adrenoreceptors agonists, such as salmeterol and 

formoterol, can be used regularly. They normally take longer to work but their effects 

last longer. These are particularly useful when the asthma symptoms appear during 

sleep [49, 58]. Some of these types of drugs are non-specific for adrenoreceptors 

subtypes, acting in different ways and on different receptors at the same time. An 

example is Isopreterenol which acts on β2 and β1 adrenoreceptors. 

 

 

b. Corticosteroids 

Corticosteroids are a type of steroid hormones that are commonly produced in the 

adrenal cortex. They are involved in a wide range of physiological systems. These drugs 

can be sub classified into two types of corticosteroids: the minerocorticosteroids and 

glucocorticosteroids, which are used in asthma. Corticosteroids drugs are widely used to 

treat different diseases such as asthma, especially in the treatment of children [49, 53, 

58] . These drugs work by inhibiting phospholipase A2, which is an important pathway 

in the production of precursors for inflammatory response, inhibiting the action of the 

products of this pathway, such as leukotrienes and prostaglandins. These two molecules 

are released into an area during the inflammation, inducing dilatation and increasing 

permeability of the blood vessels, which can result in narrowing of the airways, 

increasing of mucus in the respiratory tract and increase of inflammatory cells. 

Corticosteroid drugs which inhibit this pathway can stop prostaglandins and 

leukotrienes from being formed [57].  

 

 

2.3.2. Alternative treatments 
Drug-free approaches include breathing techniques such as Buteyko [59]and continuous 

positive airways pressure (CPAP), which at best result in reduce dependency on 

medication. Also an invasive treatment, bronchial thermoplasty eliminates airway 

constriction, but requires expensive invasive techniques.  
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a. Buteyko breathing technique 

The Buteyko method is a program that teaches patients to change their breathing 

pattern, in order to control the breathing and reduce the symptoms during an asthma 

attack. Dr. Buteyko noticed that subjects with airway disease breathe more heavily than 

others. He proposed a series of exercises based on healthy breathing, including 

breathing with low frequency and more controlled in comparison with asthmatic 

breathing patterns.  This program has shown to decrease the intake of drugs, but it did 

not improve lung function. This may explain the lack of interest by physicians for this 

technique [59, 60]. 

 

b. Continuous positive airways pressure (CPAP) 

This technique, widely used to treat sleep apnea, imposes a continuing flux of pressured 

air into the airways, in order to avoid the reduction of the lumen and the collapse of 

airways, consequently increasing the average lung volume. For overweight asthmatics, 

who also suffer from sleep apnea as a complication, this technique has shown 

improvement in quality of life, and has been correlated with a reduction of serum levels 

of inflammatory cytokines, chemokines, and vascular endothelial growth factor after the 

application of this technique [61-63]. 

 

c. Bronchial thermoplasty 

This technique is similar to the bronchoscope clinical exam where a flexible tube is 

introduced into the airways. In this procedure the flexible tube emits radio frequency 

energy to specific sections of the airway wall to reduce ASM content. As a result the 

airways are less prone to contraction, which results in improved lung function and 

decrease in medicine intake. The cost, invasiveness and non-responders of this 

procedure limit the application to severe cases [64-66]. 

 

It seems that with our current knowledge, a definitive physical treatment of asthma is 

still distant, and still remains a necessity, especially because the current therapies mostly 

focus in the chemical pathways relieving the acute response during an asthma attack but 

does not consider the mechanical elements involved. 
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2.4.  Airway remodeling in asthma 
Remodeling is a dynamic process in which the extracellular matrix is deposited and 

degraded in response to a trauma, resulting in reconstruction of damaged tissue. 

Remodeling is characteristic to chronic asthmatics, due to the constant damage of the 

airways during the inflammatory process of the disease. The inflammation by itself is 

responsible for some features of asthma, including reversible bronchospasm, tissue 

injury and subsequent structural changes called remodeling [67], which alter the normal 

response of airways. These alterations are not currently treated by the traditional anti-

inflammatory therapies [68]. Traditionally these changes had been observed in 

pathological analyses, and these changes have been confirmed in vivo using high-

resolution computed tomography[69]. 

 

The structural changes include: increase in smooth muscle mass, change in the 

composition of the extracellular matrix leading to subepithelial fibrosis and increased 

vascularity. The increase in ASM mass includes hypertrophy (the increase in size) and 

hyperplasia (increase in number) of the ASM cells [7, 70]. The increased thickness of 

the reticular membrane has been described as a common and early feature in the 

pathology of asthma [71]. The epithelial basement membrane in the airways is 

composed of two layers, the basal lamina and reticular lamina, but only the reticular 

basal membrane is thickened in asthma. This membrane consists of type I, III and V 

collagen and fibronectin [72]. The thickness of the reticular membrane results from an 

increase in the deposition of immunoglobulins, collagen I and III, tenascin and 

fibronectin. The proteins are produced by activated myofibroblasts, which lead to 

subepithelial fibrosis. An increase in vascularity has been observed in humans and 

sheep [73]. Abnormal vessels characterized by oedematous walls and thickening of the 

sub endothelial basement membrane, have been found in airways during inflammatory 

disorders [74].  It has also been observed that the increase in the number of blood 

vessels is strongly related to the severity of asthma [73]. In some cases of airway 

remodeling goblet cell hyperplasia and hypertrophy and subsequent increase in mucus 

production has been found [67]. 

 

 

The remodeling process is induced by different mediators, which according to their 

specific pathways could lead to the features mentioned.The complex interplay of factors 

that contribute to remodelling includes different inflammatory factors, which are 
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produced by immune cells recruited to the inflamed airways. Among these 

inflammatory factors can be found; cytokines such as interleukins 5, 11 and 13 [72, 75], 

transforming growth factor β1 [72], epidermal growth factor, fibroblast growth factor, 

the endothelial growth factor, elastase, endothelin, matrix metalloproteinases 2 and 9, 

and the tissue inhibitor of metalloproteinase 1 [67], and tryptase [76] etc. These factors 

can stimulate epithelial cells, fibroblasts, and smooth muscle [77]. 

 

2.5. ASM and asthma 
As described previously in this chapter there are three main factors responsible for the 

narrowing of the airways during an asthmatic attack, these are: AHR, inflammation and 

intermittent airways constriction (bronchospasm). Even though these three factors have 

been the focus of many studies in the past, airway smooth muscle is considered the main 

effector of the narrowing of the airways. Narrowing has been observed to occur either in 

the presence or absence of inflammation showing how important ASM is during an 

asthma attack [7]. ASM has shown an exceptional capacity to shorten its initial length 

by 80-90% when stimulated in vitro. Reduction of length at this level could easily result 

in complete closure of the airways in vivo [78], but complete airways closure does not 

appear to occur normally in healthy subjects.  

 

Experimental data obtained by Martin et al and other groups [78, 79] suggested that 

alterations in the mass of ASM or changes in its contractile force may explain the 

excessive narrowing in asthma. Even though ASM is the main effector of airways 

narrowing, the interaction with other structures such constituents of the airway wall and 

lung parenchyma could also be important. In special, it needs to be considered that 

cyclical stress applied to ASM by physiological phenomena such as tidal breathing or 

deep inspiration help to maintain the airways dilated. Biochemical changes and 

alterations in the dynamic properties of ASM occurring during the development of the 

disease seem to increase the ASM resistance to the dilating influence of breathing and 

deep inspiration. 

 

2.6. Mechanical oscillations  
Different oscillations are constantly present affecting our body, some of them coming 

from external sources and others produced by different physiological phenomena. 

Among the oscillations resulting from physiological phenomena, include the 
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oscillations generated by the breathing process which affect the thoracic box. Volume 

changes associated with breathing have been shown to result in changing airway 

diameters [80]; and thus generate length changes in the ASM [7, 21]. Length 

oscillations for the purpose of this project will be defined as the application of external 

sinusoidal length change on ASM. Several studies have shown that a control over this 

length change can induce “bronchoprotective response” and “bronchodilation response” 

in contracted airways from healthy subjects [21, 26, 36, 81].  

 

 

2.6.1.  Oscillations and ASM 
During breathing the lungs contract and expand, which results in changes of the airway 

wall diameter. Consequently the ASM in the airway is exposed to continuous length 

changes. Assuming that airway compliance is similar to total lung compliance, then 

ASM length oscillation can be derived from the cube root of the lung volume changes 

(√∆𝑉 3 ) as suggested by Hughes et al and Fredberg et al [80, 82]. Values have been 

calculated to be about 4% for normal breathing and about 25-30% for deep inspiration 

[36].  It has been hypothesized that these oscillations have the ability to disrupt the 

crossbridge cycle [10]. Alternatively temporal rearrangement of the contractile 

apparatus may occur, which may also result in force reduction during the contraction 

(relaxation). 

 

For purpose of this research the length changes observed during the normal breathing 

will be called as tidal oscillations (TO), and that observed during the deep inspiration as 

deep inspiration (DI) oscillations. 

 

a. Tidal oscillations  

Several studies have shown that the application of TO (4% amplitude) either 

mechanically [13, 82, 83], or as volume oscillations in different portions of airways [84, 

85] result in some form of relaxation in healthy subjects. TO is capable of reducing 

constriction when applied before stimulation i.e. a bronchoprotective response, and also 

relaxing muscle when applied during contraction i.e. a bronchodilation response. Also 

tidal oscillations have been shown to induce similar levels of relaxation in pre-

contracted ASM compared to medicinal bronchodilators such as Isoproterenol [10, 84]. 
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b. Deep Inspiration 

Length oscillations that mimic DI have the ability to dilate airways [8] previously 

constricted by chemical stimulation [86-90]. The application of DI oscillations applied 

before a contraction reduces the subsequent response (contraction) of the ASM with 

allergen challenge [88, 91] (Fig 2.1). These mechanisms seem to be related with 

cytoskeletal reorganization [26]. However, in asthmatic subjects the beneficial effect of 

deep inspiration is absent [7, 85, 92]. When DI oscillations are applied in asthmatic 

patients, the response of their airways varies according to the severity of the asthma, 

resulting in an increase in constriction in severe cases of asthma and only a mild dilation 

in less severe cases [7, 36]. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1:  Bronchodilation and bronchoconstriction in response to deep inspiration [26] 

 
 

 

Even if DI and TO have shown utility treating pre-contracted smooth muscle in vitro 

from healthy subjects, the response of the asthmatic airways under these dynamic 

condition seems to be altered and ineffective [7]. However other frequencies or wave 

types may give better results in asthma [93, 94]. 

 

 

c. Other oscillations patterns 

It has been established that imposition of periodic load fluctuations on smooth muscle 

inhibits development of active force and stiffness [95], and that length oscillations cause 

long term (>30 min) reductions in isometric force when ASM is allergen challenged 

after the cessation of oscillations [96]. The Institute of Biomedical Technologies 
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(IBTec) has conducted several in vitro tests on porcine tracheal smooth muscle, 

subjecting them to frequencies of 0.2-80 Hz and amplitude of 2-8 % of reference length 

[16]. This specific length corresponds to the length in which the smooth muscle 

generates the higher contraction in the presence of brochoconstrictors, after several 

stretches and induced contractions [13, 16, 97]. In this proposal, the amplitudes of 

oscillations are expressed as percentage of the reference length. Muscle constractile 

force reduction has been observed up to 40% at frequencies above 20 Hz and 

amplitudes of 6 % [16]. It has also been shown that the force reduction observed in 

ASM has a strong dependence on oscillation amplitude and a weak dependence on 

oscillation frequency [13]. 

 

 

 

d. Superimposed oscillations 

Several groups have studied the response of ASM in the presence of oscillations that 

mimics breathing and deep inspiration [7, 8, 10, 16, 36, 81, 82, 84, 92, 93, 98], but little 

is known yet about the effects of superimposition of length oscillations on breathing 

patterns. Superimposed oscillations on isolated pre-contracted healthy porcine airways 

with frequencies in the range of 10-30 Hz and an amplitude of 1%, have been tested 

previously by our group [83], showing improvement of the relaxation observed. 

 

 

2.7. Summary and objectives 
Several groups focussing on airway smooth muscle and asthma have studied the effect 

of different types of bronchorelaxant drugs in the treatment of this disease.  In the last 

couple of decades other groups have also started to focus not only on the chemical 

pathways but also on the mechanical properties of the airway smooth muscle and the 

effect of breathing oscillations on ASM [8, 10, 13, 16, 18, 21, 26, 36, 85, 97]. Studies 

have shown that the application of oscillations mimicking physiological processes such 

as breathing and deep inspiration can induce relaxation in contracted airway smooth 

muscle [8, 10, 13, 18, 36, 85, 97]. These findings suggest that these oscillations could 

be acting directly on the dynamic process of the contraction and more specifically on 

the cross-bridge cycle [7, 10, 11, 36, 97].  However, more evidence is needed. Some 

issues with the existing studies regarding the effect of oscillations on ASM are: 
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(1) It is assumed that the relaxation of contracted airways is due to the direct effect 

on the crossbridge cycle, when it could be more related to an adaptive response 

of the tissue [26]  

(2) Most of the studies have been carried out in isolated smooth muscle, which 

ignores other structures which may play a role during asthma attacks such as 

cartilage, parenchyma, etc.  

(3) Most of the experiments have been done in tissues obtained from healthy 

animals, even though it has been proven that these oscillation patterns act 

differently in asthmatic smooth muscle [7, 8, 36]  

(4) Most studies have focussed only on physiological oscillation patterns of deep 

inspiration and breathing  [36, 84, 85, 97, 99] 

(5) Not many studies have been conducted in the presence of bronchodilator 

medication. 

With regards to the aforementioned points, this study is the first of its kind to take into 

consideration the effect of non-physiological mechanical oscillations on sensitized 

airways. The novelty of this research is that it combines traditional oscillations on these 

types of airways in combination with super imposed length oscillations (SILO), which 

gives a more realistic scenario of how these oscillations affect ASM to reduce 

assumptions in asthmatic models.   

 

This project aims to investigate the effect of different types of mechanical oscillations in 

contracted airway smooth muscle such as: physiological oscillations, imposed 

oscillations, different wave types etc., in order to demonstrate their relaxant effect. This 

goal is expected to be fulfilled through the following steps: 

 

1. Testing of superimposed length oscillations (SILO) on intact tissue from healthy 

airways. 

2. Generation of asthmatic model in order to observe and compare the effect of SILO 

on healthy and asthmatic (sensitized) airways. 

3. Testing the effect of SILO on intact airways from healthy and asthmatic subjects in 

static conditions (in vitro).  

4. Testing the effect of SILO on intact airways from healthy and asthmatic subjects in 

dynamic conditions (in vivo).  
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The understanding of how mechanical oscillations affect the airways in vitro and in vivo 

on sensitized subjects is important to fully understand the dynamic response of airway 

smooth muscle, in order to develop new therapies for asthma.  

 

2.8. Closure 
The need arises here during a severe asthmatic attack, an inhaler may be ineffective, 

putting the patient in severe risk of hypoxia, which if untreated could lead to brain death 

due to lack of oxygen [100]. A possible solution is to use oscillations at a specific 

frequency and amplitude, induced into the affected area of the airways which has 

proven to be able to relax pre contracted smooth muscle from healthy subjects [10, 81-

84, 98, 99, 101], but studies carried on asthmatics subjects using physiological 

oscillations have not been as effective inducing the same relaxation observed on healthy 

airways [7, 102]. To our best knowledge, only physiological oscillations similar to those 

occurring during breathing have been tested on asthmatics airways [7, 36]. This study 

hypothesize that oscillations are capable to disrupt the interaction between myosin and 

actin during the contraction even on asthmatic airways, but most likely the parameters 

to be used need to be different to those occurring during breathing, because of all the 

changes occurring on the airways during the remodelling and adaptation of the airways 

during the development of this disease [24, 33, 35, 51, 52, 67, 68, 70, 71, 79, 89, 102-

104]. Superposed oscillations seem to be an interesting alternative because they do not 

completely change the breathing patterns but they modulate the breathing waves, so 

different superposed oscillations should be tested. Since this is a novel study and cannot 

be carried out on humans, the testing needs to be carried out first in vitro using ASM 

from healthy mice and sensitized models mimicking the disease (Chapter 4) and after 

this stage it would be needed to be tested in vivo (Chapter 5), but in order to proceed 

with these two experiments an asthmatic animal model needs to be developed (Chapter 

3). 
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Chapter 3  
Animal model and sensitization 

 
3.1. Introduction 
Studies in animal models form the basis for much of our current understanding of the 

pathophysiology of asthma [103, 105-118]. Animal models are an invaluable tool that 

allows studies to be conducted in the setting of an intact immune and respiratory 

system. These models have highlighted the importance of Th-2 type driven allergic 

responses in the progression of asthma, and have been useful in the identification of 

potential drug targets for interventions involving allergic pathways.  

 

Animal models are a great tool in the study of different diseases, helping us to 

characterize and understand in a better way their physiopathology, but a model must 

fulfil some requirements to be considered a good model of the pathology in study. This 

chapter covers: animal models available for respiratory studies; the animal selected for 

this study, the characteristics which determined the choice of model; functional 

evaluation of respiratory system; results and discussion.  

 

3.2.  Animal models 
The range of animal models available is vast. The most popular models are rodents such 

as inbred mice, rats and guinea-pigs. Rodents have the benefit of being easy to handle 

and being relatively cost effective compared to other animals [105, 106, 118]. Mice 

present advantages for physiological studies of asthma: because of their size, short 

cycles of breeding and the existing data and expertise in working with them. The recent 

advances in transgenic technology and the development of species-specific probes, 

particularly mice, have allowed detailed mechanistic studies to be conducted [119].  

Also some larger animal models such as sheep and dogs have been developed,  but they 

are very costly, with few probes available for characterizing allergic responses in the 

airways in these species [118, 120]. Despite these advances in technology, there are a 

number of issues with current animal models for asthma that must be considered. Some 

of these are the differences in immunology and anatomy between mice and humans, the 

requirement of adjuvant during sensitization in most models which could be induced by 
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its own immunological response, and the acute nature of the allergic response. No 

animal model completely captures all features of human asthma; however research has 

focused more in the immunological response, rather than emulating all features of the 

human asthma, by sensitizing and challenging animals with a variety of foreign 

proteins. These types of methodologies have led to an increased understanding of the 

immunological factors that mediate the inflammatory response [72, 107, 121] and its 

physiological expression in the form of airways hyper responsiveness (AHR) [51, 89].  

 

 

3.3. Selection criteria 
To study asthma in animal models, the criteria which define a good animal model of 

asthma needs to be considered, such as:  

• Sensitivity mediated by IgE to the antigen that results in bronchoconstriction 

• Increased airway resistance 

• Chronic inflammation of the airways characterized by increase of eosinophiles 

and cytokines 

• Non-specific hyper responsiveness 

• Excessive production of mucus associated with goblet-cell metaplasia and 

hypertrophy of the submucosal glands 

• Tissue remodelling including thickening of the collagen layer beneath the 

basement membrane and smooth muscle hyperplasia [106] 

Unfortunately there is not a single model that unites all these criteria; however different 

models have been proposed to study different features of asthma.  

 
The design of a sensitization protocol to develop an animal model has to take into 

account technical details such as the type of allergen, use of adjuvants and the method 

of administration of the allergen. Common types of allergens used are Ovalbumin 

(OVA) and House Dust Mite (HDM) as well as custom made allergen mixes. OVA is 

the most popular antigen as it is readily available and the animal can be easily prevented 

from any prior exposure through the environment [118, 122]. Adjuvant such as Alum, 

heat killed bordetella pertussis and ricin are used to improve the immunological 

response against the allergen. Among the adjuvants alum is most commonly used as it 

promotes and improves the response against the allergen, but has the inconvenience of 

inducing an immunologic response by itself [118]. The allergen can be administrated by 

different methods, among them are intraperitoneal (IP) injection; subcutaneous (SC) 
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injection and aerosolization. The choice of protocol of sensitization will depend on the 

features of asthma that need to be present in the model.  

 

3.4. Asthmatic models 
There are two types of asthmatic models, acute and chronic model. The terms “acute” 

and “chronic” are referring basically to the duration of the exposure of the animal model 

(mice) to the allergen. 

 
3.4.1.  Acute model 

The acute asthma model is a short term protocol, where the duration of sensitization is 

between 3 and 6 weeks [108, 123-130].  

 

The symptoms of asthma obtained from this protocol are: 

• Airways Hyper Response (AHR) [108, 124-130]  

• Inflammatory response involving an increase of IgE; IL-4; IL-5; LTh2; IFNγ, 

eosinophiles and mastocyts [108, 123-130],  

• Hyperplasia and hypertrophy of calciformes cells [129, 130].  

 

However, there are also some disadvantages to this model: The distribution of 

pulmonary inflammation in the animal model is different than in human asthma; also 

because of the short-term nature of the acute models, many of the lesions observed in 

chronic human asthma, such as chronic inflammation of the airways, and airway 

remodelling are absent. Furthermore many of the key features appear to be short-lived 

and, in some models, airway inflammation and AHR have been shown to recover after 

a couple of days following the final allergen challenge. 

3.4.2.  Chronic model 
The chronic asthma model is a long term protocol where the duration of the 

sensitization is more than 2 months [103, 108, 117, 127, 129, 131, 132].  

 

The features of asthma obtained from this protocol are:  

• Allergic inflammation characterised by eosinophilic influx into the airway 

mucosa [103, 127, 129, 132]  

• AHR [103, 108, 122, 129].  
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In addition, some chronic asthmatic models present: 

• Airway remodelling with goblet cell hyperplasia, epithelial hypertrophy, and 

either subepithelial or peribronchiolar fibrosis [122, 127, 129, 131, 132]. 

 

 It is different from the acute model such that some of the key features of the chronic 

allergen exposure models persist after the final challenge [127, 129], and the persistence 

of AHR and lung inflammation vary depending on the exposure protocols employed 

[133]. This protocol presents some disadvantages, particularly when using OVA, 

because a long-term challenge might lead to the development of tolerance to the 

allergen. The tolerance to the allergen corresponds to an adaptive process of the ASM 

that leads to a lower contraction in the presence of allergens. The increased tolerance 

might be related to the high mass concentrations of the aerosolized allergen used, which 

could overwhelm the clearance mechanisms. [122]. 

 

 

3.4.3.  Mouse anatomy 
This section aims to cover the physiology of mice which will be used in the 

development of the asthmatic model to be used for the study. Fig 3.1 shows the anatomy 

of the mouse upper airways and a brief explanation for each of the components is 

presented in this section [134]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1: Mice upper airways anatomy [134] 
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a) Pharynx and Epiglottis 

The pharynx is connected to the nasal and oral cavities and contains the entrances to the 

Eustachian tube, the larynx and the eosophagus. The epiglottis closes off the entrance to 

the larynx in order to prevent choking. 

 
b) Larynx 

The larynx extends from the pharynx to the trachea and the epiglottis is located at the 

border of the larynx and pharynx. The wall of the larynx is formed by respiratory 

epithelium from the inside through to the outside, which consists of a lamina propria 

rich in elastic fibres and glands, cartilages and vocal cords and loose connective tissue 

adventitia. 

 
c) Trachea 

The mouse trachea is a flexible tube connecting the larynx to the primary bronchi and 

containing several incomplete hyaline cartilage rings whose ends are joined by smooth 

muscle. 

 
d) Lungs 

The lungs of the mouse are covered by visceral pleura and like the lungs of the rat, they 

consist of an undivided left lung and a right lung divided into four lobes as observed in 

Fig 3.2. The primary bronchi (the division of the trachea) are the only bronchi in the 

mouse that contain cartilage and are lined by respiratory epithelium. Subsequent 

branches of the bronchial tree are the smaller intrapulmonary bronchi, the terminal 

bronchioles, and the respiratory bronchioles. As the airways get smaller their epithelium 

becomes more simplified and their walls become thinner with less connective tissue and 

smooth muscle. 

 

e) Ventilation 

The average mouse will have a normal breathing rate of around 150 breaths per minute 

and a tidal volume between 0.15 and 0.2 ml. Therefore using an approximation that the 

dead space will be 30 percent of the tidal volume (approximation used for humans), the 

dead space will be approximately 50 µl. 

 

 

 



40 
 

 

 

 

 

 

 

 

 

Figure 3.2: Mice lower airways [134]. 

 

 

3.5. Asthma assessment techniques 
To evaluate if the animal model has become asthmatic after the respective sensitization 

protocols, a number of techniques are available. In this section several techniques for 

the study of pulmonary function in mice are discussed. 

 
 
 
3.5.1.  Pulmonary function in mice - mechanical test 

There are different techniques to assess pulmonary function in mice, which can be 

categorized as invasive and non-invasive [135]. 

 
Invasive techniques are normally used in anesthetized animals, due to the requirement 

of intubation, tracheotomy and expert handling. These techniques are used to measure 

pulmonary mechanisms in mice, and include the determination of parameters such as: 

lung resistance (RL) and dynamic compliance (Cdyn) which are specific parameters to 

detect bronchoconstriction [135-137]. The determination of RL and Cdyn can be done in 

tracheotomised mice; however this allows only one measurement per animal. 

Alternatively, orotreacheal intubation of mice can be performed multiple times and 

allows for the measurement of the same variables [136], an scheme presented by Glaab 

et al of oreotracheal intubation and invasive plethysmography is presented in Fig 3.3. 

Another technique to assess respiratory function corresponds to low-frequency forced 

oscillation technique; This technique was initially used in humans and larger animals 

and produces estimates of lung impedance (Z) which is considered the most detailed 

measurement of pulmonary function currently available [135]. 
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Figure 3.3: Invasive plethysmograph [136] 

 
 

Non-invasive plethysmographic methods to monitor pulmonary function are preferred 

for long-term serial study designs, as well as for screening large numbers of conscious 

mice. The plethysmograph is a device used to measure changes of volume in the lungs. 

This instrument is usually used to measure functional residual capacity (FRC) of lungs 

and also the total lung capacity. In asthma dose-response studies, this technique is used 

to measure bronchoconstriction that is reflected in the enhanced pause parameter (Penh) 

[135], which is a unit-less index of AHR. There are two types of plethysmography: 

whole-body plethysmography (WBP) where the mice are placed in a closed chamber 

and the pressure fluctuations that occur during the breathing cycle are recorded; and the 

head out body plethysmograph where the mice are placed with the head outside of the 

plethysmograph. Both techniques present advantages over invasive techniques, 

particularly that the mice can be awake during measurements and repetitive 

measurements are possible. However the trade-off is a greater uncertainty about the 

exact magnitude and localization of bronchoconstriction and how much of the allergen 

is delivered to the airways, although none of the in vivo techniques can assess how 

much of the allergen reaches the target airways. An example of non-invasive technique 

is shown in Fig 3.4. 
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Figure 3.4:  Non-invasive methods: Whole-body plethysmography [135] 

 

A non-invasive technique such as the WBP seems to be a more practical approach for 

the present studies, due to the fact that asthma attacks occur in conscious subjects and 

relatively often. However, there are considerable differences in accuracy compared to 

invasive procedures. In some cases invasive and non-invasive techniques must be 

performed in parallel to fully understand the phenomena under study. 

 

Considering all the information above and the requirements for the experimental 

protocols, it was decided to proceed with a more invasive approach using RL and Cdyn, 

which are considered one of the best parameters to evaluate bronchoconstriction. In 

order to obtain these parameter also other set of respiratory parameters need to be 

measured. 

 

3.5.2.  Pulmonary Resistance Parameters  
Considering that the methodology selected for this study is based on the measurement 

of RL and Cdyn as indicators of level of bronchoconstriction, others parameters also 

need to be measured in order to obtain them. This section will cover all the pulmonary 

resistance parameters and explain how they are measured and calculated [135, 136, 

138]. 
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a) Tidal air flow 

Measurement of the airflow as the mouse breathes is accomplished with the use of a 

pneumotachograph meter, which has a flow restriction in middle similar to a venturi 

tube as observed in Fig 3.5. The pressure difference across this constriction is translated 

to a low pressure transducer and the data analysed on a computer. This signal from the 

transducer corresponds to the tidal airflow (V) through the breathing cycle of the mouse.  

 

 
Figure 3.5:  Scheme for venturi. 

 
 
 
 
b) Tidal Volume (Tv ) 

When the tidal flow rate is known over a particular period, say one breathing cycle. The 

tidal volume (Tv) of the mouse as observed in Fig 3.6, can then be found by simply 

integrating the tidal flow over the specific time period. Software can be used to 

continuously monitor the tidal air flow, and continuously calculate the tidal volume as 

the mouse keeps breathing and as the tidal air flow changes. 

 

c) Tracheal pressure (Tp) 

This is the change in pressure observed and recorded at the level of the animal mouth 

during the breathing process (inspiration – expiration) 
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Figure 3.6: Lung volumes occurring during breathing. 

 

 

 

 

d) Transpulmonar Pressure (Ptp) 

Transpulmonar pressure (Ptp) corresponds to the difference of the pressures registered 

at the level of the lungs before inspiration and at the end of expiration. 

 

Measuring the transpulmonar pressure (Ptp) however, is a complicated task. In order to 

obtain this measurement, a fluid filled catheter is inserted into the esophagus of the 

mouse to the level of the mid-thorax [136]. This tube must then be connected to a 

pressure transducer. The way this works is that, when the tube is inserted at just the 

right location in the esophageal tube, as the lungs expand and contract, the fluid in the 

tube is displaced, which will cause a volume change in the tube, which in turn will give 

a pressure reading through the transducer that corresponds to the transpulmonar 

pressure of the mouse. Placing the esophageal tube in just the right location along the 

trachea is essential and can only be achieved by experimentation, adjusting the location 

until a maximum value is reached. 

 

The data from the transducer is then sent to a computer, which can then continually 

monitor the difference in the pressures occurring during breathing, which will give out 

the reading of transpulmonary pressure. 
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e) Dynamic Compliance (Cdyn) 

Dynamic compliance (Cdyn) is calculated as tidal volume over transpulmonary pressure, 

from the end of the previous cycle to the end of the present respiratory cycle [14]. Using 

relevant software and programming, the computer can determine Cdyn when Ptp, and Tv 

are known. 

 

Cdyn = Tv / Ptp     (Eq. 3.1) 

 
f)  Pulmonary Resistance (RL) 

Pulmonary resistance (RL) is the opposition of the respiratory tree to air flow. A person 

who is undergoing an asthmatic attack will have narrow airways and will therefore have 

a larger pulmonary resistance due to the larger opposition to flow. This is why RL is 

essential when carrying out studies on mice, as it gives insight into whether a certain 

treatment for asthma will reduce RL or have no effect. 

 

When all of the parameters discussed above are known, the RL can be found as follows: 

 

RL = Tp / Flow     (Eq. 3.2) 

 
Determining the pulmonary resistance of mice during spontaneous breathing, after 

anesthetisation and intubation is essential in the study of implementing a solution to 

asthma. Knowing the pulmonary resistance before and after an aerosol challenge, as 

well as before and after a solution is applied to the mouse will determine if the airways 

begin to relax and expand, and will confirm if a specific treatment is working. 

 

 

3.5.3.  Airways response - Chemical evaluation 
Not only mechanical assessments can be performed to observe AHR and changes on the 

airways, chemicals test also can report successfully sensitization of the animal models. 

Some of these techniques evaluate immune response (ELISA) or cellularity changes in 

the airways (BAL), which in the case of increased IgE levels in serum and the presence 

of WC (white cells) in airways would indicate a successful sensitization. 
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a) ELISA (IgE determination) 

Enzyme-Linked Immunosorbent Assays (ELISA) are the most widely used type of 

assay. They have evolved from viral lysate tests to tests containing recombinant protein 

and synthetic peptide antigens [49, 50]. This technique is widely used to determine 

levels of different antibodies present in the different fluids of live organisms when a 

disease is present [139-141], i.e. high levels of IgE are commonly observed in asthmatic 

subjects [105, 106, 110, 118].  

 

b) Broncho-alveolar lavage (BAL)  

Bronchoalveolar lavage (BAL) is a minimally invasive procedure performed during 

flexible fiberoptic bronchoscopy to obtain a sample of alveolar cells. Analysis of BAL 

cell counts, cytology, and culture provides insights into immunologic, inflammatory, 

neoplastic, and infectious processes occurring at the alveolar level [142, 143]. The 

presence of increased cellularity no typically observed in BAL from healthy airways is 

considered a good marker of pathology on the airways.  

 

3.6. Pilot group 
As first stage of the project it was decided to develop an acute asthmatic model using a 

classic Ovo-albumin (OVA) based sensitization protocol, with two stages of exposure to 

the allergen and with addition of adjuvant at one of the stages. This was  done in order 

to study how asthmatic airways behave under different experimental conditions, such as 

contraction induced by chemicals and relaxation induced by drugs and mechanical 

oscillations in physiological and non-physiological ranges. The strain selected for 

purposes of this study was one of the most reactive mouse strains known for respiratory 

studies; the mouse strain Balb/c [108, 109, 144-146]. This strain is widely used to study 

airways responsiveness and it has been observed that female mice in the age range of 8 

– 12 weeks are more reactive to the exposure to allergen than males and other mice 

strains.   

 

3.6.1.  Experimental group 
Two groups of mice 1) asthma model and 2) control group were prepared in order to test 

the acute model and obtain the first set of data. These two groups were formed in order 
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to test in vitro the effect of mechanical oscillations on pre constricted airways alone and 

in combination with bronchodilators. 

 

 

a) Control (healthy) Group 

This group was only under controls of weight and general health. It did not go through 

any injection or nebulization of the allergen. Table 3.1 presents the details for the 

protocol presented in Fig 3.7. 

 
 

Table 3.1: Details of sensitization protocol for control group. 

Protocol details  
Mice BALB/c; Female; 8-12 Weeks old 
Allergen None 
Adjuvant None 
Anesthetic Ketamine and Xylazine 
Challenge Ach (10-2M) 
Via of Administration None 
Sensitization (Fig 3.5) Days 

0   Control of weight and general health. 
7   Control of weight and general health.  
14 Control of weight and general health. 
 
Days  
24   Control of weight and general health. 
28   Control of weight and general health. 
32   Control of weight and general health. 
 
Day 
33   Experimental protocol 

 
     
    
   
 

 
Figure 3.7: Control protocol, the weight and the behavior of the mice was checked on day 0, 7 and 14 

and later on 24, 28 and 32 before the experimental protocols. 

 
 



48 
 

 
 
 
 
 
 
b) Acute asthmatic model 

This model is a short term sensitization protocol, which will be close to one month in 

duration, using OVA as allergen (allergen). The allergen will be prepared in the 

presence of alum which acts as an adjuvant, increasing the immunological response of 

the mouse. The allergen will be administrated via intraperitoneal injection and 

nebulisation. With this model the objective is to observe the short term response of 

ASM to the allergen such as inflammation markers and initial changes in ASM. Table 

3.2 presents the details for the sensitization protocol presented in Fig 3.8. 

 
 

Table 3.2:  Details of sensitization protocol for asthmatic group. 

Protocol details  
Mice BALB/c; Female; 8-12 Weeks old 
Allergen OVA 
Adjuvant Alum (Aluminum hydroxide) 
Anesthetic Ketamine and Xylazine 
Challenge Ach (10-2M) 
Via of Administration Intraperitoneal (i.p.) and Inhalation (inh.) 
Sensitization (Fig 3.6) Days 

0    Injection of OVA at 10µg diluted sodium chloride 0.9% (saline) + 
1mg aluminum hydroxide mixture (i.p.). 
7    Injection of OVA at 10µg diluted sodium chloride 0.9% (saline) + 
1mg aluminum hydroxide mixture (i.p.). 
14   Injection of OVA at 10µg diluted sodium chloride 0.9% (saline) + 
1mg aluminum hydroxide mixture (i.p.). 
 
Days  
24   Aerial nebulization of Ova at 5% diluted in saline through the 
airways for 20 mi 
28   Aerial nebulization of Ova at 5% diluted in saline through the 
airways for 20 mi 
32   Aerial nebulization of Ova at 5% diluted in saline through the 
airways for 20 mi. 
 
Day  
33   
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Figure 3.8: Sensitization protocol: The sensitization protocol was divided in two stages: first stage; 

induction of inmunoresponse (injection of allergent) from day 0-14 and a Second stage; induction of AHR 
(nebulization of allergen) from day 24-32. 

 
 

3.7. Selected Techniques to evaluate the model 
The acute asthmatic was evaluated to determine if the sensitization process was 

successful. This was performed using different techniques, which evaluate AHR 

through bronchoconstriction using the respiratory parameters RL and Cdyn and the 

increased immunological response with ELISA to determine IgE levels and 

bronchoalveolar lavage to observe cellularity changes in the airways. The combination 

of the mechanical parameters and chemical indicators provide a more reliable control to 

confirm the success of the sensitization protocol.     

 
 
3.7.1.  AHR / Plethysmography 

Airway hyper responsiveness is measured in tracheotomized mice inside a custom-built 

thermoregulated Pneumotachograph/Plethysmograph setup. This system was developed 

and calibrated in house. Fig 3.9 shows a scheme of the modified plethysmograph 

(Details of plethysmograph and its modifications are presented in chapter 5).  

 

The objective of this technique is to evaluate bronchoconstriction in the control, and 

sensitized animal model, by measuring the lung resistance and the dynamic compliance. 

These two parameters are considered as the most significant to evaluate 

bronchoconstriction in airways in this type of model. Through this technique we also 

expect to be able to evaluate the degree of AHR in both healthy and asthmatic mice.  
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Figure 3.9: Sketch plethysmograph diagram (image modify from [136]) 

 

Protocol 

Airway responsiveness is measured through the invasive determination of upper 

pulmonary resistance and the dynamic compliance (See section 3.5.2). Airway 

responsiveness is assessed as an increase in RL after a challenge with aerosolized ACh 

in anesthetized and spontaneously breathing mice Balb/c. All the protocols were 

approved by the University of Auckland Code of Ethical Conduct (AEC) and performed 

in accordance with the Animal Welfare Act 1999 (attached in the appendix A). 

 

• Mice are anesthetized with intraperitoneal injections of ketamine 40mg/kg and 

xylazine 10mg/kg (with minimal supplementations only if required).  

• When anaesthesia was achieved, assessed by loss of the right and pinch toe reflex, 

the mice are placed on a plastic board and a quick surgical procedure was 

performed to reach the trachea (protocol detailed in chapter 4).  

• Once the trachea is exposed a small hole is opened in between the trachea rings and 

a cannula is placed and fastened with silk thread.  

• Following this the intubated spontaneously breathing mouse is placed in supine 

position in a thermo-controlled Plethysmograph/Pneumotacograph (Fig 3.10). This 

system has been designed to resemble the reference system used by Glaab et al [135, 
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136, 147]. Some modifications were made to the chamber (Size, inlets and outlets of 

the chamber) in order not only to fit mice but also rats (details of the system and its 

modification in chapter 5 sections 3 and 4), and similar transducers were used.  

• The tracheal tube is connected directly to the pneumotachograph and the tidal flow 

is determined by the pneumotachograph which is connected to a differential pressure 

transducer.  

• To measure transpulmonary pressure, a water-filled tube is inserted into the 

oesophagus to the level of mid thorax and coupled to a pressure transducer. The 

analogue signals obtained from this transducer were digitalized and recorded. 

 

 

Figure 3.10: Overview plethysmograph and data acquisition system: a) testing chamber; b) pressure 
transducer; c) Data acquisition system; d) software. 

 
 
 
 
• Different doses of bronchoconstrictor and bronchodilator are administered through 

the nebulizer which is connected to mouse lungs via the pneumotachometer. 5 ml of 

test solution (normal saline solution, or a specific concentration of Ach or ISO) is 

placed in the nebulizer tank (Fig 3.11).  

• Each mouse was initially challenged for 2 min with saline solution. After 2 min of 

nebulisation, the nebulizer was switched off before recording the respiratory 

parameters for 10 min. The recording time corresponds also to a resting time for 

the animal since it will not undergo any additional treatment or manipulation 

during this time. After this, dose-responses for Ach and ISO were performed to 

determine optimal concentration of the drugs to be used). 
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• Airways responsiveness to Ach 10-2M in all mice group was assessed to observe the 

response of ASM (this concentration was determined during the previous step and 

showed the higher contraction on the sensitized animals). 

• This dose was tested several times and was administered before the addition of ISO 

(which was used to induce bronchodilation) as follows: nebulisation of ACh 10-2 M 

for 2 min followed by 2 min of rest; then nebulisation with ISO 10-6M for 2 min 

followed by 2 min of rest; the previous step was repeated with ISO 10-5M, ISO 10-

4M , ISO 10-3M , ISO 10-2M, ISO 10-1M  and ISO 1M  and finally 2 min of 

nebulization of saline and 2 min of recovery.  

 

 
Figure 3.11: Scheme of connection of nebulizer and subject for drug delivery. a) Nebulizer and solution 

chamber for nebulization of drugs (Ach, ISO, saline); b) pneumotachograph; c) mice; d) pressure 
transducer. 

 
 
 
 
 
3.7.2.  ELISA (IgE) 

As explained in chapter 2, in asthmatic models the levels of the antibodies IgE and IgG 

are increased. In order to confirm that our model is asthmatic the levels of these two 

antibodies were tested using a direct sandwich Enzyme Linked Immunosorbent Assay 

(ELISA) method. OVA-specific IgE levels will be determined in duplicate.  
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Protocol 
 
• Blood samples from the mice heart were obtained right after the experimental 

protocols and using coagulation and centrifugation, samples of serum were 

prepared from it and the stored at -80°C.  

• Then IgE levels are quantify using the kit Mouse OVA-IgE ELISA from 

mdbioproducts (division of mdbiosciences) and compared between controls and 

sensitized. 

 
 
3.7.3.  BAL  

Bronchoalveolar lavage is a technique used to recover epithelial cells, proteins and 

leukocytes, which are normally present in the airways under pathological conditions. 

This technique involves successive lavages of the airways with physiological solutions.  

The volume of the mouse lung is small, so BAL in mice is generally performed with 1 

ml syringes to infuse smaller volumes of fluid. Multiple infusions are required to obtain 

enough recovered fluid for multiple analyses. Once the BAL is successfully obtained, 

the cells are counted  in neubauer chamber [148] and slides stained with hematoxylin 

and eosin are prepared to differentiate the white cells. 

 
Protocol:  
• Lungs are cannulated in situ and washed with 1ml of saline (NaCl 0.9%) several 

times before collecting a representative sample of the airways.  

• The solution collected from the lungs was placed into a cell chamber and observed 

at 40X for the presence of eosinophiles and epithelial cells and it was reported as 

follows: 

Presence of red cells (RC) and epithelial cells were observed and categorized as: 

 +  = presence 

 ++  = moderate presence  

 +++  = plenty 

 (-)  = absence 

 

Slides were prepared from the BAL and stained with hematoxylin and eosin staining. 

White cells (WC) were counted and differentiated in a blinded fashion by counting 100 

cells by light microscopy. The number of eosinophies was expressed as a % of the total 

WC. 
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3.8. Animal assessment 
This section presents the data obtained from the different tests (Chemicals and 

mechanical) and their interpretation. 

  

 

3.8.1.  AHR 
As shown in Fig 3.9 using RL (cmH2O/ml/sec) as indicator of bronchoconstriction in 

vivo a dose response test for Ach was performed. According to this, the best 

concentration to induce bronchoconstriction on our sensitized animals was of 10-2M, 

even though 1M showed similar response (Fig 3.12), as per literature lowest 

concentration results in better practical results when combined with ISO [149], because 

higher concentrations tend to affect the response of the airways in the presence of ISO. 

Considering this finding, the concentration selected for future in vivo experiments will 

be Ach 10-2M. This concentration differs from the one used on the experiments in vitro 

which was of Ach 10-4M (data no shown). This concentration was also determined using 

dose response tests prior to define the experimental protocols. 

 

 

 

 

Figure 3.12: RL  for Ach dose-response asthmatic subjects: axis y corresponds to the value of RL  
observed with the different experimental conditions presents in axis x (n = 6). 
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When similar dose response test was performed for ISO as shown in figure 3.13, it was 

found that several different concentrations provided similar reduction on the 

bronchoconstriction induced by Ach 10-2M, these concentrations were 10-6M, 10-5M, 

10-4M and 10-1M (Fig 3.13). Considering that all these concentrations reduce in similar 

manner the bronchoconstriction induced we decided to use the lower dose for our 

experiments, which was ISO 10-6M  

 

 

 

Figure 3.13: RL for ISO dose-response asthmatic subjects: axis y corresponds to the value of RL observed 
with the different experimental conditions presents in axis x(n = 6). 

 

 

 

Using the concentrations mentioned and selected in the previous paragraphs a quick 

comparison between healthy and sensitized subjects was performed to observe any 

changes. We found using t test that sensitized airways were more responsive than 

healthy airways to Ach 10-2M (p value < 0.01 vs p value 0.18 respectively as observed 

in figure 3.15) and that ISO 10-6M was less effective to induce relaxation on 

preconstricted airways from sensitized subjects when compared with healthy airways (p 

value 0.18 vs p value < 0.05 respectively as observed in figure 3.15) using same 

concentrations for Ach and ISO (Fig 3.14.). This behaviour was also observer later on in 

the in vitro tests (Data presented in chapter 4). 
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Figure 3.14: Comparison of RL between asthmatic and healthy subjects. Axis y corresponds to the value 

of RL  observed with the different experimental conditions presents in axis x (n = 6). 

 
 
 
 
 
 
 

 
Figure 3.15: Comparison of RL between asthmatic and healthy subjects. Axis y corresponds to the value 

of RL  observed with the different experimental conditions presents in axis x (n = 6)and its statistical 
significance (* or # = p value < 0.05). 
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3.8.2.  BAL 
 
When the BAL from the control mice was compared with the sensitized ones, it was 

found (as shown in Fig 3.16) that the BAL obtained from the sensitized airways showed 

increased presence of WC (white cells), RC (red cells) and epithelial cells in all the 

preparations (Fig 3.12; n=7) while in the slides prepared from BAL recovered from the 

healthy airways showed poor presence or completely absence of the same cellularity. A 

significant increase in eosinophiles in the slides from sensitized mice (21 ± 6%) was 

also observed when compared with controls (3 ± 1%). 

 

 
Figure 3.16: BAL images a) sensitized animals, b) control (healthy) animals: Epithelial cells, WC (white 

cells) and RC (red cells) 

 

3.8.3.  ELISA 
In order to analyse the data obtained from the healthy and sensitized mice a standard 

curve with known concentrations for OVA IgE was. The standard concentration curve 

shown in Fig 3.17 was built using the following concentrations: 7.8, 15.6, 31.2, 62.5, 

125, 250, 500ng/mL. Table 3.3 shows concentration and optical density (OD) for each 

commercial standard prepared. These standards were provided by mdbioproducts and 

prepared just before of the experiment, from a concentrated stock of 2500 ng/mL, prior 

to the testing of the serum samples obtained from the healthy and sensitized mice for the 

study. The standards were placed in the ELISA plate with samples obtained for each 

Ephithelial cells 

RC 

WC 

a 

b 
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animal and the same protocol to determine the concentration IgE was applied for 

samples and standards (commercial protocol ELISA). 

 

 

 

 

 
Table 3.3:  OD for each concentration of the commercial standards. 

OVA IgE Concentration 
(ng/mL) 

Optical density for 
commercial standards 

7.8 0.04085 
15.5 0.0342 
31.2 0.0338 
62.5 0.06505 
125 0.14025 
250 0.6883 
500 1.60535 

 

 

 

 
Figure 3.17: ELISA OVA IgE Standar concentration curve: axis y corresponds to the optical density for 

each concentration, and axis x corresponds to the concentration of each standard. a) 7.8, b) 15.6, c) 31.2, 
d) 62.5, e) 125, f) 250, g) 500 ng/mL 

 

 

 

Once the OVA IgE concentration curve was obtained, it was easy to spot the 

concentration of the levels for OVA IgE in our samples using the reference curve and 
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comparing the data with the absorbance obtained in the serum samples from healthy and 

asthmatics.  

The absorbance obtained from the healthy and asthmatic groups was 0.032 ± 0.02 and 

0.141 ± 0.03 respectively (n=11). The absorbance for both groups was compared and 

analysed with a t test obtaining a statistical significance with a p value of 0.039 as 

shown in figure 3.18.  

 

  
Figure 3.18: BAL concentration a) sensitized animals, b) control (healthy) animals (p value < 0.05; n = 

11). 

 

After this the absorbances obtained for the experimental samples were plotted against 

the known concentrations (presented in standard curve Fig 3.13), allowing us to 

calculate the OVA IgE levels in our samples. The Mean concentration for healthy and 

sensitized mice is presented in table 3.4. 

 

Table 3.4: Details of DO for each group tested (healthy and asthmatics) and IgE concentration for 
samples. 

Healthy Asthmatic 
OD ng/mL OD ng/mL 

0.032 6.110 0.141 125.668 
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3.9. Closure 
The data obtained shows increased response (hyper responsiveness) to ACh and reduced 

response to ISO in asthmatic subjects when compared to control (healthy) subjects. 

Besides these findings, changes in cellularity in BAL and differences on IgE levels were 

also observed. All these findings indicate that we are in presence of subjects with hyper 

reactive airways and that our sensitization protocol to develop an acute asthmatic model 

is working as expected, exhibiting some typical features of asthma. With this 

information, we can now proceed to test mechanical oscillations on sensitized airways 

and compare their effect with healthy airways in vitro (first step) and afterwards in vivo 

(second step). This step is important because most of the knowledge in the area 

(asthma) and oscillations has been built based on studies ASM from healthy airways, 

leaving a gap of important information that we are aiming to fill.   
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Chapter 4  
In vitro experimental investigation 

 

4.1. Introduction 
Previous work [10, 11, 16, 81-83, 98, 101, 150], including that from IBTec has shown 

that in vitro oscillations induce relaxation of pre constricted airway smooth muscle 

(ASM) from healthy subjects (mice, pigs, bovine, etc), and to the best of our knowledge 

only physiological oscillations have been tested in asthmatic airways in vivo or in vitro 

[7]. In order to establish the mechanism via which these oscillations work on asthmatic 

airways, as well as to narrow down the range of oscillations that have potential in 

inducing relaxation in these type of subjects (if there is any),  it was decided to focus on 

two types of experiments. The first set of experiments focussed on in vitro 

investigations using intact tissue (trachea rings) from asthmatic and healthy mice. The 

second set of experiments focussed on applying oscillations to the animals’ breathing, 

using anaesthetized asthmatic and healthy mice. In order to conduct these experiments, 

two different approaches were used to deliver the oscillations based on the sample type 

and method of delivery: for the in vitro experiments, mechanical length oscillations 

were applied directly to the tissue; the second set of experiments focussed on in vivo 

testing by applying oscillations during the animal’s breathing cycles. 

The first stage focussed on the in vitro experiments and is explained in detailed through 

this chapter, describing first how the tissue was obtained and selected, after this a 

description of the in vitro set-up and programs used for the experiments, an explanation 

of the concept of optimal diameter, a presentation of a pilot study performed on healthy 

airways with its results and findings, and finally the comparison of healthy and 

asthmatic airways with its results and conclusions. The main purpose of this protocol is 

to determine how airways in vitro from healthy and asthmatics subjects respond to 

superposed oscillations during an induced asthmatic attack.   
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4.2. Tissue acquisition 
Prior to the dissection and acquisition of the tissue a physiological salt solution (PSS: 

composition in mM: 110 NaCl, 0.82 MgSO4, 1.2 KH2PO4, 3.39 KCL, 2.4 CaCl2, 25.7 

NaHCO3 and 5.6 Glucose) was prepared with Millipore MilliQ 18 MΩ water. The 

solution was bubbled for 5-10 min with a gas mix of 95% O2/5% CO2, pH was then 

measured to assure physiological ranges (pH 7.35 – 7.45) and placed in a PSS reservoir 

which was continuously bubbled. 

Tissues were acquired from mice strain C57 from KODE laboratories (AUT, New 

Zealand) as third product (discarded tissue from their experiments). The experiments 

were not subject to ethical approval requirements at AUT. Each trachea was obtained 

from the mice within 30 min after they were culled. Connective tissue was then 

removed and trachea rinsed with PSS solution. 

 

4.3. In vitro set-up 
A tissue testing set-up from Aurora Scientific Inc. was acquired and assembled (Dual-

mode lever system, model no 300C). A system diagram of the set-up is given in Figure 

4.1. Each of the components shown in the diagram will be briefly discussed below. 

 
Figure 4.1: System diagram of tissue testing set-up. 
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Figure 4.2: Caption of in vitro testing set-up: 1) Dual-mode lever system (Aurora scientific inc); 2) Tissue 
bath (5ml water jacket reservoir); 3) muscle lever (the tissue is fix to this lever arm that generate 

oscillations and register changes in tension); 4) Bottom glass hook (tissue is fixed at this point);5)  1L 
water jacketed reservoir for physiological solution; 6) Heater, pump, and water reservoir (to maintain  

all the system under physiological temperature 37°C). 

 

 

•  Tissue Bath (Fig 4.2): This consists of a 5 ml water jacketed reservoir with inlets 

and outlets for flow of temperature regulated fluid. A gas bubbler for bubbling with 

95% O2/ 5% CO2 is inserted in the bottom connector and an entry valve and exit 

valve are mounted at the top and bottom of the bath, respectively. The bath can be 

vertically moved relative to the dual mode motor. The tissue was suspended 

vertically using silk attached to steel hook wires, one connected to the motor, 

another to a screw operated clamp. 
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Figure 4.3: Tissue bath, with all the accessories, inlets and outlets. 

  

 

•  Reservoir: An L water jacketed reservoir is filled with PSS and connected to the 

tissue bath. The fluid flow to the tissue bath is regulated by a 2 way valve. 

•  Temperature control: A circulating temperature controller (B.Braun 

Thermomix 1419) is attached to both the PSS reservoir and the tissue bath. 

While the described experiments were performed at physiological temperature 

(37 °C), the temperature controller was primarily used as a fluid pump to warm 

up the reservoir fluid, which was stored at 4 °C. 

•  Dual mode motor and controller (Fig 4.2): A Cambridge 300C dual mode 

motor and controller provide switchable length (0-3 mm range) and force (0-

500 mN) control of the tissue by analogue input signal or through dial operation 

on the controller. The controller also provides an analogue output force and 

length signal with variable amplification (1-10 x) with a maximum output range 

of - 10 to 10 V on both channels with total ranges equal to the input ranges. 

•  The system was controlled through a Data Acquisition Card (NI 6024E) using 

National Instruments Labview (version 6.0). 
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4.4. Programs 
For data acquisition of the force and length signal and the generation of the force and 

length signal three programs were used (programs are presented on appendix), which 

were previously developed by IBTEc (details if the programs in appendix B).  

 

• Converter.vi : Initial Labview data acquisition programs saved data in a .SCL 

format. This program converted the files into .txt format to enable it to be read in 

MS Excel® or MATLAB®.  

 

• ASM_Length.vi : This file can perform all the tasks of acquire_signal.vi.  

However, it also allows for imposing superimposed protocols. The time, force 

and length data are stored in two types of files: high_res data acquired at a 

sampling rate of 3000 per second and low_res data acquired at a sampling rate of 

100 per second.  This program was used for conducting preliminary experiments 

with superimposed oscillations.  

 
 

• Low_res_signal.vi : This is the most developed program that can conduct all the 

tasks of the aforementioned programs. In addition to that, it also allows for time 

tracking of any set of oscillations as an indication to the user. It also saves two 

versions of a file (high and low resolution) according to the date of the 

experiment conducted.  

 

• SUBVI_button_timer.vi : This SUBVI is used in ASM_length.vi and 

Low_res_signal.vi that provides feedback to the oscillation loops to be started 

after a certain time.  

 

The force and length data from the Labview program were  analysed in MATLAB® 

(appendix C) and GraphPad Prism®. 
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4.5.   Reference diameter (Do) 
To minimize variability of the tissue behaviour between the ring tracheas, a reference 

diameter was determined. Most of the studies on ASM use isolated strips tissue for their 

experiments and an optimal length of the tissue is determined preceding the 

experimental protocols. However, due to the size of the tissue sample (mice trachea), a 

less invasive approach with a segment of the trachea (2mm) was used, thus leaving the 

ASM untouched. Considering that trachea corresponds to a cylindrical element (which 

was measured cross sectional to assure that it was circular) and the reduction during 

constriction or increase of the ASM length during different experimental conditions 

changes the whole diameter of this element we decided to refer to it as Optimal 

diameter rather than Optimal length. Therefore, when optimal diameter is referred to 

here, it is calculated in the same manner as the optimal length of the muscle. Several 

different approaches for defining reference length or diameter (ring trachea) have been 

suggested in literature [151], but none of them have been proven as an ultimate protocol 

to define it. Unlike skeletal muscle, ASM does not possess a constant optimal length for 

force generation (as presented in chapter 2). However it is assumed that it does possess 

a length range at which it can adapt to a stable optimal force generating capacity. The 

purpose of a reference diameter (Do) procedure is to find the present optimal muscle 

length for maximum force generation. This will minimise the subsequent force changes 

by continuous length adaptation. The approach used in this study corresponds to a direct 

search for optimal ASM length or diameter. This is the most common approach [152-

154] and it involves a series of stretch, equilibration, contraction and relaxation cycles, 

and the reference diameter, Do is defined as the diameter at which the difference 

between the active force and the prior relaxed force stabilises and generates the 

maximal contraction from one contraction to the next. 

 

Do protocol: 

Repeated cycles of stretch and contraction were induced using ACh at a concentration 

of 10-4M (this concentration was determined using curves of dose-response) and rinse 

until the maximum contractile force (force during contraction – passive force) is 

reached (Fig 4.4). Subsequently the airway was allowed to stabilize at D0 for 30 

minutes. 
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Figure 4.4: Example of determination for optimal diameter. In the caption the last contraction obtained 

which corresponds to number 5 was not bigger than the previous number 4, so optimal diameter was 
considered reached. 

 

 

4.6. Pilot study experiments (healthy airways) 
As mentioned in chapter 2 testing mechanical oscillations on pre constricted healthy 

airways is the point of start for the experiments, before moving and testing on sensitized 

airways. In order to do this, intact airways from mice C57 (tissue acquisition as 

explained in section 4.2) were used for two set of experiments at this stage. 

1. The first set of experiments consisted in to test the relaxation effect of different 

known relaxant agents of the pre constricted healthy airways such as breathing 

oscillations, ISO or breathing in combination with ISO. The objective of these 

experiments was to compare later on effect of SILO with these agents.  

2. The second set of experiments focused on SILO using frequencies of 10, 20 and 

30Hz and amplitude of 1%. SILO (these values were previously used by our group 

in porcine airways), which were imposed over breathing oscillations and analysed. 

The animals selected for this set of experiments were mice, because they are widely 

used in respiratory studies and because of their small size, easy manipulations and 

literature supporting them as a good model (Chapter 3). The strain used was mice 

C57, and the tissue was acquired as explained in section 4.2. 
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Protocol: 

• For each testing protocol the tracheas were first constricted with ACh 10-4M 

(concentration was calculated using curve of dose-response for the drug) until a 

stabilized contractile force was found.  

• Subsequently, to address the first set of experiments after the plateau with ACh was 

reached, breathing, ISO or breathing plus ISO were used to test their relaxant 

effect under static conditions as follows:  

o Breathing oscillations (4%/2.7Hz). An amplitude of 4% was selected for 

TO using as reference of Hughes et all [80] and other groups that have 

used range of TO between 2-8% in different species including mice [81, 

82, 155]and the frequency of  2.7Hz was calculated as the breathing 

frequency of the mice using ~163 cycles per minute, and followed by 

5min of recovery. 

o  ISO10-6M (concentration was calculated using curve of dose-response 

for the drug), followed by 5min of recovery. 

o ISO + Breathing oscillations, followed by 5min of recovery. 

 

• Subsequently, to address the second set of experiments after the plateau with ACh 

was reached, breathing, or breathing + SILO were used to test their relaxant effect 

under static conditions as follows:  

o Breathing oscillations (4%/2.7Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/10Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/20Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/30Hz), followed by 5min of recovery. 

 

• The trachea is rinsed repeatedly with PSS solution after each protocol and allowed 

to recover prior to a subsequent test. Examples of the records obtained for these 

experimental protocols are presented in Fig. 4.5.   
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Figure 4.5: Experiments type. a) Relaxation induced using just ISO (10-6M); b) relaxation induced by 
ISO in combination with tidal oscillations (4%:2.7Hz); c) relaxation induced by tidal oscillations in 

combination with superimposed oscillations (1 and 1.5%: 5, 10, 15 and 20Hz) 
 

 

a 

b 

c 
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4.7. Data reduction 
The tissue was rejected when the active force development after the stabilization period 

was less than 60% of the peak of the active force obtained at the end of the Do 

procedure, because this reduction of the active force could indicate deterioration of the 

tissue (ASM) through the protocols. However was common to observe increasing in the 

peak of active force with time, especially if the tissue was allowed to rest long enough. 

4.8. Relaxation 
The percentage of relaxation (%R) was calculated as the percentage of total force 

reduction (b) observed after 5 minutes after the application of ISO and/or oscillations 

relative to the force observed prior to these agents, which corresponds to the plateau (a) 

(eq. 4.1).  

 

 

%𝑅 =  (𝑎−𝑏)
𝑎

     (Eq. 4.1) 

       
 

 

Fig 4.6 presents the results obtained with breathing, ISO 10-6 M and ISO combined with 

breathing oscillations, which resulted in peaks of 47.8 ± 9, 55.7 ± 5 and 61.8 ± 5 % 

respectively (n = 6). Even though it seems to show a trend of increasing relaxation 

compared with just ISO or breathing, the results were not statistically significant wen 

analysed with ANOVA or t test (n = 6; p value > 0.05).  Data was analysed using 

Graphpad Prism 5.0™. 
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Figure 4.6: Effect of Isoproterenol and the combined effect of ISO and mechanical oscillations equivalent 
to breathing on contractile force, represented as % relaxation on Y axis (n=6). 

 
 
Figure 4.7 presents the results of the relaxation obtained with mechanical oscillations 

equivalent to breathing, which induces 47.8 ± 9% (n = 6) of reduction in force of 

contraction (relaxation observed) and compare it with the imposition of SILO with 

frequencies of 10, 20, 30 Hz on the breathing equivalent oscillation which presents a 

reduction in force of contraction of 32.8 ± 4, 23.9 ± 4 and 35.5 ± 7% of relaxation 

respectively. 

 

 

Figure 4.7: Effect of mechanical oscillations equivalent to breathing with and without superimposed 
length oscillations on contractile force (n=6). 
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4.9. Breathing, ISO and SILO 
The results presented in Fig. 4.6 show that the imposition of breathing oscillations has a 

bronchorelaxant effect in pre constricted airways, which reinforce the findings in 

healthy ASM [7, 10, 16, 81-84, 98, 150, 156]. It was also observed that the 

bronchorelaxant effect of ISO seems to increase when combined with these types of 

mechanical oscillations as reported previously by Gump [10]. It is believed that the 

force reduction observed when mechanical oscillations were applied could be the result 

of length oscillations acting directly on the bridge dynamics thus disrupting them (more 

details in Chapter 1). Even though other components of the airways such airway wall 

constituents, cartilage and lung parenchyma could be participating, only ASM is 

consider an active component and principal target of oscillations and literature seems to 

support the idea that oscillations are affecting directly the crossbridge [10, 83]. 

Furthermore Fig 4.7 shows that when SILO in the range of 10-30 Hz were added to 

breathing oscillations, the relaxation of ASM from healthy airways was lower than the 

one obtained with breathing oscillations alone, This is contrary to what was expected, 

but these findings are not conclusive because ASM from asthmatic subjects seems to 

response differently to oscillations [7]. It is believed that biochemical changes and 

alterations in the dynamic properties of ASM occurring during the development of the 

disease could be responsible for increasing the ASM resistance to the dilating influence 

of breathing and deep inspiration [81, 102, 104, 157, 158]. 

 

4.10. Healthy and asthmatic airways 
As reported in the previous section the results indicate that breathing oscillations induce 

relaxation in healthy tissues, and the relaxation observed with ISO increases when 

combined with breathing [10]. On the other hand, superimposed oscillations in the range 

of frequency between 10-30Hz seemed to increase the force of contraction rather than 

further relax the preconstricted airways. It has been reported by other authors the 

different behaviour between asthmatic and healthy airways [7, 158]. Therefore, different 

values of frequency and amplitude for SILO need to be tested.  

 

For the comparison between airways from healthy and asthmatic subjects a new set of 

experiments was designed, and also a different strain of mice was used. The former was 

obtained through the artificial induction of asthma on mice strain Balb/c, females, 8-12 
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weeks old, using an acute model for the experiments (more information of sensitization 

protocol in chapter 3). 

 

4.11. Tissue acquisition  
Once healthy and sensitized animals groups for the experiments were ready, they were 

euthanized using a CO2 overdose and dissection was only started after the mouse did 

not present any reflex (ocular and foot) or pain response, and the breathing had stopped.  

As presented in Fig. 4.8, the mouse was placed on a square plastic surface and its 

extremities were fixed to the plastic square using rubber bands to facilitate dissection.  

The area of the neck was cleaned (hair removal); a clean vertical cut was performed in 

the area using scissors, in order to expose the trachea. 

Using a pair of tweezers, the pre-tracheal muscles were dissected and moved from the 

sagittal plane to the sides, allowing the observer to find the trachea below them.  The 

trachea is a tube, composed of ASM, cartilage rings, and surrounded by connective 

tissue. Once the trachea was reached, a couple of clean cuts at the level of the thyroid 

gland and before the bifurcation to the lung were performed, obtaining a trachea of 

around 4-8 mm length. The latter was then placed onto a Petri plate with PSS for further 

dissection, and the mice were rolled into absorbent paper and placed into the freezer at -

20°C to be discarded afterwards. The trachea was cleaned by removing vascular and 

connective tissue, measured, and smaller trachea rings of 2-3 mm length were obtained. 

The obtained trachea ring was mounted onto the system (explained in detail later in the 

chapter) using homemade steel wire hooks, while taking care that the hooks were placed 

in the cartilage zone and were not touching the ASM, which could damage the muscle 

and alter the force generation during the experiments.   
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Figure 4.8: a) Anesthesiated mice is placed in plastic square; b) Pre tracheal muscles are dissected in 
order to expose the trachea; c) The trachea is removed from mice and cleaned from surroundings tissue ; 

d) Dissected trachea is cut into smaller pieces (2-3mm) and mounted onto wire hooks leaving the ASM 
untouched.  

 

4.12. Experiments 
Two sets of experiments were conducted at this stage. The first set of experiments 

consisted on testing the relaxant effect of breathing oscillations, ISO and Breathing in 

combination with ISO on healthy and asthmatic airways, in order to compare and test 

their effectiveness between the different airway types. A second set of experiments was 

focused on the effect of SILO on healthy and asthmatic airways. For these experiments 

some changes in the parameters used for SILO were made: frequencies of 5, 10, 15 and 

20Hz and amplitudes of 1 and 1.5% were used, this is because, it has been observed that 

not only frequency affects the behaviour of ASM response to oscillations, but also 

amplitude does [9, 11, 82].  

 

Protocol: 

• For each testing protocol the tracheas were first constricted with ACh 10-4M 

(concentration was calculated using curve of dose-response for the drug) until a 

stabilized contractile force was found.  

• Subsequently, to address the first set of experiments after the plateau with ACh was 

reached, breathing, ISO or breathing plus ISO were used to test their relaxant 

effect under static conditions as follows:  

o Breathing oscillations (4%/2.7Hz). An amplitude of 4% was selected for 

TO using as reference of Hughes et all [80]  and other groups that have 

used a range of TO between 2-8% in different species including mice 

[81, 82, 155] and the frequency of  2.7Hz was calculated as the 

a
 

b c d 
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breathing frequency of the mice using ~163 breathing cycles per minute, 

and  followed by 5min of recovery. 

o  ISO10-6M (concentration was calculated using curve of dose-response 

for the drug), followed by 5min of recovery. 

o ISO + Breathing oscillations, followed by 5min of recovery. 

 

• Subsequently, to address the second set of experiments after the plateau with ACh 

was reached, breathing, or breathing + SILO were used to test their relaxant effect 

under static conditions as follows:  

o Breathing oscillations (4%/2.7Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/5Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/10Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/15Hz), followed by 5min of recovery. 

o Breathing + SILO (1%/20Hz), followed by 5min of recovery. 

o Breathing + SILO (1.5%/5Hz), followed by 5min of recovery. 

o Breathing + SILO (1.5%/10Hz), followed by 5min of recovery. 

o Breathing + SILO (1.5%/15Hz), followed by 5min of recovery. 

o Breathing + SILO (1.5%/20Hz), followed by 5min of recovery. 

 

• The trachea was rinsed repeatedly with PSS solution after each protocol and 

allowed to recover prior to a subsequent test.  All oscillation amplitudes were 

calculated as percentage of D0. 

 

4.13. Relaxation 
The %relaxation was calculated in the same manner as previous experiments and the 

statistical analysis was performed using Graphpad Prism 5.0™, considering a normal 

distribution of the data and using a paired t-test for each dose of treatment (% 

amplitude, Hz and ISO), also tests for non-normal distribution of the data were 

considered for the analysis its analysis.  Fig 4.9 shows the data obtained when 

breathing, ISO and ISO combined with oscillations were applied in preconstricted 

airways from healthy airways and compare them with the data obtained  from asthmatic 

airways. The relaxation observed with ISO seems to increase in this mice strain (Balb/c) 

when combined with breathing oscillations (as observed previously with mice C57), 

compared to just ISO (~43 ± 8.3% and 57 ± 9.30% respectively), but this effect is 
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missing in asthmatic airways (ISO + Breathing ~3 ± 1.85% and just ISO 6 ± 3.16%; P 

value Fig 4.9). Also the effectiveness of breathing oscillations, ISO at 10-6M and both 

agent combined was observed to be significantly reduced in asthmatic airways when 

compared to the effect of the same concentration on healthy airways as presented in 

table 4.1.  

 

Table 4.1: Column stats for response of airways from healthy and asthmatic airways to breathing, ISO 
and ISO + breathing. 

% Relaxation 

Breathing 
(healthy) 

Breathing 
(asthmatic) 

ISO 10-6M  
(healthy) 

ISO 10-6M  
(asthmatic) 

Breath + ISO 10-6M  
(healthy) 

Breath + ISO 10-6M  
(asthmatic) 

47  ±  9  5 ± 1  43 ± 8  3 ± 1  57 ± 2  6 ±  3 
P value < 0.05 P value < 0.05 P value < 0.05 

 

 

 
Figure 4.9: Compared effect of Isoproterenol and the combined effect of ISO and mechanical oscillations 
equivalent to breathing on contractile force on healthy and asthmatic airways. @, * and # indicates 
statistical significance between the means of the effect of breathing, ISO and Breathing + ISO on healthy 
airways and effect of the same experimental condition asthmatic airways respectively (n=6, p value < 
0.05). 

 
 

When the effect of SILO with an amplitude of 1% at frequencies of 5, 10, 15 and 20Hz 

on breathing equivalent oscillations were analysed and compared with breathing 
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oscillations alone on asthmatic airways, a variety of responses presented in Fig 4.10 

were observed, with increased relaxation for some of the frequencies and reduction in 

relaxation for others (with statistical significance only for 10Hz, p values presented in 

table 4.2). 

 
Figure 4.10: Effect of mechanical oscillations equivalent to breathing with and without superimposed 
length oscillations (1% amplitude) on contractile force. * indicates statistical significance for the mean of 
SILO at 10 Hz when compared to the mean to breathing alone (n=7). 

 
 
 
 

Table 4.2: Statistical significance table for the effect of mechanical oscillations equivalent to breathing 
with and without superimposed length oscillations (amplitude 1%) on contractile force. Yellow box 

indicate statistical significance. 

P value comparison table for 1% of amplitude: "Are means signif. different? (P < 
0.05)" 

Treatment 1 Treatment 2 Treatment 3 Treatment 4 

5Hz 10Hz 15Hz 20Hz 
Wilcoxon 

(#) 
t test 
(*) 

Wilcoxon 
(#) 

t test 
(*) 

Wilcoxon 
(#) 

t test 
(*) 

Wilcoxon 
(#) 

t test 
(*) 

0.1875 0.1525 0.0547 0.036 0.4063 0.4868 0.1094 0.1074 
 

 
 
But when the effect of the SILO with amplitude of 1.5% at frequencies of 5, 10, 15 and 

20 Hz overlapped on breathing equivalent oscillations were analysed and compared to 

breathing oscillations alone (on asthmatic airways) the pattern observed was completely 

different (Fig 4.11), with increased relaxation for all the frequencies at 1.5% of ~16 ± 
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2.07, 8 ± 3.39, 20 ± 9.14 and 14 ± 8.39% respectively. Presenting statistically 

significance for all the parameters tested as presented in table 4.3.  

 

Figure 4.11: Effect of mechanical oscillations equivalent to breathing with and without superimposed 
length oscillations (1.5% of amplitude) on contractile force. * indicates statistical significance for the 
means of the effect of SILO when combined with breathing and compared with the effect of breathing 
alone using Wilcoxon; # indicates statistical significance between the means of the effect of SILO when 
combined with breathing and compared with the effect of breathing alone using t test on asthmatic 
airways (n=7). 

 
 
 
 

Table 4.3: Statistical significance table for the effect of mechanical oscillations equivalent to breathing 
with and without superimposed length oscillations (amplitude 1.5%) on contractile force. Yellow boxes 

indicate statistical significance. 

P value comparison table for 1.5% of amplitude: "Are means signif. different? (P 
< 0.05)" 

Treatment 1 Treatment 2 Treatment 3 Treatment 4 

5Hz 10Hz 15Hz 20Hz 
Wilcoxon 

(#) 
t test 
(*) 

Wilcoxon 
(#) 

t test 
(*) 

Wilcoxon 
(#) 

t test 
(*) 

Wilcoxon 
(#) 

t test 
(*) 

0.0156 0.0369 0.0078 0.0555 0.0547 0.0482 0.0234 0.0327 
 

 
 

When SILO were compared with ISO alone on asthmatic airways, they showed similar 

observed patterns to those compared with breathing alone. When ISO was compared 

with SILO of 1% amplitudes only 5Hz showed statistically significant increased 

relaxation (Fig 4.12). 
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Figure 4.12: Effect of ISO compared with mechanical oscillations equivalent to breathing + 
superimposed length oscillations (1% of amplitude) on contractile force. * indicates statistical 
significance for the mean of SILO at 5 Hz when compared to the mean to the effect of ISO alone (n=7). 

 

When SILO at 1.5% were compared with ISO alone,  similar increased relaxation 

patterns were observed when compared to breathing alone, with statistical significance 

for all the frequencies tested as presented in Fig. 4.13. 

 
Figure 4.13: Effect of ISO compared with mechanical oscillations equivalent to breathing + 
superimposed length oscillations (1.5% of amplitude) on contractile force. * indicates statistical 
significance for the means of the effect of SILO when combined with breathing and compared with the 
effect of ISO  alone using Wilcoxon; # indicates statistical significance between the means of the effect of 
SILO when combined with breathing and compared with the effect of ISO alone using t test on asthmatic 
airways (n=7). 
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4.14. Closure 
The results here show that the imposition of breathing oscillations has a bronchorelaxant 

effect in both of the healthy strains of mice tested (C57 and Balb/c), which reinforces 

previous findings in ASM tissues [7, 10, 16, 81-83, 98, 99, 101, 156, 159], and the 

bronchorelaxant effect of ISO seems to increase when combined with mechanical 

oscillations similar to breathing (2.7Hz/4%) in healthy airways, but the relaxant effect 

of breathing, ISO and breathing + ISO is significantly lower in asthmatic airways. This 

may be due to airway changes or adaptation of the ASM during the development of the 

disease [81, 102, 104, 157, 158].  

Furthermore, even when superposed oscillations with a frequency in the range of 10-

30Hz and an amplitude of 1% were not more effective than just breathing or ISO to 

induce relaxation on healthy airways, the superimposition of oscillations with amplitude 

of 1.5% and frequencies in the range of 5-20 Hz on breathing oscillations alone increase 

the relaxation of the asthmatic airways compared with oscillations equivalent to both 

breathing and ISO alone. The superimposition of mechanical oscillations with 

amplitude of 1% in the same range does not result in similar findings; on the contrary a 

reduction in relaxation of asthmatic airways was observed with the only exception of 

5Hz when compared with mechanical oscillations equivalent to breathing alone. 

If SILO of 1.5% of amplitude overlapped to breathing patterns can still induce 

relaxation in pre-constricted asthmatic airways where tidal oscillations have failed as 

observed in the results, these could corroborate the theory that the effector (crossbridge) 

remain the same as its components (myosin and actin) and it could be disrupted though 

mechanical oscillations. This data in addition to previous data published by our team in 

healthy airways [83] seems to indicate that the relaxation of the ASM in healthy and 

asthmatic airways is closely related to the crossbridge rate (speed of attachment) and 

this could be disrupted by changes on amplitude and frequency independently.  These 

findings need to be tested and probed under in vivo conditions in order to advance in the 

direction of a possible new therapy to treat asthmatic attacks.   
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Chapter 5  
In vivo experimental setup 

 

5.1.  Introduction 
As in vitro tests give some indication and knowledge about ASM behaviour, little 

knowledge is available on their in vivo response. The primary objective of this research 

is to determine the in vivo response of asthmatic airways to mechanical length 

oscillations. The purpose of this chapter is to summarize and explain the methodology 

for the in vivo experiments. It covers the selected methods, parameters to evaluate 

pulmonary function, construction of in vivo setup, calibration, and selection, 

construction and explanation of oscillation device. 

Determining the respiratory function of laboratory mice in vivo is of great interest due to 

the important role that these animals play in biomedical, toxicological and 

pharmacological research. When conducting respiratory research on allergic airway 

disease, mice have been found to be the preferred species to use in experimentation due 

to their well characterised genome and immune system, short breeding periods, the 

availability of inbred and transgenic strains, suitable genetic markers, the ability to 

readily induce genetic modifications and their relatively low maintenance costs [109, 

112, 115, 118, 144, 145, 160-162]. 

Due to the small size of the airways in mice, measurement of their pulmonary function 

presents some challenges. However, in recent years, considerable progress has been 

made in developing methods to measure the lung function in mice. As a result, several 

invasive and non-invasive lung function techniques have been developed to characterise 

the phenotype of experimental models of lung disease. 

Each approach used to measure lung functions represents a compromise between 

accuracy, non-invasiveness and convenience. Therefore there is a relationship between 

the invasive measurement technique and its resulting accuracy. Usually the less invasive 

a measurement is, the less likely it is to produce consistent, reproducible and 

meaningful data. 
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5.2. Experimental layout 
As previously explained in chapter 3, to assess in vivo pulmonary functions in mice 

different techniques are available. These normally are separated into two categories 

invasive and non-invasive. This section summarizes and discusses the selected 

methodology for our in vivo experimental protocols.  

Invasive and non-invasive techniques are available to study respiratory physiology, both 

with some advantages and disadvantages. These methods are sometimes used alone and 

other times combined for more accurate results. In order to obtain more reliable results 

and allow more control over the overall manipulations it was decided for this study to 

use an invasive approach. The selected technique is based on plethymography with 

tracheal intubation and oesophageal cannulation. This methodology allows us to 

measure different respiratory parameters such as tidal volume (Tv) and transpulmonar 

pressure (Ptp), which are associated with the dynamic elasticity of the airways and are 

used for the determination of dynamic compliance (Cdyn), and also other parameters 

such as flow and tracheal pressure (Tp) which are associated with resistance of the 

airways and are used to calculate other important parameter which is lung resistance 

(RL). RL and Cdyn are considered specific parameters to evaluate bronchoconstriction 

during the experimental protocols. 

In order to measure the bronchoconstriction level using the parameters of RL and Cdyn, a 

plethysmograph custom built based on the setup used by Glaab et al [136] was 

developed and built. The experimental layout presented in figure 5.1 consists of two 

units: animal containment and measuring components. The animal containment unit 

consist of a testing chamber custom built and a thermo regulated bath. On the other 

hand the measuring components unit consist of pressure transducers and amplifiers; 

Drugs delivery system: Jet Nebulizer for the allergens and drugs; and Data acquisition 

system (Labchart). These elements are explained in more details in the following 

sections.  
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Figure 5.1: 1) Thermostated plexiglas chamber; 2) Pneumotachometer; 3) Tracheal cannula; 4) 
Oesophageal catheter; 5) Tube supplying the nebulised solution; 6) Nebulizer; 7) Connection pipes; 8) 
Differential pressure transducer; 9) Tam-A Transducer amplifier (c) and Plugsys amplifier module (d); 

10) Connection pipe; 11) Honeywell pressure transducer; 12) 16 channels data acquisition board 
Labchart; 13) Computer with data acquisition Labchart. 

 

5.3. Animal containment 
This section covers in detail the containment elements of the set-up and explains how 

they connect with each other. 

5.3.1. Testing chamber 
The chamber has three major requirements: an appropriate size in order to fit different 

animal body sizes inside such as mice or rats; provide suitable environmental 

conditions; and allow to connect the measurement components with the experimental 

subject in a comfortable manner for subject and equipment using front and back inlets. 

The chamber was design using Computer Aided Design (CAD) modelling (Fig 5.2 and 

5.3), in order to have a fully visual aspect of the device and to ensure that all the 

designed dimensions will come together to form the finished product, for the 

construction CNC machining was used as the files could be used directly and the result 

were very accurate components.  
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Figure 5.2: Front of testing chamber: a) front inlet for Pneumotacograph, b) front inlet for eosophagal 
cannula, c) Inner basin for warm water, d) Side inlet for warmed water, e) side outlet for water, e) 

insulation. 

 

Figure 5.3: back of testing chamber: a) inlet for temperature probe. 

 
The chamber was built from acrylic sheets of 1mm thickness, with external dimensions 

of 520 x 480 x 15 cm (Wide x Long x height) and internal dimensions of 300 x 300 x 14 

cm with 4 inlet/outlets. The testing chamber have an insulation system composed of one 

aluminium wall (6mm thickness) to reduce the heat loss, three acrylic walls (10 mm 

each of thickness each) separating the different compartments, an inner basin for warm 

water (30 mm thickness) and other external compartment for air (with a thickness of 30 

mm) to improve the insulation (Fig 5.4).  
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Figure 5.4: Insulation scheme: a) acrylic wall, b) water basin, c) acrylic wall, external insulation 

chamber and d) acrylic wall. 

 

The inner basin for the warm water is connected through two lateral pipes to the thermo 

regulated bath allowing the entrance and exit of warmed water (37°C) to the system, in 

order to increase and maintain the chamber inner temperature in the range of 25-28 °C. 

All these arrangements have the final goal of maintaining the anesthesiated subject 

comfortable and under physiological temperature during the whole experimental 

protocols in order to keep it alive. 

 

5.3.2.  Thermo regulated bath. 
The thermo regulated bath is composed of a plastic container of 10Lts for the water and 

a heating and circulating water pump from Grant instruments (Cambridge Ltd; serial 

number 51333; volts 200-250). The pump heat the water up to 37°C and pumps it into 

the inner basin of the acrylic chamber through the lateral pipes of it (as shown in Fig 

5.5), the temperature was controlled using a typical glass thermometer. 
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Figure 5.5: Thermo regulated bath: a) heat pump, b) outlet for warm water, c) return inlet for water from 
the chamber, d) Plastic container. 

 

5.4. Measurement components  
The measurement components are the different elements used to determine Tv, Flow, 

Ptp and Tp. These parameters are used to calculate RL and Cdyn (as shown in Fig 5.6) as 

explained in detail in chapter 3. The elements used to obtain these respiratory 

parameters were: a) Pneumotachograph and tracheal cannula; b) Differential Pressure 

transducer for Tp; and c) Differential pressure transducer for Ptp; and d) Eosophagal 

cannula. 
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Figure 5.6: Respiratory parameters: a) Flow; b) Tp pressure (tracheal); c) Ptp pressure 
(transpulmonar); d) RL (lung resistance); Cdyn (dynamic compliance) [138]. 

 

5.4.1.  Pneumotachometer and tracheal cannula 
The pneumotachometer and tracheal cannula are used to cannulate the trachea during 

the experimental procedures by keeping the airways open.  The pneumotachometer 

through the connection with the DLP 2.5 differential pressure transducer also allows the 

measurement of pressure changes to occur at the level of the mice trachea and to 

measure the air flow and tidal volume occurring during the breathing process. The 

pneumotachograph shown in figure 5.7 was sourced from Harvard Apparatus from the 

United States by a New Zealand company called Alphatech Systems  and its 

specifications are presented in table 5.1 (HSE-Pneumotachometer PTM Type 378/0.9 

For Mice, P/N 73-0981).  
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Figure 5.7: HSE-Pneumotachometer PTM Type 378/0.9 For Mice: a) Tracheal cannula, b) outlet to 
measure pressure at level of the mouth (before restistance), c) outlet to measure atmospheric pressure 

(after resistance), e) outlet for air and f) reduction of diameter of the tube (resistance). 

 

Table 5.1: Pneumotachograph specifications 

Specification Mice Rats 
Nominal sensitivity 10 mmH2O for 27 ml/sec 10 mmH2O for 10.5 ml/sec 
Nominal flow range ±27 ml/sec ±10.5 ml/sec 
Flow resistance (approx) 0.4 mmH2O/ml/sec 1.0 mmH2O/ml/sec 
Dead space (approx) 50 μ l 25 μ l 

 

5.4.2. Low Differential Pressure Transducer (Air Flow & Tidal 

Volume) 
This pressure transducer is used to register the Tp, Tv and flow (Fig 5.8). This 

differential pressure transducer was selected due to its ability to maintain accuracy of 

readings at low pressures which is essential for measuring the tidal airflow and tidal 

volume. The transducer was sourced from Hugo Sachs in Germany and its 

specifications are presented in table 5.2 (Differential Low Pressure Transducer DLP 2.5, 

P/N 73-3882) 

 
Figure 5.8: DLP 2.5 Differential pressure transducer: a) inlet for pressure signal from the mouth, b) inlet 

for pressure signal from environment, c) differential pressure transducer. 
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Table 5.2:  DLP 2.5 Differential pressure transducer specifications 

 
Specification Value 

Overpressure ± 2.5cm H20 

Natural frequency 250cm H20 

Measuring system Full bridge 

Pressure cavity volume 120mm3 

Excitation voltage  5VDC 

Thermal zero shift ± 1.5% FS (-25 to 85°C)  

Sensitivity 65 to 67 mV/cm H20 at 5 V excitation 

Linearity ± 0.25% FS 

Weight 190g 
 
 

In order to gain useful readings from the pressure transducer outputs, the signals was 

needed to be amplified using a TAM-A transducer amplifier module (P/N 73-0065) 

provider from the same company that provide the differential pressure transducer. The 

amplified signal is send through the 16 channels board, which transmit the data to the 

Labchart software for its analysis. In order to power the amplifier, a PLUGYS Minicase 

was also required (Fig 5.9) to house and provide the power to the amplifier module, its 

technical specifications are presented in table 5.3. 

 

 

Figure 5.9: TAM-A transducer amplifier module and PLUGSYS Minicase type 609 
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Table 5.3: TAM-A amplifier specifications 

Specifications Description 

Bridge Supply Voltage +5V / 50 mA max. 

Transducer Input 6-pin socket with screw lock (binder, Amphenol Tuchel) 
Differential input circuit, input impedance 1010 Ω 
 Gain Selectable Ranges by Internal Jumper: 0.2 to 10, 0.4 to 20, 1 to 
50, 2 to 100, 4 to 200, 10 to 500, 20 to 1000, 100 to 5000, 200 
to 10000. Fine Adjustment Through 10-Turn Trimmer 
 

Bridge Balance Through 10-turn trimmer coarse adjustment and electronic 
autozero by push button (LED for error if autozero is not possible) 
 Signal Output • On front panel through BNC socket ±10 V pulsatile filtered or mean 

signal output internally selectable. 
• Through bus connector to PLUGSYS measuring system through links 

±10 V pulsatile filtered and mean signal voltage. 
 

Output low-pass filter • Selectable by switch on front panel for pulsatile output signal: 1, 100, 
300 Hz. 

• Selectable by internal jumper for mean output signal: 0.1, 0.3 Hz. 

Analog indication TAM-A LED bar graph 20 LEDs (+13/-7) for visual check on the signal 
sensitivity approx. 1 V/LED TAM-D 3 1/2-digit LED display 

Electrical calibration Selectable by switch on front panel: 
• 0 V output signal with switch in position ‘0’. 
• Positive or negative calibration output voltage adjustable with 10-turn 

trimmer if switch is in position ‘CAL’. 

Power supply +5 V through connector from PLUGSYS bus system 

PLUGSYS width 2 slot units 

 

 

5.4.3.  Oesophageal catheter 
The oesophageal catheter was required to measure the Ptp. The catheter was made of PE 

tubing (PE 90) and a blunt 20 g needle (as shown in Fig 5.10). The needle body is 

covered by a silicone tubing with ID = 3 mm and OD = 5 mm. The PE tubing had a 

length of 120mm and the tip was bevelled at 45°. Two oval holes were incised into the 

PE tubing at about 3 and 8 mm from the tip using a micro spring scissor or a scalpel. 

The holes were opposite sides and had a size of about 2 mm by 1 mm. The PE tubing 

was mounted on the 20 g blunt needle with the silicone tubing sleeve. The silicone 

tubing was used to maintain the needle into the oesophagus and the blunt 20 g needle 

was connected to the differential pressure transducer. The catheter was filled with saline 

solution and changes on the position of the column of saline were registered by pressure 

transducer as result of changes of pressure at mid thorax [136]. 
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Figure 5.10: Eosophagal catheter (obtained from data sheet) 

 
 

5.4.4.  Pressure Transducer (Oesophageal Pressure) 
This pressure transducer is required to measure the Ptp once that it is connected to the 

filled Oesophageal catheter. This pressure transducer is shown in figure 5.11 and it was 

selected due to its ability to maintain accuracy of readings at low pressures (±1psi), 

which is essential for measuring the change of pressure occurring between the lungs at 

mid thorax (as shown in Fig 5.12 and 5.13). The transducer was sourced from 

Honeywell S&C (P/N HSCSAAN001PDAA5), and its technical specifications are 

presented in table 5.4. 

 

 
 

Figure 5.11:  Sensor technics model 26PC0050D6A: a) Inlet for pressure signal from mid thorax, b) inlet 
for pressure signal from the environment. 
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Table 5.4: Sensor technics pressure transducer specifications [19] 

 
Specification Value 

Operating pressure 0-50 cmH2O 

Sensitivity 240 μV/mbar 

Full-Scale span - Minimum 10.5mV 

Full-Scale span - Typical 12.0mV 

Full-Scale span - Maximum 13.6mV 

Response time 1 ms  

Repeatability and hysteresis ±0.2 

 

 

 

 
Figure 5.12:  Scheme of location for eosophagal catheter and tracheal cannula. a) Pressure transducer; 
b) Differential pressure transducer; c) Pneumotachograph (venturi); d) eosophagal catheter (located at 

mid thorax through the oesophagus); e) Tracheal cannula. 
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Figure 5.13:  Location of tracheal cannula and oesophageal catheter: a) Pneumotachograph (venturi); b) 

Tracheal cannula; c) eosophagal catheter; d) Tracheal pressure and e) atmospheric pressure. 

 

All these measuring elements mentioned above corresponds to the whole measuring set-

up that integrate the plethysmograph, but also was required to develop for the project an 

oscillation device to deliver the oscillations into the airways in vivo. 

 

 

 

5.4.5.  Powerlab 16Ch and Labchart 7.0 
The system selected to record the data and process it was The PowerLab 16/30 

(overview of setup in Fig 5.14). This is a high-performance data acquisition system 

suitable for a wide range of research applications that require up to 16 input channels. 

The unit is capable of recording at speeds of up to 400 000 samples per second 

continuously to disk, and is compatible with instruments, signal conditioners and 

transducers supplied by ADInstruments, as well as many other brands. In addition to 

standard single-ended BNC inputs, the PowerLab 16/30 features 4 differential Pod ports 

that allow for direct connection of Pod signal conditioners and appropriate transducers. 

Both pressure transducers are attached to the board using coaxial connectors into ports 1 

and 7. 
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Figure 5.14: Powerlab 16/30 and cds for Chart scope and Chart Pro 

 
 
 

The PowerLab 16/30 works with the ADInstruments software LabChart, which is a 

flexible and easy tool to work with. This software brings several templates which could 

be used for different physiological experiences. The template for spirometry was used to 

develop the final program for the experiments of this study. This template has the option 

of automatically setting channels to register flow (L/s), Tidal Volume (L), Minute 

Ventilation (L/min).  This template was modified for purposes of the study and 9 

channels were activated and set as shown in table 5.5 as follows: Ch1) Voltage; Ch2) 

Tp; Ch3) Flow; Ch4) Volume; Ch5) Minute ventilation; Ch6) Tidal volume; Ch7) Ptp; 

Ch8) RL and Ch9) Cdyn. In order to obtain these two last parameters, specific equations 

for each of them were added into their respective channels settings (equations presented 

in chapter 3). The pressure transducer were physically connected to the board using 

coaxial cables/connectors as follows: DLP 2.5 Differential pressure transducer to Ch1 

and Sensor technics model 26PC0050D6A to Ch7 to register the voltage changes 

signals, which were converted into data pressure changes (these signals were previously 

calibrated using the protocol explained in detail in section 7). These readings were 

useful to determine parameters such as Tv, Flow, Tp, and Ptp, and indirectly to measure 

RL and Cdyn in real time as shown in figure 5.15. 

 

 

 

 

 

http://www.adinstruments.com/products/LabChart-Software
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Table 5.5: Channels and unit used for the readings. 

 
Channel Parameter measured and unit 

Ch1 Voltage 

Ch2 Tp (mmH2O) 

Ch3 Flow (L/s) 

Ch4 Volume (L) 

Ch5 Minute Ventilation (L//Min) 

Ch6 Tv (L) 

Ch7 Ptp (mmH2O) 

Ch8 RL (mmH2O/L/s) 

Ch9 Cdyn (L/mmH2O) 
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Figure 5.15: Labchart program: a) Tracheal pressure (Tp, mmH2O); b) Flow L/s); c) Volume (L); d) minute ventilation (ml/min); e) Tidal volume (Tv, L); f) Transpulmonar 
pressure (Ptp mmH2O); g)Lung Resistance (RL , mmH2O/L/s) and h) Dynamic compliance  (Cdyn,L/mmH20). 
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5.5.  Drugs and allergen delivery system 
This section covers the details of the jet nebulizer used for the drug and allergen 

delivery and the accessories needed in the experiments. 

 

5.5.1. Nebulization system for the drugs and allergen 
In order to sensitize and deliver drugs into the airways of the animal models for 

sensitization a nebulizer was required. For purposes of this study a jet nebulizer from 

Harvard apparatus was acquired (P/N 73-1963). This aerosol jet nebulizer required an 

operating pressure of approximately 1.5 bar (22 psi) from a compressed air source (Fig 

5.17, a). This pressure was supplied using an AMPRO air brush compressor with a 

working range of 15-50 psi (Fig 5.17, b), which was fixed to the pressured required by 

the jet nebulizer. All of the particles generated by the jet nebulizer are 10 μm or less in 

size with 60% of the particles being 2.5 μm or less. The data presented below in the 

figure 5.16 shows the particle sizes obtained when 5 ml of a 0.9% saline solution was 

nebulized with a gas inlet pressure of 1.5 bar (data obtained from data sheet). 

 

 
Figure 5.16: Particle size chart (from datasheet provided for jet nebulizer). 
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Figure 5.17: Nebulization setup: a) Jet nebulizer from Harvard apparatus; b) AMPRO air brush 

compressor. 

 

5.6. Pressure oscillation setup 
In order to establish how these oscillations work on asthmatic airways a device to 

deliver superposed oscillations into the airways during spontaneous breathing was also 

required for the study. The most commonly used methodologies to induce oscillations 

on animal experimentation are electromagnetic shakers, pressure-volume changes [163, 

164], or acoustic waves (from speakers) [165]. 

For purposes of this study a device based on pressure-volume oscillations was built (Fig 

5.18 and 5.19). It was considered that this type of oscillations were the most direct 

approach to deliver the oscillations to be tested and also the less invasive of all those 

mentioned before. This device involved the use of: a) arbitrary waveform generator 

(Hewlett Packard); b) LDS PA25E power amplifier; c) a shaker Model V203 (Ling 

Dynamics System LTD); d) a 10ml plastic chamber with one inlet and one outlet, e) a 

piston built with silicone connected to the shaker and placed into the chamber, and f) a 

sturdy base to maintain the device in a fixed position. The device was capable of 

generating pressure changes, which were induced using a waveform generator that 

create the waveform desired and which was sent to the shaker and the piston, generating 

displacement of the piston inside of the sealed chamber. The working range for 

amplitude/frequency of the device is 50-700mV/0.001-100Hz respectively. The device 

was tested with an initial frequency of 3Hz (close to the 2.7Hz calculated for the 

breathing patterns of the mice, which corresponds to the breathing frequency of mice 

(~163 per minute, [166]) to 20Hz that corresponds to the maximal frequency tested 
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during the tissue testing (in vitro). A Large range of amplitudes were tested (50mV – 

1.3V) in order to have a wide range of pressure values to choose from for the 

experiments. The maximal volume changes expected with the current piston will be in 

between 100-200 µL, which is equivalent to the physiological volumes observed in the 

breathing process of the mice (tidal volume: 150 µL/per breathing cycle).  

 

 
 

Figure 5.18: a) waveform generator; b) Power amplifier; c) shaker; d) chamber; e) piston. 
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Figure 5.19: Pressure oscillation setup: a) Shaker, b) Chamber, c) Piston and base. 

 

5.7. Calibration of devices and oscillation setup 
This section cover the calibration and standardization of the pressure transducers for 
tracheal and oesophageal pressure, and oscillation device. 

 

5.7.1. Calibration Low Differential Pressure Transducer 
Before its use, the differential pressure transducer was tested and calibrated once all the 

equipment was put together. The calibration process was performed using the pressure 

transducer connected through a plastic pipe to water manometer (as shown in Fig 5.20) 

and it was calibrated using changes of 1mmH2O per time (9 points) and the protocol 

was repeated at least three times. The data was registered using Labchart and the results 

obtained from the calibration were tabulated and plotted in table 5.6 and figure 5.21 

respectively. 

a 
b 

c 

d 
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Figure 5.20:  Water manometer used for calibration curve for pressure transducer for Tp. 

 
 
 
 
 

Table 5.6: Pressure data obtained with differential pressure transducer for Tp. 

 
Tracheal Cannula 
Calibration dots 
mmH2O 1 2 3 Mean 
1 2.1435 2.2167 2.2983 2.2195 
2 2.4868 2.6014 2.5518 2.5467 
3 2.9201 2.9275 2.8353 2.8943 
4 3.2682 3.2895 3.1140 3.2239 
5 3.7006 3.5802 3.3832 3.5547 
6 3.9850 3.7993 3.7413 3.8419 
7 4.1229 4.0835 4.1869 4.1311 
8 4.4772 4.3037 4.5015 4.4275 
9 4.7487 4.5048 4.9264 4.7266 
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Figure 5.21: Calibration curve for pressure transducer for Tp . 

 

5.7.2. Calibration Pressure Transducer (Oesophageal Pressure) 
Before its use, the differential pressure transducer acquired from Honeywell was also 

tested and calibrated. The calibration process was performed following the same 

procedure described for the low pressure transducer in the previous section. The data 

was registered using a Labchart and the results obtained from the calibration were 

tabulated and plotted in table 5.7 and figure 5.22 respectively.   

Table 5.7: Pressure data obtained with differential pressure transducer for Ptp. 

Oesophageal Cannula 
Calibration dots 

mmH20 1 2 3 Mean 
1 0.0050 0.0050 0.0041 0.0047 
2 0.0088 0.0087 0.0082 0.0086 
3 0.0131 0.0120 0.0118 0.0123 
4 0.0181 0.0172 0.0179 0.0177 
5 0.0216 0.0225 0.0220 0.0220 
6 0.0264 0.0272 0.0274 0.0270 
7 0.0317 0.0318 0.0311 0.0315 
8 0.0368 0.0363 0.0350 0.0360 
9 0.0413 0.0395 0.0403 0.0404 

10 0.0459 0.0431 0.0445 0.0445 
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Figure 5.22: Calibration curve for pressure transducer for Ptp. 

 

 

 

5.7.3. Calibration of oscillation setup 
Before its usage the pressure oscillation setup was required was calibrated. Different 

frequencies in the range of 3-20 Hz were tested with amplitudes varying from 50mV – 

1.3 V and pressures observed were tabulated and presented in table 5.8. These tests 

were performed to determine the range of work of the setup and useful amplitude range 

for the experiments of this study. The range of frequencies was selected based on the 

consideration of  frequencies used during the in vitro stage and the range of amplitudes 

were varied while the tests were performed.  
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Table 5.8: Pressure observed with device. 

Voltage cmH2O 
3Hz 5Hz 10Hz 15Hz 20Hz 

50mV 0.393 0.318 0.071 0.064 0.134 
60mV 0.473 0.417 0.346 0.078 0.177 
70mV 0.523 0.445 0.431 0.261 0.191 
80mV 0.636 0.572 0.495 0.332 0.325 
90mV 0.742 0.65 0.594 0.396 0.403 
100mV 0.813 0.756 0.678 0.431 0.431 
200mV 1.71 1.632 1.512 1.052 1.053 
300mV 2.685 2.614 2.403 1.674 1.682 
400mV 3.717 3.604 3.335 2.353 2.311 
500mV 4.812 4.657 4.275 3.025 2.961 
600mV 5.712 5.526 5.095 3.668 3.569 
700mV 7.017 6.671 6.155 4.395 4.289 
800mV 7.766 7.547 7.024 4.968 4.841 
900mV 8.833 8.487 7.886 5.639 5.477 
1V 9.667 9.151 8.621 6.233 6.049 
1.1V 10.769 9.957 9.413 6.911 6.756 
1.2V 11.964 10.791 10.19 7.59 7.321 
1.3V 3.752 3.413 3.166 2.233 2.169 

 
 
 
 

The pressure changes obtained with the system were recorded using the same program 

that was used for the experimental protocols which was Labchart and it was expresses in 

cmH2O. The pressure range observed with the frequencies and amplitudes mentioned 

on the previous paragraph was between 0.06 cmH2O for 15Hz/50mV and 11.96 cmH2O 

for 3Hz/1.2V. 
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Figure 5.23: Pressure observed with device. 

 

Considering the results obtained from the combination of the amplitudes and 

frequencies mentioned in the previous paragraph and table 5.8, and also considering 

values of pressure oscillations used for other groups [163] the range of pressure selected 

for the study was in the range of 0.5 cmH2O – 4 cmH2O as shown in figure.  This range 

of pressure which will be applied to the airways in form of superposed oscillations 

during spontaneous breathing includes amplitudes between 100 – 400 mV within the 

same frequencies used in the in vitro experiments 5, 10, 15 and 20Hz (chapter 4).  

 

5.8. Testing in vivo 
Once all the equipment described in this chapter was tested and calibrated, it was time 

to test these oscillations on the animal models to see if these types of superposed 

oscillations were effective under in vivo conditions.  

During the plethysmography, the animals were anaesthetised and intubated with 

tracheal cannula and oesophageal catheter (the procedure was described in detail in the 

first part of the protocol from chapter 3 section 7). Unique doses of bronchoconstrictor 

(Ach 10-2M), and bronchodilator (Isoproterenol 10-6M) were used for the protocol to 

induce contraction and relaxation of the airways (respectively). These drugs were 

administered as a mist using the jet nebulizer (Presented in Fig 5.17). The jet nebulizer 

was indirectly connected to the mouse lungs via the duo pneumotachometer-tracheal 

cannula. Five ml of testing solution (normal saline solution, or a specific concentration 
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of Acetylcholine and Isoproterenol) was placed in the nebulizer tank (depending of the 

protocol).  

 

Protocol: 

• Each mouse is initially challenged for 5 min with saline solution to obtain a basal 

reading, and after 5 min of nebulisation, the nebulizer will be switched off before 

recording the respiratory parameters for 10 min. The recording time corresponds 

also to a resting time for the animal since it will not undergo any additional 

treatment or manipulation during this time.  

• Then an unique dose of Acetylcholine is administered to induce 

bronchoconstriction according to the following sequence: nebulisation of 

Acetylcholine 10 -2M for 2 min.  

• Then the bronchorelaxation will be tested by administration of unique dose of ISO 

(Data presented in chapter 3) during 2 min followed by 5 min of rest.  

• After these steps have been recorded the sequence would be repeated from the 

baseline with saline and superimposed pressure oscillations will replace ISO.  

Four sets of superposed oscillations were tested after contraction was induced using 

Ach 10-2M: 

• First set with a frequency of 5Hz and amplitudes of 100, 200, 300 and 400mV with 

2 min per amplitude and after that 5 min of rest and saline.  

• After these steps have been recorded the sequence would be repeated from the 

baseline with saline. 

• Second set with a frequency of 10Hz and amplitudes of 100, 200, 300 and 400mV 

with 2 min per amplitude and after that 5 min of rest and saline.  

• After these steps have been recorded the sequence would be repeated from the 

baseline with saline. 

• Third set with a frequency of 15Hz and amplitudes of 100, 200, 300 and 400mV 

with 2 min per amplitude and after that 5 min of rest and saline. 

• After these steps have been recorded the sequence would be repeated from the 

baseline with saline. 

• Finally a fourth set with a frequency of 20Hz and amplitudes of 100, 200, 300 and 

400mV with 2 min per amplitude and after that 5 min of rest and saline.  
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• After these steps have been recorded the sequence would be repeated from the 

baseline with saline. 

 

5.9. Closure 
All the equipment and devices presented and explained through this chapter are the 

tools that facilitate the work to determine how the airways previously constricted using 

bronchoconstrictors such as ACh (simulation an asthmatic attack) from sensitized and 

healthy subjects behave in vivo in presence of oscillations. Once all the components 

were tested, calibrated and put together, it was time to test the mechanical oscillations 

imposed onto the airways in the form of pressure oscillations in vivo using the animal 

models developed for this purpose and following the protocol presented in the previous 

section. 
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Chapter 6  
In vivo experimental investigation 

 

6.1. Introduction 
The purpose of this chapter is to present the in vivo experimentation, experimental 

results, a quick comparison of the raw data between healthy and asthmatics subjects, 

their statistical data analysis and discussion. In this chapter also a comparison is made 

between the findings observed during the in vitro phase of the research. 

6.2. In vivo Testing 
Once all the pieces of the equipment presented in chapter 5 were tested and calibrated, it 

was time to use them on the animal models. The main objective was to investigate the 

effect of superposed oscillations on the lung performance of asthmatic subjects. 

The test protocol was given in chapter 5 and it consists of: 

Protocol: 

Basal (saline) 

• During the plethysmography, the animals are anaesthetised and intubated with 

tracheal cannula and oesophageal catheter.  

• Each mouse is initially challenged for 5 min with saline solution.  

• After the previous step the nebulizer is switched off and the respiratory variables 

for 10 min were recorded as basal.  

ISO  

• An unique dose of Acetylcholine (10-2M) using the jet nebulizer is administered 

to induce bronchoconstriction for 2min (different times for the duration were 

tested initially,  but 2min was selected due to the fact that the airways were 

stable after 2 min and allowed to perform different protocols in the same 

experimental procedure). 

• The bronchorelaxation is tested by administration of unique dose of ISO (Data 

presented in chapter 3) during 2 min followed by 5 min of rest.  
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• After these steps have been recorded the sequence is repeated from the baseline 

with saline and superimposed pressure oscillations replace ISO.  

ISO was tested only in order to compare with the effect of SILO and response of 

airways. 

Superposed oscillations 

 

• First set with a frequency of 5Hz and amplitudes of 100, 200, 300 and 400mV with 

2 min per amplitude and after that 5 min of rest and saline.  

• After these steps have been recorded the sequence is repeated from the baseline 

with saline and a second set using 10Hz, a third set using 15Hz and a fourth set of 

20Hz using the same ranges of amplitudes were performed. 

 

6.3. Experimental data 
The changes of pressure were recorded in real time using software Labchart 7.0 (see 

appendix) from ADInstruments (details in chapter 5). This program in combination with 

the plethysmograph is capable to provide the data for Tv, Flow, Tp, Pp which were 

directly measured using channel 1-7 and through an addition of equations (presented in 

chapter 3) in the remaining two channels (Channel 8 and 9), RL and Cdyn were indirectly 

calculated. All changes of pressure are recorded and measured peak to peak (breathing 

cycle; ) from a representative segment of the register for the response of the 

airways to each and different experimental conditions. The values for each cycle in the 

segment chosen were summarized and divided for the total number of cycles occurring 

in segment and this gives the mean for pressure fluctuations ( ) for each of these 

segments selected was presented in a graph  (Eq. 6.1). 

 

      
 

Data obtained for the direct measurements: Tv, Flow, Tp and Ptp are presented in 

appendix D. This section shows the raw data obtained for the indirect variables RL and 

Cdyn, which evaluate directly the level of bronchoconstriction in the airways studied. 

(Eq. 6.1) 
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The results for RL are presented in Fig. 6.1, which are expressed as means for RL ± Std. 

error (Axis y corresponds to RL value obtained for each experimental condition 

presented in axis x). When the means for RL obtained for healthy (controls) and the 

asthmatic mice (sensitized) were compared, differences on the response to the same 

concentration of Ach (10-2M) was observed with a mean for RL 1.62 ± 0.14 and 2.28 ± 

0.16 cmH2O/ml/sec respectively. 

 

 
Figure 6.1: Comparison of the RL response to ACh 10-2M observed from healthy (control) and asthmatic 

(sensitized) subjects, axis y corresponds to RL  obtained for each experimental condition presented in axis 
(□ = healthy; ● = asthmatic; n=10). 

 

The results obtained for Cdyn are presented in Fig. 6.2 and are expressed as means for 

Cdyn ± Std. error (Axis y corresponds to the Cdyn value obtained for each experimental 

condition presented in axis x). When the means for Cdyn obtained for healthy (controls) 

and the asthmatic mice (sensitized) were compared, also differences on the response to 

the same concentration of Ach (10-2M) were observed with a mean for Cdyn of 2.24 ± 

0.40 and 1.79 ± 0.81 ml/cmH2O respectively. 
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Figure 6.2:  Comparison of the Cdyn response to ACh 10-2M observed from healthy (control) and 

asthmatic (sensitized) subjects, axis y corresponds to Cdyn  obtained for each experimental condition 
presented in axis x (□ = healthy; ● = asthmatic; n=10). 

 

 

When the analysis was focus on the response of the preconstricted airways to the 

different set of oscillations, it was found that each set of frequencies followed similar 

patterns inducing reduction of RL  obtained when the airways were previously 

stimulated with ACh 10-2M (mimicking an asthmatic attack). 

The results were expressed as means for RL; Cdyn ± Std. error and presented in the 

figures in this section. Table 6.1 shows the experimental data obtained for basal (no 

solution added), Saline, Ach and for the set of SILO at 5Hz, with amplitudes of 100, 

200, 300 and 400 mV. This data was plotted and presented in figures 6.3 and 6.4 for 

comparison.  
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Table 6.1: experimental data for RL and Cdyn for 5Hz data set (pre analysis) 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Basal 1.61 ± 0.17 2.38 ± 0.64 

Basal Saline (NaCl 0.9%) 1.46 ± 0.10 3.00 ± 1.40 

Ach (10-2M) 2.28 ± 0.16 1.97 ± 0.89 

5Hz /100mV (0.7 cmH2O) 1.89 ± 0.10 2.04 ± 0.86 

5Hz /200mV (1.6 cmH2O) 1.84  ± 0.14 2.99 ± 1.25 

5Hz /300mV (2.6 cmH2O) 1.87 ± 0.16 1.74 ± 0.69 

5Hz /400mV (3.6 cmH2O) 1.79 ± 0.07 2.09 ± 1.02 

 

 

 
Figure 6.3: Changes of RL observed as result of the application of SILO with 5Hz frequency and 

amplitudes in the range of 100 – 400 mV  are presented in axis y  for each experimental condition 
presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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Figure 6.4: Changes of Cdyn observed as result of the application of SILO with 5Hz frequency and 
amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (□ = healthy; ● = asthmatic; n=10). 

 

Table 6.2 shows the experimental data obtained for basal (no solution added), Saline, 

Ach and for the set of SILO at 10Hz, with amplitudes of 100, 200, 300 and 400 mV. 

This data was plotted and presented in figures 6.5 and 6.6 for comparison.  

Table 6.2: experimental data for RL and Cdyn for 10Hz data set (pre analysis) 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Basal 1.61 ± 0.17 2.38 ± 0.64 

Basal Saline (NaCl 0.9%) 1.46 ± 0.10 3.00 ± 1.40 

Ach (10-2M) 2.28 ± 0.16 1.97 ± 0.89 

10Hz /100mV (0.7 cmH2O) 1.89 ± 0.14 1.84 ± 0.82 

10Hz /200mV (1.5 cmH2O) 1.83 ± 0.12 2.33 ± 1.13 

10Hz /300mV (2.4 cmH2O) 1.88 ± 0.17 1.61 ± 0.69 

10Hz /400mV (3.3 cmH2O) 1.80 ± 0.17 1.95 ± 0.92 
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Figure 6.5: Changes of RL observed  as result of the application of SILO with 10Hz frequency and 
amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (□ = healthy; ● = asthmatic; n=10). 

 
Figure 6.6: Changes of Cdyn observed as result of the application of SILO with 10Hz frequency and 
amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (□ = healthy; ● = asthmatic; n=10). 

Table 6.3 shows the experimental data obtained for basal (no solution added), Saline, 

Ach and for the set of SILO at 15Hz, with amplitudes of 100, 200, 300 and 400 mV. 

This data was plotted and presented in figures 6.7 and 6.8 for comparison.  
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Table 6.3: experimental data for RL and Cdyn for 15Hz data set (pre analysis) 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Basal 1.61 ± 0.17 2.38 ± 0.64 

Basal Saline (NaCl 0.9%) 1.46 ± 0.10 3.00 ± 1.40 

Ach (10-2M) 2.28 ± 0.16 1.97 ± 0.89 

15Hz /100mV (0.4 cmH2O) 1.76 ± 0.17 2.46 ± 1.33 

15Hz /200mV (1.1 cmH2O) 1.76 ± 0.17 1.23 ± 0.52 

15Hz /300mV (1.7 cmH2O) 1.79 ± 0.17 1.76 ± 0.82 

15Hz /400mV (2.4 cmH2O) 1.87 ± 0.21 2.44 ± 1.28 

 

 
Figure 6.7: Changes of RL observed as result of the application of SILO with 15Hz frequency and 
amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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Figure 6.8: Changes of Cdyn observed as result of the application of SILO with 15Hz frequency and 
amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (□ = healthy; ● = asthmatic; n=10). 

 

Table 6.4 shows the experimental data obtained for basal (no solution added), Saline, 

Ach and for the set of SILO at 20Hz, with amplitudes of 100, 200, 300 and 400 mV. 

This data was plotted and presented in figures 6.9 and 6.10 for comparison.  

Table 6.4: experimental data for RL and Cdyn for 20Hz data set (pre analysis) 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Basal 1.61 ± 0.17 2.25 ± 0.58 

Basal Saline (NaCl 0.9%) 1.46 ± 0.10 2.77 ± 1.27 

Ach (10-2M) 2.28 ± 0.16 1.79 ± 0.81 

20Hz /100mV (0.4 cmH2O) 2.01 ± 0.17 1.74 ± 0.81 

20Hz /200mV (1.1 cmH2O) 2.09 ± 0.20 1.57 ± 0.62 

20Hz /300mV (1.7 cmH2O) 2.33 ± 0.29 2.50 ± 1.33 

20Hz /400mV (2.3 cmH2O) 1.88 ± 0.19; 1.51 ± 0.69 
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Figure 6.9:  Changes of RL observed as result of the application of SILO with 20Hz frequency and 
amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (□ = healthy; ● = asthmatic; n=10). 

 

 
Figure 6.10: Changes of Cdyn observed as result of the application of SILO with 20Hz frequency and 

amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 
presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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6.4. Statistical analysis of results 
In the statistical analysis, the pressure observed with saline (NaCl 0.9%), which was 

considered the experimental baseline, was subtracted from all the experimental data, in 

order to evaluate directly the pressure changes as a result of the application of the 

different experimental interventions (ACh, oscillations, etc.), rather than the placebo 

response from the airways as response to Saline. The results obtained for the different 

superimposed pressure oscillations were compared then with the pressure observed 

during the bronchospasm (induced with Ach 10-4M) in order to observe how airways 

during the simulated asthmatic attack respond to these type of Broncho relaxant agents. 

 

 

6.4.1.   Statistical Program 
GraphPad Prism 5.0 ™ (Fig 6.11) was used for the statistical analysis; this program 

combines scientific graphing, comprehensive curve fitting (nonlinear regression), 

understandable statistics, and data organization. This statistical program was originally 

designed for experimental biologists in medical schools and drug companies, especially 

those in pharmacology and physiology, which make it ideal for the analysis of the data 

obtained.  

GraphPad Prism 5.0 ™ performs basic statistical tests commonly used by laboratory 

and clinical researchers such as t tests, nonparametric comparisons, one- and two-way 

ANOVA, analysis of contingency tables, and survival analysis.  

For the purpose of this study and the type of data obtained during the experimental 

protocols (normal distribution) the tests that fit better for its analysis were the t test and 

one way ANOVA. Other post-test were also used in this research to satisfy our curiosity 

of the behaviour of the data under different conditions of normality (Wilcoxon).   
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• T-test: for analysis of only two groups unpaired t test was selected. Unpaired t 

test is capable to analyse and compare the means of two unmatched groups, 

assuming that the values follow a Gaussian distribution. 

 

• One way ANOVA:  One-way ANOVA assumes that you have sampled your 

data from populations that follow a Gaussian distribution. While this assumption 

is not too important with large samples, it is important with small sample sizes 

like in this study (n = 6-12). One-way ANOVA also is capable of comparing 

three or more groups defined by one factor. For example, you might compare a 

control group, with a drug treatment group and a group treated with drug plus 

antagonist. Or you might compare a control group with five different drug 

treatments (in our case ISO, oscillations and SILO). 
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Figure 6.11:  GraphPad Prism 5.0 ™ screenshot. 
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6.4.2.   Data Analysis  
The data obtained was analysed using t test for pair columns, one way ANOVA for 

multiple columns and variables, and as post analyses Dunnet was selected. The t test is a 

great tool to compare means between two independent columns and spot differences 

between them, ANOVA on the other hand can compare several means (3 or more) from 

different (independent) groups and report if there is significant difference between them, 

and finally Dunnet test is capable of multiple comparison between the means from each 

group (considered as treatment) with a single control and spot differences between 

them. 

When the means for RL obtained for healthy (controls) and the asthmatic mice 

(sensitized) were compared in figure 6.12, differences on the response to the same 

concentration of Ach (10-2M) was observed with a mean for RL of 0.38 ± 0.07 and 0.9 ± 

0.17 cmH2O/ml/sec respectively, this difference was analysed using a paired t test, 

showing a significant increase of the response to the bronchoconstrictor in asthmatics 

with a p value of 0.01. This result confirms the presence of AHR in the airways from 

the sensitized mice. 

 
Figure 6.12: Comparison of the RL response to ACh 10-2M observed from healthy (control) and asthmatic 
(sensitized) subjects, axis y corresponds to RL  obtained for each experimental condition presented in axis 

(n=10). 

 

When the means for Cdyn obtained for healthy (controls) and the asthmatic mice 

(sensitized) were compared in fugure 6.13, also differences on the response to the same 

concentration of Ach (10-2M) were observed with a mean for Cdyn of 1.47 ± 0.52 and -
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0.47 ± 0.19 ml/cmH2O respectively, this difference was analysed using also paired t 

test, showing a significant decrease in the Cdyn for the sensitized mice compared with 

the controls with a p value < 0.05. 

 

 
Figure 6.13: Comparison of the Cdyn response to ACh 10-2M observed from healthy (control) and 

asthmatic (sensitized) subjects, axis y corresponds to Cdyn  obtained for each experimental condition 
presented in axis (n=10). 

 

 

When the analysis was focus on the response of the pre constricted airways to the 

different set of oscillations, it was found that each set of frequencies followed similar 

patterns inducing reduction of RL  obtained when the airways were previously 

stimulated with ACh 10-2M (mimicking an asthmatic attack). 

The results were expressed as means for RL; Cdyn ± Std. error. Table 6.5 shows the 

experimental data obtained for Ach and for the set of SILO at 5Hz, with amplitudes of 

100, 200, 300 and 400 mV.  
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Table 6.5: Data for RL and Cdyn for 5Hz 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Ach (10-2M) 0.91 ± 0.18 -0.59 ± 0.0.17 

5Hz /100mV (0.7 cmH2O) 0.45 ± 0.07 -0.82 ± 0.29 

5Hz /200mV (1.6 cmH2O) 0.37 ± 0.12 -0.59 ± 0.19 

5Hz /300mV (2.6 cmH2O) 0.41 ± 0.14 -0.80 ± 0.24 

5Hz /400mV (3.6 cmH2O) 0.30 ± 0.09 -0.82 ± 0.30 

 

The data was further analysed with ANOVA and Dunnet (as post analysis) and 

presented in figures 6.14 and 6.15 for their comparison. ANOVA and Dunnet showed 

significant reduction of RL for all the amplitudes analysed with a p value of 0.02 and a p 

value < 0.05 respectively. When ANOVA and Dunnet were used to analyse Cdyn, neither 

ANOVA nor Dunnet showed significant changes when the means were compared (p 

value > 0.05). Details for p values obtained are presented in table 6.6.  

 
Figure 6.14: Data for changes of RL obtained as result of the application of SILO with 5Hz frequency and 

amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 
presented in axis x (* p value <0.05, n=10). 
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Figure 6.15: Data for changes of Cdyn obtained as result of the application of SILO with 5Hz frequency 
and amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (n=10). 

 
 
 

Table 6.6: Statistical significance table for the effect of SILO at 20Hz and all amplitudes. Yellow box 
indicate statistical significance. 

5Hz 
ANOVA " Are means signif. different?  

(p value < 0.05)" 
Condition RL  Cdyn 
 Group comparison 0.01 0.33 
  Dunnet "Significant? p value < 0.05?" 
Multiple comparison 
test RL  

Cdyn 

Ach vs 0.7 cmH2O Yes No 

Ach vs 1.6 cmH2O Yes No 

Ach vs 2.6 cmH2O Yes No 

Ach vs 3.6 cmH2O Yes No 

 

Table 6.7 shows the experimental data obtained for Ach and for the set of SILO at 

10Hz, with amplitudes of 100, 200, 300 and 400 mV. 
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Table 6.7: Data for RL and Cdyn for 10Hz 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Ach (10-2M) 0.91 ± 0.18 -0.58 ± 0.17 

10Hz /100mV (0.7 cmH2O) 0.43 ± 0. 07 -0.79 ± 0.31 

10Hz /200mV (1.5 cmH2O) 0.39 ± 0.04 -0.75 ± 0.30 

10Hz /300mV (2.4 cmH2O) 0.37 ± 0.13 -0.82 ± 0.20 

10Hz /400mV (3.3 cmH2O) 0.36 ± 0.12 -0.75 ± 0.23 

 

The data was further analysed with ANOVA and Dunnet (as post analysis) and 

presented in figures 6.16 and 6.17 for their comparison. ANOVA and Dunnet showed 

significant reduction of RL for all the amplitudes analysed with a p value of 0.01 and a p 

value < 0.05 respectively. When ANOVA and Dunnet were used to analyse Cdyn, 

neither ANOVA nor Dunnet showed significant changes on Cdyn (p value > 0.05). 

Details for p values obtained are presented in table 6.8. 

 

 

Figure 6.16: Data for changes of RL obtained as result of the application of SILO with 10Hz frequency 
and amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (* p value <0.05, n=10).. 
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Figure 6.17: Data for Changes of Cdyn obtained as result of the application of SILO with 10Hz frequency 
and amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (n=10). 

 

 

 

Table 6.8: Statistical significance table for the effect of SILO at 10Hz and all amplitudes. Yellow box 
indicate statistical significance. 

10Hz 
ANOVA " Are means signif. different?  

(p value < 0.05)" 
Condition RL  Cdyn 
 Group comparison 0.02 0.42 
  Dunnet "Significant? p value < 0.05?" 
Multiple comparison 
test RL  

Cdyn 

Ach vs 0.7 cmH2O Yes No 

Ach vs 1.5 cmH2O Yes No 

Ach vs 2.4 cmH2O Yes No 

Ach vs 3.3 cmH2O Yes No 

 

Table 6.9 shows the experimental data obtained for Ach and for the set of SILO at 

15Hz, with amplitudes of 100, 200, 300 and 400 mV.  
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Table 6.9: Data for RL and Cdyn for 15Hz 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Ach (10-2M) 0.91 ± 0.18 -0.40 ± 0.08 

15Hz /100mV (0.4 cmH2O) 0.29 ± 0.16 -0.77 ± 0.20 

15Hz /200mV (1.1 cmH2O) 0.28 ± 0.13 -0.90 ± 0.27 

15Hz /300mV (1.7 cmH2O) 0.34 ± 0.16 -0.72 ± 0.20 

15Hz /400mV (2.4 cmH2O) 0.45 ± 0.20 -0.61 ± 0.21 

 

The data was further analysed with ANOVA and Dunnet (as post analysis) and 

presented in figures 6.18 and 6.19 for their comparison. ANOVA showed significant 

reduction of RL with a p value of 0.03 and Dunnet showed significant reduction of RL 

for the amplitudes 100, 200 and 300 mV analysed with p values < 0.05, but not for 

400mV. When ANOVA and Dunnet were used to analyse Cdyn, neither ANOVA nor 

Dunnet spotted significant changes on Cdyn (p value > 0.05). Details for p values 

obtained are presented in table 6.6. 

 

 

Figure 6.18: Data for changes of RL obtained as result of the application of SILO with 15Hz frequency 
and amplitudes in the range of 100 – 400 mV (* p value <0.05, n=10). 
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Figure 6.19: Data for changes of Cdyn obtained as result of the application of SILO with 15Hz frequency 
and amplitudes in the range of 100 – 400 mV (n=10). 

 

 

 

 

Table 6.10: Statistical significance table for the effect of SILO at 15Hz and all amplitudes. Yellow box 
indicate statistical significance. 

15Hz 
ANOVA " Are means signif. different?  

(p value < 0.05)" 
Condition RL  Cdyn 
 Group comparison 0.03 0.15 
  Dunnet "Significant? p value < 0.05?" 
Multiple comparison 
test RL  

Cdyn 

Ach vs 0.4 cmH2O Yes No 

Ach vs 1.1 cmH2O Yes No 

Ach vs 1.7 cmH2O Yes No 

Ach vs 2.4 cmH2O No No 

 

Table 6.11 shows the experimental data obtained for Ach and for the set of SILO at 

20Hz, with amplitudes of 100, 200, 300 and 400 mV. 
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Table 6.11: Data for RL and Cdyn for 20Hz 

Experimental condition RL ± Std. error 

cmH2O/ml/sec 

Cdyn ± Std. error 

ml/cmH2O 

Ach (10-2M) 0.91 ± 0.18 -0.04 ± 0.08 

20Hz /100mV (0.4 cmH2O) 0.59 ± 0.12 -0.62 ± 0.28 

20Hz /200mV (1.1 cmH2O) 0.55 ± 0.16 -0.66 ± 0.31 

20Hz /300mV (1.7 cmH2O) 0.90 ± 0.24 -0.79 ± 0.24 

20Hz /400mV (2.3 cmH2O) 0.45 ± 0.12 -0.85 ± 0.27 

 

The data was further analysed with ANOVA and Dunnet (as post analysis) and 

presented in figures 6.20 and 6.21 for their comparison. Neither ANOVA nor Dunnet 

showed significant reduction for RL (p value > 0.05). When ANOVA and Dunnet were 

used to analyse Cdyn, neither ANOVA nor Dunnet spotted significant changes on Cdyn (p 

value > 0.05). Details for p values obtained are presented in table 6.6. 

 

Figure 6.20: Data for changes of RL obtained as result of the application of SILO with 20Hz frequency 
and amplitudes in the range of 100 – 400 are presented in axis y  for each experimental condition 

presented in axis x mV (n=10). 
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Figure 6.21: Data for changes of Cdyn obtained as result of the application of SILO with 20Hz frequency 
and amplitudes in the range of 100 – 400 mV are presented in axis y  for each experimental condition 

presented in axis x (n=10). 

 
 
 

Table 6.12: Statistical significance table for the effect of SILO at 20Hz and all amplitudes. Yellow box 
indicate statistical significance. 

20Hz 
ANOVA " Are means signif. different?  

(p value < 0.05)" 
Condition RL  Cdyn 
 Group comparison 0.12 0.49 
  Dunnet "Significant? p value < 0.05?" 
Multiple comparison 
test RL  

Cdyn 

Ach vs 0.4 cmH2O No No 

Ach vs 1.1 cmH2O No No 

Ach vs 1.7 cmH2O No No 

Ach vs 2.4 cmH2O No No 

 

 

 

 

6.5. Closure 
The results presented in this chapter show that airways from sensitized subjects are 

more reactive to bronchocontrictor drugs than those considered healthy (controls), this 
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is known as airway hyperresponsiveness or AHR and is one of the main features 

observed in human asthma [51, 89, 105, 106]. 

Also it was observed that the use of SILO in different frequencies and amplitudes 

overlapped to spontaneous breathing has a bronchorelaxant effect in sensitized subjects, 

where tidal and deep inspiration oscillations have failed. This reinforces the findings 

presented in Chapter 4 (in vitro), showing that the application of SILO onto spontaneous 

breathing patterns not only  can induce relaxation in pre-constricted asthmatic airways 

in vitro, but also in vivo.  

Most of the frequencies and their amplitude range resulted in reduction of RL, with the 

only exception of 20Hz (at all its amplitudes). On the other hand most of the frequencies 

used for this study did not show significant changes for Cdyn.  

The results presented in this and previous chapters will be further analysed and 

discussed in the following chapter.  
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Chapter 7  
Discussion and conclusions 

 
7.1. Introduction 
In the previous chapters, the results obtained in the in vitro and in vivo experiments 

from healthy and sensitized subjects were presented. This chapter discusses the results 

obtained and compares them between healthy and asthmatic subjects, in vitro and in 

vivo. The effect of super imposed mechanical oscillations and Isoproterenol is analysed 

in detail and is compared with current knowledge in the area (presented in chapter 1 and 

2).  Finally, suggestions for future work are provided in the thesis conclusion. 

 

7.2. Length oscillations 
Different groups have studied the effect of length oscillations on airway smooth muscle 

with findings that length oscillations similar to those occurring during deep inspiration 

[7, 8, 81, 82, 85, 163] or tidal breathing [7, 10, 81-83, 98, 101, 163] can induce 

bronchoprotection or bronchodilation [26] on healthy subjects depending on the timing 

of application (before or after bronchoconstriction). Fredberg et al. [9] proposed the 

theory of perturbed equilibrium, which suggests that oscillations can disrupt the 

function crossbridges. Some studies have shown that the arrangement of the contractile 

components change with length modifications [157] and as a result of this, the 

contractile behaviour of ASM could be affected. All these studies have been conducted 

on healthy airways. To the best of our knowledge, there have not been similar studies on 

asthmatic tissue, with the only exception of that of Chin et al [158] who studied length 

adaptation, force-velocity relationship and force recovery after length oscillations on 

isolated tissue, finding that only passive stiffness was increased in ASM from asthmatic 

subjects when compared with non-asthmatics. This has left a gap, filled only with 

hypotheses and theories regarding why in asthmatic airways oscillations are either less 

or not effective at all at inducing relaxation of asthmatic airways [7, 158]. In a recent 

paper published in the journal of applied physiology, Lutchen K reviewed [94] several 

studies that have tried to explain the different response of asthmatic airways and its 

connection with the hyperresposiveness observed in the disease. Most of the studies 



133 
 

cited by Lutchen have only used oscillations similar to those occurring normally during 

breathing (TO and DI) under static conditions to postulate their theories. The use of 

only normal breathing oscillations patterns in these studies has been questioned by the 

author and an open discussion has been left on the table to join. 

This study attempted to fill part of this gap of knowledge, studying the response of 

sensitized airways to the imposition of oscillations directly using: traditional studied 

oscillations (such as TO or DI), untraditional oscillations (SILO), in vitro test (at Do), 

and in vivo test (dynamic conditions). 

 

7.3. SILO in vitro 
 
a) Healthy airways  

 
• The results presented in chapter 4 (Sections 8 and 13) showed that the 

imposition of breathing oscillations on pre constricted ASM (at Do), have a 

bronchorelaxant effect in two healthy strains of mice (C57 and Balb/c), which 

reinforces previous findings in ASM tissues [7, 10, 36, 81-83, 98, 99, 101, 156].  

• ISO and breathing oscillations induce similar relaxation patterns on healthy 

airways and the bronchorelaxant effect of ISO increases when combined with 

mechanical oscillations similar to breathing (2.7Hz/4%). This agrees with 

previous findings from Gump et al. [10].  

• When superimposed length oscillations (SILO) with a frequency in the range of 

10-30Hz with amplitude of 1% were tested on the C57 mice tissue, they were 

not as effective as normal breathing alone, ISO, or both agents combined to 

induce relaxation on healthy airways (Section 10). 

 

b) Asthmatic (sensitized airways) 

• As observed in chapter 4 (Section 13), the relaxation produced by either ISO or 

breathing was smaller in asthmatics than healthy airways, and their combination 

did not show significant increase of relaxation either when compared with ISO 

or normal breathing alone.  

• When SILO were applied to asthmatic airways, similar findings to those 

obtained in healthy airways were observed with an amplitude of 1% and 

frequencies between 5-20Hz on sensitized airways from Balb/c, showing no 
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significant improvement on relaxation. However when the superimposition of 

length oscillations was tested on breathing oscillations with an amplitude of 

1.5% and in the same frequency range, an increase in relaxation on asthmatic 

airways was observed when SILO were compared with oscillations equivalent to 

breathing or ISO alone (Section 13).  

It has been proposed that structural changes on the composition of ASM (presented in 

chapter 2) and the rearrangement of structures within the cell, or the adaptation to a new 

tone during the development of the disease (asthma) could be responsible for the 

changes in the response of asthmatic airways to breathing oscillations [26, 33, 81, 102, 

104, 157, 158].   

These in vitro findings seem to confirm that physiological oscillations (mechanically 

reproduced by us) similar to those occurring during breathing can disturb the 

mechanical components of the contraction (crossbridge cycling of actin and myosin) as 

suggested by Fredberg on healthy subjects rather than affecting chemical pathways. 

However, they are not capable of reproducing the same relaxation pattern in asthmatic 

airways, which could be the result of the adaptation of the ASM to the new conditions 

of the progressing disease [7, 78]. According to our new findings here, SILO applied 

onto breathing patterns can still induce relaxation in pre-constricted asthmatic airways 

where TO have failed, as observed in the results. These could corroborate the theory 

that the effector (crossbridge) remains the same as its components (myosin and actin) 

and it could be disrupted. This data, in addition to previous data published by our team 

in healthy airways [16, 83], seems to indicate that the relaxation of ASM in asthmatic 

airways is possible and could be related to the crossbridge rate (speed of attachment).  

The crossbridge rate is due to changes in the arrangement of intracellular structures, 

cellular basal tone, etc., and this rate could be disrupted by changes in amplitude and 

frequency independently, as observed with physiological oscillations (DI or TO) on 

healthy airways.  These findings need to be tested and probed in vivo (under dynamic 

conditions) in order to advance in the direction of a possible new therapy to treat 

asthmatic attacks. 
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7.4. SILO in vivo 
The results presented in chapter 6 (section 4) correspond to the data obtained in vivo 

(dynamic conditions), using the plethysmograph (built in-house) and the parameters of 

RL and Cdyn to evaluate the level of bronchoconstriction.  

• Airways from sensitized subjects resulted in being more reactive to 

bronchoconstrictive drugs than those subjects considered to be healthy 

(controls).  

This is known as airway hyperresponsiveness or AHR [51, 89, 105, 106] and is one of 

the main features observed in human asthma. The AHR has been suggested to be related 

to the increased basal tone of the airways as a result of the development of the disease, 

as mentioned in the previous section [26, 33, 81, 102, 104, 157, 158]. It has been 

observed that when the tone of the ASM is increased, the total force as a result of 

stimulation of the airways with ACh is also increased (feature observed in the results). 

 

• It was also observed that the use of SILO (induced using Pressure oscillations) 

in different frequencies and amplitudes that overlap spontaneous breathing 

(dynamic conditions) has a bronchorelaxant effect in sensitized subjects, where 

TO and DI have failed as previously stated.  

 

This reinforces the findings presented in chapter 4 (in vitro), showing that the 

application of SILO onto spontaneous breathing patterns not only  can induce relaxation 

in pre constricted asthmatic airways in vitro, but also in vivo. 

  

• Most of the frequencies and their amplitude range tested, resulted in reduction of 

RL with the only exception of 20Hz (at all its amplitudes) (Chapter 6, section 4).  

• On the other hand most of the frequencies used for this study did not show 

significant changes for Cdyn.  

The accuracy of the reported data depends on the experimental setup, in particular the 

transducer used for measuring. We expect that the associated noise signal might be a 

source of significant error. Future improvement such as adding special types of filters 

may help to improve accuracy.   
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The results obtained in vivo are novel and promising for non-invasive treatments for 

asthma. 

 

 

7.5. SILO vs ISO 
The interaction of bronchorelaxant drugs and length oscillations has been previously 

studied by other groups showing improvement in the relaxation of pre constricted 

healthy airways when these two agents are combined  and presenting similar relaxation 

when compared between them, indicating that both agents acts over different pathways 

of the broncoconstriction [10]. It has been proposed that ISO is acting over the chemical 

pathways while length oscillations act over the mechanical and structural components of 

the contractile machinery of the cell [10].  

• When ISO was combined in healthy subjects with length oscillations equivalent 

to breathing in this study an increase of relaxation was observed (in vitro) in the 

two mice strains studied (Chapter 4 section 8 and 13).  

• However, when the effect of ISO was assessed in asthmatic airways, its relaxant 

effect was not as effective as the imposition of SILO, neither in vitro nor in vivo 

tests.  

• When ISO was combined with SILO in vitro no significant changes were 

observed (data not shown). 

 

7.6. Summary 
For many years several groups have studied the effect of traditional oscillations such us 

tidal breathing and deep inspiration on airways smooth muscle, finding that these types 

of oscillations have a relaxant effect on healthy pre-constricted airways.  

• Most of these groups have focused on isolated tissue [21, 82-84, 87, 98, 99, 101, 

157] and a minority of them on intact airways [164].  

• Almost every study has been performed using ASM from healthy airways [7, 9, 

10, 16, 21, 33, 82, 83, 98, 99, 102, 164], and their findings were extrapolated to 

asthmatic airways.  
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• Those more adventurous, have tested some oscillations on asthmatic airways and 

have not found relaxation of the airways [7, 158], suggesting that some changes 

on the airways during the development of the disease could be responsible for 

the lack of response to oscillations in these types of airways [26, 33, 81, 102, 

104, 157, 158]. 

• Also some groups have also suggested that in order to induce similar findings to 

those observed in healthy airways, non-physiological oscillations need to be 

used [104].  

Non-physiological oscillations are not considered as a therapy, because the 

breathing patterns change completely.  

This study focuses on analysing the response of sensitized airways on super-imposed 

length oscillations (SILO) therapies. SILO is a good alternative to non-physiological 

oscillations because the oscillations barely change the main breathing pattern, and in 

accordance with the results presented in this study, SILO seem to fulfil the objective of 

length oscillations inducing the disruption of the cross bridge as suggested in previous 

studies [9, 82, 83, 98] and eliciting relaxation.  

 

In this study SILO was studied on pre-constricted intact airways (in vivo and in vitro) 

and they were more effective than TO and ISO when relaxation was expected in 

sensitized airways, indicating that the relaxation of these airways can be achieved using 

mechanical oscillations.  The whole breathing pattern does not need to be drastically 

changed. These superimposed oscillations were not as effective on healthy airways. We 

believe the changes on the arrangement of structures in the cell and the change of tone 

could be responsible for this difference in response between healthy and sensitized 

airways as suggested by previous groups [26, 33, 81, 102, 104, 157, 158].  The changes 

are likely affecting not only the force generated during an asthma attack but also on the 

attachment and detachment rate of the crossbridge. Previous data published by our 

group on healthy airways [83] seems to support this idea when using even higher 

frequencies than the ones used in this study, whilst still obtaining relaxation.   

 

7.7. Conclusions 
The objective of the study was to experimentally investigate the effect of SILO in 

sensitized airways and determine the response of these airways to these types of 

oscillations. The research objectives were detailed in chapter 2 along with detailed 
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literature review in the area of ASM and asthma. Chapter 3 presented asthma models, 

selection and sensitization, followed by chapter 4 detailing the techniques, experiments 

and results for the in vitro testing. Chapter 5 presented all the equipment and protocols 

to be used for the in vivo testing and chapter 6 showed in detail the experiments and 

results for the in vivo testing. Finally chapter 7 presented a discussion for the results 

obtained in chapters 4 and 6.     

The results presented in this study seem to corroborate the theory that length oscillations 

act over the interaction of actin and myosin during contraction, disrupting the 

crossbridge [9, 10, 82, 83, 98]. SILO seems to be effective on sensitized airways and the 

different frequency or amplitude used in the experiments could be responsible for this 

effect. This hypothesis is supported by a previous study by Ansell et al [93] where they 

found that the level of bronchodilation was affected differently by the magnitude of the 

strain and the stress. The fact that these types of oscillations are capable of inducing 

relaxation on pre-constricted sensitized airways corroborates the hypothesis that the 

main components of the crossbridge (actin, myosin and the actinomyosin crossbridge) 

do not change and can be disrupted.  However, changes occurring during the 

development of the disease such as length adaptation, change of the basal tone, or 

rearrangement of cell structures seems to change the useful range for oscillations for 

these type of airways, creating ineffective normal breathing patterns. Considering the 

findings of this study, the application of oscillation in asthmatic airways could be a new 

element to be considered for the treatment of asthma and should not be discarded only 

because normal breathing patterns (TO and DI) are ineffective. 

 

7.8. Future work 
The results obtained in this study are novel, as the work experimentally investigates the 

effect of length oscillations (SILO) different to those occurring during normal breathing 

(TO and DI) on sensitized airways, and compares the effect of these oscillations in vitro 

and in vivo (dynamic conditions). This research only studied the effect of SILO in acute 

models of asthma that correspond to an early stage of the disease -- obtaining promising 

results in the area of length oscillations and asthma. However more studies to 

investigate the effect of SILO on chronic states are needed to reach the long term goal 

of developing a new therapy for alleviation of asthma with the intent to possibly reduce 

the use of medications. 
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Short-term implementation for future work in this area would involve the study of SILO 

on chronic asthma models with and without medications, in order to study the effect of 

these oscillations on chronic states of the disease. The testing of a wider range of 

frequencies and amplitudes also needs consideration.  

Further examination into the use of oscillations to reduce or prevent length adaptation of 

the airways during the development of the disease can also be useful. 

In addition, other animal models closer to human physiology need to be considered in 

order to reach our long-term goal. 
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APPENDIX 
 
 

Appendix A: Ethical approval 
 
This appendix presents all the paperwork regarding the ethical regulations obtained and 

approved AEC from the University of Auckland for the project “Investigation of the 

combined effect of mechanical oscillations and bronchodilators on smooth muscle of 

normal and sensitized mice airways (AEC No 894).  
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Appendix B: Labview programs used for in vitro test 

The Labview programs used during the course of the experimental investigation are 

discussed in this appendix. Initially, simple programs were used to acquire data from the 

setup. New programs created at a later stage consisted of more advanced features to suit 

the protocols designed. All the programs were created in Labview 8.5®.  

 

a) Converter.vi 

This program was used for converting .scl files into .txt files for easy readability into 

MATLAB.  It prompted a user to select the .scl file and saved a copy in .txt format. This 

program was created in Labview 6.1. Figure A.1 shows the back panel of the program.  

 

 
 

Figure A.1: back panel Converter.vi 
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b) ASM_Length.vi  

This program acquires force and length data from the setup. It also allows for imposing 

simple sinusoidal, superimposed sinusoidal and superimposed square oscillations. It 

also includes the ability to impose sinusoidal oscillations with gradual frequency 

change. The user can choose the starting and the ending frequency for the amount of 

duration to be run. It saves the data in two versions – high resolution data acquired at 

3000 samples per second and low resolution data acquired at 100 samples per second. 

Figure A.2 and A.3 show the front and the back panel of the program respectively. 

 

 
 

Figure A.2:  Front panel ASM_Length.vi front panel 
 
 
 
 
 
 

 
 



159 
 

 
Figure A.3: Back panel ASM_Length.vi back panel 
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c) Low_res_signal.vi  

This program acquires force and length data from the setup. It also allows for imposing 

simple sinusoidal, superimposed sinusoidal and superimposed square oscillations. It 

also includes the ability to impose sinusoidal oscillations with gradual frequency 

change. The user can choose the starting and the ending frequency for the amount of 

duration to be run. It saves the data in two versions – high resolution data acquired at 

3000 samples per second and low resolution data acquired at 100 samples per second. In 

addition, it gives user the idea of time left of the oscillations applied. Figure A.4 and 

A.5 show the front and the back panel of the program respectively. 

 

 
 

Figure A.4:  Front panel Low_res_signal.vi front panel 
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Figure A.5:  Back panel Low_res_signal.vi back panel 
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a) SUBVI_button_timer.vi  

This subvi controls the timing of the loop. It feedbacks to the program the time 
before the next loop should start. Figure A.6 shows the back panel of the program 
. 
 
 

 
 

Figure A.6:  SubVI_button_timer.vi back panel 
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Appendix C:  Matlab analysis code 
 
 

a) Preliminary experiments 

clear all 
close all 
%set file pathname and load the files 
l(2).path='D:\Meha\Experiments\2010\April\010410 - 13apr\set2\'; 
for d = 1:36; 
s = ['load data_' int2str(d) '.lvm']; 
eval(s); 
end; 
% define time, force and length variables 
for d = 1:36; 
s = ['Time' int2str(d) '=data_' int2str(d) '(:,1)']; 
eval (s); 
end; 
for d = 1:36; 
s = ['Force' int2str(d) '=data_' int2str(d) '(:,2)']; 
eval (s);  
end; 
for d = 1:36; 
s = ['Length' int2str(d) '=data_' int2str(d) '(:,4)']; 
eval (s); 
end; 
% select the required samples of data 
Force = [Force18; Force19; Force20; Force21; Force22; Force23; Force24; Force25; 
Force26; Force27; Force28; Force29; Force30; Force31; Force32; Force33; Force34; 
Force35; Force36]; 
Length = [Length18; Length19; Length20; Length21; Length22; Length23; Length24; 
Length25; Length26; Length27; Length28; Length29; Length30; Length31; Length32; 
Length33; Length34; Length35; Length36]; 
% plot and save 
figure(1); 
plot(Force); 
hold on  
a = plot(Length, 'r'); 
figure(2); 
b = plot(Length, Force); 
saveas(a,['D:\Meha\Experiments\2010\April\010410 - 13apr\set2\' 'data.png']) 
saveas(a,['D:\Meha\Experiments\2010\April\010410 - 13apr\set2\' 'data.fig']) 
saveas(b,['D:\Meha\Experiments\2010\April\010410 - 13apr\' 'Loop19-21.png']) 
saveas(b,['D:\Meha\Experiments\2010\April\010410 - 13apr\' 'Loop19-21.fig']) 
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b) Protocols - Read and Plot  

close all 
clear all 
 
%Define the time variable 
ts = filename(:,1); 
tm = ts/60; 
 
% Define the force variable 
F = filename(:,2); 
plot(F); 
% Normalize the force with Fmax (differs for each contraction) 
Fmax = 0.6; 
Fnorm = F/Fmax; 
 
 % Define the length variable 
L = filename(:,4) - 0.8550; 
 
% Plot the normalized force and length data as subplots 
subplot(2,1,1), plot(tm, Fnorm), xlabel('Time (minutes)'), ylabel('Force (normalized)') ; 
subplot(2,1,2), plot(tm, L, 'r'), xlabel('Time (minutes)'),ylabel('Length'); 
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Appendix D:  in vivo no processed data  
 

a) Flow 

The data obtained for flow (L/s) is presented in figure A.7. 

 

 
 

Figure A.7: Changes of flow observed as result of the application of SILO:  a) 5Hz; b) 10H;, c) 15Hz;  
and d) 20Hz frequency and amplitudes in the range of 100 – 400 mV are presented in axis y  for each 

experimental condition presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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b) Tp (tracheal pressure) 

The data obtained for Tp (mmH2O) is presented in figure A.8. 
 
 
 

 
 
Figure A.8: Changes of Tp observed as result of the application of SILO:  a) 5Hz; b) 10H;, c) 15Hz;  and 

d) 20Hz frequency and amplitudes in the range of 100 – 400 mV are presented in axis y  for each 
experimental condition presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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c) Ptp (Transpulmonar pressure) 

The data obtained for Ptp (mmH2O) is presented in figure A.9. 
 
 
 
 
 
 

 
 

Figure A. 9: Changes of Ptp observed as result of the application of SILO:  a) 5Hz; b) 10H;, c) 15Hz;  
and d) 20Hz frequency and amplitudes in the range of 100 – 400 mV are presented in axis y  for each 

experimental condition presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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d) Tv (Tidal volume) 

The data obtained for Tv (mL) is presented in figure A.10. 
 
 
 
 
 
 

 
 

Figure A. 10: Changes of Tv observed as result of the application of SILO:  a) 5Hz; b) 10H;, c) 15Hz;  
and d) 20Hz frequency and amplitudes in the range of 100 – 400 mV are presented in axis y  for each 

experimental condition presented in axis x (□ = healthy; ● = asthmatic; n=10). 
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e) Summary tables per frequency 

Data presented in figures A.7, A.8, A.9, and A.10 was grouped and 

summarized in the following tables according to data set for each 

frequency: 5, 10, 15 and 20Hz. 
 
 

Table A.1: Summary table for flow, Tp, Ptp and Tv for 5Hz and all amplitudes tested. 

 

5Hz 
  Healthy (n = 10) Asthmatic  (n = 10) 

  
Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Basal 0.206 0.496 0.082 0.252 0.216 0.554 0.103 0.159 
Basal saline 0.211 0.485 0.082 0.251 0.216 0.529 0.115 0.181 
Ach 10-2M 0.222 0.575 0.139 0.367 0.219 0.708 0.225 0.142 
0.7 cmH2O 0.214 0.550 0.124 0.300 0.213 0.612 0.125 0.130 
1.6 cmH2O 0.227 0.551 0.111 0.444 0.211 0.590 0.117 0.143 
2.6 cmH2O 0.216 0.544 0.115 0.372 0.208 0.589 0.114 0.084 
3.6 cmH2O 0.235 0.537 0.117 0.396 0.211 0.585 0.130 0.116 

Rest 0.219 0.575 0.094 0.414 0.202 0.629 0.132 0.126 
 
 
 
 
 

Table A.2: Summary table for flow, Tp, Ptp and Tv for 10Hz and all amplitudes tested. 

 

10Hz 
  Healthy  (n = 10) Asthmatic  (n = 10) 

  
Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Basal 0.206 0.496 0.082 0.252 0.216 0.554 0.103 0.159 
Basal saline 0.211 0.485 0.082 0.251 0.216 0.529 0.115 0.181 
Ach 10-2M 0.222 0.575 0.139 0.367 0.219 0.708 0.225 0.142 
0.7 cmH2O 0.222 0.559 0.114 0.355 0.205 0.588 0.138 0.114 
1.5 cmH2O 0.214 0.555 0.098 0.375 0.213 0.600 0.139 0.134 
2.4 cmH2O 0.229 0.554 0.112 0.400 0.205 0.579 0.128 0.087 
3.3 cmH2O 0.224 0.555 0.113 0.432 0.211 0.580 0.138 0.127 

Rest 0.219 0.575 0.094 0.414 0.202 0.629 0.132 0.126 
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Table A.3: Summary table for flow, Tp, Ptp and Tv for 15Hz and all amplitudes tested. 

 
15Hz 

  Healthy  (n = 10) Asthmatic  (n = 10) 

  
Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Basal 0.206 0.496 0.082 0.252 0.216 0.552 0.103 0.159 
Basal saline 0.211 0.485 0.082 0.251 0.216 0.533 0.115 0.181 
Ach 10-2M 0.222 0.575 0.139 0.367 0.219 0.710 0.225 0.142 
0.4 cmH2O 0.237 0.581 0.112 0.385 0.216 0.585 0.147 0.115 
1.1 cmH2O 0.229 0.574 0.101 0.482 0.216 0.591 0.144 0.071 
1.7 cmH2O 0.235 0.563 0.106 0.499 0.216 0.595 0.138 0.118 
2.4 cmH2O 0.229 0.554 0.091 0.422 0.216 0.607 0.144 0.141 
Rest 0.219 0.575 0.094 0.414 0.202 0.629 0.132 0.126 

 
 
 
 
 
 
 

Table A.4: Summary table for flow, Tp, Ptp and Tv for 20Hz and all amplitudes tested. 

 

20Hz 
  Healthy  (n = 10) Asthmatic  (n = 10) 

  
Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Flow 
(L/s) 

Tp 
(mmH2O) 

Ptp 
(mmH2O) 

Tv 
(mL) 

Basal 0.206 0.496 0.082 0.252 0.216 0.554 0.103 0.159 
Basal saline 0.211 0.485 0.082 0.251 0.216 0.529 0.115 0.181 
Ach 10-2M 0.222 0.575 0.139 0.367 0.219 0.708 0.225 0.142 
0.4 cmH2O 0.232 0.582 0.108 0.412 0.208 0.618 0.127 0.097 
1.1 cmH2O 0.214 0.582 0.093 0.420 0.202 0.612 0.129 0.098 
1.7 cmH2O 0.229 0.566 0.099 0.441 0.193 0.622 0.132 0.099 
2.3 cmH2O 0.227 0.574 0.103 0.410 0.213 0.607 0.142 0.072 

Rest 0.219 0.575 0.094 0.414 0.202 0.629 0.132 0.126 
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