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Abstract

Airway remodeling characteristic of asthma involves structural changes altering the
elasticity of the airway smooth muscle (ASM) microenvironment potentially leading to
ASM dysfunction. This effect of matrix stiffness was investigated using a physiologically
relevant 3D culture model. Characterisation of microtissue responses with regards to
contractile function and gene expression were studied varying the ECM stiffness and
through stimulation with epithelial cell (AEC) conditioned media. ASM microtissues
were fabricated under four different loading conditions and the matrix stiffness was
increased by crosslinking through non-enzymatic glycation and increasing the collagen
density. Function was assessed through the use of pharmacological agents and by
imaging microcantilever deflection, used to calculate force generation. Crosslinking
microtissues enhanced contractile function in response to agonists; however, this effect
disappeared in microtissues tethered to stiff microcantilevers suggesting a limit of
contractility within this model. Remarkably, there was a differential response in ASM
function where increasing the collagen density (stiffness) significantly attenuated
function. Additionally, contractility was significantly enhanced when chronically
stimulated with AEC media. ASM tissue in 3D culture is responsive to the
microenvironment stiffness and increases contractility in the presence of a stiffer ECM.
This could occur with thickening of the airway wall in asthma. Decreased contractility
with increased collagen density is in agreement with previous studies where it was shown
that type I collagen is pro-proliferative and attenuates the contractile phenotype. We
show the models ability to quantitatively demonstrate the impact of biomechanical cues
on ASM function providing provides new ways to elucidate the mechanisms of cellular
remodeling.

viil
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Chapter 1: Introduction

1.1 Thesis Overview

This thesis is organised into seven chapters beginning with an introduction
consisting of a literature review, general thesis hypothesis and the four thesis aims.
Chapter two outlines the common methodology for parts of the thesis aims. Chapter three
outlines the characterisation of the microfabricated tissue gauge model, and Chapters
four, five and six each focus on the individual aims including the rationale, methods,
results and discussion. Chapter seven contains conclusions derived from this thesis with a

summary of significant findings and considerations for future work.

1.2 Asthma and Airway Remodeling

Asthma is a chronic obstructive disease of the airways affecting about 3 million
Canadians and about 300 million people worldwide (15). The cost of treating asthma is
continuously increasing, making it a major burden on the health and economic system
(68). Asthma was traditionally regarded as a reversible disease and therapies were
primarily targeted at the associated symptoms. However, it was discovered that there is
considerable heterogeneity among asthmatics, and that a majority of patients show
decreased airway function with time, while some demonstrate irreversible airway
obstruction (34). A better understanding of the underlying causes of asthma would
provide improved treatment targets in order to help reduce the societal and more
importantly the personal burdens of this chronic disease.

Characteristic features of asthma include airway inflammation, airway obstruction,

increased airway resistance, structural changes to the airway wall, decline in lung



function, and airway hyperresponsiveness (AHR) (30). AHR is the main clinical feature
of asthma and is commonly defined as an obstructive response of the airway. This is
caused by excessive narrowing of the airway in response to various external triggers
which can be pharmacological, chemical or physical (19, 54, 86). In response to such a
stimulus, asthmatic ASM cells exhibit both increased isotonic shortening and shortening
velocity (86). The excessive airway narrowing manifests as shortness of breath, chest
tightness, coughing, wheezing and airway obstruction, and this is generally attributed to

ASM dysfunction (5).

ASM hyperplasia,
~contractility

Figure 1-1. Schematic of a normal healthy airway (left) and an asthmatic airway (right) demonstrating
some of the key features of remodeling in asthma (17).

Inflammation was originally thought to be the major contributor to asthma
pathology. Cells would recognise specific antigens and initiate inflammatory processes
involving the recruitment of eosinophils (immune cells) which damage the epithelial
cells, mast cells, fibroblasts, and T cells, all of which release cytokines, which are small

peptides such as interleukins involved in the healing process, and which modulate



inflammation (34). However, based on pathological studies of asthmatic airways, it is
evident that the inflammatory process itself is not the fundamental cause of asthmatic
airway dysfunction and does not directly account for the change in the structure of the
airways. Additionally, patients that have been treated with antibodies against
inflammatory mediators show a decrease in inflammation without any change in
hyperresponsive (143). This led to the hypothesis that intrinsic changes in ASM function
and phenotype may drive AHR, however the exact mechanisms are still debated.

More recently, it has been established that asthma is in fact characterised more
closely by airway remodeling (5, 34). This process involves architectural changes to the
airway defined by increased ASM (hyperplasia and hypertrophy) (33, 101), infiltration of
inflammatory cells (11), thickening of the basement membrane and airway wall (101),
altered extracellular matrix (ECM) composition (7, 31), and damage of the epithelial
tissue (60). Most prominent features of airway remodeling in asthma are shown in Figure
1-1 modified from a paper by Bosse et al. (17). The pathogenesis of asthma is still not
distinct as it is multifactorial and includes interactions between neural pathways,
inflammatory cells and mediators, and components of the airway wall such as the ASM
and epithelial cells (25). The principal stimulus for airway remodeling is still unknown as
there is a lack of tissues available for study from patients with remodeled airways, and
animal models poorly reproduce the characteristics of the disease, therefore making it
difficult to determine the mechanisms of chronic responses. It has been suggested that the
process of airway remodeling may occur prior to presentation of clinical symptoms (10).

Indeed this has led to the hypothesis that an alteration in the architecture of the airway



may be the primary cause of ASM dysfunction through changes in the mechanical

environment, which leads to excessive bronchoconstriction in asthmatic patients.

1.2.1 Airway Epithelium

One of the characteristic features of asthmatic airway remodeling is the pathological
change in the airway epithelial cells (AEC) (60, 62). Traditionally, it was believed that
the principal role of epithelial cells was to provide a physical barrier against the external
environment thereby preventing exposure of the internal airway components to noxious
inhaled substances (107). However, it has been established that epithelial cells play a
major role in a variety of airway functions (107, 121, 139); for example epithelial cells
are responsible for fluid balance in the airway, clearance of inhaled agents, recruitment
and activation of inflammatory cells, and the release of inflammatory mediators that are
responsible for regulating ASM response to contractile stimuli. Some of the released
mediators include relaxing factors such arachidonic acid, nitric oxide, endothelin-1, as
well as growth factors and interleukins including TGFf, TNFa, IL-1, IL-6, IL-8 (71).
The epithelium has been shown to modulate ASM tone through the secretion of these
derived relaxing factors which decrease contractile response to a number of agonists,
suggesting that the epithelium may be involved in inhibitory effects on smooth muscle
responses (13).

The long term communication between ASM cells and epithelial cells has been
studied extensively along with the AECs potential role in regulating ASM phenotype (60,
61, 77). One of the main mechanisms of AECs ability to modulate AHR is linked to
airway inflammation. Epithelium denudation has not only been reported in severe and

fatal asthma, but also in mild asthma (19, 77, 97). Since the epithelium is the first point of



contact of inhaled external substances, denudation of this layer can cause these external
substances to easily injure the cells either directly through cytotoxicity or indirectly by
involving inflammatory cells (62). Once injured, these cells initiate a wound healing
process involving inflammatory cells which results in the release of various cytokines and
growth factors which have been shown to acutely lead to cell constriction, and
chronically may contribute to the overall remodeling of airways, namely the hyperplasia
of ASM cells and the deposition of ECM proteins (59, 139).

Manual removal of the epithelium of canine bronchial rings and tracheal strips led to
increased responsiveness of the bronchial rings to ACh and histamine (3). Through the
use of ex vivo lung slice models a different study showed through laser ablation of single
epithelial cells that there is an acute increase in airway contraction through calcium
dependant smooth muscle shortening (142). This data was consistent with the idea that
the injured epithelial cell leads to the release of soluble mediators which lead to enhanced
contractility of ASM.

Preliminary results from our laboratory have shown that co-culturing primary human
ASM and AEC can cause ASM baseline tension and contractility to decrease with an
associated decrease in levels of contractile proteins including myosin light chain kinase
(MLCK) and smooth muscle myosin heavy chain (sm-MHC). This suggests that
epithelial cells may play a role in regulating ASM contractile phenotype and the study of
these two cell types together may help in understanding the dysfunction of ASM in
asthma. Another study investigating the role of epithelial cells in stimulating ASM
hyperplasia (88) used a co-culture model of primary normal bronchial epithelial cells

(NHBE) and primary normal human airway smooth muscle cells (HASM) to demonstrate



that injured epithelial cells release various cytokines and matrix metalloproteinases
(MMPs), which are a family of proteases involved in the breakdown of extracellular
matrix proteins, that enhance the ASM proliferation and hyperplasia evident in asthma.
A majority of in vitro studies of ASM and AEC interactions have involved culturing
cells on traditional 2D substrates and culture systems which are not representative of the
complex 3D structure in vivo. As the geometry of cultured cells has been shown to be a
complex regulator of cellular function (46), the interaction between AECs and ASM cells
within a 3D environment would be more relevant. The importance of an appropriate

culture model and structurally physiological environment is discussed further in section

1.6.

1.3 Cellular Mechanics

The microenvironment stiffness of an adhesive cell, and consequently the stiffness of
the substrate on which these cells are cultured in vitro, can regulate various cellular
processes and thus have a major effect on cell function (36, 102). Cells have the ability to
sense the external environment and interact with it accordingly (outside-in and inside-out
signalling respectively). This interaction between the external environment and the
internal cellular environment occurs through various proteins that physically bind to the
substrate including integrins, focal adhesions, and the cellular cytoskeleton (CSK).
Integrins are transmembrane glycoproteins that act as the mechanical linkage between the
ECM and the cellular CSK (4, 114). These proteins allow for bidirectional
communication between the ECM and the CSK through the cellular membrane, thus
permitting dynamic reciprocity. Upon mechanical perturbation, integrins form into focal

adhesions which are macromolecular assemblies that adapt mechanically. It is via
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integrins and focal adhesions that the cellular CSK is bound to the ECM and permits the
transmission of information throughout the cell. Information about the extracellular
mechanical environment is transmitted via the presence of integrins and this process
involves adherent cells exerting a force and pulling on the substrate through the actin-
myosin CSK, probing the mechanical properties of the environment, and reacting through
reorganisation of their cytoskeletal morphology (133).

The CSK is a major part of the contractile apparatus of cells and is composed of
fibrillar proteins consisting of actin filaments, intermediate filaments, and microtubules.
Actin is present intracellularly in two forms; globular actin which is the monomer (g-
actin) and as fibrillar actin which is the polymer (63). The contractile apparatus of cells
is composed not only of actin filaments but also of thick filaments called myosin. Myosin
is one the motor proteins of cells and is made up of two light chains and two heavy
chains. The heavy chains form the globular myosin head that interacts with the actin
filaments. The CSK is the cellular scaffolding and provides the cell shape and support in
addition to housing the contractile apparatus.

Outside-in signalling is based on cells sensing external signals via these
macromolecular complexes bound to the ECM and the CSK, leading to downstream
signaling pathways that control cellular responses. These responses can be acute
responses due to changes in actin polymerisation, or chronic changes due to alterations in
gene and eventually protein expression. Thus, the translation of physical signals from the
environment into chemical signals is defined by mechanotransduction. Other than the
translation of mechanical stimuli through macromolecular complexes via the CSK and

ECM, there are a number of other mechanisms of mechanotransduction for example



through stimulation of mechanically activated ion channels. These channels are activated
by conformational changes of the membrane leading to an influx of ions and formation of
a charge gradient. This communication of mechanical stimuli into biochemical
information has been shown to regulate cell signaling pathways and gene expression
directing cellular differentiation, morphology, and regulation of contractile protein
activation, thereby altering contractile properties (83).

Smooth muscle contraction is regulated by phosphorylation of the regulatory
myosin light chain (rMLC) by MLCK which is regulated by association with the calcium
binding protein calmodulin. Smooth muscle tension is generated through binding of actin
and smooth muscle myosin to form cross bridges. An increase in calcium concentration
within the cytosol of the muscle cell (sarcoplasm) due to a contractile stimulus, promotes
binding of calcium to calmodulin activating MLCK which phosphorylates the rMLC (50,
66). In the presence of calcium, the cyclic interaction between the actin and myosin
filaments continues with the hydrolysis of ATP to ADP, leading to tension development
through muscle shortening (28). Relaxation of smooth muscle occurs through
dephosphorylation of the rMLC by activation of MLCP (67). Therefore, upregulation of
MLCP expression would coincide with a reduction in smooth muscle contraction, while
upregulation of MLCK expression would promote contraction. There are two isoforms of
smooth muscle myosin heavy chain (SM1 and SM2) and they are formed by alternative
gene splicing, and differ in a 7-amino acid insert (81). The presence of this insert is
generally found in phasic muscle while the absence of this insert is found in tonic or
“slow” muscle. Upregulation of expression of these isoforms of sm-MHC can promote

contraction. It has been shown that the presence of this smooth muscle insert in the



myosin heavy chain evident in asthmatics leads to rapid smooth muscle shortening which
affects the cycling rate of actin-myosin cross bridges where the faster cycling rate would
in turn contribute to the active force generated. However, further discussion on this topic
is beyond the scope of this thesis. In summary, the function of smooth muscle myosin is
mainly regulated by the rMLC activity and the balance of MLCK and MLCP.

As mentioned above, ASM tone is regulated by the level of intracellular calcium
and contraction is initiated by calcium mediated changes in the thick myosin filaments.
Pharmacological agents can be used as bronchoconstrictors (contractile agonists) which
result in the release of calcium from intracellular stores into the cytosol through
activation of calcium channels. Potassium chloride is a common contractile agonist used
to assess muscle function as it depolarises the cell membrane causing calcium to be
released through voltage-gated calcium channels in the sarcoplasmic reticulum through
the activation of the ryanodine receptors. Acetylcholine is another contractile agonist that
binds to the muscarinic receptors on the muscle membrane activating the IP3 pathway
initiating the release of calcium ions from internal stores.

Additionally, pharmacological agents such as forskolin and cytochalasin D can
reduce force via different mechanisms. Forskolin reduces force generation of ASM cells
through the activation of adenylate cyclase which increases the quantity of intracellular
cyclic adenosine monophosphate (cAMP) (12, 58). Cyclic AMP reduces force or relaxes
ASM cells through the activation of protein kinase A (PKA) which phosphorylates
potassium channels causing cellular hyperpolarisation leading to decreased MLCK

activity and decreased intracellular calcium (12). By contrast, cytochalasin D disrupts the



CSK by binding to globular actin preventing actin polymerisation which decreases

tension with the loss of cellular structure.

1.4 Airway Smooth Muscle Phenotype

The epithelium lines the inner wall of the airway while the ASM circumferentially
surrounds the airway medial layer and is primarily responsible for controlling airway
calibre. It is generally agreed that the ASM is the main component of the airway
responsible for excessive airway narrowing, AHR, and bronchoconstriction (5).
However, whether this phenomenon is caused by fundamental changes in the ASM
structure or contractility, or changes in the mechanical microenvironment set by the non-
contractile elements of the airway wall and the lung parenchyma, is still not clearly
established (70).

After differentiation smooth muscle cells manifest a range of phenotypes, but the two
most significant are the synthetic (proliferative) phenotype and the contractile phenotype
(23). Different phenotypic states are characterised by the expression of a variety of
different contractile, structural, and receptor proteins that are modulated by gene
expression (52). The proliferative phenotype is characterised by high mitogenic activity
and expression of various genes encoding proteins associated with synthesis. For
example, proliferative smooth muscle cells demonstrate reduced expression of smooth
muscle a-actin, y-actin, MHC, calponin, caldesmon, phospholamban, desmin, and
vinculin. In tissue culture, the synthetic phenotype can be induced by culturing cells in
serum-rich environment (56). The contractile phenotype is characterised by a loss of
synthetic organelles of cells in culture alongside the expression of numerous smooth

muscle specific genes encoding contractile proteins and regulatory proteins that are
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responsible for muscle activation. In tissue culture, the contractile phenotype can be
induced by culturing cells to confluence and when cultured within a serum-deprived
environment (87).

In normal healthy airways the smooth muscle layer is composed of differentiated
ASM cells in a non-proliferative state which express large amounts of contractile proteins
such as smooth muscle a-actin and smooth muscle myosin heavy chain (sm-MHC) (58).
ASM cells can undergo phenotypic modulation and return to a proliferative state due to
changes in their environment, or with the addition of a mitogen which triggers kinases
involved in mitosis and cell division, which leads to the loss of contractility due to
decreased expression of contractile proteins and an increased amount of biosynthetic
organelles and synthetic capabilities (52, 58, 115). Moreover, it has been hypothesised
that ASM cells may switch to a contractile phenotype through the amplified abundance of
contractile and regulatory proteins which may lead to the airway obstruction and AHR
evident in asthma (137). The ability of ASM cells to undergo phenotypic modulation
from contractile back to proliferative is hypothesised to allow them to repair injured
airways thereby potentially contributing to the airway remodeling evident in asthmatics
(57).

A shift in the contractile phenotype of ASM cells has previously been demonstrated
(86) using ASM cells isolated through bronchial biopsies from healthy and asthmatic
patients. This study showed increased shortening velocity and shortening capacity of
asthmatic ASM cells as well as enhanced expression of the contractile protein MLCK but
no difference in sm-MHC expression. Another study by Woodruff et al. (72), showed

increased ASM contractility and expression of MLCK in sensitized asthmatic canine
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smooth muscle strips, consistent with a contractile phenotype. Interestingly, ASM
hyperplasia is a prominent feature of asthmatic airway remodeling which is surprising
since it is generally accepted that proliferation and contraction are two opposing
phenotypic states. This suggests that there may be both phenotypic changes in ASM in
addition to structural changes, where both of these states have been associated with

dysfunction (104).

1.4.1 Markers of ASM Phenotype

In recent years there has been much progress in the advancement of knowledge in
identifying phenotype specific protein markers and transcription factors that regulate
smooth muscle specific gene expression. As described in section 1.3, smooth muscle
contraction and relaxation occurs through the interaction between actin filaments and
myosin through MLCK and MLCP activity. These genes have been studied previously in
the literature with regards to transcriptional regulation. Halayko et al. (51) demonstrated,
using primary cultures of canine tracheal smooth muscle cells, that the contractile
phenotype was characterized by an increase in smooth muscle myosin heavy chain (sm-
MHC), smooth muscle a-actin, desmin, B-tropomyosin, calponin, /4-caldesmon and
myosin light chain kinase (MLCK), while the synthetic phenotype was characterized by
increased non-muscle myosin heavy chain (nm-MHC), vimentin, /-caldesmon, protein
kinase C, and CD44.There are only a few smooth muscle contractile genes that have been
studied with respect to transcriptional regulation. Among those genes already mentioned,
another important marker of smooth muscle contractile phenotype is transgelin, more
commonly known as SM22a. This is a calponin-related protein involved in actin

remodeling and its expression has been shown to be upregulated in asthmatic ASM cells.
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Transcriptional regulation of smooth muscle cell differentiation is dependent on a
number of transcription factors; however, research has predominantly focused on the
serum response factor (SRF) (55, 75). SRF is a widely expressed nuclear protein
important for cell proliferation and differentiation (103). SRF consists of a DNA-binding
region called the MADS box which interacts with the serum response element known as
the CArG box which is found upstream of all SRF-regulated muscle genes (75, 103). SRF
is found in the regulatory region of a number of smooth muscle specific genes including
sm-MHC, a-actin, and SM22a. SRF requires cofactors for activation, the most important
of which is myocardin, as it is expressed solely in smooth muscle (130). It is regarded as
the master regulator of smooth muscle differentiation and induces smooth muscle marker

genes (130, 131).

1.5 Substrate Stiffness

Various studies have demonstrated that ASM is regulated by ECM signalling
pathways, but ASM cells are also involved in the airway remodeling process themselves
thereby creating a feedback loop discussed further in section 1.5.1 (6, 57). However,
these studies have produced contradictory results which may be due to methodological
differences such as the application of different culture models each of which possess
advantages and limitations. For example, different studies investigating allergen
sensitivity have exposed animals to allergens through aerosols as opposed to
administration through injection, where each method has a different effect on the
immunological response. Another methodological difference is the study of mild, severe
and fatal asthmatics without appreciation of the difference between these asthmatic

phenotypes, as well as the difference in sample sizes, failure to measure certain metrics
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when assessing function such as stress and muscle shortening. Moreover, the major
underlying issue is that a majority of these previous studies have been conducted using
traditional culture models for which the substrate (material) stiffness is orders of
magnitude larger than what would be considered physiological stiffness.

Cells respond the stiffness of their microenvironment, and in asthma the elasticity of
the airway may be altered due to remodeling. It has previously been shown that substrate
stiffness is a potent regulator of various cellular processes (35, 36, 48). The effect of
substrate stiffness on cellular characteristics has been studied previously using traditional
culture models. With the use of polyacrylamide hydrogels, Pelham and Wang (102)
showed that the elastic modulus of the substrate on which cells were cultured could be
adjusted in 2D models. Independent of any changes in the ECM proteins, the stiffness of
the substrate was altered through a wide range of stiffness. This study demonstrated that
substrate stiffness affects cellular organisation, as cells cultured on soft substrates are
highly disorganised with poor stress fibre alignment, while cells cultured on stiffer
substrates show good alignment. It has also been well characterised in various studies in
2D cultures that an increase in substrate stiffness leads to an acute increase in cellular
traction forces and baseline cell stiffness, cell spreading, and cell migration (6, 35).
Indeed, substrate stiffness has been shown to enhance contractile phenotype and function
chronically (6, 36, 73, 134). Engler et al. (36) showed that mesenchymal stem cells
cultured on gels with varying stiffnesses representing the physiological environment of
brain, muscle, and bone cells, differentiated into neurons, myoblasts, and osteoblasts
respective of the environment. The cells also expressed gene markers of differentiation of

each the three cell types.

14



Previous studies from our laboratory have shown that ASM cells are also affected by
substrate stiffness. It has been shown by our collaborators that ASM cells become more
proliferative when cultured on stiff substrates (89). These cells also express increased
amounts of the contractile protein smooth muscle myosin heavy chain (sm-MHC), while
expression of the regulatory proteins myosin light chain kinase (MLCK) and myosin light
chain phosphatase (MLCP) controlling myosin phosphorylation are decreased (134). This
suggests that a stiff environment would cause ASM cells to become more contractile and

be less proliferative.

1.5.1 Asthmatic Biomechanical Environment

Asthmatic airway remodeling involves structural changes to the airway including
airway thickening, which may alter the overall mechanical environment of the muscle
tissue, but also lead to the changes in ASM cell regulation by ECM components.
Thickening of the airway wall would potentially alter how ASM cells transduce the
change in mechanical load into airway calibre (21, 65). There is substantial evidence of
thickening of components of the airway assessed through high-resolution computed
tomography (CT) in patients with severe asthma compared to healthy or mild asthma (8,
128).There are various causes of thickening of the airway wall and basement membrane
evident with airway remodeling. It has been suggested that increased ECM deposition of
collagenous and non-collagenous components in the sub-epithelial section beneath the
basement membrane is the major cause of the airway wall thickening associated with
asthma (34). The changes in ECM deposition include increased deposition of collagens I,
III, and V, fibronectin, tenascin, hyaluron, laminin, versican, and decreased levels of

collagen 1V, elastin, and decorin (29, 76, 78, 111, 136). Araujo et al., (7) also
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demonstrated that airway remodeling is associated with changes in various ECM
components including elastic fibres, matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs) which are responsible for MMP activity
inhibition.

It is known that the ECM regulates various cellular processes including
proliferation, migration, survival and secretion (100). ASM cells exposed to serum
obtained from asthmatic cells have been shown to secrete more ECM proteins including
collagen and perlecan compared with non-asthmatic controls, which in and of itself can
modulate ASM secretion and proliferation demonstrating that ASM cells themselves are
part of the airway remodeling process resulting in a positive feedback loop (64, 65).
Changes in the airway mechanical environment could cause phenotypic modulation of
ASM cells from a proliferative state to a more contractile state through various ECM
signalling pathways. Furthermore, reducing the load imposed on the ASM by the ECM
stiffness through collagenase degradation of ex vivo ASM strips and lung slices increases
the contractility of ASM, most likely through the ability of the cells to shorten more
easily (20, 69). As the ECM is composed of various structural proteins, an alteration in
the composition of ECM proteins may alter the mechanical environment and the
properties of the ASM cells, and therefore could alter the communication of forces
between ASM cells and the neighbouring tissue.

In summary, it has been shown that changes in the biomechanical environment
such as the ECM protein composition can modulate ASM contractility, contractile protein
expression, and proliferation. More simply, this suggests that a stiff substrate would

cause ASM cells to be less proliferative and become more contractile. Therefore, this
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major change in the structure of the airways through an increase in the ECM components
and connective tissue will lead to a stiffer substrate for ASM cells thereby potentially
altering their response. This could be a mechanism for the ASM dysfunction leading to
AHR in asthma. There are other mechanical factors to take into consideration when
assessing the effect of the mechanical environment on ASM including physiological
strain due to breathing. However, this is beyond the scope of this thesis. As the
mechanical properties of the ASM microenvironment have an immense effect on the
function of these cells, studies based on traditional culture models may not provide
accurate indications of ASM phenotype; therefore, a culture model with appropriate

substrate stiffness is of great importance for the study of cell function (36, 102, 106).

1.6 Smooth Muscle Cell Models

This intrinsic relationship between the internal mechanical environment and ASM
cell function is evident in a number of studies, but it is difficult to study properly due to
the lack of appropriate in vitro models of asthma. Remodeling in the airway wall
potentially alters ASM contractility, but the impact of individual loads imposed by
various components of the airway is unclear due to the low availability of human
asthmatic tissue mentioned above (86). Due to the paucity of viable human asthmatic
tissue, the use of alternative techniques is needed for the analysis of ASM contractility.
Various models and systems are currently in use including animal models, ex vivo airway
segments, thin cut lung slices, ASM strips, in vitro cultures, and tissue engineered
systems. Clearly, targets for drug therapies should be assessed in human asthmatics.

However, this is not feasible due to understandable ethical and logistical limitations.
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Since it is not possible to conduct drug discoveries in human asthmatic subjects, there is a

need for alternative systems to model the processes of this pathology.

1.6.1 Ex Vivo Studies

Ex vivo airway segments are retrieved from animals by incision, filled with
solution, and used to test ASM contractility indirectly by the measure of increase in
hydrostatic pressure in response to stimulation (108). The pathophysiological state of ex
vivo airway segments is greatly dependant on the animal they are obtained from, but the
main advantage of these models is the ability to perform invasive procedures. However,
the application of these models has demonstrated the significance of the epithelium and
ASM interaction, as the changes in the epithelial tissue (damage) can alter ASM
contractility. The main disadvantage of ex vivo segments is that they can only be used in
testing acute responses preventing research on long term chronic changes in ASM
phenotype.

Thin cut lung slices are another ex vivo model suitable for acute measurements.
They are fabricated by sectioning a single lung lobe using a microtome producing slices
as thin as 140um. These lung slices are cross-sections of the airway and therefore, are
anatomically intact with all the different cell types and ECM components, which is one of
the main advantages that allow for the study of ex vivo ASM contraction in the context of
the whole airway (90, 109). Lung slices combine the main features of the mechanical
environment such as the load opposing ASM contraction by the parenchyma.
Preservation of the mechanical environment in lung slices is a major advantage over ex
vivo airway segments and other models as it also allows for manipulation of the

mechanical components. However, the main disadvantages of lung slices are the loss of
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geometry, the loss of a diffusion barrier due to thin slices, and complexity in the system
due to the presence of various cell types and ECM components. Although ex vivo models
are generally structurally relevant to an intact lung, the main issue is the intricacy of the
system which prevents direct measurement of ASM contractility, and the lack of control

over biochemical factors.

1.6.2 In Vitro Studies

In vitro cell and tissue cultures are widely used in respiratory and vascular
research to study the molecular biology of cells. In vitro studies include 2D culture plates
(i.e. Petri dishes and Transwell culture supports) as well as 3D tissue engineered
constructs. These models provide a highly controllable environment both physically and
biochemically but fail to recapitulate the mechanical and structural environment of native
tissue. In vivo, cells exist within a 3D environment consisting of an ECM scaffold made
of collagens and other structural proteins that are intertwined with proteoglycans,
mechanical stimuli, and soluble factors from neighbouring cells, in comparison to cells

on a single surface, as is the case in 2D culture systems (9).

1.6.2.1 3D Cell Culture

2D culture models generally involve the use of plastic Petri dishes for which the
stiffness magnitudes are greater (gigapascal range) than physiological stiffness. While the
substrate stiffness of some 2D models can be tailored using hydrogels, the 2D construct
and the geometry does not provide a load opposing ASM contraction which again creates
a physiologically irrelevant environment compared to the in vivo environment, where

ASM cells constrict against an outward load of the airway wall.
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Review articles and studies (114, 133) have demonstrated the importance of a 3D
environment and the advantages include: 1) the 3D geometrical environment provides
physiological cues and facilitates biological responses essential for mechanotransduction,
which occurs through ECM and integrin interactions; 2) the dynamic nature of the 3D
environment not only affects mechanotransduction but also alters cell-to-cell
communication, concentration of ligands, and extracellular gradients; 3) the 3D ECM
itself has an effect on the cell microenvironment through its own signalling proteins,
ability to bind secreted proteins, and its ability to alter cytokine and growth factor
diffusion. Thus, it can be seen that replicating a 3D environment is thought to be crucial
and research is now striving to validate 2D findings in a more physiological setting to
develop more robust drug targets and “organotypic” models (9).

Recently, there have been a number of efforts to establish 3D tissue engineered in
vitro models. These models have been designed to create a more physiologically relevant
environment compared to 2D in vitro culture models (46). Within 3D tissue models the
cells are dispersed evenly within a protein gel with a tunable stiftness to match in vivo
conditions. These models also retain the necessary control over mechanical and
environmental factors to study cellular and biochemical responses. However, many 3D
models of ASM tissue still possess a number of shortcomings.

Common 3D models include bulk gels and tissue engineered ring constructs made
of smooth muscle cells embedded within a collagen matrix (22, 85, 92). For bulk gel
contraction assays ASM contraction is measured based on the magnitude of gel shrinkage
(82). The downside of this model is that the cells within the matrix show disorganised

morphology, and there is no auxotonic load opposing ASM contraction which is
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unrepresentative of the physiological mechanical environment (82, 98). Muscle
contraction can be studied under isometric (constant length), isotonic (constant force) or
auxotonic conditions where muscle shortening is a function of increasing load (84). In
vivo, ASM cells constrict against an auxotonic load, the magnitude of which is a function
of muscle shortening. ASM cells are attached to other compliant structures and
components (connective tissue), therefore, shortening of the ASM cells will cause
stretching of these other structures which in turn imposes an increasing load on the ASM
cells (84). The physiological relevance of the auxotonic load opposing contraction of
cells is equivalent to the blood pressure against smooth muscle in vasculature or in
context of airways, the load opposing contraction is equivalent to the airway parenchymal
tethering which is the outward recoil exerted by attachments to the airway wall (1, 79).

Choe et al. (26) developed a 3D model of the airway wall consisting of epithelial
cells and fibroblasts to investigate the process of remodeling due to mechanical strain and
inflammatory mediators. This model did not include ASM cells despite the fact that ASM
cells do contribute to the process of airway remodeling and are considered partly
responsible for airway narrowing in asthma (30).

Another recent development involved fabrication of tissue engineered bronchioles
used to monitor cell to cell signalling and ECM interactions (95). These bronchioles
consist of multiple cell types including ASM cells, epithelial cells and fibroblasts
embedded within a collagen matrix and maintained in a bioreactor simulating the effect
of breathing (95). The benefit of these engineered bronchioles is the presence and
interaction of multiple cell types providing a physiological environment. The ASM cells

within this construct expressed the key protein markers of contractile phenotype
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demonstrating the relevance of the system although contractile function was not assessed.
The disadvantages of these engineered bronchioles are the duration (~21 days) and the
complexity of fabrication, rendering them inappropriate for high throughput

experimentation.

1.7 Application of Microfabricated Tissue Gauges (MTuGs)

Based on the limitations of current ex vivo and in vitro culture models, a device
capable of studying the effects of substrate stiffness on micron-scale 3D cell cultures is
desirable. Most of the 3D models outlined in the previous section are in the centimeter
scale, which deters investigations into the rapid dynamics of cellular contractility due to
diffusion limited concentration gradients (83).

Legant et al. (83) developed the pTug model which employs the use of
polydimethyl siloxane (PDMS) to form substrates composed of an array of wells, each
well housing two flexible microcantilevers about 600um apart around which a
microtissue assembles. Cells compact a gel matrix to form a tissue encompassing the
microcantilevers to form a 3D tissue closely resembling human tissue where the cells are
aligned with the axis of tension and possess a baseline contractile tone. The contractile
force within the microtissues deflects the flexible microcantilevers, and the magnitude of
deflection is observed via optical microscopy which is then used to calculate the force
generated by the tissue. The flexible microcantilevers provide a baseline load (prestress)
against tissue contraction which is representative of the in vivo environment and allows
for repeated contractility measurements. The tissue gauge is easily fabricated within a
laboratory setting and the rapid turnover provides a major benefit over other 3D culture

models. The model can also be manipulated easily to alter the mechanical properties and

22



has shown great potential for the assessment of contractile function. Legant et al. (83)
used the model to measure forces from microscale constructs of fibroblasts embedded
within a 3D collagen matrix. The study demonstrated matrix remodeling and force
generation by fibroblasts and showed that both the microcantilever stiffness and the ECM
stiffness influenced fibroblast tissue remodelling through a change in contractility and
matrix protein deposition.

More recently, Boudou et al. (18) fabricated cardiac microtissues with the pTug
model and demonstrated that with increased microcantilever stiffness (increased load
opposing contraction) the cardiomyocytes generated more tension in addition to greater
mechanical stress. It was concluded that the presence of an elastic microcantilever
enhanced the development of the sarcoplasmic reticulum, enhancing cell tension, which
led to compaction of the ECM gel and enhanced cellular organisation (18).

I recently helped develop a pTuG model of human ASM cells and 3T3 fibroblasts
within a collagen type I ECM (135). The study assessed ASM morphology and
contractility compared to ex vivo and in vitro models. The ASM microtissues generated a
baseline tone against microcantilever stiffness and contracted to various drugs. In
comparison to alternative culture models, this study (135) indicated that the ASM
microtissue characteristics were representative of physiological ASM characteristics with
respect to ASM contractility. Therefore, it can be seen that this model can be used to
directly assess ASM function. Additionally, the features of the model allow for direct

manipulation of the biomechanical environment.
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1.8 Tissue Engineered Scaffolds

Collagen matrices are commonly used for tissue engineering applications as
collagen is a natural protein present in vivo. However, for various applications,
reconstituted collagen gels are not sufficiently strong to recapitulate the in vivo
environments. For this reason a number of studies have looked into enhancing the
stiffness and strength of collagen matrices and scaffolds (43, 113, 120, 132, 140).
Common collagen crosslinking methods include ultraviolet radiation (119),
dehydrothermal treatment, glutaraldehyde treatment (132), non-enzymatic glycation (38,
43), enzymatic crosslinking by transglutaminase and lysyl oxidase (45, 116).

Generally, crosslinking agents use bifunctional reagents that contain two reactive
groups which form covalent cross bridges between a pair of amino acid side chains on
adjacent proteins molecules (132). There are a number of amino acid side chain groups
that can be targeted by crosslinking agents including carboxyl, amine, sulthydryl and
carbonyl groups. The amine and carboxyl groups which are located on the N-terminus
and C-terminus respectively of each polypeptide chain and in the side chain of the lysine
residue are primarily targeted for crosslinking as they are spatially convenient.

The two commonly used crosslinking agents for collagen are aldehydes and
carbodiimides. Aldehyde crosslinking methods (i.e. gluteraldehyde and formaldehyde)
provide sufficient crosslinking but they result in the release of unused aldehyde and by-
products which are cytotoxic. Carbodiimides [i.e. N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC)] crosslink proteins through the formation of
amide bonds which are formed between the carboxyl group and the primary amine group

of proteins (120). As they do not get incorporated into the final reaction, they are
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generally not cytotoxic. Carbodiimides are generally enhanced with N-
hydroxysuccinimide (NHS) which results in the formation of ester bonds. These are less
cytotoxic to cells compared to aldehydes, however, the major drawback is the loss of
structural integrity of the crosslink (141).

Other crosslinking agents include transglutaminases which are enzymes that
crosslink lysine residues (45). Crosslinking enzymatically with transglutaminases is
advantageous for enhancing matrix integrity and incorporating other molecules into the
matrix, however, it is expensive for use in altering the mechanical properties of matrices.
Lysyl Oxidase (LOX) is an enzyme present in vivo and is used for crosslinking collagen
proteins (116). LOX is a copper-dependant amine oxidase enzyme which catalyses the
formation of aldehydes from lysine residues which then react with other aldehyde
residues resulting in crosslinks between polypeptide chains.

The main issue with most conventional chemical and physical collagen
crosslinking methods is their potential cytotoxicity. Among the various processes, non-
enzymatic glycation has been shown to be non-toxic in the presence of cells as it involves
d-ribose which is a naturally occurring monosaccharide. Glycation involves the non-
enzymatic crosslinking of amine groups of collagen by reducing sugars such as d-ribose
or glucose (41, 113, 126). Glycation also occurs naturally within the body with age due to
the accumulation of advanced glycation end (AGE) products which lead to increased
stiffness and resistance to degradation of the matrix (96, 126).

A previous study by Girton et al. (43) assessed the mechanical properties of a
tubular collagen construct embedded with aortic smooth muscle cells. The tubular

construct was submerged in media supplemented with ribose or glucose (15mM and 30

25



mM respectively) and the mechanical properties were measured using a biomechanical
testing system. This study (43) demonstrated with 30mM d-ribose there was no effect on
cell viability. They showed that stiffening of the matrix occurred faster and to a greater
extent with 30mM d-ribose supplemented media resulting in a threefold increase in the
Young’s modulus over a period of 5 days compared to the control group. More recently,
Reinhart-King et al. (91) showed considerable stiffening of collagen matrices with

varying concentrations of ribose and glucose with no cytotoxic effects.

1.9 General Hypothesis

Previously in our laboratory, it has been shown using tailored 2D hydrogels that
substrate stiffness regulates contractile phenotype and function (134). The change in the
biomechanical environment of ASM cells due to asthmatic airway remodelling may
contribute to AHR. However, the molecular mechanisms responsible for this change in
ASM cell contractility are complex and involve a great deal of signalling pathways and
feedback regulation. Therefore, it is challenging to study the effects of remodelling from
a mechanistic perspective. For this reason, aiming to assess changes in the functional and
phenotypic cellular response is more relevant to asthma. To elucidate the dynamics of
this enhanced contractility, there is a need to study this effect on ASM cells within a
physiological setting. This is because in a 2D configuration, cells can probe the substrate
stiffness, but this monolayer of cells results in an apical-basal polarity which is
unrepresentative of the in vivo environment rendering this model limited as certain
physiological cues are missing. In a 3D configuration respective of the in vivo

environment, we can decipher multiple interactions between the cell and surrounding

26



environment and assess whether it is the ECM density, the crosslinking or the loading on
ASM cells that affects their contractile function and phenotype.

The governing hypothesis of my thesis is that the biomechanical characteristic of
asthma is a key regulator of airway smooth muscle function and phenotype. Therefore, I
hypothesise that matrix and substrate stiffness can chronically contribute to increased
ASM cell contractility through a positive phenotypic change. The basic approach I
adopted to test this hypothesis was to manipulate the biomechanical environment of 3D
ASM microtissues to simulate the increased stiffness of the ASM microenvironment
associated with asthmatic airway remodeling. This hypothesis is addressed by the

following set of specific thesis aims.

1.10 Thesis Aims

The focus of my research was to manipulate the biomechanical environment in
which the 3D ASM microtissues were fabricated using a 3D uTug model (83) to simulate

asthmatic conditions. The four specific aims of my thesis are as follows:

Aim 1

Optimise the 3D microtissue fabrication protocol to increase survivability of ASM
microtissues. The objective was to increase the longevity of viable microtissues within a
single substrate of 113 microtissues to a minimum of 80% survival at three days post

tissue fabrication.

Aim 2
Manipulate the mechanical environment by altering the stiffness of the

microcantilevers of pTuG substrates to form both compliant and stiff cantilevers to
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reflect the change in airway stiffness due to remodeling. This will alter the ability

of the ASM microtissue to shorten during culture.

Aim 3
Manipulate the ECM of 3D ASM microtissues to form ECM gels with varying
stiffnesses to detect phenotypic changes in ASM cells evident in asthmatics due to airway

remodeling using two approaches; matrix crosslinking and matrix density.

Aim 4
Fabricate ASM microtissues using conditioned AEC media to monitor the effect on

ASM structure and function.
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Chapter 2: Common Methodology

2.1 Cell Culture

The cell culture for all experiments was conducted using human airway smooth
muscle cells from a single donor (donor 12) immortalised by stable transfection with
human telomerase reverse transcriptase [previously characterised in (44)] obtained as a
generous gift from Dr. William Gerthoffer (University of South Alabama), and WI-38
human lung fibroblasts purchased commercially (American Type Culture Collection®,
CCL-75™, Vancouver, BC). Cells were seeded into T-75 flasks (Costar, Cambridge,
MA) and maintained in feeder media consisting of DMEM/F12 (Invitrogen #11330,
Burlington, ON) with 10% FBS (Invitrogen #12483, Burlington, ON) and 1% penicillin-
streptomycin (Invitrogen #15140, Burlington, ON). Normal Human Bronchial Epithelial
(NHBE) cells purchased commercially (Lonza© # CC2540, Walkersville, MD) were
cultured according to the Lonza© NHBE cell protocol and PneumaCult™-ALI protocol.
All cell cultures were kept in a 37°C humidified incubator with 5% CO2 until 90%

confluent.

2.2 Microtissue Fabrication

Microtissues were manufactured in microfabricated tissue gauges (uTugs) with
microcantilevers of varying compliance. The pTugs were initially sterilised with 100%
ethanol and ultraviolet (UV) irradiation for 20 minutes. The ethanol was aspirated and
substrates were allowed to air dry under UV irradiation. The substrates were treated with
0.2% Pluronic F-127 (Invitrogen #P6866, Burlington, ON) to prevent unwarranted

adherence of cells to the sides of the wells. The F-127 solution was added to the substrate
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slowly to prevent penetration into individual wells for one and a half minutes to reduce
cell adhesion across the tops of multiple wells. The F-127 solution was then pipetted into
each well and the treatment was left to stand in the wells for 4 minutes. The solution was
aspirated and the substrates rinsed with PBS, and air dried.

A collagen and media mixture was prepared from concentrated solutions to obtain a
final concentration of 1x DMEM/F12 (Invitrogen #12400, Burlington, ON), 14.3 mM
NaHCOs3, 15 mM d-ribose (Sigma-Aldrich #R9629, Oakville, ON), 1% FBS (Invitrogen
#12483, Burlington, ON), 2.5 mg/mL collagen I (BD Biosciences #354326, Mississauga,
ON) plus 1M NaOH to achieve a final pH of 7.0-7.4. To prevent premature
polymerisation of the collagen mixture, all solutions and substrates were kept on ice up
until the point of incubation. This collagen-media mixture was used for all control
experiments. The cold collagen-media mixture was pipetted into the wells and the
substrate was degassed for 10 min to remove any remaining air bubbles from individual
wells. ASM and WI-38 cells trypsinised and pelleted (750,000 cells; 80% ASM plus 20%
WI-38 fibroblasts) were re-suspended in the collagen-media mixture and added to the
substrates before centrifuging for 90 seconds at 300x relative centrifugal force (RCF) in
an [EC Centra MP4R with swinging bucket rotor 224. Excess collagen and cells were
aspirated and removed with a cell scraper before incubating at 37°C for 15 minutes to
allow for collagen polymerisation. An additional 750,000 cells (80% ASM plus 20% WI-
38 fibroblasts) suspended in feeder media were added to the substrate and then
centrifuged for 45 seconds at 300x RCF before incubating at 37°C for 10 minutes to
allow for cell attachment. Excess cells were gently washed from the surface of the

substrate using PBS, leaving a layer of cells on top of the polymerised collagen.
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Microtissues were manufactured in 10% serum feeder media for approximately 6 hours to
allow for initial cell/collagen compaction and then switched to 1% serum feeder media
(please see 4.3.1). The media was changed after 24 hours and subsequently every 48

hours, and all microtissues were used for experimentation at day 3-4 (Figure 2-1).

Microcantilever

Figure 2-1. Representative brightfield images of ASM/WI-38 microtissues in individual wells. A)
top-down view of a single microtissue well, B) top—down view of a single ASM/WI-38
microtissue, C) Side view image of AS/WI-38 microtissue. Arrow indicates bi-directional
movement of flexible PDMS microcantilevers.

31



Figure 2-2. A representative composite epifluorescent image of phalloidin f-actin stain (green)
and DAPI nuclei stain (blue).

2.3 Histology

Imaging of live and fixed microtissues was performed on a Leica microscope using
a 20x lens. Microtissue fixation involved rinsing the tissues with cytoskeleton buffer
(CB), fixing them with 4% paraformaldehyde in CB for 20 min then permeabilising them
to breakdown the cell membrane and allow the stains to penetrate the cell with 0.3%
triton X-100 and 4% paraformaldehyde in CB for 10 min. Microtissues were washed with
CB and stored in storage buffer (CB-TBS) at 4°C prior to staining. Microtissue cell
nuclei were stained with 0.4 pg/mL of DAPI (Invitrogen D1306, Burlington, ON) in PBS
for 30 minutes, while actin filaments were stained with 1U phalloidin-AF488 (Invitrogen
A12379, Burlington, ON) for 30 minutes. Images of microtissues stained with DAPI and

phalloidin were superimposed using ImageJ software.
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2.4 Contractile Function

2.4.1 3D Drug Testing

ASM/WI-38 microtissues were serum deprived for two and a half hours prior to
tension measurement experiments by exchanging the feeder media with IT media
consisting of DMEM/F12 (Invitrogen #11330, Burlington, ON) with 5.8 ng/mL insulin
(Sigma-Aldrich # 11882, Oakville, ON) and 1.0 pg/mL transferrin (Sigma-Aldrich #
T4382, Oakville, ON). A range of contractile and relaxant agonists were used to assess
contractile function of microtissues 3 or 4 days post fabrication depending on tissue
health. Eight stable microtissues from each substrate were selected based on their
qualitative appearance and initial images were captured for baseline tension. The drugs
used included 80 mM KCI (Sigma-Aldrich, Oakville, ON), 100 uM acetylcholine
(Sigma-Aldrich # A6625, Oakville, ON), 100 uM forskolin (Sigma-Aldrich # F6886,
Oakville, ON), and 10uM cytochalasin D (Sigma-Aldrich # C8273, Oakville, ON).

The maximal drug doses of each of the pharmacological agents were based on
previous work from our laboratory looking at ASM contractile function and related
studies (135). The drugs were prepared in IT media and added to the microtissues at 10
minute intervals in an order of contracting and relaxing as follows; ACh, KCl, FSK, cyto
D. Before administration of subsequent drugs, the previous drug/media solution was
rinsed out of the uTug substrate with warm IT media. Images of all eight microtissues
were captured 10 minutes post administration of each drug. Once the images were
captured after the final drug treatment, the microtissues were disrupted by sonication and
pipetting, and the eight wells were imaged again to determine the unloaded cantilever

distances for measurement of tissue tension. Substrates were recycled by treatment with
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collagenase (Sigma-Aldrich # C0130, Oakville, ON) in IT media plus SmM CaCl,, and
with TrypLE™ Express (Gibco®) to remove ECM proteins. Substrates were rinsed with
PBS, distilled water and ethanol and air dried for storage.

Image processing for calculation of microtissue tension was conducted using
Image] 1.44. Force generation was calculated based on the deflection of the
microcantilevers which was optically measured. The (X,Y) centroid of the tops of both
microcantilevers in each image (unloaded, baseline, and drug-treated) was determined by
manually tracing around the top of the microcantilevers. Figure 2-3 is a representative
brightfield image of an ASM/WI-38 microtissue to demonstrate the region of interest
which is represented by the blue lines. The centroid of both of the microcantilevers in
each image was measured using ImageJ and the pixel and consequently micron distance
between the regions was calculated based on a conversion factor. Microcantilever
deflection for the baseline and drug-treated images was calculated by subtracting the
distances from the unloaded cantilever distance. Microtissue tension was calculated based
on the spring constant k of the microcantilevers in that particular substrate. The
deflections were considered linear up to 30 um per cantilever with a maximum practical

measurement limit of 45um per cantilever (18).
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Figure 2-3. A brightfield image of a single microtissue with the region of interest highlighted.
The tops of the microcantilevers outlined in blue were manually traced in ImageJ as the region of
interest. The (X,Y) centroid of this region in each image (unloaded, baseline, and drug-treated)
was traced and measured in ImagelJ.

2.4.2 2D Drug Testing

Cell stiffness of ASM cells plated in 2D collagen coated Petri dishes was
performed by optical magnetic twisting cytometry (OMTC). Plastic Petri dishes were
coated with 0.1mg/mL liquid type I collagen in PBS for about 1 hour at room temperature
and then rinsed with PBS. ASM cells were seeded into Petri dishes at a density of 20000
cells per cm” and incubated in 10% serum feeder media for 3 days. Cells were serum
deprived for 24 hours prior to experimentation by replacing the feeder media with IT
media.

OMTC employs the use of about 4.5um ferromagnetic beads which are coated with

an RGD peptide (RGD-199) which binds to integrin molecules on the ASM cells. ASM
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cells were washed with IT media and 30uL of the bead solution was added to the centre
of the dish, and incubated at 37°C for 20 minutes. Excess beads were removed by
washing with IT media, and the dishes were incubated for another 20 minutes. The Petri
dishes were placed on the microscope, magnetised twice, and twisted in an oscillating
magnetic field with a coil current that applied 91.8 Pa specific torque to the beads to
collect baseline stiffness of the cells (37). To assess cellular contractility, an isotonic KCl
solution (80mM) made up in IT media, was added to each dish, gently mixed, and then
incubated for 3 minutes. An isotonic mixture was used to prevent cells from swelling due
to salt-imbalance. The cells were magnetised once again and the post-drug stiffness data
were collected. Cytoskeletal stiffness (G’, Pa/nm) was calculated based on the bead
displacement and applied torque using a custom Matlab code, and the median value was

used to determine the percent contractility from baseline.

2.5 Reverse Transcription and Quantitative Polymerase

Chain Reactions

The biochemical analysis of the microtissues involved gene expression studies
which included RNA quantification, reverse transcription, and real time quantitative
polymerase chain reaction (qPCR) of microtissues cultured under various conditions.
Gene expression analysis was conducted for key smooth muscle specific contractile and
regulatory proteins, transcription factors and reference gene controls. Target genes
included myosin heavy chain (MHC), myosin light chain kinase (MY LK), myosin light
chain phosphatase (MYPT1), alpha-actin (ACTA1), transgelin (SM22a), vimentin,

serum-response factor (SRF), and myocardin (MYOCD). The relative gene expression of
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three endogenous reference genes was also measured which included GAPDH, UBC, and
YWHAZ. These were used as the housekeeping control genes which are expressed in all
cells at a steady state level. The most stable reference gene was selected using Bestkeeper
and NormFinder (105).

All gene expression experiments were conducted using Qiagen Sample and Assay
Technology kits. The Qiagen RNeasy Mini Kit was used for purification and isolation of
RNA from microtissues. Microtissues were cultured under various conditions and RNA
was isolated and purified from each substrate 2-3 days post fabrication depending on the
health of the microtissues. Excess cells and artifacts on the top of the PDMS were gently
removed using a cell scraper and the substrates were rinsed with PBS. Unhealthy
microtissues were manually removed by pipetting into individuals wells. RNA isolation
involved preparation of the lysate and the use of ethanol to promote selective binding of
total RNA to the RNeasy membrane. The RNA was separated from the other components
by binding to the RNeasy membrane of specially designed RNeasy Mini spin columns
and centrifuging the column multiple times. As total RNA binds to the membrane,
contaminants were washed off using RNase-free water. Quantification and purity of total
RNA was performed with spectrophotometry. RNA purity was assessed based on the
absorbance of ultraviolet light at a wavelength of 260nm and 280nm. Generally, the ratio
of these two absorbance values is used to assess purity and lies between 1.6-1.8 for
samples diluted in RNase free water.

Prior to qPCR, cDNA synthesis was conducted using the Qiagen QuantiTect
Reverse Transcription Kit. RNA samples were reverse transcribed using approximately

0.6ug of total RNA per microtissue substrate. Initially samples were incubated at 42°C
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for 2 minutes in gDNA Wipeout Buffer to remove genomic DNA contaminants. The
RNA samples were prepared for reverse transcription by mixing with Quantiscript
Reverse Transcriptase, Quantiscript RT Buffer, and RT Primer Mix. The mRNA was
reverse transcribed to double stranded cDNA using an oligo dT primer which is random,
short, single stranded nucleic acid fragments called oligomers. These primers hybridise to
the poly-A tail and initiate reverse transcription from the beginning of the mRNA (3’-

end) (74). The sample was incubated at 42°C for 30 minutes and at 95°C for 3 minutes.

Table 2-1. Measurement of RNA purity and quantity. A range of RNA dilutions were quantified
through spectrophotometry in RNase free water. A dilution of 1/10 was used for further analysis
due to the appropriate concentration and purity of RNA.

RNA Dilution (puL) Ratio of Absorbance Concentration of RNA
(A260:280) (ng/pnl)
1/70 1.615 0.059
4/70 1.795 0.221
8/70 1.847 0.440
16/70 1.884 0.907

To allow for accurate primer annealing and high sensitivity of the reaction, primers
were designed using commercial software tools including Primer-BLAST® (GenBank®,
National Center for Biotechnology Information). Good primer design is most importantly
dependant on primer length, melting temperature, annealing temperature, guanine-
cytosine nitrogenous base content, and secondary structures. Proper primer design
prevents the formation of self-complementary regions which can fold into hair pins and
other structures, and also prevents the formation of primer-dimers through
complementarity between primers. Primers were chosen to span exon/exon junctions,
with a guanine-cytosine (GC) content of about 50-60%, melting temperature of 50-60°C,

and no secondary structures. A qPCR standard curve was used to assess the efficiency of

38



primers as well as their dynamic range (80). A standard curve was generated for each

primer set by forming serial dilutions. A five-fold dilution across 5 orders of magnitude

was performed and amplified through qPCR.

Table 2-2. Primer sets tested in qpCR gene expression analysis . Each primer was selected using
Primer-BLAST to span exon-exon junctions to prevent amplification of genomic DNA. Primer
specificity was assessed by melting curve analysis.

Gene common Gene Forward/ Reverse primer sequence Accession no.
name/code code (Amplicon
location)
Smooth muscle MYHI11 5’-CTGGAAGGCATTCGCATCTG-3’ NM_002474.2
myosin heavy 5’-CCAGGATCTCGTAGCGTTGG-3’
chain
Myosin light chain | MYLK 5’-CTGCTGCCTGACCACGAATA-3’ NM_053025.3
kinase 5’-CATCCTTCGGCTCTTCAGGT-3’
Myosin light chain | MYPTI 5’-AGTTAATCGGCAAGGGGTTGA-3’ NM_002480.2
phosphatase 5’-CCTCCAGATTTTGCATGCCG-3’
a-actin ACTA1 5’-TAAGACGGGAATCCTGTGAAGC-3’ NM 001141945
5’-TACAGAGCCCAGAGCCATTG-3’
SM22a TAGLN ATCATAGTGCAGTGTGGCCC NM 003186
CAGCTTGCTCAGAATCACGC
Vimentin VIM 5’-CGAGGAGAGCAGGATTTCTC-3’ NM_003380
5’-AGTGGGTATCAACCAGAGGG-3’
Serum response SRF 5’-AGCTCCACCAGATGGCTGTGATAG-3’ NM_003131.2
factor 5’-ACTCTTGGTGCTGTGGGCGGT-3’
Myocardin MYOCD 5’-ACTCGAAGTGAAGACCCCCA-3’ NM _001146312.1
5’-AGCAAGATCCTGGTTTGTCCC-3’
Glyceraldehdye 3- | GAPDH 5’-CTGCTGATGCCCCCATGTTCGT-3’ NM 002046.4
phosphate 5’-TGGTGCAGGAGGCATTGCTGATG-3’
dehydrogenase
Phospholipase A2 | YWHAZ | 5-CGCTGGTGATGACAAGAAAGGGAT-3’ NM_003406.3
5’-GGGCCAGACCCAGTCTGATAGGA-3’
Ubiquitin C UBC 5’-ATAAGGACGCGCCGGGTGTG-3’ NM_021009.5

5’-GCATTGTCAAGTGACGATCACAGCG-3’

Amplification was then conducted according to the protocol outlined by the Qiagen

QuantiTect SYBR Green PCR Kit. Samples of 25ng of total RNA of the cDNA were
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prepared for qPCR by mixing with 1x Quantitect SYBR Green PCR master mix, forward
and reverse primers, and RNase free-water. Samples were amplified in duplicate using
the stratagene Mx3000P thermal cycler with 0.3uM of each of the primers of interest for
each of the target genes. Thermal cycling conditions involved an initial 15 minute
incubation at 95°C for Taq activation, followed by 45 cycles of denaturing at 95°C for 15
s, annealing of primers at 56°C for 30 s, and extension of the primers at 72°C for 49 s.
Data was acquired at the end of the extension cycle and the melting curves were
generated by incubation of samples at 95°C to denature followed by incubation at 65°C.
The melting curve outlines the melting point of products which is dependent on the
length and base composition; therefore, all PCR products for a particular primer should in
essence have the same melting temperature.

The crossing thresholds were determined using the Stratagene MxPro v3.2 software
and the LinRegPCR Software. There are two strategies that can be used to quantify
mRNA with real time RT-qPCR. The expression of target genes can be measured by
absolute or relative quantitative RT-qPCR. For the purposes of this thesis, relative gene
expression was applied and was calculated based on the efficiency-corrected AACt
method. Amplification efficiency strongly affects PCR kinetics and is dependent on PCR
reaction components therefore, efficiency correction was necessary since the relationship
between the target gene and a housekeeping gene was assessed independently. The final
relative expression data was normalised such that the sample with the highest expression
was assigned a mean expression of 1. All samples from each condition were run at the
same time for each primer set. The crossing point cycle for each gene was around 19-25

cycles, while the crossing point for the endogeneous reference gene GAPDH was 19
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cycles (Appendix C: gPCR Reference Gene Selection). Biological replicates were
amplified in duplicate and a negative control (no cDNA) was run concurrently to ensure
there was no RNA or DNA contamination.

For statistical analysis of gene expression data, One-way ANOVA with Tukey
post-hoc comparisons was used to detect significant differences in gene expression
between the two treatment groups (soft compared to stiff environment). All statistical
tests were performed with the GraphPad 4.0 software package. The data is reported as

mean+=SEM with p<0.05 considered statistically significant.
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Chapter 3: PDMS Microcantilever Characterisation

3.1 Rationale

The purpose of Aim 2 of this thesis was to assess the effects of increased loading
on ASM contractile function and phenotype as assessed in Chapter 4:. ASM loading was
manipulated by controlling the stiffness of the PDMS microcantilever stiffness. For this
reason, there was a need to characterise the mechanical properties of the PDMS

microcantilevers manufactured in the pTug substrates prior to fabricating microtissues.

3.2 Methods

3.2.1 yTug Fabrication

The pTug substrates were manufactured using a prepolymer of Sylgard 184
polydimethlyl siloxane (PDMS, Dow-Corning, Stoney Creek, Ontario). The PDMS
stamps were obtained from our collaborator Dr. Christopher Chen and were made using a
silicon photo resist and photolithography techniques as described previously (83). The
stamps were fabricated as an inverse of the pTug substrate. The stamps were prepared
for silanisation by removing dust and debris using isopropyl alcohol (IPA). Stamps were
degassed in IPA for 5 min, dried using N, gas and placed onto a glass slide pattern side
up. The PDMS stamps were plasma cleaned to establish a hydrophilic surface using the
SPI Plasma-Prep™ II Plasma Etcher at one quarter power for 30-45 seconds. The stamps
were placed into a desiccator in a fume hood and silanised to prevent sticking during
PDMS casting using Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich #

448931, Oakville, ON). A few drops of silane were added to a glass slide and placed into
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the desiccator alongside the stamps. The desiccator was placed under vacuum for 24
hours.

On the second day, Petri dishes with PDMS were prepared by mixing a 1:18,
1:10, and 1:4 ratio of initiator (curing agent): monomer in a plastic beaker and then
degassed to remove all air bubbles. Approximately 1.0g of the degassed PDMS mixture
was added to Petri dishes to completely cover the bottom with <Imm of liquid PDMS.
The Petri dishes were placed on a hotplate set at 60°C for 20 minutes to initiate
polymerisation of the thin layer of PDMS and to prevent the stamp from sinking to the
bottom of the dish when inverted. Meanwhile, the silanised stamps were prepared by
pipetting a small amount of the degassed liquid PDMS onto the stamps to cover the entire
pattern. The stamps were then degassed under high vacuum to remove any air bubbles
and to allow the liquid PDMS to penetrate into the stamp pattern. The Petri dishes were
periodically checked during the 20 minutes of curing to prevent over-hardening of the
PDMS. With the pattern face down, the stamps were then inverted onto the Petri dishes
gently to avoid trapping bubbles. The stamps were centered in each dish and the dish
which was filled with liquid PDMS until it was level with the stamp. Substrates were
cured in an oven at 60°C for 5 minutes, re-centered in the dish, and then left to cure for
24 hours or longer based on the stiffness of the substrate being manufactured (see section
3.2.2).

A scalpel was used to remove the stamp from the dish on the third day of
manufacturing. Cuts were made along the edge at the interface between the stamp and the
substrate for each dish. An ethanol-triton solution (0.75%) was pipetted around the sides

of the stamp into the crevice along the interface to reduce surface tension. Before peeling
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the stamps, the dishes were positioned so that the microcantilevers were oriented
vertically to prevent tearing. Using a pair of tweezers, the stamps were slowly
peeled out of the dishes. Stamps and dishes were rinsed in IPA and dried with N,

gas for storage and re-use.

3.2.2 PDMS Modulus

The microcantilever stiffness was altered by fabricating 3D uTuGs with different
ratios of PDMS monomer to curing agent. pTuGs with four different microcantilever
stiffnesses were manufactured to provide a range of discrete modulus values. The
Young’s modulus of the PDMS was measured with a uniaxial tensile testing system
equipped with a 10 N load cell. PDMS strips were fabricated and 4 strips each from 5
independent preparations were measured using imaging techniques, preloaded to 0.5 N
and then stretched at a strain rate of 1%/second. The Young’s modulus was calculated via
a linear fit of the stress vs. strain curves over the region of 10-20% strain. These
measurements of the Young’s modulus were then used to numerically estimate

microcantilever spring constants.

3.2.3 Microcantilever Stiffness

To confirm the numerical estimations, the spring constants of microcantilevers
were experimentally measured in situ from 2 deflections of 4 microcantilevers of each of
the 4 samples using a glass micropipette tip and a force transducer (406A, Aurora
Scientific, Aurora, ON). The deflection of the microcantilevers was captured by a
firewire camera (MC-F433C, 1* Vision, Andover, MA) with a resolution of 640x480.

The camera was firmly fixed above the uTuG to one of the two arms of the
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micromanipulator (MLW-3 three axis water hydraulic, Narishige, Tokyo, Japan). A 40x
microscope objective was used in front of the camera to magnify the image. Measuring
the pixel distance between lines on an image of a haemocytometer taken with this setup
gave a sensitivity of 1.04pm/pixel. All the measurements were done on a vibration
isolation table to prevent any deflection artifacts. The camera feed was acquired on a NI
LabVIEW program along with the voltage readings from the force transducer. The
deflection of the microcantilevers and the associated force readings were used to

calculate the spring constant.

3.2.3.1 Beam Deflection

The spring constants of the microcantilevers were manually measured to confirm
the theoretical estimates. The height at which the load is applied (height of micropipette)
to the microcantilever (point of deflection) greatly influences the spring constant
measurement based on linear beam bending assumptions. This is because the spring
constant k of the cantilever is based on material properties, the distance below the tip of
cantilever where the load is applied (a), and the length of the beam (L). Based on the
equation below for linear beam bending, it can be seen that slight differences in the
height at which the load is applied can have a significant impact on the measured spring
constant k where the height at which the load is applied is the theoretical centre of a
microtissue encompassing the microcantilevers. To determine the effect of bending the
microcantilevers at different distances below the tip of the microcantilever, force vs.

displacement curves were generated for two different pTug substrates.
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3.2.3.2 Timoshenko Beam Bending

According to Timoshenko beam bending theory (129), the differential equations
regarding the deflection of cantilever beams can be used to determine the stiffness of the
PDMS microcantilevers. The following differential equations were solved based on
boundary conditions for cantilever beams with a fixed end and intermediate loading
where M is the bending moment of the beam, V is the transverse shear force, ¢ is the
rotation about the y-axis, o is the transverse deflection of the centroidal axis of the beam,
K is the shear correction coefficient, G is the shear modulus, A is the cross-sectional area,

E is the Young’s modulus, and I is the second moment of area.

M= g2 )
B dx
V= GAK( dw) 3
d3¢
q =EI T? (4)

3.3 Results

3.3.1 PDMS Modulus

Multiple PDMS strips were fabricated and the Young’s modulus was measured

with a uniaxial tensile testing system (Tissue Mechanics Laboratory, Dalhousie
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University). Four discrete moduli values covering a wide range were obtained as can be
seen in Table 3-1. The data is represented as mean+=SEM (standard error of mean) where
the standard deviation was based on the optical measurement of the dimension of the

PDMS strips.

Table 3-1. List of the four PDMS samples and the four different ratios of monomer to curing
agent used to fabricate substrates. Young’s modulus measured using uniaxial tensile testing
system to provide four discrete moduli values. Mean moduli values represented as mean+SEM.

PDMS ratio of Young’s Modulus
crosslinker : monomer (MPa)
1:18@ 60°C, 24 hrs 0.55+0.02
1:10@ 60°C, 24 hrs 1.47+0.05
1:10 @ 60°C, 24 hrs and 110°C, 48 hrs 2.27+0.08
1:4 @ 60°C, 24 hrs and 110°C, 48 hrs 3.51+0.18

Stress vs. strain curves generated from the data demonstrated a linear relationship
between force and displacement, and minimal hysteresis between the loading and
unloading of each of the samples, as can be seen in the stress vs. strain curve shown in
Figure 3-1 for a PDMS sample with a Young’s modulus of 3.51MPa (PDMS ratio of
1:4).

The equation for intermediate loading of a cantilever beam was used to estimate the
spring constant values of the microcantilevers based on the measured Young’s moduli
according to linear beam bending assumptions with and without shear deformation (Table

3-2).
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Figure 3-1. Representative stress versus strain curve for a single PDMS strip with a curing agent
to monomer ratio of 1:4. Line of best fit to loading and unloading curves as indicated where the
slope of the curve=3.5093 provides the Young’s Modulus E. Green points represent linear region
between 10-20% strain where E was calculated.

3.3.2 Microcantilever Stiffness

To confirm the theoretical spring constant estimations, the spring constants of the
microcantilevers as manufactured in the pTugs was also manually measured for each of
the four pTug substrates using a force transducer and glass micropipette. All force
displacement plots were linear for deformations spanning the range of those exerted by
microtissues (max 50um). However, the experimental measurements of the
microcantilever spring constants for 3 of the PDMS samples were lower than the
theoretical estimates (Table 3-2). Since the theoretical values did not match the measured
spring constant values, two theories were postulated to explain the possible cause of the

underestimation of the manually measured spring constant values.
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Table 3-2. Characterisation of microcantilever mechanics. Spring constants measured using
micropipette and force transducer system, and estimated spring constants calculated based on
equations for Euler-Bernoulli linear beam bending. Data presented as mean+SD. Standard
deviation in estimated spring constant values is due to measurements of microcantilever
dimension.

pTug Measured Spring Euler-Bernoulli:
Sample # Constant (uN/pm) Estimated Spring
Constant (uN/pm)
1 0.22+0.14 0.21+0.01
2 0.32+0.12 0.57+0.04
3 0.68+0.29 0.88+0.05
4 1.01+0.26 1.36+0.08

3.3.2.1 Beam Deflection

Spring constant measurements from sequential deflections of individual
cantilevers demonstrated high variability as can be seen with the large standard
deviations for the measured values in Table 3-2. This large variation may have been due
to the position of the micropipette during manual bending of the microcantilever since it
is challenging to determine the accurate distance below the tip of the microcantilever
where the load should be applied to deflect it.

To quantify the effect of deflecting the microcantilevers at different distances
below the tip, the spring constants for 2 nTug substrates were measured at varying
heights below the tip. Side view images of individual microtissue wells with and without
microtissues were captured to measure the height of the centre of the microtissue as well
as the cantilever dimensions optically using a 20x objective (Figure 3-2). The distance
below the tip of the cantilever is shown in Figure 3-2 as the difference between the red and

green lines. The pixel distance between lines on an image of a haemocytometer was used
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to calculate a calibration factor for conversion from pixels to microns as described in
3.2.3.

The data showed that as the indenter was positioned closer to the base of the
microcantilever, the spring constant measured increased correspondingly (Figure 3-3).
However, at a height of approximately 30um below the top of the microcantilever the
measured spring constant was within 5% of the estimated theoretical spring constant

value.

Figure 3-2. Side view image of a single microtissue well with a pair of microcantilevers used to
measure the dimensions. (L) Length of the microcantilever, (a) the distance from the fixed end of
the cantilever to the point where the load is applied (centre of microtissue). The distance below
the tip of the microcantilever is the difference between the red and green lines.
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Figure 3-3. Microcantilever stiffness (spring constant) when deflected at different distances below
the tip. Micropipette (force transducer head) was placed at different distances below the tip of the
microcantilever in increments of 15um to obtain a force vs. displacement curve to calculate the
spring constant of compliant microcantilevers with a) PDMS ratio of 1:10 baked at 60°C for 24
hours and b) stiff microcantilevers with a PDMS ratio of 1:10 baked at 60°C for 24 hours and
then 110°C for 48 hours. Graph demonstrates the variation in the spring constant k with
increasing the distance below the tip of the microcantilever at which point the load is applied to
bend the cantilever. Dark blue dot demonstrates matching between estimated/theoretical and
measured spring constant k.

3.3.2.2 Timoshenko Beam Bending

As stated in the previous section, the measured spring constant values for each of
the four PDMS nTug microcantilevers were much lower than the estimated values based
on Euler-Bernoulli linear beam bending assumptions (Table 3-2). Looking at equation (1)
this underestimation could be explained by variation in the distance below the tip of
microcantilevers where the micropipette tip is placed during the deflection experiments
as discussed above. However, another possible explanation for the disparity between the
measured and the Euler-Bernoulli theoretical spring constant values may be the effect of
shear deformation on microcantilever bending.

Euler-Bernoulli beam bending theory is based on linear beam bending without

any effect of shear. It assumes that the planar cross-section of the beam perpendicular to
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the axis of the beam remains perpendicular to the axis after deformation negating all
transverse shear strain. On the other hand, Timoshenko beam bending theory (129) is
linear beam bending (extension of Euler-Bernoulli) which takes into account shear
deformation. Timoshenko beam bending may be applicable in this circumstance as it is
generally used to describe linear beam bending of short and thick beams where the effect
of shear strain cannot be negated as the plane section remains plane but not perpendicular
to the axis of the beam post deformation. The differential equations for Timoshenko
beam bending for a cantilever beam with intermediate loading (loading below the tip of
the cantilever) were solved and the spring constants were calculated for each of the four
PDMS samples (Table 3-3). The resulting spring constants were lower than the spring
constants estimated based on the PDMS Young’s moduli under linear Euler-Bernoulli

bending assumptions as seen in Table 3-2.

Table 3-3. Theoretical spring constants based on Timoshenko beam bending accounting for shear
deformation for each of the four PDMS samples . Data is shown as mean+SD, where the standard
deviation is due to the measurement of the dimensions of the cantilevers.

pTug Timoshenko: Estimated

Sample # Spring Constant
(uN/pm)
1 0.18+0.01
2 0.48+0.03
3 0.75+0.05
4 1.16+0.07

3.4 Discussion

The main finding of this chapter was that the mechanical properties of the
microcantilevers in this PDMS pTug model can be manipulated to possess a wide range

of stiffnesses by controlling the ratio of monomer to curing agent and the heat treatment.
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Additionally, the bending and deflection of these microcantilevers was characterised
more appropriately under Timoshenko bending assumptions.

One of the key features of this model is the ability to manipulate the mechanical
properties. The ability to alter the mechanical properties of the PDMS pTug substrates
permits assessment of the effect of increased loading on ASM contraction. For this,
PDMS strips were manufactured and the Young’s modulus was measured which was
used to estimate the range of spring constants for four different samples. The
microcantilever spring constants were also manually measured to confirm these
estimates. However, the results showed that the measured spring constants were all about
15% less than the estimated values. Previously, the characteristics of this model were
established by Chen et al. (83), however, their findings demonstrated correlation between
measured and theoretical spring constant values. Two possible theories that could explain
the underestimation of the measured spring constant values in this thesis include: 1) the
distance below the tip of the microcantilever where the load was applied by the
micropipette during the bending experiments; 2) the effect of shear deformation during
cantilever bending.

As outlined, one of the possible reasons of underestimation of the measured spring
constants may have been because of inaccurate estimation of the placement of the
micropipette during deflection. To test this hypothesis, the microcantilevers were
deflected by placing the micropipette at various distances below the tip and the results
showed that as the distance below the tip (where the cantilever was deflected) increased,
the effective spring constant increased. Therefore, during manual measurement of the

spring constant values, the height of the micropipette may have been overestimated and
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positioned higher than expected. The experimental measurements of the microcantilever
spring constant were conducted using an inverted microscope and camera set up as
described in section 3.2.3. This set up prevented accurate estimation of the placement of
the micropipette tip and consequently the point at which the load was applied to deflect
the cantilever, since the microcantilever was visualised from a top down perspective. This
demonstrates a possible reason for the low measured spring constant values using the
micropipette and force transducer system for each of the samples in comparison to the
theoretical spring constants.

Another possible reason for the difference between the measured and theoretical
spring constants may be the occurrence of shear deformation. The original study
describing this 3D model by Chen et al. (83), demonstrated the bending of these
microcantilevers as linear under the assumption of no shear deformation. This assumption
may have been valid for that study since the dimensions of the microcantilevers were
different. For this study the microcantilevers were thicker and wider compared to those
used in that study making it probable that shear deformation could be occurring since,
shear deformation is an issue for beams that are short and thick with a low slender ratio
(32). Therefore, the effect of shear deformation on microcantilever bending provides an
explanation for the disparity between the measured and the Euler-Bernoulli theoretical
spring constant values. Based on the dimensions of the microcantilevers, in addition to
linear beam deformation, taking shear deformation into consideration would effectively
lower the spring constants or apparent stiffness of the microcantilevers, which was seen

in the results.
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In summary, accounting for shear deformation, the effective spring constant of the
PDMS was decreased by about 10-15%, bringing the measured spring constant data
closer to the predictions from theory. Taking into consideration the underestimation of
the manually measured spring constants, and the large variation due to methodological

issues, the theoretical Timoshenko spring constants were applied hereafter in this thesis.
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Chapter 4: Mechanical Loading of Microtissues

4.1 Rationale

A number of 3D culture models that have been used to assess ASM function
employ free-floating matrix gels as discussed in section 1.6.2.1. However, it has been
shown that encapsulating free-floating gels or constraining them in some form alters the
expression of various proteins (24, 47); for instance, fibroblasts embedded within free-
floating gels display low actin stress fibers, and low focal adhesion formation, but display
an organised structure and augmented contractile gene expression once cultured onto a
constrained scaffold (47). For a 3D culture model of ASM cells, the tissues must be
constrained to provide a load opposing ASM contraction as this mimics physiological
conditions. /n vivo, the force generated by ASM cells is in mechanical equilibrium with
the passive reaction forces acting on the airway wall i.e. the cells are naturally
constricting against an outward load (16). This outward elastic load is from a number of
components of the airway wall, as well as the parenchymal tethering (40). The smooth
muscle is linked to connective tissue in the small airways, and to connective tissue linked
to cartilage in the larger airways, which together with the elastic component of the
muscle provides an auxotonic load on the contractile apparatus. (84). Therefore, to better
mimic the in vivo environment, ASM cells need to be constrained in some manner.
Additionally, constraining the ASM/W1I-38 microtissues allows control over the boundary
stiffness imposed on the microtissues as opposed to the bulk stiffness of the ECM.

The importance of the microcantilevers present in the 3D pTug model is

demonstrated by two previous studies involving fibroblast and cardiac microtissues
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respectively (18, 83). These studies demonstrated that boundary stiffness (loading) and
bulk modulus of the ECM initiate diverse responses in contractile function and
mechanical stress (18, 83). In relation to the pathology, asthma leads to changes in the
structure of the airways which may alter the load on ASM cell contraction potentially
enhancing contractile capabilities (16). On the other hand, airway inflammation may
decouple the airway and parenchyma altering the balance of forces between ASM
constriction and parenchymal tethering (outward load). Combined with a change in ASM
contractile function, this can potentially lead to AHR in asthma. For these reasons,
studying the effects of an altered load opposing contraction of ASM/WI-38 microtissues
is essential in simulating the change in the mechanical environment due to airway
remodeling.

Prior to experimenting on ASM/WI-38 microtissues, the protocol used to fabricate
these tissues required optimisation. The pTug is engineered in such a manner as to allow
the microtissue to anchor to the substrate. As the well surface of the uTugs is rendered
non-adhesive to cells (see section 2.2), the contractile action of the cells causes the cell
and collagen mixture to compact around the microcantilevers within hours. This initial
contraction of ASM cells allows the formation of dog-bone shape microtissues anchored
between the two microcantilevers that are prevented from slipping off the microcantilever
heads. Even with the anchoring of the cell/collagen construct to the microcantilever head,
microtissues slip off, rendering them unusable for function studies. The previous
ASM/WI-38 microtissue fabrication protocol (135) had some practical limitations. The
survival rate of the microtissues was only 50% which is largely thought to be due to the

way the tissue compacts around the microcantilevers. Other microtissue failure modes
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involved cells not forming a healthy tissue and sticking to the sides of the wells as
opposed to the tops of the microcantilevers, tissues growing on a single microcantilever,
and finally tissues spreading across multiple wells (Figure 4-1). The main focus of this
study is to assess the chronic effect of changes in the mechanical environment on
ASM/WI-38 microtissue function and phenotype. For this reason, improving the

survivability and longevity of microtissues was necessary.

Figure 4-1. An array of ASM/WI-38 microtissues that did not form healthy tissues (failure
modes) . A) Cells adhering to the bottom of the nTug well, B) Cells not fully forming a tissue and
aggregating on a single microcantilever, C) Microtissue growing across two adjacent well.
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4.2 Methods

4.2.1 Optimisation of Microtissue Fabrication

Two approaches were investigated to enhance survivability and longevity of
ASM/WI-38 microtissues. Survivability (record of healthy tissues) was assessed by
qualitative verification of healthy microtissues as well as counting positive number of
microtissues over a period of 7-10 days. All statistical analyses were completed using
two-way ANOVAs with Bonferroni post-hoc comparison tests to assess differences
between groups and within individual groups. For all statistical comparisons, p<0.05 was

taken to be significant.

4.2.1.1 Fibrin

To promote the integrity of the 3D matrix and the ASM/WI-38 microtissue, the
first approach of aim 1 was to add another matrix protein such as fibrin. This would
provide additional structural support to the ECM and the microtissue, as it is not
degraded by the matrix metalloproteinases (MMPs) responsible for the breakdown of
collagen (2, 27, 112). ASM/WI-38 microtissues were fabricated according to standard
protocol outlined in section 2.2; however, in addition to the 2.5mg/ml collagen, 0.5mg/ml
fibrinogen was added to the collagen/media mixture which was subsequently pipetted
into the nTug substrate. After the initial polymerisation step, the microtissues were
exposed to thrombin (1 NIH units) to allow for fibrinogen polymerisation to fibrin (27).
The final steps in the fabrication process were carried out and finally the tissues were
incubated in 10% serum feeder media. Microtissue survivability was monitored over a

period of 7-10 days (record of healthy tissues).
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4.2.1.2 Serum

The second approach to promote survivability of microtissues was to alter the
serum concentration of the feeder media. Serum concentration of feeder media is a
critical factor in the survivability and state of cells (87). As per the previous microtissue
fabrication protocol (135), tissues were cultured in 10% serum feeder media. However,
lower serum concentration subdues growth rates which would prevent ASM cells from
releasing their anchoring early on and slipping off the microcantilevers. Therefore,
microtissues were fabricated according to the protocol outlined in section 2.2 and
cultured in 10% serum feeder media for 6 hours to allow for initial compaction of the gel
matrix and then switched to 1% serum feeder media or 5% serum feeder media (data not

shown).

4.2.2 Mechanical Loading

The load opposing ASM contraction was increased by altering the ratio of PDMS
monomer to curing agent and the heating treatment as described above in Methods 3.2.1.
ASM/WI-38 microtissues were fabricated accordingly and contractile function and

phenotype was assessed 3-4 days post tissue fabrication as described above in Chapter 2:

4.3 Results

4.3.1 Optimisation of Microtissue Fabrication Protocol

The first approach of adding fibrin to the matrix enhanced survivability of the
ASM/WI-38 microtissues considerably compared to the control group (74.8% at day 3,
p<0.05) (Figure 4-2). In addition, fabricating ASM/WI-38 microtissues in low serum (1%
serum) media also increased survivability significantly (71% at day 3, p<0.05). Increased
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survivability was observed at days 2 and 3 post tissue fabrication. However, there was no

significant difference in the effect on survivability between the two approaches; adding

fibrin to the matrix or culturing tissues under low serum conditions.
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Figure 4-2: Survivability of the ASM/WI-38 microtissues fabricated under different conditions -
optimisation of collagen gel matrix. Blue: control group - collagen gel with 10% serum feeder.
Red: collagen—+fibrin group with 10% serum feeder. Green: collagen gel with 1% serum feeder.
Survivability increased with the addition of fibrin to the gel matrix as well as fabrication of
ASM/WI-38 microtissues with 1% serum media. Two-way ANOVA with Bonferroni post hoc
comparison, p<0.05 considered significant.

4 .3.2 Microtissue Contractile Function

Aim 2 of this thesis was to assess the effect of increased loading on ASM function

and phenotype addressed in the following sections. The contractile function of ASM/WI-

38 microtissues was measured using 2 contractile drugs ACh and KCl, a relaxant drug

FSK, and a cytoskeletal disruptor cyto D (Figure 4-3). With a higher load (k=1.16

uN/um) opposing the microtissues, ASM contractility was increased significantly
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(22.72+1.82uN, p<0.01). Contractile function experiments for microtissues fabricated in
pTugs with the two lowest spring constants of k=0.18uN/um and k=0.48 uN/pm were
not conducted. This is because the high baseline tone caused microtissues to deflect
microcantilevers past their linear range and pull off the microcantilevers preventing

further analysis of contractility.
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Figure 4-3. Contractile function of ASM/WI-38 microtissues varying mechanical loading (n=24).
Microtissues generated significantly more tension when fabricated in pTugs with stiff
microcantilevers (constriction against a larger load) at baseline, and contracted with ACh and
KCl. * p<0.05, ** p<0.01. Statistical analyses completed using two-way ANOVA with
Bonferroni post hoc test. Base: baseline, ACh: acetylcholine 100 uM, KCI: 80 mM, FSK:
forskolin 100 uM, Cyto D: cytochalasin D 10 pM.

4.3.3 Gene Expression - g°PCR

To assess whether gene expression was altered with increasing microcantilever
stiffness, qPCR gene expression data was obtained for microtissues fabricated in each of
the four uTugs with the different microcantilever stiffnesses. The genes were all

expressed relative to a calibration sample which was the microtissues fabricated in the
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pTugs with k=0.75uN/um and normalised to the reference gene GAPDH (Appendix C:
qPCR Reference Gene Selection). Relative gene expression data was shown such that the
sample with the maximum gene expression was assigned a unit of 1 for each gene of
interest. Although contractile function was enhanced by increasing the load opposing
smooth muscle contraction as demonstrated in Figure 4-3, there was no significant
difference in gene expression of the various regulatory and contractile proteins (Figure
4-4).
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Figure 4-4. Comparison of relative gene expression for 8 genes from ASM microtissues
fabricated in pTugs with two different microcantilever stiffnesses (n=3). Line separates genes
promoting contraction (left) and those opposing contraction (right). Efficiency corrected method
of quantification against a stable reference gene GAPDH. p<0.05 was considered significant.
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4.4 Discussion

4.4.1 Microtissue Fabrication Optimisation

The main finding from this portion of the thesis was that fabricating microtissues in
low serum media increased their survivability to 71% at day 3 compared to 50% at day 3
as per the previous protocol (Figure 4-2).

Lower serum in the media of the ASM/WI-38 microtissues may have decreased
ASM cell proliferation rate thereby enhancing the integrity of the microtissue. These
results could possibly be understood because smooth muscle cell proliferation involves
cells breaking their linkage with the neighbouring cells and the ECM, dividing through
mitosis, and then reattaching to the environment. Therefore, if the proliferation rate was
decreased with lower serum, this would result in fewer cells going through the growth
cycle simultaneously, thereby, keeping the microtissue structure intact over a longer
period of time. Based on these results, I continued fabricating the ASM/WI-38
microtissues in low serum feeder as opposed to adding fibrin to the gel matrix, since both
approaches produced the same effect on survivability. Moreover, the addition of fibrin
may in turn alter the stiffness of the collagen gel matrix thereby potentially affecting the
other experiments involved in my thesis, since fibrin has previously been used to enhance

the strength and stiffness of collagen matrices (27).
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4.4.2 Effect of Mechanical Loading

The main finding of this portion of the thesis was that increased load on
ASM/WI-38 microtissues substantially increased contractile function; however,
functional changes did not match gene expression changes.

Airway remodeling in asthma involves structural changes to the airways caused
by increased deposition of various matrix proteins combined with inflammation,
thickening of airway compartments, and an altered balance of forces. The purpose of aim
3 addressed in the following chapter, was to manipulate the bulk properties of the ECM
of ASM microtissues in combination with altering the load opposing contraction to
simulate the overall changes evident in asthmatics. However, the main purpose of aim 2
addressed in this chapter was to explore the effect of increased load by altering the post
stiffness. Thus together these chapters explore the effect of load and matrix stiffness
separately. It is difficult to assess these variables and how they are altered in vivo in
asthma, although both variables may be altered. The stiffness of the ECM is likely
increased but the load may either be unaffected, or may actually be reduced relatively.
While both variables may be altered, these experiments were not meant to directly
represent a pathophysiological equivalent, which is difficult since asthma is multifactorial
and there is much debate over the mechanical implications of airway remodeling on
smooth muscle. Indeed, increasing the microcantilever stiffness in this 3D culture model
may be more akin to the impact of stiffening of the parenchyma increasing the load
against the ASM in other pulmonary pathologies such as pulmonary fibrosis. This 3D

model of airway remodeling thus is meant to simplify the mechanical environment to
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understand their independent influence and separate these biomechanical factors that may
be involved in modulating cell function.

Nevertheless, in relation to the pathology, it has been shown that airway
remodeling in asthma alters the structure of the airway and components surrounding the
ASM layer thereby potentially increasing the stiffness of the ASM microenvironment and
load opposing ASM contraction (93). In this thesis, the contractile function results
showed that increased loading on ASM microtissues enhanced contractility suggesting
that if true in vivo, a stiffer airway itself can lead to enhanced ASM contractile function.
This increase in ASM tension generation could lead to increased airway narrowing.
However, since the airway is stiffer, this response may actually act to help maintain
normal contractility since greater force is required to obtain similar narrowing in a stiffer
airway.

It was hypothesised that increased loading on ASM cells would enhance contractile
function through a phenotypic change. Although function was enhanced with increased
loading on ASM microtissues, there was no significant difference in the abundance of
mRNA for the genes of interest. The purpose of this study was to assess the chronic
effect of increased loading on ASM function and phenotype. For this reason function was
assessed 3 days post tissue fabrication and correspondingly, RNA was extracted from
microtissues 2-3 days post tissue fabrication to assess the long term change in mRNA
levels. However, this may have prevented accurate representation of the phenotypic state
of the cells as mRNA and protein levels do not necessarily correlate (49). Changes in
mRNA abundance occur much sooner than protein changes, therefore, the level of

mRNA in steady state might have been low at that specific time of RNA extraction but
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the protein translated was accumulated over time. In a vascular study assessing the effect
of a different mechanical stimulus compared to this thesis, oscillatory mechanical strain,
on smooth muscle myosin expression, it was shown using immunoblotting that sm-MHC
isoform protein expression was significantly enhanced with chronic mechanical strain
over a period of 72 hours (110). Accordingly, mRNA levels of sm-MHC were
directionally the same with a significant increase, but this did not occur over the same
course of time. The mRNA levels for sm-MHC was increased maximally by 12 hours and
then returned to control levels (steady state) after 36 hours. This suggests that changes in
protein expression following mechanical stimulation were most likely due to changes in
mRNA abundance, but the levels were transient due to regulation at the level of protein
modification (110). Consequently, it may be difficult to correlate the abundance of
contractile genes using qPCR to phenotypic changes when assessing one specific time
point.

Another factor that may cause the lack of correlation between gene expression and
function may be the large variation in gene expression for each sample. This could
largely be due to a relatively low number of samples measured with qPCR in this study.
Generally, a sample size of n=3 or more is used when assessing gene expression with
gqPCR. The measurement of more biological replicates (larger sample size) would
decrease the variability between the samples with the same stimulus. The lack of finding
significance was also possibly limited by the statistical power in this study. Post hoc
statistical power calculations were performed using G*Power© (version 3.1.5). As a
standard for adequacy a statistical power of 0.8 was used (80% probability that the test

will detect a significant difference) (Appendix A: Statistical Power Analysis). With a
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sample size of n=3 for each treatment group, 8 genes, and >20% standard deviation
which is approximately the average standard deviation seen in this data, a difference
would have to be greater than 90%. Alternatively, if the differences shown in Figure 4-4
were true, then this would require a sample size of greater than or equal to 6 for this
difference to achieve significance.

Previously using this model Boudou et al. (18) demonstrated how contractile work
by the microtissues against elastic boundaries (microcantilevers) such as auxotonic loads
improves tissue development and sarcoplasmic reticulum development which results in
higher tension. Increased tissue development leads to a highly compact ECM and
increased cell alignment thereby enhancing cellular tension. This may also explain the
increased contractile function reported here. Without any change in mRNA or protein,
restructuring of the cytoskeleton and contractile filaments could have increased the
contractility by increasing the number of cross bridges between actin and myosin, an
increase in the ratio of f-actin to g-actin, as well as concentration of force along the centre
of the tissue (117).

Other possibilities exist such as increased activation in the contractile signalling
pathway. For example, another mechanism for the enhanced contractile function could be
the activation of integrin associated proteins such as focal adhesion kinases, which have
been identified to play a role in regulation of cell contractility (122). Altered
phosphorylation of these membrane associated proteins in intact smooth muscle has been
shown to be responsible for improved organisation of contractile elements or enhanced

contractile function and calcium regulation.
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In summary, the purpose of investigating smooth muscle gene expression was to
detect whether there were any differences that would indicate a phenotypic change in
ASM to explain the changes in contractility. There were no significant differences
detected in gene expression, either because the changes were too small to detect at that
time point with chronic treatment, or due to alternate mechanisms such as cellular

organisation, or contractile signalling activation.
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Chapter 5: Extracellular Matrix Manipulation

The third aim of this thesis was to manipulate the ECM of the ASM/WI-38
microtissues applying two approaches; increasing the collagen crosslink concentration
through non-enzymatic glycation and altering the collagen density by increasing the

collagen concentration.

5.1 Rationale

One principal drawback of nearly all current culture models used to study ASM
interactions with the ECM, including the process of airway remodeling is an inability to
manipulate the biomechanical environment whilst providing a physiological setting
(138). The limitations of various current ex vivo and in vitro culture methods were
discussed earlier in section 1.6.

As discussed above in section 1.4, airway remodeling leads to various changes in
the ASM microenvironment. A number of studies have demonstrated a variation in the
profile of ECM proteins within asthmatic airways (100, 106). Some of the most
prominent changes in the ECM of asthmatic airways are an increase in type I collagen,
fibronectin, tenascin, hyaluron, and laminin, and a decrease in type IV collagen and
elastin (7). Changes in the ECM profile in the airways can also lead to ASM hyperplasia
further influencing AHR (65). Therefore, these changes may alter the local stiffness of
the ASM microenvironment, potentially affecting cytoskeletal organisation and
contractile phenotype. The effect of substrate stiffness has been studied previously in
other cell types including fibroblasts, cardiac myocytes, and stem cells, where it has been

shown that stiffness modulates function and phenotype (18, 83, 123). Additionally, it has
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been shown that ASM cells grown in the presence of Type I collagen modulate their
phenotype to a more proliferative state but this was in 2D in vitro studies where cells
were cultured on very stiff substrates (7). It is not known if this effect is maintained when
ASM cells are grown in a more physiologically relevant 3D culture model. For these
reasons, altering the stiffness of the ECM of ASM microtissues was attempted in an
effort to simulate part of the airway remodeling process.

The strength and structure of collagen matrices and scaffolds have been
manipulated using different approaches for several different applications as discussed in
Chapter 1 section 1.8 (38, 43, 91, 94). In this thesis, two different methods were applied
to simulate the change in stiffness of the ASM microenvironment. The first approach was
to increase matrix stiffness through collagen crosslinking and the second approach was to
increase matrix stiffness by increasing collagen density. All methods, including these two
approaches, are limited in assessing the effects of matrix mechanics on cell function
because changes to matrix stiffness also cause other changes in material properties (Figure
5-1). For example, while increasing collagen density increases the matrix stiffness, it also
increases the availability of ECM binding sites (cell adhesive sites) to the ASM, which
may alter phenotype. Crosslinking the collagen matrix does not alter the number of ECM
binding sites, but does introduce a new substance which may alter phenotype as well

(125).
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Figure 5-1. Structural feature of collagen matrices at the nano-scale to demonstrate the two main
approaches used to modulate matrix stiffness: increasing crosslinking (middle) and increasing
density (right). Blue lines: collagen fibres, orange: cell adhesive site, green: crosslink.

5.2 Approach 1: Collagen Crosslinking

In order to alter the ECM stiftness I applied two approaches. The first approach
was to increase the crosslinking concentration of the collagen gel through non-enzymatic
glycation of the matrix (43). As described previously in section 1.8, non-enzymatic
glycation is a popular/advantageous method used to crosslink collagen gels due to its low
cytotoxicity and ability to alter stiffness by orders of magnitude. Microtissues were
fabricated accordingly (see section 2.2) and incubated with feeder media for 6 hours to
allow for initial compaction of the gel matrix. The media was then switched to 30mM d-
ribose supplemented 1% serum feeder media. Contractile function of the microtissues
was assessed by the method described in section 2.4.1 and contractile phenotype was
assessed through gene expression studies to examine markers of contractile proteins (see
section Error! Reference source not found.). To assess whether there was a

biochemical side effect of d-ribose sugar on ASM contractile function, anti-RAGE
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antibody was used to inhibit the interaction of AGE products with the receptor for AGE
(RAGE). Collagen fibrils are crosslinked by ribose sugar through a reaction between the
sugar and the amino groups on the collagen molecules. This reaction is a non-enzymatic
covalent modification of proteins (Maillard reaction) that results in the formation of
reversible Schiff bases which are converted to covalently bonded Amadori complexes
(43). These complexes then undergo chemical rearrangements to form advanced
glycation end (AGE) products such as pentosidine which crosslink collagen fibrils. AGE
products can affect cell function through interaction with the receptor for AGE (RAGE)
which is a pattern recognition receptor that binds to various ligands, most importantly
AGE products. RAGE activation has been shown to increase cell proliferation and initiate
a number of inflammatory pathways (14). To test the effect of AGE products on ASM
function, microtissues were stiffened with d-ribose and then treated with a

polyclonal anti-RAGE antibody (Santa Cruz Biotechnology Inc, Dallas, Texas, sc-8230).
The anti-RAGE antibody was added to microtissues at a concentration of 10 pg/ml in
standard media supplemented with d-ribose as described previously (91).

The Young’s modulus of collagen gels stiffened using non-enzymatic crosslinking
with d-ribose was measured by microindentation. Bulk collagen gels with a thickness of
~3mm were fabricated under the same conditions as for ASM/WI-38 microtissues. Gels
were indented 150um using a force transducer, micropipette and micromanipulator
system and a stress vs. strain curve was generated based on depth of indentation and force
measurements. The Young’s modulus was calculated based on the geometry of the
indenter (micropipette) and the depth of indentation as per the Oliver-Pharr nonlinear

curve fit method (99).
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As described in the results, all statistical tests were performed with the GraphPad
4.0 software package. The data is reported as mean+=SEM with p<0.05 considered

statistically significant.

5.2.1 Results

5.2.1.1 Gel Microindentation

The Young’s modulus (stiffness) of bulk collagen gels (n=12) crosslinked by non-
enzymatic glycation was measured using microindentation techniques. Collagen gels that
were crosslinked non-enzymatically with d-ribose were significantly stiffer
(896.5+50.4Pa, p=0.0251) compared to the control group (615+56.2 Pa) verifying the

effect of d-ribose on collagen gel mechanical properties (Figure 5-2).
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Figure 5-2. Young's modulus of bulk collagen gels (n=12) stiffened through non-enzymatic
glycation. D-ribose crosslinked collagen gels were significantly stiffer compared to the control
group (one tailed t-test, p<0.05)
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5.2.1.2 3D Microtissue Contractile Function

Initially ASM/WI-38 microtissues were manufactured in pTugs with soft
microcantilevers (k=0.48uN/pum) and I found that growing the cells in the stiffened
matrix via d-ribose crosslinking significantly enhanced the contractile function (p<0.05)
of these microtissues (Figure 5-3a). However, the deflection of these compliant cantilevers
was excessive and exceeded the point where cantilever bending responses were linear.
ASM/WI-38 microtissues were then fabricated in pTugs with stiffer microcantilevers that
thus increased the load on the microtissues (k=0.75uN/um). Stiffening the matrix with d-
ribose significantly enhanced contractile function of the microtissues in response to both
ACh and KClI (20.65£1.65 uN, p<0.01) (Figure 5-3b). However, when microtissues were
fabricated in uTugs with even stiffer microcantilevers (k=1.16uN/um), the increased load
opposing ASM contraction combined with the stiffened ECM had no significant effect on

force generation (Figure 5-4).
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Figure 5-3. Effect of collagen crosslinking on the contractile function of ASM/WI-38
microtissues tethered to microcantilevers with different spring constants. a) Stiffening ECM with
d-ribose enhanced ASM/WI-38 microtissue contractile function to ACh and KCI (p<0.01, n=24)
in pTugs with microcantilever spring constant k=0.48uN/pm (compliant microcantilevers). b)
Stiffening ECM with d-ribose enhanced ASM/WI-38 microtissue tension generation (p<0.01,
n=24) in pTugs with a microcantilever spring constant k=0.75uN/um (semi-compliant
microcantilevers). Statistical analyses completed using two-way ANOVA with Bonferroni post
hoc test. Base: baseline, ACh: acetylcholine 100 uM, KCI1: 80 mM, FSK: forskolin 100 uM, Cyto

D: cytochalasin D 10 pM.
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Figure 5-4. Effect of collagen crosslinking on the contractile function of ASM/WI-38
microtissues tethered to microcantilevers with a spring constant k=1.16uN/um.ASM/WI-38
microtissue contractile Stiffening ECM with d-ribose had no effect on ASM/WI-38 microtissue
tension generation (n=24). Statistical analyses completed using two-way ANOVA with
Bonferroni post hoc test. Base: baseline, ACh: acetylcholine 100 uM, KCIl: 80 mM, FSK:
forskolin 100 uM, Cyto D: cytochalasin D 10 uM.

To examine if there was a biochemical side effect of AGE products on ASM/WI-
38 microtissue contractility, the interaction between AGE products and the receptor for
AGE products RAGE was inhibited using anti-RAGE antibody. Contractile function of
microtissues crosslinked with d-ribose alone and with d-ribose inhibited with anti-RAGE
antibody was measured and the data showed no significant difference between the groups

(Figure 5-5).
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Figure 5-5. Effect of AGE products on ASM/WI-38 microtissue contractility (n=16). Anti-RAGE
antibody was used to block the interaction between AGE products and RAGE. There was no
significant difference in contractility between microtissues crosslinked with d-ribose and
microtissues crosslinked with d-ribose and inhibited with anti-RAGE antibody. Statistical
analyses completed using two-way ANOVA with Bonferroni post hoc test. Base: baseline, ACh:
acetylcholine 100 pM, KCI: 80 mM, FSK: forskolin 100 uM, Cyto D: cytochalasin D 10 uM.

5.2.1.3 2D ASM Contractility

To further confirm there was no biochemical side effect of AGE/RAGE
interaction, ASM cells were cultured in conventional 2D Petri dishes. The cells were
incubated with d-ribose supplemented media for the same period of time as for ASM/WI-

38 microtissues and function was assessed using optical magnetic twisting cytometry

(OMTC) as described in section 2.4.2.
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Figure 5-6. Cell stiffness and percent contractility of ASM cells in 2D mono-culture (n=16). a)
ASM cells cultured on collagen coated plastic dishes, with d-ribose, and with d-ribose and anti-
RAGE antibody demonstrated no significant difference in baseline and post KCI stiffness
between treatments but demonstrated significant intragroup difference between baseline and post
KCI stiffness. b) Contractility of ASM cells as a percentage of baseline stiffness was also not
affected by the treatments. Statistical analyses completed using two-way ANOVA with
Bonferroni post hoc test. p<0.05 was considered significant.

In 2D, ASM cells that were cultured on a stiffer ECM and those on a stiffer ECM
inhibited with anti-RAGE antibody showed no significant difference in baseline or

contracted cell stiffness. This result was similar to that observed with the 3D microtissues
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(Figure 5-6a). However, when d-ribose supplemented media was added to 2D ASM cells
to crosslink the collagen matrix and increase the stiffness, there was no significant
difference in contractility between cells cultured on collagen coated Petri dishes without
d-ribose and cells cultured on the stiffer crosslinked collagen coated Petri dishes (Figure
5-6b). This result was unexpected since in the 3D microtissues stiffening the matrix

through crosslinking significantly enhanced contractility.

5.2.1.4 Gene Expression

Gene expression of several regulatory and contractile proteins was assessed
alongside the contractile function experiments for microtissues fabricated in each of the
four pTugs with the different microcantilever stiffnesses. The genes were all expressed
relative to a calibration sample, which was obtained from microtissues fabricated in the
pTugs with k=0.18uN/um and normalised to the reference gene GAPDH. As in Chapter
4.3.3 relative gene expression data was shown such that the sample with the maximum
gene expression was assigned an arbitrary unit of 1 for each gene of interest. As opposed
to the contractile function data, mRNA abundance of the genes of interest was, for the
most part not significantly different between the crosslinked and control groups across
the four uTugs stiffnesses. The graphs are shown in order of increasing microcantilever
stiffness k (load) for uncrosslinked microtissues (blue bar) and those crosslinked with d-
ribose (red bar). Genes involved in promoting contraction are shown on the left hand side
and those opposing contraction on the right hand side of Figure 5-7. Biological replicates
were amplified in duplicate and aliquots of cDNA were used as template for qPCR
reactions containing primers for sm-MHC, MYLK (MLCK), MYPT1 (MLCP), a-actin,

SM22a, vimentin, SRF, and myocardin. Statistical analysis involved a one-way ANOVA
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with Bonferroni post-hoc comparisons. Increasing loading on microtissues through
microcantilever stiffness and increased bulk matrix stiffness through crosslinking with d-

ribose, had no significant impact on mRNA transcript levels (Figure 5-7).
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Figure 5-7. Gene expression analysis of ASM/WI-38 microtissues stiffened through crosslinking
with d-ribose. In clockwise manner graphs are shown in order of increasing microcantilever
stiffness k (loading) for uncrosslinked microtissues (control, blue bar) and those crosslinked with
d-ribose (red bar). Black line separates genes involved in promoting contraction (left) and those
opposing contraction (right). Efficiency corrected method of quantification against a stable
reference gene GAPDH was performed. Statistical analysis: one-way ANOVA with Bonferroni
post-hoc comparisons where p<(0.05 was considered significant.
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5.2.2 Discussion

The principal findings of this portion of my thesis are that: stiffening the ECM of
ASM/WI-38 microtissues through non-enzymatic glycation significantly increased
contractile function, but had no impact on gene expression of key contractile markers.
Additionally, crosslinking collagen matrices in 2D culture models had no effect on ASM
function.

Crosslinking collagen matrices with a sugar such as d-ribose leads to the
production of AGE products, which can affect cellular function through interaction with
the receptor RAGE. ASM/WI-38 microtissues were fabricated with d-ribose
supplemented media and media with anti-RAGE antibody to prevent interaction between
AGE and its receptor. The data show no significant difference in contractile function.
This suggests that the contractility response seen with increasing ECM stiffness was most
likely a stiffness effect regulating cell function rather than a side effect of d-ribose sugar.
Additionally, the effect of non-enzymatic glycation was assessed in 2D with ASM cells
cultured on a thin layer of collagen. Stiffening the collagen matrix in 2D through
crosslinking had no significant effect on ASM contractility as opposed to what was seen
in 3D. This disparate effect of substrate stiffness between the two model types (3D vs.
2D) was most likely due to the difference in structure and range of stiffness. In 2D, with a
monolayer of cells and thin layer of collagen, the cells most likely sense the stiffness of
the rigid plastic substrate underneath. Therefore, in 2D with an already stiff environment,
crosslinking the thin layer of collagen does not elicit a response in contractility. However,
with the less stiff but 3D collagen gels, the stiffness range was low enough such that the

increase in stiffness caused by crosslinking with d-ribose had an effect on ASM
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contractility. Therefore, these data strongly suggest that the enhanced contractility
response seen in 3D ASM/WI-38 microtissues with a stiffened ECM was most likely
solely due to a stiffness effect.

Non-enzymatic glycation is one of many methods that are used to crosslink
natural protein matrices. One of the main limitations of this approach to crosslinking
collagen matrices could be that the crosslinking might alter fibre architecture sufficiently
enough to affect cellular function. However, it was previously shown that at
concentrations of d-ribose between 0-100mM, there is no effect on collagen fibre
diameter or length (91). This suggests that fibre architecture may not be substantially
altered, allowing this method of crosslinking to be feasible for assessing the effect of
matrix stiffness on ASM function.

The contractile function data demonstrated that with increased matrix stiffness
there was a significant increase in ASM/WI-38 contractile function. However, the
enhanced contractile function was only evident when the load opposing ASM contraction
was small enough to allow the tissue to shorten. When the posts were very stiff, the
contractility was not affected by crosslinking/stiffening of the matrix. One possible
explanation for this could be that there was a difference in contractility but, the difference
may have been too small to detect. This is a methodological limitation; the deflection of
the microcantilevers was below the sensitivity range and below the range measurable
through optical tracking of the microcantilevers. Based on the standard deviation of
microtissues tension when stimulated with KCI between the two groups it is difficult to

conclude whether there was no change in function.
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While I was not able to detect the difference in contractility between crosslinked
and uncrosslinked ASM/WI-38 microtissues fabricated with increased load opposing
contraction, this finding may still be true. It may be that there is an upper limit of
contractile function with increased loading and matrix stiffness, demonstrating a
maximum in vitro contractile function. As the matrix stiffness and/or loading on the
microtissues is increased, the cells reach a maximum shortening capacity, and any
increase in matrix stiffness or microcantilever stiffness (load) has no further effect on
contractility.

Another possibility that could limit the response to matrix stiffness is that the
matrix in this study was composed of collagen with relatively high serum, which would
tend to drive the tissue to a proliferative phenotype. Furthermore, other matrix proteins
that are present in vivo may be important and possibly affect this limit. For example,
laminin, a basement membrane protein found in vivo that is important for modulation of
cell differentiation and proliferation, is known to promote a more contractile phenotype
(124).

Although contractile function of the microtissues was enhanced within a stiffer
crosslinked matrix, there is the possibility of viscoelastic responses in the collagen gel
ECM which might be the cause of the lower microtissue tension in the uncrosslinked
matrix. Collagen gels are viscoelastic materials as they consist of a collagen network as
well as interstitial fluid. Viscoelastic materials such as collagen can undergo stress
relaxation or creep effects over time due to the hierarchical structure of collagen.
Crosslinking a collagen matrix forms links between collagen fibrils bringing them closer

together thereby essentially dispersing the interstitial fluid making the gel more rigid.
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This in turn prevents inter fibril slippage. Accordingly, an uncrosslinked matrix may
undergo collagen fibril slippage over time due to the viscoelastic nature of the matrix.
This would lead to decreased baseline tension within the microtissue matrix and thereby
the decreased force generation in the crosslinked group as seen in the results. However,
this may not be the case in this study where the active tension within the tissue is being
continuously generated by the airway smooth muscle cells over the course of 3 days. This
can be seen in the magnitude of tissue tension after ablation of the cytoskeletal tension
through administration of cyto D. This tension would be the passive tension of the
collagen matrix, which was around 1-3uN which was significantly lower than the
baseline cytoskeletal tension generated as seen in the results. Additionally, images were
captured of microtissue formation and collagen compaction (data not shown) at 6, 12, 24
and 72 hours post tissue fabrication, and there was no evidence of viscoelastic responses
over that time period as baseline tension increased accordingly up to 72hrs. To determine
if there was a viscoelastic response of the collagen matrix, microtissues would need to be
imaged during initial compaction of the gel matrix and over the course of 3 days at short
intervals.

In healthy individuals dynamic stretching of the airway due to tidal breathing has
a potent dilating effect that limits the magnitude of airway narrowing after inhalation of a
bronchoconstrictor. Conversely, the effect of a large stretch to dilate the airways is absent
in asthmatics and some have shown that stretch may actually augment
hyperresponsiveness. Thus stretching the ASM may be an important mechanism that acts
to limit ASM contractility in healthy airways. If true, any increase in ECM stiffness

would be a mechanism to explain the lack of dilatory effect observed in asthma, simply
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because of an increase in airway stiffness, but also possibly because the stiffer airway
leads to increased ASM contractility. Other explanations have been suggested including a
change in bridge dynamics between actin and myosin, plastic reorganisation of the CSK
in ASM, and an increase in the shortening velocity (39). In this thesis, it was shown that
ASM contractile function was enhanced in response to stiffening of the matrix which
may then contribute to hyperresponsiveness associated with asthma.

Cells sense the mechanical properties of their microenvironment through the
presence of membrane spanning proteins called integrins which form complexes with
other proteins to form focal adhesions that bind to ECM proteins (4). The interaction of
the focal adhesions with the ECM allows the cell to sense the elasticity of the
environment which initiates reorganisation of the cytoskeleton (114). This reorganisation
initiates transcription pathways. Therefore, to probe whether changes in contractility were
possibly due to alteration in gene expression real time reverse transcription quantitative
PCR (qPCR) was used to assess the quantity of common markers of smooth muscle
contractile phenotype. While it was hypothesised that the enhanced contractile function
of the ASM microtissues might be due to a change in ASM phenotype, we were unable to
find a substantial shift in gene expression. Only in the case where matrix stiffness was
increased but load opposing contraction (microcantilever stiffness) was limited was there
enhanced expression of sm-MHC, a-actin, and SRF.

However, there are several limitations of these findings. Principally, the number
of samples was low, so that any significant change would have to be large. Furthermore,
only one time point was tested at 2-3 days post tissue fabrication. One of the main

focuses of this study was to assess the chronic effect of substrate stiffness on ASM

86



function and phenotype. Because of this, smooth muscle function was assessed 3 days
post tissue fabrication. To keep the experimental protocols consistent, RNA was collected
for gene expression analysis 2-3 days post tissue fabrication. Thus, there may have been
no significant differences in the gene expression because changes in gene expression
occurred at earlier time points. It is established that there is a discrepancy between
mRNA transcript level and protein concentration, such that the quantity of mRNA does
not necessarily provide information as to whether it will be translated into a functional
protein (49, 127). This suggests that even though the quantity of mRNA assessed in this
study was not significantly impacted by the mechanical stimuli, it may not dictate what is
occurring at the level of the proteins in question.

Another explanation for the discrepancy between function and gene expression is
that the enhanced contractile function was due to changes in post-translational
modification of the proteins of interest. There are several steps in the gene expression
process that may be modulated, including DNA-RNA transcription, RNA splicing,
translation, and post-translational modification of the protein. Genetic information from
DNA is transcribed into messenger RNA (mRNA) which carries the information required
for encoding proteins. At this point, ribosomes and transfer RNAs are involved in the
translation of mRNAs into structure-less proteins. These proteins then undergo post-
translation modifications to improve their functional diversity. This may involve the
addition of functional groups or proteins or the cleavage of regulatory subunits such as
protein phosphorylation, glycosylation, and methylation, all of which affect cell biology
and functional properties. Alternatively, western blot analysis of the proteins of interest

would allow for identification of post-translational modifications of proteins from
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changes in the size of the protein expressed. However, for the purposes of this study
western blot analysis was not undertaken since this method of analysis is semi-
quantitative and requires large quantities of cellular lysate.

Enhanced contractile function as seen in the results of this chapter may also be
caused by an increase in overall cell number. A larger quantity of ASM cells, with the
same capacity of shortening, would lead to greater tension generation. However, this
likely was not the case as cell density was kept constant and nuclei were quantified with
nuclei staining (data not shown). There was no apparent difference found in cell numbers
between the stiffened crosslinked microtissues and the control group (n=325).

There are a number of studies that perceive remodeling and stiffening of the
airway as a protective response in asthma (93). The idea is that stiffening of the airway
hinders contractility of the smooth muscle and prevents airway narrowing. Studies have
shown through collagenase degradation that ASM contractility was increased (20).
However, these studies assessed the acute response in ASM contractility to collagenase
degradation, where a decreased load would allow the muscle to shorten must faster, while
the experiments in this thesis were addressing the effect on contractile function of ASM
from chronic stiffening.

Finding no significant changes in mRNA levels (gene expression) does not
eliminate the possibility that there was a change in contractile proteins, leading to the
phenotypic change observed by the enhancement of contractility. However, it is also
possible that the enhanced contractility may have been due to other factors that do not
require a change in the phenotypic state of the ASM cells. The enhanced contractile

function and shortening capacity of the ASM microtissues may have been due to
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improved structural integrity of the microtissue. Crosslinking the matrix provides
strength and rigidity to the matrix, thereby improving cell anchorage to the substrate
through stable adhesions and potentially enhancing force transmission (4). Also, it was
previously shown that the enhanced matrix stiffness of cardiac smooth muscle
microtissues improves contractile function (18). Indeed it may have been that the ASM
cells or cytoskeletal apparatus became better aligned because of the increased structural
integrity of the matrix thereby augmenting the contractile function of the tissue. This
change in cytoskeletal organisation was qualitatively assessed in Appendix B: Cellular
Organisation. In the two brightfield images of microtissues with and without d-ribose
respectively as seen in Appendix B, the cells within a stiffened crosslinked environment
are more organised and the cytoskeletal fibres are aligned with the force vector, whereas
with the uncrosslinked microtissues, the cells are configured in a disoriented manner.
Therefore, there may be increased activation of the contractile apparatus through
increased cytoskeletal organisation, without any change in expression of the common

regulatory proteins such as MLCK and MLCP.

5.3 Approach 2: Collagen Density

The second approach to alter the ECM stiffness of ASM/WI-38 microtissues was
to vary the concentration of collagen from 1.5mg/ml to 3.0mg/ml. Contractile function of
the microtissues was assessed using an array of drugs and tracking the deflection of the
microcantilevers during contraction and subsequent relaxation (see section 2.4.1).
Contractile phenotype was assessed through gene expression studies for markers of
contractile proteins (see section Error! Reference source not found.). The Young’s

modulus of collagen gels that were stiffened by increasing the density of collagen was
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measured by microindentation (described in section 5.2). All statistical tests as described
in the results were performed with the GraphPad 4.0 software package. The data is

reported as mean+SEM with p<0.05 considered statistically significant.

5.3.1 Results

5.3.1.1 Gel Microindentation

To determine the effect of stiffening the collagen gel matrix by increasing the
collagen density, microindentation of bulk collagen gels was performed to measure the
Young’s modulus. Collagen gels that were fabricated with double the concentration of
collagen (3.0mg/ml) were significantly stiffer (679.3+36.73uN) in comparison to the
control group (401.0+30.52 uN) with half the concentration of collagen (1.5mg/ml)

(Figure 5-8). This shows that the stiffness of the matrix gels was effectively increased by

increasing collagen density.
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Figure 5-8. Young's modulus of bulk collagen gels (n=12) that were stiffened by varying the
collagen density from 1.5mg/mL to 3.0mg/mL. Bulk collagen gels with 3.0mg/mL collagen were
significantly stiffer compared to bulk collagen gels with half the concentration of collagen (one
tailed t-test, * p<<0.05).
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5.3.1.2 Contractile Function

Initially ASM/WI-38 microtissues were manufactured in pTugs with soft
microcantilevers (k=0.48uN/um) and increasing collagen density to stiffen the matrix
had no effect on contractility (Figure 5-9). However, the excessive deflection of these
compliant cantilevers exceeded the point where cantilever bending responses were linear
as seen previously and discussed above in section 5.2.1.2. Therefore, ASM/WI-38
microtissues were fabricated in pTugs with stiffer microcantilevers (k=0.75uN/pum).
Surprisingly, microtissue contractile function was significantly decreased in response to
KC1(20.39£1.46 uN, p<0.01) with increased collagen density and matrix stiffness (Figure
5-10a). To also assess the effect of increasing the loading (boundary stiffness) on the
ASM microtissues stiffened by increasing collagen density, microtissues were fabricated
in uTugs with the stiffest microcantilevers (k=1.16uN/um). The increased load opposing
ASM contraction in addition to the stiffer ECM through increased collagen density
significantly decreased contractile function in response to KCI (16.87+1.02uN, p<0.01)

relative to the less stiff collagen gels (Figure 5-10b).
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Figure 5-9. Effect of collagen density on contractile function of ASM/WI-38 microtissues
tethered to microcantilevers with a spring constant of k=0.48uN/um. Stiffening ECM by
increasing the collagen density had no significant effect on ASM/WI-38 microtissue contractile
function. Statistical analyses completed using two-way ANOVA with Bonferroni post hoc test.
Base: baseline, ACh: acetylcholine 100 pM, KCIl: 80 mM, FSK: forskolin 100 uM, Cyto D:
cytochalasin D 10 uM.
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Figure 5-10. Effect of collagen density on contractile function of ASM/WI-38 microtissues
tethered to microcantilevers with different stiffnesses.Stiffening ECM by increasing the collagen
density significantly decreased ASM/WI-38 microtissue contractile function to a) ACh and KCI
(p<0.01, n=24) in pTugs with microcantilever spring constant k=0.75uN/pm (compliant
microcantilevers), and to b) KCI (p<0.01, n=24) in pTugs with a microcantilever spring constant
k=1.16uN/um (stiff microcantilevers). Statistical analyses completed using two-way ANOVA
with Bonferroni post hoc test. Base: baseline, ACh: acetylcholine 100 uM, KCI: 80 mM, FSK:
forskolin 100 uM, Cyto D: cytochalasin D 10 uM.
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5.3.1.3 Gene Expression

Once again, gene expression of several regulatory and contractile proteins was
assessed alongside the contractile function experiments for microtissues fabricated in
each of the four pTugs with the different microcantilever stiffnesses. The genes were all
expressed relative to a calibration sample and normalised to the reference gene GAPDH.
As in Chapter 4.3.3 relative gene expression data was shown such that the sample with
the maximum gene expression was assigned an arbitrary unit of 1 for each gene of
interest. The graphs are shown in order of increasing microcantilever stiffness k (load) for
low collagen density microtissues (1.5mg/mL, blue bar) and high collagen density
microtissues (3.0mg/mL, red bar). Genes involved in promoting contraction are shown on
the left hand side and those opposing contraction on the right hand side of Figure 5-11.
Aliquots of cDNA were used as template for real-time PCR reactions containing primers
for sm-MHC, MYLK (MLCK), MYPT1 (MLCP), a-actin, SM22a, vimentin, SRF, and
myocardin. Statistical analysis involved a one-way ANOVA with Bonferroni post-hoc
comparisons. As opposed to the contractile function data, mRNA abundance of the genes
of interest was, for the most part, not significantly different between the high collagen
density and low collagen density groups across the four pTugs stiffnesses as seen in

Figure 5-11.
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Figure 5-11.Gene expression analysis of ASM/WI-38 microtissues stiffened by increasing the
collagen density. In clockwise manner graphs are shown in order of increasing microcantilever
stiffness k (loading) for microtissues with 1.5mg/mL collagen (blue bar) and those 3.0mg/mL
collagen (red bar). Black line separates genes involved in promoting contraction (left) and those
opposing contraction (right). Efficiency corrected method of quantification against a stable
reference gene GAPDH was performed. Statistical analysis: one-way ANOVA with Bonferroni
post-hoc comparisons where p<0.05 was considered significant.

5.3.2 Discussion

The principal finding of this portion of my thesis was that stiffening the ECM of
ASM/WI-38 microtissues by increasing the collagen density significantly decreased
contractile function. However, functional changes did not match changes in gene

expression.
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It was hypothesised that a stiffer ASM microenvironment would enhance ASM
contractility through a phenotypic change, which could be a potential cause of airway
hyperresponsiveness. However, the findings from the contractile function experiments
after altering ECM stiffness of microtissues with collagen density were unexpected. Even
though the bulk stiffness of the ECM was increased with collagen density, the change in
ASM tissue contractility contradicted observations using the first approach, where
increasing matrix stiffness through crosslinking significantly enhanced contractility.
Additionally, important markers of ASM contractile phenotype were measured using
qPCR. The data obtained showed no overall significant difference in mRNA abundance
for key regulatory and contractile proteins, though there may have been some interesting
trends (Figure 5-11).

The differential response of the ASM/WI-38 microtissues to ECM crosslinking
and ECM density may be due to a difference in the microstructure as well as the
components of the ECM (65). Crosslinking the ECM enhances the rigidity of the collagen
matrix without affecting matrix composition while increasing collagen density alters the
bulk composition of the ECM as it alters the number of available cell adhesive sites.
Furthermore, in keeping with the findings of this thesis, previous studies have
demonstrated that type I collagen decreases ASM contractility while enhancing gene
markers for proliferation (7, 30, 65). Perhaps there is a change in ASM phenotype within
this 3D model in the presence of excess collagen towards a pro-proliferative state. This
suggestion could be supported with an increase in the expression of vimentin. This gene
is less characterised in the literature but is involved in actin remodeling and has been

shown to preferentially increase with the proliferative state of ASM cells (51). While
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there is a possible trend of increasing expression of vimentin in this study, no significant
difference was detected. This may have been limited by the low sample size used for
qPCR and the large variability in gene expression between samples with the same
stimulus. Therefore, it is possible that the higher collagen concentration in the matrix
may have prompted the ASM cells to change to a more proliferative state, thereby
attenuating contractile function (58). From an ECM signalling perspective, the presence
of excess collagen within this model may overwhelm the effect of the enhanced stiffness,
presenting a competitive interplay between collagen signalling and matrix rigidity.
Although there was a significant difference in contractile function between the
low collagen density and high collagen density groups, there was no significant
difference in gene expression of key markers of ASM contractile phenotype. This
difference between the function data and the gene expression data may be due to a low
correlation between mRNA levels and protein, such that the mRNA is undergoing post-
transcriptional regulation leading to a difference in the final protein formation, as
discussed in section 5.2.2. Additionally, a 2-fold change in transcript levels is equivalent
to a 1 amplification cycle difference in the crossing point for the two samples. Indeed,
while there were some differences in the gene expression data, these fold changes in
mRNA quantity were still quite small, and may not signify substantive changes occurring
at the protein level. The biological implication of a 2-fold change at the transcript level is
hard to validate also in any case due to the large variability between samples (biological

replicates).
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Chapter 6: Epithelial Cells and ASM microtissues

6.1 Rationale

Lung tissue is composed of several cell types including the ASM layer which lies
below the basement membrane on which is attached the epithelial cell layer. Thus, the
ASM is in very close proximity to the epithelial cell layer. The epithelial cell layer is
essential in acting as a barrier to inhaled pathogens. Surprisingly little is known about
cellular interaction between the epithelium and ASM cells but it is known that the
epithelium secretes a number of soluble factors which can act to regulate various cellular
processes of nearby cells including the ASM (71). There have been some reports of
epithelium denudation (damage) that occurs in severe asthma which may promote AHR
but the mechanicsms are unclear (77). Taken together the epithelium may play a role in
regulating ASM contractile phenotype in both health and disease pathology (3, 13, 142)
as discussed above (1.2.1). Thus, developing a system to study epithelial and ASM cell
interaction is important for elucidating putative regulatory pathways. For the purposes of
this thesis, I will conduct a preliminary investigation that explores the interaction of ASM

and epithelial cells using the 3D microtissue model as a feasible model.

6.2 Methods

6.2.1 NHBE Cell Culture

Normal human bronchial epithelial (NHBE) cells were cultured according to the
protocol specified by Lonza™ for Clonetics Normal Human Airway Epithelial Cell

Systems and PneumaCult™ ALI. NHBE cells require two different types of media;
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BEGM to expand passages on a plastic surface and ALI media to potentiate growth and
differentiation on a porous surface. NHBE cells were isolated from normal donor airway
epithelial tissue and were cultured in a 37°C incubator at 5% CO..

Initially NHBE cells at passage 2 were cultured in T75 flasks with 500mL BEGM
(bronchial epithelial growth media, Lonza). Growth media was changed on the cells
every two days. Once the cells reached confluence, they were seeded onto Transwell
permeable filter inserts (12 mm in diameter with a pore size of 0.4um; Corning, NY) in
the presence of BEGM to obtain well-differentiated mucociliary cultures. Cells were
cultured in submerged conditions in the Transwell inserts in BEGM. About 1.5ml of
BEGM was added to the basal chamber of each well in the Transwell plate and 450uL
was added to each apical chamber (Transwell inserts). The cells were placed into air-
liquid configuration after 2-4 days or until fully confluent to promote mucociliary
differentiation. This involved removing the media from the insert and replacing the media
in the basal chambers with PneumaCult-ALI maintenance media consisting of 1X
PneumaCult-ALI base medium (Stemcell Technologies, Cat# 05001, Vancouver, B.C)
10X PneumaCult-ALI supplement (Stemcell Technologies, Cat# 05001, Vancouver,
B.C), 1X PneumaCult-ALI maintenance supplement (Stemcell Technologies, Cat#
05001, Vancouver, B.C), 0.004mg/mL heparin (Stemcell Technologies, Cat# 07980,
Vancouver, B.C), and 0.48ug/mL hydrocortisone. Media in the basal chamber was
replaced every 2 days and the inserts were rinsed once a week with 1X phosphate
buffered saline solution to remove excess mucus. The cells were kept in air liquid

interface for approximately 3 weeks to be properly differentiated for use in experiments.
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After the three week time point, the conditioned media was collected from the NHBE

Transwell plates and used to stimulate the ASM microtissues.

6.2.2 ASM/WI-38 Microtissues with Conditioned AEC Media

To assess the effects of epithelial cell soluble factors on ASM microtissues within
the 3D microtissue culture model in a simple manner, NHBE cells were cultured for 3-4
days, prior to fabricating ASM/WI-38 microtissues. The media from the ASM/WI-38
microtissues was removed and replaced with conditioned epithelial cell media 6 hours
post microtissue fabrication. ASM/WI-38 microtissues were dosed with fresh AEC
conditioned media every 24 hours for 3-4 days. Microtissues were also incubated with
unconditioned NHBE media (AEC control). Another control group of ASM/WI-38
microtissues were incubated in fresh 1% serum media (ASM control). Changes in ASM
contractile function due to the presence or absence of AEC conditioned media were
quantified as previously described in Methods 2.4.1. Briefly, contractile function was
assessed by optically tracking the deflection of the microcantilevers at baseline and then
10 minutes after the addition of a contractile agonist KC1 (§80mM). After this the KCI
drug solution was removed, the substrate was rinsed with warm IT media, and a solution
of Cyto D (100uM) was added to the substrate and incubated for 10 minutes at which
point images were captured one again. Response of the microtissues to Cyto D was
measured in an attempt to assess the passive tension generated from the ASM
cytoskeleton.

As described in the results, all statistical tests were performed with the GraphPad

4.0 software package. A two-way ANOVA with Bonferroni post-tests was applied to
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assess differences between groups. The data is reported as mean+SEM with p<0.05

considered statistically significant.

6.3 Results

Initially NHBE cells were cultured at an air-liquid configuration to allow for proper
cellular differentiation. Full cell confluence is required to prevent leakage of media from
the basal chamber into the apical chamber. However, the epithelial cells did not produce
an effective barrier and fluid (media) leaked from the basal chamber of the insert into the
apical chamber. This may have been due the media supplements in the NHBE
maintenance media used to initiate NHBE differentiation. For that reason, the formation
of an air-liquid interface was not possible preventing differentiation of these cells. For
this reason, epithelial cells were only cultured undifferentiated, with no air-liquid
interface as this was at least feasible, and ASM/WI-38 microtissues were instead
stimulated with undifferentiated AEC conditioned media.

Microtissues were fabricated according to the protocol described in Methods section
2.2. Microtissues were grown in standard 10% serum media for 6 hours and then the
media was replaced with AEC conditioned media. AEC conditioned media was added 6
hours post tissue fabrication to allow for initial compaction of the gel matrix. All the

microtissues assessed were stable over the course of several days (Figure 6-1).
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Figure 6-1. Representative epifluorescent images of a DAPI nuclei (top) and Phalloidin f-actin
(bottom) stained microtissues. ASM/WI-38 microtissues were stimulated with AEC conditioned
media for 3 days.

Contractile function was assessed 3 days post microtissue fabrication using 80mM
KCI (80mM) and Cyto D (100uM) to investigate the chronic effect of AEC soluble
factors on ASM function as described in section 2.4.1. The results of the contractile
function experiments showed that in response to KCl, there was no difference in force
generation between the ASM control microtissue (26.63+2.13uN) and AEC control
microtissue (30.06£1.99uN) as seen in Figure 6-2. Interestingly, the AEC conditioned

media significantly enhanced ASM contractility to KCl1 (60.83+2.48uN, p<0.001).
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Figure 6-2. Effect of AEC conditioned media on ASM/WI-38 microtissue function. Blue: 1%
serum ASM media, Red: AEC unconditioned media, Green: AEC conditioned media. AEC
conditioned media significantly enhanced ASM/WI-38 contractile function at baseline and in
response to KCl. Relaxation with cytochalasin D was also significantly less for the AEC
conditioned media group. Statistical analysis involved a two-way ANOVA with Bonferroni post-
hoc comparison and data presented as mean+SEM, n=16, p<0.05 considered significant. *
p<0.05, ** p<0.01, *** p<0.001.

6.4 Discussion

The principal finding of this chapter is that there was a significant impact on ASM
contractility in response to AEC conditioned media compared to either the AEC
unconditioned media group (AEC control) or no change in media group (ASM control).
There was no significant difference between the AEC control group which was
microtissues fabricated with unconditioned AEC media and the ASM control group
which was microtissues with ASM media. This suggests that supplements within the

AEC media itself were not the cause of the enhanced ASM function, but rather the
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soluble factors released by the AEC cells into the media which were responsible for this
effect.

It was expected that fabricating ASM cells with AEC conditioned media would
cause them to be less responsive to a contractile stimulus, since the presence of the
epithelium would create a more physiological environment, and in vivo, a normal ASM
has low contractility compared with asthma, where the signalling may be altered. That is,
it was expected that in culture when presented with epithelial derived factors in the
conditioned media, the microtissues would have less contractility. A number of previous
studies (3, 13, 42, 142) have assessed ASM and AEC interaction using ex vivo and in
vitro models. Using an ex vivo model of tracheal strips, it has been shown that the
presence of an intact epithelium causes an acute relaxation effect of the tissue. However,
removal of the epithelium through manual breakdown leads to an acute increase in
contractility of the tissue through increased shortening capacity (13). This is contrary to
what was observed in this study where ASM contractile function was enhanced in the
presence of AEC soluble factors. Nevertheless, the data from that study may not be
appropriate for comparison as it involves the use of organ baths where there exists a large
diffusion distance which is problematic for soluble factors with a short half-life such as
nitric oxide (NO). NO is an important neurotransmitter released by the epithelium
through the action of an enzyme NO synthase which can account for the protective role
of the epithelium against contractile agonists as it is possesses potent bronchodilatory
capabilities (118). The presence of a large diffusion distance might potentially prevent
mediators such as NO to reach the ASM tissue thereby portraying enhanced ASM

responsiveness. The size of the organ bath used in these studies can be another issue as it
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causes secreted factors such as prostaglandins to be diluted which can also affect ASM
response.

Additionally, the removal of single epithelial cells using laser ablation has also been
shown to induce airway contraction to 70% of the original cross section in thin cut lung
slices (142). This data suggests that soluble mediators released by neighbouring epithelial
cells in response to the wound can induce airway contraction. Perhaps, this is the case in
the findings of this thesis chapter where ASM contraction was enhanced with the addition
of undifferentiated AEC conditioned media, due to the presence of soluble mediators
from epithelial cells that are in a proliferative state, however, this is speculative.

Furthermore, previous in vitro co-culture studies of ASM cells and AECs from our
laboratory demonstrated decreased ASM cell stiffness in the presence of AECs assessed
through optical magnetic twisting cytometry (OMTC). However, all the experiments in
that study testing ASM cell stiffness and contractility were conducted in the presence of
serum. This may have interfered with the results of the analysis since serum is used to
promote cell proliferation and keep ASM cells in a proliferative state while attenuating
the expression of contractile proteins.

Moreover, the increased baseline tension observed in the 3D ASM microtissues with
the addition of AEC conditioned media in this thesis may actually not be a representation
of pathological behaviour, but perhaps a restoration of ASM contractility that is normally
lost in culture. Cells in culture produce much less force than in freshly isolated tissue, and
this 1s true in 3D as well where the cross sectional stress of contracted 3D ASM
microtissues compared to ex vivo ASM strips has been shown to be significantly lower

(135). This is because cultured ASM cells in vitro possess considerably less contractile
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protein content, approximately 1/20™ compared with ex vivo tissue (51). Indeed, although
serum deprivation does have some success in promoting cell culture contractile function,
the failure of cultured cells to replicate in vivo functionality is an under recognised
artifact of cultured cells. Therefore, based on the current data, it may be that the presence
of some particular unidentified AEC soluble mediators within this 3D model help to
restore normal function of ASM cells in vitro to better replicate native tissue as opposed
to ASM cells alone, however, the exact mechanism remains to be answered.

Additionally, for the purposes of these studies, immortalised airway smooth muscle
cells were used which were obtained from a single donor. The response in contractility
seen in these studies may vary with the use of multiple donor cell lines or the use of
primary human cells as there does exist high variability in phenotype between donor
cells.

It should also be noted that the AEC conditioned media used to stimulate the
ASM/WI-38 microtissues was from undifferentiated NHBE cells. /n vivo epithelial cells
are differentiated. Differentiated epithelial cells feature two distinct plasma membrane
surfaces; a basal surface and an apical surface (53). This means they experience different
basal and apical stimuli and express different proteins at each membrane surface. In
addition, secretory products differ between the two interfaces of the epithelium. Key
features of a fully differentiated NHBE cell is the growth of hair like structures called
cilia and the production of mucus. Therefore, for proper analysis of AEC and ASM
interaction, AECs should be in an air-liquid configuration to allow for cellular
differentiation as any soluble factors that depend on cell polarisation are also required for

any potential regulation of ASM function.
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Chapter 7: Thesis Conclusions

In this thesis, I established a 3D model of airway smooth muscle microtissues to
simulate the increased microenvironment stiffness associated with asthmatic airway
remodeling to probe cellular contractile and phenotypic responses. Three approaches
were applied to assess the chronic effect of varying the extracellular biomechanical
properties on ASM response. This included altering the load opposing ASM contraction,
and increasing matrix stiffness by manipulating the bulk matrix properties. This was done
by crosslinking the matrix and by increasing the matrix density.

In asthma, airway remodeling leads to structural changes in the airway which can
alter the local ASM microenvironment stiffness. This change in the biomechanical
properties can potentially alter the contractile properties of the smooth muscle cells.
Accordingly, it was hypothesised that increased matrix stiffness would enhance ASM
contractility through a change in contractile phenotype which was assessed by measuring
the expression of common regulatory and contractile genes.

Crosslinking the microtissue matrix and increasing the stiffness of the ASM
microenvironment led to enhanced contractility which is in agreement with the
hypothesis that substrate stiffness is a potent modulator of cellular function. However,
function was only enhanced when microtissues were able to shorten against a compliant
external load. This was in agreement with the hypothesis that ASM microenvironment
stiffness would augment contractile function; however, this increase in function was not
through a change in contractile phenotype evident in the gene expression data, but may

have been due to improved tissue stability and cellular organisation.
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Remarkably, there was a differential response in smooth muscle function where
crosslinking the matrix enhanced function while increasing the collagen density
attenuated function. This finding is in agreement with previous studies that have studied
the effect of upregulation of type I collagen on ASM function or phenotype. It has been
shown that type I collagen deposition is increased in asthma and enhances proliferative
capabilities of ASM cells but attenuates the contractile phenotype. This would suggest
that the bulk ECM signaling had overridden any effect of the enhanced matrix stiffness
that might increase contractility. This result did not agree with the initial hypothesis that
stiffness is the sole regulatory factor in ASM contractility suggesting that there are a
number of other contributing factors.

It was hypothesised that stiffening of the ASM microenvironment is a potent
regulator of contractility. However, stiffening of the airway in asthma and the remodeling
process is thought by some to be a protective pathological response to prevent excessive
airway narrowing. This idea assumes that contractility of the smooth muscle would need
to increase before remodeling occurs. However, there is evidence of airway remodeling
in asthma before clinical symptoms such as AHR occur (10). Based on this there are
clearly two opposing effects: stiffness increasing contraction and stiffness opposing
airway narrowing. Where the mechanical equilibrium lies in the lung would depend on
the extent and location of airway stiffening, the magnitude of increased smooth muscle
contractility, and the extent to which airway narrowing is opposed. Furthermore, it may
be that only in combination with other remodeling or asthma effects that the increased
contractility might actually overcome stiffness to give hyperresponsiveness since asthma

1s a multi-factorial disease.
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The final aim was to assess the interaction between ASM and epithelial cells through
the use of conditioned media. The data showed that undifferentiated AEC conditioned
media enhanced ASM microtissue contractile capabilities dramatically suggesting there
must be some unidentified soluble mediators released by the epithelial cells modulating
contractility. In this thesis undifferentiated epithelial cells were used which are generally
in a synthetic proliferative state which may have been similar to the in vivo state of these
cells in asthmatics when injured, where they augment ASM contractility similar to what
was seen in this thesis.

In summary, the model’s ability to quantitatively demonstrate the impact of various
biomechanical cues on smooth muscle cell function provide new ways to elucidate the
mechanisms of cellular remodeling due to substrate stiffness in physiological 3D
structures. Understanding how the cell responds to substrate stiffness in a physiologically
representative 3D culture model will contribute to a better understanding of
mechanobiology and the ability to separate and breakdown the multiple factors involved

in asthma pathology.

7.1 Statement of Contributions

(1) Established a 3D culture model of airway smooth muscle microtissues to simulate the
increased airway stiffness associated with asthmatic remodeling. Additionally, the
mechanics of the 3D microtissue model were further characterised based on a

previous study.

(2) Assessed contractile function of ASM/WI-38 microtissues under four different

loading conditions and two matrix stiffnesses.
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(3) Assessed in a limited study if gene expression of particular contractile phenotypic
markers by mRNA quantification was altered at a single time-point in response to
four different loading conditions and two matrix stiffnesses of ASM/WI-38
microtissues and found, in one case with increased matrix stiffness, that sm-MHC

was increased, but all other markers did not change, within a certain sensitivity range.

(4) Demonstrated enhanced contractility of ASM/WI-38 microtissues with increased

matrix stiffness with crosslinking when the microtissues were able to shorten.

(5) Demonstrated reduced contractility of ASM/WI-38 microtissues with increased
collagen density most likely due to matrix signalling driving a phenotypic shift of

ASM/WI-38 microtissues from a contractile to a proliferative state.

(6) Demonstrated feasibility of ASM/WI-38 microtissues fabricated with epithelial cell
media maintained tissue and cell viability, and assessed contractile function of

ASM/WI-38 microtissues with undifferentiated AEC conditioned media.

(7) Preliminary results showed for the first time using a 3D ASM/WI-38 microtissue
culture model, enhanced contractility of ASM microtissues in the presence of AEC

conditioned media.

7.2 Future Directions

7.2.1 Microtissue Contractile Phenotype

(1) As the gene expression data demonstrated large variability between samples possibly

due to the low concentration of RNA, dynamic range of primers, or low sample size,
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performing gene expression analysis on a larger sample size will reduce the standard

error of mean and increase the power of statistical tests.

(2) The purpose of this thesis was to assess the chronic effect of substrate stiffness on 3D
ASM/WI-38 microtissues. For this reason, contractile function and gene expression
was assessed 3 days post tissue fabrication. The lack of correlation between the
functional data and the gene expression data may most likely be due to the transient
expression of mRNA over this time period. To better characterise the phenotypic state
of ASM microtissues, gene expression (mRNA) should be assessed at multiple times
points over the chronic treatment period of 3 days. Based on the literature, it would be
recommended to assess gene expression at 12 hours, 24 hours and 3 days post tissue

fabrication to provide the best representation of mRNA transcript level transiency.

(3) Since this study was focused on the chronic effects of changes in the biomechanical
environment on ASM function and phenotype, protein expression should be assessed
in combination with qPCR data using the qPCR data to guide which proteins to

measure.

(4) As this was a preliminary investigation into the effects of changes in the stiffness of
the ASM environment on contractile phenotype, all experiments were conducted
using immortalised ASM cells obtained from a single donor. Due to the large
variability between donors, future studies should include the use of multiple donor

cell lines as well as the application of primary human airway smooth muscle cells.

111



7.2.2 Matrix Properties

(1) The data from this study demonstrated considerable stiffening of the collagen gels
crosslinked with d-ribose. However, the magnitude of stiffening was still less than
what many have suggested to be approximately the in vivo asthmatic airway stiffness
due to remodeling (89). Future studies should assess the use of higher concentrations
of d-ribose (<100mM) over a longer period of time, which has been shown to be non-
cytotoxic and does not alter collagen fibre architecture. Alternatively, the use of
another crosslinking agent such as lysyl oxidase (LOX) may provide enhanced

stiffening of the matrix.

(2) With increased collagen density, the microtissues became less contractile in contrast
to what was seen with increasing matrix stiffness through crosslinking with d-ribose.
As mentioned, this may be due to the pro-proliferative nature of type I collagen. To
confirm this hypothesis, it should be possible to assess markers of smooth muscle
proliferation or the application of 5-Ethynyl-2"-deoxyuridine (EdU) incorporation to

probe DNA synthesis.

(3) The purpose of this thesis was to assess the chronic effect of substrate stiffness on
ASM microtissue function and phenotype. However, the data obtained with regards to
cell mechanics may be altered in the presence of chronic strain. In contrast to static
forces and loads in equilibrium, in vivo ASM cells are under chronic cyclic strain due
to normal tidal breathing. It has previously been shown using polyacrylamide

hydrogels in 2D culture models that chronic strain blunts the effect of substrate
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stiffness on cell function. Therefore, it would be interesting to see whether the
combination of cyclic strain and substrate stiffness has the same effect in a more

physiological 3D culture model.

(4) The pro-contractile response of smooth muscle cells seen in conventional 2D cell
culture with applied cyclic stretch is also hypothesized to be due to an increase in
baseline tone (37). Therefore, it would be interesting to study the 3D ASM/WI-38
microtissue functional and phenotypic response after chronic incubation with either a
long-acting contractile agonist or relaxant to assess the effects of altered cellular tone,
but it would be important to also develop a system that could apply chronic cyclic

stretching since without stretch the tone does not have a pro-contractile effect (37).

(5) The presence of inflammatory cells as well as inflammatory mediators has been
shown to initiate a pro-contractile response in smooth muscle cells seen using ex vivo
and 2D culture models. Therefore, it would be interesting to study the 3D ASM/WI-
38 contractile response under the influence of various cytokines involved in asthmatic

airway inflammation or through the addition of mast cells and macrophages.

(6) Additionally, it has been shown that the ECM profile of asthmatic airways is altered
(7, 31). Therefore, it would be interesting to assess the influence of other ECM

proteins on ASM function for example elastin and laminin.

7.2.3 ASM and AEC Microtissue Model
(1) In this study, ASM/WI-38 microtissues were fabricated with undifferentiated AEC
media, meaning the NHBE cells were in their growth phase (proliferative state) thus
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making it difficult to make clear conclusions about the effects observed.
Differentiated NHBE cells possess very different characteristics compared to
undifferentiated cells as cellular polarity alters the profile of receptors on each surface
of the cell membrane and the secretory products thereby potentially affecting
regulation of ASM function. NHBE cells that are fully differentiated should also be

characterised within this 3D culture model with ASM/WI-38 microtissues.

(2) A majority of the previous studies assessing ASM and AEC interactions have looked
at the effect of damaged AEC cells on ASM function. Based on that, future studies
should involve the assessment of injured AEC conditioned media on ASM

contractility in comparison to healthy AEC conditioned media.

(3) The major pathological change in the epithelium of asthmatics is the promotion of an
inflammatory phenotype. This is caused by the release of various inflammatory
cytokines and growth factors responsible for epithelial repair. Based on these
observations it would be interesting to assess markers of inflammatory mediators
within this 3D model of ASM microtissues involving mediators such as IL-17 which
has been shown to be correlated with the severity of AHR. More recently, studies
have begun to explore the impact of [L-25 and IL-33 on the onset of asthma and their

role in the immune response.

(4) Lastly, the fabrication of microtissues using asthmatic airway smooth muscle cells in
addition to epithelial cells within this 3D model would allow for comparison of

responses of healthy tissue to diseased tissue.
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Appendix A: Statistical Power Analysis

Post hoc statistical power calculations were performed using G*Power © (version
3.1.5) for a comparison of sample means for a one-way ANOVA. As a standard for
adequacy a statistical power of 0.8 is used (80% probability that the test will detect a

significant difference).

F-tests - ANOVA (Fixed effects, one-way)

Analysis: Compute required sample size

Input Output

Parameters Parameters

o, err prob = 0.05 Total sample size = 48
Effect size = 0.6

Power (1-Berr prob) = 0.8

Number of groups =8

This would equal to a sample size of n>6 per treatment group

F-tests - ANOVA (Fixed effects, one-way)

Analysis: Compute required effect size

Input Output

Parameters Parameters

a err prob = 0.05 Effect size f = 0.94
Total sample size = 24

Power (1-Berr prob) = 0.8

Number of groups =8
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ASM cellular organisation in a soft matrix (top) and in a stiff crosslinked matrix
(bottom). Black box signifies region where significant differences can be seen between
cells in a soft matrix versus a stiff matrix. Cells are more aligned and along the line of
greatest tension generation within a stiff crosslinked matrix (bottom). In the
uncrosslinked matrix (top), the ASM cells are more disoriented and demonstrate more of

a globular structure as opposed to being striated.
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Appendix C: qPCR Reference Gene Selection

Crossing points for each of the 48 cDNA samples for 3 reference genes GAPDH,

UBC, and YWHAZ. Candidate reference genes displayed consistency of expression

between treatments. Analysis of pooled data using Bestkeeper and Normfinder software

demonstrated that GAPDH was the most stably expressed candidate.
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Sample Number
GAPDH UBC YWHAZ
Mean Cp 19.39+0.09 31.03+£0.11 22.04+0.12
Bestkeeper Pearson 0.985 0.737 0.980
correlation coefficient
Bestkeeper p-value 0.001 0.001 0.001
NormFinder stability 0206 0.479 0.280
value

132




