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Abstract

Vascular smooth muscle cells (VSMCs) typically line the medial layer of the arterial
wall, and exist in a quiescent contractile phenotype to regulate vessel tone. However, during
ageing and early cardiovascular disease (CVD) development, the arterial wall becomes
more rigid, and under these conditions, VSMC de-differentiate into the synthetic proliferative
phenotype where they instead contribute to vessel repair. Arterial stiffness is a key
predicative biomarker of CVD and our work focuses on the response of the VSMCs to the
less compliant extracellular matrix (ECM). We hypothesise aberrations in VSMC structure
and function in response to matrix stiffness, and speculate that this may contribute to the

pathological vessel wall remodelling typically observed within CVD.

To test this, we fabricated polyacrylamide gels with rigidities representative of both
physiological (12kPa) and pathological (72kPa) stiffness. Our work presents an increase in
VSMC force generation in response to matrix stiffness via traction force microscopy (TFM).
We show this to occur via novel mechanisms and, importantly, highlight the key
mechanosensors mediating this. When seeded on that 72kPa hydrogel, quiescent VSMCs
were shown to undergo hypertrophy causing increased DNA damage. Our study identifies
stretch activated channels (SACs) and N-acetyltransferase 10 (NAT10) as critical
mechanosensors that facilitate this, as inhibition of both restored healthy morphology.
Importantly, we highlight Piezol as a novel SAC within stiffness-induced VSMC
dysregulation. Using gPCR, we show Piezol gene expression to increase in response to
matrix rigidity, and also reveal that its knockdown, via siRNA-mediated methods, can reduce
DNA damage accumulation. Due to this, we predict there to be an intricate crosstalk
between the cytoskeletal networks and key mechanosensors present at the cell membrane,
and introduce Piezol and NAT10 as therapeutic targets for stiffness-induced quiescent

VSMC dysregulation.
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1.1 Cardiovascular disease

1.1.1 Cardiovascular disease overview

Cardiovascular disease (CVD) is a major risk factor to health worldwide, placing a
great burden on numerous healthcare systems and leading to significant morbidity (1).
Within the United Kingdom, it is the leading cause of mortality, establishing an urgent need
for better prevention and treatment therapies (2). The term CVD holds host to multiple
pathologies, including but not limited to, coronary heart disease (CHD) and peripheral
arterial disease (3). These conditions present mutual risk factors such as hypertension and
atherosclerosis, and its prevalence is observed in both industrial and developing countries
(4). CVD incidence can be attenuated via careful risk reduction in the form of diet and

exercise, however the largest contributing factor to it is the unavoidable process of ageing.

1.1.2 Role of ageing in CVD

The average lifespan of humans is progressively increasing, and it is estimated by
2030, 20% of the population will be aged 65 or older. This age group has been shown to be
the most vulnerable to complications in cardiovascular health, with almost 50% of deaths
attributed towards it (5-7). Ageing is mediated through a variety of environmental and genetic
factors, and causes the body to decline in its ability to perform crucial physiological
processes (5, 8). This can lead to harmful compensatory mechanisms by inducing aberrant
structural changes within the vasculature. Typically, within healthy physiology, the arterial
system is very compliant. Arterial compliance is the ability of the vessels to distend in order
to increase blood volume in response to pressure. It is classically defined as the change in
volume (AV)/ change in pressure (AP) (9). The inverse of this is arterial stiffness which acts
as a key predicative biomarker of ageing and CVD development (10). Arterial stiffness has
been found to impede the control of blood flow from the left ventricle of the heart to the
microcirculation of different organs (11). This is due to a reduction in aortic compliance,
which causes the left ventricle to increase the density of muscle mass to compensate. Whilst
this mediates short-term solutions via adjusting end-systolic volume and prolonging systolic
contraction, it ultimately diminishes cardiac performance leading to ventricular hypertrophy
(12, 13). As a result, ageing causes damage to the vasculature, making it unable to

efficiently regulate the demands it faces.
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1.1.3 The cause and implications of arterial stiffness in CVD

Arterial stiffness serves as the most common biomarker amongst numerous CVD
subpopulations (14-16). Within normally physiology, the pulse pressure is able to expand the
healthy arterial wall, allowing blood velocity to decrease due to a transfer of kinetic energy.
However, when the vascular wall becomes more rigid, it impedes its expansion and prevents
any control of blood flow (Figure 1.1). As a result, when the blood enters the microcirculation
of the heart and lungs, it causes damage due to the high pulse pressure becoming
unmanageable for the more fragile vessels (17). Typically, individuals at risk of CVD have
defects in the repair mechanisms and this accelerates the pathological reorganisation of the

vasculature (18).
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Figure 1.1: lllustration showing the impact of matrix stiffness on blood velocity. (A) shows
blood flow within a physiological elastic artery and (B) depicts a stiffened artery during cardiovascular
disease.

The most common way to measure arterial stiffness is via pulse wave velocimetry
(PWV). This gold standard works by eliciting a pressure wave along the vascular bed, and
recording the transit time it takes for it to go between two electrodes. The speed of the
pressure wave is calculated by diving the distance between the electrodes by the time taken,
and this represents the PWV value (19). Typically, the speed of the pressure wave increases

within a stiffened artery, and therefore individuals with a greater risk of CVD have a higher
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PWV value (20). However, despite providing an accurate assessment of arterial stiffness,

this method does not give any indication to what factors may contribute to its prevalence.

The dogmatic view previously considered the occurrence of arterial stiffness to be
solely due to changes in extracellular matrix (ECM) composition, specifically elastin
degradation and enhanced collagen production (21). Under physiological conditions, elastin
is the primary component within elastic fibres, and works to provide high pliability to the
arterial wall to allow it to recoil (22). Collagen, on the other hand, forms stiff fibres that
provide structural reinforcement and prevent arterial rupture from high pressures (23).
Alterations in the synthesis and degradation of both proteins during early CVD development,
however, leads to a stiffer and less compliant vessel. Despite this, numerous studies have
reported inconsistent collagen levels, with multiple showing no changes (24-28), and others
even demonstrating a decrease in its density during CVD (29, 30). As a result, earlier studies
hypothesised that this was not sufficient to independently drive these pathological changes.
Therefore, other factors have been considered since, and these include cell-matrix
interactions, endothelial contributions, and more recently vascular smooth muscle cells
(VSMCs) (31).

1.2 Arterial structure

The arterial structure is comprised of several key components that help to carefully
regulate vascular function, and they can be spatially categorised within three different layers
of the elastic wall (Figure 1.2). The tunica intima is the innermost layer, and it is constituted
by endothelial cells along with collagen fibrils and a basal membrane. Each of the layers
within the arterial wall are mechanosensitive, and during CVD development, endothelial cells
remodel the ECM to allow VSMCs to migrate to the tunica intima (32). The outer layer is
referred to as the tunica adventitia, and it primarily comprised of fibrous connective tissue. It
works to provide structural support to the vascular wall, and does this by preventing pulsatile
pressure-induced expansion (33). The third and intermediate layer is the tunica media, which
is primarily comprised of VSMCs along with elastin and collagen fibrils (34). VSMCs
regulates vascular tone via contractile activity, and this mediates effective responses to
mechanical stimuli (35). During CVD, each of the layers undergo structural remodelling, and

our work focuses on the VSMC response to enhanced matrix stiffness.
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Figure 1.2: Schematic diagram showing the structural organisation of the arterial wall. Adapted
from (10).

1.3 VSMC phenotypic regulation within CVD

A cells phenotype is primarily controlled by signalling input and a subset of nuclear
genes specific to its lineage. VSMCs are derived from distinct regions during embryonic
development, and are typically found in a quiescent contractile state within the tunica media
once matured (36). Within the arterial wall, they exist as the predominant cell type and are
arranged in a fibrous helix (35). Under healthy conditions, VSMCs work to regulate vascular
tone via contractile activity, however during CVD development, they display remarkable
plasticity and transition to the synthetic proliferative phenotype (37, 38). This phenomenon is
regarded as “de-differentiation”, and in vitro culture work demonstrates this as VSMCs
exhibit accelerated growth and a loss of contractile properties (39). Additionally, in vivo

studies supplement this as similar effects are shown in models of mechanical injury (40, 41).
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As a result, VSMC phenotypic transition is observed within development and disease
associated vessel remodelling, where they alter ECM deposition via proliferative and

migratory functions.

The quiescent contractile phenotype of VSMCs is characterised by the expression of
key contractile marker proteins. Examples are smooth muscle myosin Il (SM-myosin Il), a-
smooth muscle actin, and smoothelin (42). There are also a variety of additional myosin
isoforms expressed within smooth muscle, including non-muscle and embryonic types, but
these show a significant decrease during early development (43). During de-differentiation,
however, VSMCs present augmented expression of non-muscle myosin Il (NM-myosin I1)
and a decrease in SM-myosin Il levels (42) (Figure 1.3). Biochemical and structural studies
have revealed that myosin |l possesses two heavy chains which are physically linked to an
essential and regulatory light chain. Both light chain isoforms bind to the 1Q motifs within the
heavy chain, and the regulatory light chain induces enzymatic activity to mediate contraction
(44). Previous work with tissue has shown that SM-myosin |l function is more active in
regions of fast phasic contraction as they revealed a higher immune-reactivity (45). This is in
contrast to NM-myosin Il, which has been shown to contribute to slower tonic contractions
which generate less contractile force (45, 46). As a result, changes in gene expression
induced from the synthetic phenotype causes a loss of contractile properties within VSMCs.
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Figure 1.3: lllustration showing how increased arterial stiffness can cause VSMC phenotypic
modulation. Depicts how the synthetic proliferative state is accompanied with augmented expression
of key genes such as NM-myaosin II. NM-myosin Il: Non-muscle myosin Il; SM-myosin Il: Smooth
muscle myosin II; TF: Transcription factor; VSMC; Vascular smooth muscle cell. Adapted from (47).
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1.4 VSMC cytoskeleton

There are three filamentous components that made up the VSMC cytoskeleton, and
these are the intermediate filaments, microtubules, and actin (10). Cytoskeletal remodelling
occurs to mediate numerous processes, and this maintains healthy function of the cell. The
intermediate filaments provide structural support to the VSMC by maintaining its 3-D cell
integrity. Within the quiescent contractile phenotype, the intermediate filaments are
comprised of two proteins; desmin and vimentin. Vimentin exists as the major component
within large arteries, however desmin shows higher expression levels in VSMCs of smaller
distal arteries (48-50).

Microtubules filaments are structurally arranged by a-/B-tubulin proteins to form long
polymers that are prone to dynamic regulation (51). Within VSMCs, the properties of the
microtubule network are not clearly defined due to immense difficulty in staining dense
tissues (52). However, it has previously been revealed that microtubule depolymerisation
can cause vasoconstriction of VSMCs (53). Additionally, within other mammalian cell types,
microtubules are shown to regulate contractile and migratory function via coordination with

the actin cytoskeleton (54, 55).

The third component, actin, primarily works to transmit mechanical signals to the
ECM via cell-matrix adhesions. Monomeric globular actin (G-actin) units come together to
form filamentous actin (F-actin), and transition between both states is regulated by actin-
binding proteins (56) (Figure 1.4). Actin polymerisation begins with the formation of stable
actin trimer and its expansion is facilitated by two groups of actin polymerisation nucleators,
mDial/2 and the ARP2/3 complex (57-59). mDial/2 polymerises actin linearly by binding to
the barbed end whilst the ARP2/3 complex promotes branched polymerisation of the actin
filaments at a 70° angle (60, 61). VSMCs display remarkable plasticity under stiffened
conditions, and the cellular machinery undergoes rapid changes in response to phenotypic
switching (62). The contractile phenotype is responsible for regulating vessel tone and
presents a stable actin cytoskeleton whilst the synthetic phenotype demands a dynamic
actin cytoskeleton to facilitate repair (52, 62, 63). To mediate this, cofilin can regulate actin
dynamics by severing the filamentous actin structures (64). Within differentiated VSMCs,
actin acts as the most abundant cytoskeletal protein and makes up ~20% of the total protein
content (65). There are four populations of actin isoforms within VSMCs, and these are a-
smooth muscle actin (SMA) (40%), B-non-muscle actin (20%), y-SMA, and y-cytoplasmic
actin (combined 20%) (66). Out of these, a- and y-SMA primarily contribute to the contractile
properties of the VSMCs, causing increased tension via myosin association (67). Mechanical

cues from the intracellular/extracellular environment causes alterations in the actin
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cytoskeletal structure, which facilitates regulation of VSMC contraction, migration and

survival (68).
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Figure 1.4: Schematic diagram showing VSMC actin polymerisation and key proteins involved
in the process. ARP 2/3: Actin Related Protein 2/3; VSMC; Vascular smooth muscle cell.

1.5 VSMC contraction

VSMCs have a variety of functions within the arterial wall, however their primary role is to
regulate vessel tone via contractile activity. Within the cell, exerting force maintains

numerous functions such as migration, gene regulation and effectively coordinating with

27



other cytoskeletal networks (69-71). The contractile mechanism can be subdivided into two
signalling routes, referred to as the calcium-dependent and independent pathways and
these synergistically work together (Figure 1.5).

1.5.1 Calcium-dependent pathway

The calcium-dependent pathway works by increasing intracellular calcium
concentration within VSMCs. This pathway can be triggered by
mechanical/electrical/chemical stimuli which enables fast phasic contraction along the
arterial wall. Calcium-induced contraction can be facilitated by ion channels located on the
membrane or via release from the intracellular sarcoplasmic reticulum (72). Entry of calcium
from the extracellular matrix occurs via depolarisation of numerous types (L-type, P/Q-type
and V-type) of voltage-gated calcium channels (VGCCs) or through mechanical induced-

opening of non-selective cation channels (73).

In contrast, release of calcium from the intracellular stores is mediated by the Gaq
pathway, which begins with ligand binding to the G-protein coupled receptors at the cell
membrane. A common agonist found within the vasculature is Angiotensin Il and it works via
this pathway to constrict vessel diameter (74). Once the receptor is bound, Gaq is
transitioned to its GTP-bound state where it can activate phospholipase C (PLC). PLC then
hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) into two substrates, inositol
triphosphate (IP3) and diacylglycerol (DAG). The sarcoplasmic reticulum (SR) has IP3
receptors present on its membrane, and when bound, it causes the efflux of calcium ions
into the cytosol (75, 76).

Once in the cytosol, 4 calcium ions can bind to calmodulin to form a complex, which
results in the activation of multiple downstream kinases (77). A key target, specifically, is
myosin light chain kinase (MLCK) which works by phosphorylating the myosin regulatory
light chain on two residues, serine-19 and threonine-18 (78, 79). The former residue allows
enhanced Mg?*-ATPase activity, and this is further augmented by the threonine-18 residue.
The resulting hydrolysis of the phosphate group releases energy, and this allows the myosin
head to pull the actin filament, in a term called actomyosin activity, to initiate the cross-bridge

cycle and induce contraction (79).
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1.5.2 Calcium-independent pathway

In the absence of external stimuli, the myosin regulatory light chain maintains a low
level of phosphorylation. This allows a slower tonic form of contraction that persistently
facilitates minor changes in vessel tone (80). Within VSMCs, the small GTPase Rho and its
downstream effect Rho-associated protein kinase (ROCK), have been shown to regulate the
lower tonic force generation independently of calcium. Outside of contractile function,
Rho/ROCK pathway also regulates other cellular processes such as cell growth, protein
synthesis and transcriptional activity by phosphorylating key substrates such as
phosphatase and tensin homologue (PTEN) (81).

Rho GTPase exists within the Ras superfamily, and it cycles between a GTP/GDP
bound state via guanine nucleotide exchange factor (GEF) and GTPase-activating protein
activity (82). When inactive, GDP-Rho is localised at the cell membrane, however it is
translocated to the cytosol via Rho GDP dissociation inhibitor (83). The Giz13 family of G
proteins then stimulates Rho into its GTP-bound state via activation of p115 RhoGTPase
GEFs, which perform GTP for GDP exchange (84, 85). Once activated, GTP-Rho can return
and anchor itself to the membrane via C-terminal geranyl-geranylated tail, where it can

stimulate downstream substrates, one of which is ROCK (83, 86).

ROCK is categorised as a Serine/Threonine kinase, and exists as two isoforms both
with molecular weight of ~160kDa (87). These are human ROCK1 and ROCK2, and the
different genes encoding them are found on chromosome 18 and 2, respectively. Both are
found expressed within VSMCS and are comprised of the same structural template, with a
65% amino acid sequence identity. Its arrangement consists of N-terminal kinase domain, a
central coiled-coil domain and C-terminal pleckstrin homology and cysteine rich domain (88).
As mentioned before, ROCK has multiple effects within VSMCs, however this review will

focus on its effects within contractility.

It can work via two ways; the first is an indirect effect on force generation via the
inhibition of cofilin. ROCK phosphorylates LIM kinase 1 (LIMK1) and 2 (LIMK2), and this
induces further downstream phosphorylation of cofilin. Cofilin is an actin-depolymerising
factor, and its function can be abolished via phosphorylation. As a result, this maintains
stress fibre formation allowing for increased contractility (89). The second method is via
direct inhibition of myosin light chain phosphatase (MLCP). MLCP is structurally comprised
of a catalytic domain, variable subunit and most importantly, a myosin binding region (80).
This region is critical as it can regulate the action of the phosphatase via the phosphorylation
of the Threonine-695/697, Serine-849/854 and Threonine-850/855 residues present within it
(83, 90). MLCP typically dephosphorylates the myosin light chain (MLC) diminishing
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contractile function; however, its activity can be inhibited by ROCK phosphorylation on the
myosin binding subunit, resulting in a higher level of basal phosphorylated MLC and

increased contraction (90).
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Figure 1.5: Contractile mechanism of VSMCs, showing synergistic cooperation between both
pathways. (A) the calcium-dependent pathway works via an influx of extracellular calcium to induce
fast phasic contractions whilst (B) the Rho-ROCK pathway functions independently of calcium to
maintain slower tonic contractions. IP3: inositol triphosphate; Rho GEF: RhoGTPase guanine
nucleotide exchange factors; GTP; Guanosine 5'-Triphosphate; ROCK; Rho-associated protein
kinase; VSMC: Vascular smooth muscle cells. Adapted from (10).

1.6 Membrane-connections to the actin cytoskeleton

The actin cytoskeleton uses and is regulated by different membrane anchors both
within and outside of the cell (Figure 1.6). Typically, VSMC makes connective junctions to
the extracellular matrix or to neighbouring cells, and this allows for bidirectional transmission
of signalling cues (91). Within this review, the different mechanical links to the actin

cytoskeleton will be discussed in further detail.
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1.6.1 Cell-cell adhesions

Within the vasculature, VSMCs can form cell-cell adhesions with each other, as well
as other neighbouring cell types such as endothelial cells. The primary molecule that
mediates this is cadherin, and N-cadherin is the pre-dominant isoform that is expressed
within VSMCs (92). It regulates crucial cellular processes such as VSMC proliferation and
apoptosis (93, 94). Its structure is constituted by three domains; an N-terminal domain, a
central transmembrane anchoring domain, and a cytoplasmic tail (95). The large N-terminal
domain facilitates homodimer formation with a neighbouring cell via the linkage of their five
extracellular cadherin (EC) repeat regions (92, 95). Specifically, both cells exchange a beta
strand within their EC1 domain in a process referred to as trans-binding, and this interaction
is stabilised by calcium (96-98). Importantly, the cytoplasmic tail of N-cadherin is physically
linked to the actin cytoskeleton via the recruitment of a-catenin, and this facilitates

mechanical signals between cell-cell adhesions and the contractile apparatus (99).

Recently, there has been increasing evidence that N-cadherin plays a role in
mechanotransduction to induce changes in adhesion strength and actomyosin activity (100-
102). Within VSMC cells, cell-cell adhesions contribute to myogenic vasomotor tone
regulation in healthy conditions, as well as atherosclerotic intimal thickening during CVD
development (103, 104). However, further work is required to clarify the mechanisms in

which N-cadherin-based mechanosignalling influences VSMC function.

1.6.2 Cell-ECM adhesions

Cell-ECM adhesions, otherwise termed focal adhesions, allow the cell to anchor itself
to its extracellular environment. Focal adhesions span the plasma membrane, and integrins
act as the core of the complex. Integrins structure consists of an a and 38 subunit, and both
subunits contribute to the formation of the ligand binding- and cytosolic-domain (105). The
ligand binding domain facilitates interaction with extracellular components, whilst the
cytosolic tail allows anchorage to the actin cytoskeleton (106). This enables a bi-directional
exchange of mechanical cues and regulatory signals, which is transmitted via key

mechanosensing proteins within the adhesion complex (107, 108).

Prior to signal transduction, focal adhesions must mature and this involves the
recruitment of cytosolic components (109). Talin and a-actinin are a few of the initial proteins
that are employed to the cytoplasmic domain of integrin, and once bound, talin can induce
recruitment of additional proteins. These include vinculin, paxillin, and focal adhesion kinase

(FAK) amongst others, that form a series of connected elements that lead to the actin

31



cytoskeleton (110, 111). Vinculin, in particular, acts as a key mechano-regulator, and
physically links the focal adhesion complex to the cytoskeleton. When inactive, the head and
tail domain of vinculin maintains autoinhibition, however this can be disrupted via binding
with talin/a-actinin (112, 113). Vinculin binds to talin’s rod domain which becomes exposed
until mechanical stress, and also physically links to filamentous actin allowing force
transduction to the ECM to occur (112, 113).

It is not yet fully understood the full range of processes that occur during focal
adhesion maturation, however known processes include stress-induced activation of focal
adhesion proteins, stimulation of receptor tyrosine kinases and phosphatases, and
remodelling of the cytoskeleton (114-116). These processes regulate cell-matrix adhesions,

allowing them to maintain a mechanical balance within the dynamic ECM of the vasculature.

1.6.3 The linker of nucleoskeleton and cytoskeleton complex

The nucleus is subjected to mechanical tension and its structure allows transmission
of biophysical signals from actomyosin-generated force. Within the nuclear envelope, the
inner nuclear membrane (INM) and outer nuclear membrane (ONM) form a double lipid
bilayer, and this is divided by a ~40 nm perinuclear space (117). The mechanical cues
transmitted between the actin cytoskeleton and nuclei are facilitated by the linker of
nucleoskeleton and cytoskeleton (LINC) complex. This complex is comprised by the
Nesprin-family members found on the ONM and SUN-domain containing proteins residing
on the INM (118). Both groups of proteins span the nuclear envelope and are mechanically
linked within the perinuclear space, via the coupling of the Klarsicht, Anc-1, Syne-1
homology (KASH) domain of Nesprin 1/2 to the SUN domain of the SUN 1/2 proteins (118,
119). Importantly, the Nesprin 1/2 protein can directly associate with the actin filaments via
its calponin-homology domain to directly regulate cytoskeletal organisation (120). This allows
the nuclei to translate key mechanosignalling input from the cytosol and extracellular space

in order for it to respond appropriately.

One way in which it does this is via the reorganisation of the nuclear lamina
meshwork. The lamina network consists of A-/B-type lamin intermediate proteins along with
lamina-associated proteins, and works to provide nuclear stability (121). The SUN 1/2
proteins present on the INM physically associates with A-type lamin A/C, and as a result, its
disruption via mechanical overload can alter VSMC morphology and adhesion organisation
(118, 122). Additionally, the LINC complex regulates actomyosin-derived forces, as

disrupting Nesprin 1/2 and lamin A/C function was found to enhance actomyosin activity in
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skeletal muscle progenitor and endothelial cells (123, 124). However, the role of the LINC
complex may be cell-type specific as differential lamin A/C-induced effects were shown in
the actomyosin activity of fibroblast cells (123). The extent in which the LINC complex
participates in VSMC mechanotransduction is currently unknown, however it is speculated to
influence actomyosin activity due to being key regulators of Racl and Rho GTPases (122,
125).
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Figure 1.6: Schematic diagram showing organisation of LINC complex and adhesion
complexes within VSMCs. ECM: Extracellular matrix; INM: Inner nuclear membrane; ONM: Outer
nuclear membrane; VSMC: Vascular smooth muscle cell. Adapted from (10).

1.7 VSMC ageing and regulatory mechanisms

1.7.1 Stiffness-induced DNA damage

VSMC ageing is commonly observed within CVD, and is typically associated with a
variety of key functional changes. Importantly, ageing can induce a switch to the proliferative
phenotype and cause altered mechanosensitivity, eventually leading to pre-mature
senescence of the VSCMs (126). Within aged/CVD models, VSMCs typically undergo
phenotypic transition, and migrate to the tunica intima where they proliferate to help form an

atherosclerotic plaque in response to injury (127). However, during CVD development,
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vascular tissues present remodelling, and increased collagen-1 density were shown to
produce smaller and stiffer matrix pores (128, 129). Within these conditions, VSMCs are
forced to move via these tighter gaps to the tunica intima, which could subject the stiff nuclei
to mechanical stress (130) (Figure 1.7). The nucleus presents itself as the stiffest organelle
within the cell, with almost 5 times more rigidity than the cell itself (131). Cancer models
have previously shown that altered ECM composition can enhance DNA damage
accumulation, as the nuclei has to physically squeeze through the less porous matrix during
cell migration (132). This is supported by previous work which shows incidence of nuclear
rupture is augmented when cells are seeded on stiffer 2D substrates (133). Disruption of
nuclear integrity is typically accompanied by DNA damage accumulation, and this has been

shown in multiple studies (133, 134).

Importantly, VSMC ageing can be triggered by many factors with DNA damage being
one of the most prevalent. DNA damage can occur in many forms and includes strand
breaks, telomere shortening and base oxidation (135). In severe cases, plague rupture
within atherosclerosis can occur and in vitro/in vivo work have shown that VSMCs are
unable to compensate as they display poor proliferation rates and undergo premature
senescence (136, 137). Additionally, VSMCs derived from atherosclerotic plaques present
an increase in DNA damage with disease severity, and this is shown via augmented y-H2AX
levels and increased tail lengths on a Comet assay (138). Due to this, DNA damage has
been shown to accelerate VSMC ageing and senescence, and if not efficiently repaired, can
lead to vascular inflammation, arterial dysfunction and CVD development (135). In
summation, the cause of VSMC ageing-induced DNA damage accumulation remains
unknown. It has previously been shown that unrestrained actomyosin activity can induce
DNA damage accumulation in other cell types (139-141). Coupled to this, VSMCs have
shown to present enhanced actomyosin activity and traction force generation within stiffer
matrices (142), however further work is required to determine whether actomyosin activity

can drive DNA damage accumulation within VSMCs.
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Figure 1.7: Diagram showing constricted VSMC migration through smaller pores leading to
nuclear rupture. VSMC: Vascular smooth muscle cell. Adapted from (69).

1.7.2 NAT10 and protein acetylation

Within the vessel wall, VSMCs work to maintain vessel tone, however under stiffer
conditions, they reveal a dysregulation of their core functions including increased contractility
(142). Previously, it's been shown that unrestrained actomyosin activity induces DNA
damage in multiple cell types, and as discussed before, DNA damage drives VSMC ageing
(139-141). Importantly, multiple cytoskeletal proteins have emerged as novel regulatory
components of actin stress fibre formation and cell contractility (70, 143, 144). In order to do
this, many undergo conformational changes in their organisation and recent work has

revealed acetylation of key lysine residues to help facilitate this.

Acetylation acts as an important post-translational modification (PTM) for multiple

cytosolic proteins, and emerging studies have identified N-Acetyltransferase 10 (NAT10) as
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a critical histone acetyltransferase that is involved within this. NAT10 is a part of the Genb-
related N-acetyltransferases family and controls multiple processes within the cell such as
maintaining telomerase activity, transcription and cytokinesis (145-149). Importantly, tubulin
has been established as a key substrate for NAT10, and loss of NAT10 activity has been
shown to induce reorganisation of the microtubule network (146, 150). Prior studies have
shown microtubule acetylation to inversely correlate with cell contractility within fibroblast
cells (70). We speculate this to be a regulatory mechanism by NAT10 as utilisation of
Remodelin, a specific NAT10 inhibitor, has revealed a link between microtubule
reorganisation and rescue from nuclear deformation (150). Nuclear deformation is a
common consequence of mechanical overload, and in support of this, NAT10 inhibition was

also shown to reduce genomic instability and delay senescence within aged VSMCs (151).

Another key protein that regulates VSMC function is vimentin. Vimentin is an
intermediate filament protein that is highly expressed within VSMCs (48). It has previously
been shown to regulate VSMC contractility via polymerisation of its intermediate filament
network (143, 144, 152-155). Importantly, it has been shown to be acetylated on several
lysine residues, specifically lysine 120, which has induced enhanced migration in other cell
types (156). Prior studies have shown Remodelin treatment to decrease vimentin levels
(157), and as a result, vimentin expression may be upregulated by NAT10 during CVD, and
this may increase VSMC migration leading to early VSMC senescence and accelerated

ageing.

1.7.3 Epigenetic regulation

Heritability determinants have been shown to contribute to complex CVD conditions
such as atherosclerosis, hypertension and diabetes, however, variability in disease severity
may be a result of epigenetic changes that target chromatin structure as opposed to DNA
sequence (158, 159). Epigenetic regulation can either be in the form of DNA methylation
which characterise long-term changes, as well as more transient histone modifications (160).
Methylation tags on the DNA sequence may promote regulation of histone structure, and
thus perpetuate a sequence of chromatin modifications. Such post-translational histone
changes include phosphorylation, ubiquitination, acetylation and methylation (161, 162). Out
of these, acetylation of the histone H3/H4 tails, specifically on its lysine residue, serves as
the most consistent sign of promoting transcription, whilst histone deacetylation typically
induces chromatin condensation (160, 163, 164). However, whilst this is the general case,
epigenetic modifications are far more complex and can induce differential effects. An

example is methylation of the histone tails which can cause gene silencing on H3K27
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residues, as well as activation via H3K4 residues (160), with further information shown on
Table 1.1.

Table 1.1: Histone methylation sites showing most common effects and chromatin regions
currently known. Adapted from (160).

Histone protein Residue position Modification Transcriptional effect
H3 Lysine 4 Di-methyl Gene activation

H3 Lysine 4 Tri-methyl Gene activation

H3 Lysine 9 Mono-methyl Gene silencing

H3 Lysine 9 Di-methyl Gene silencing

H3 Lysine 9 Tri-methyl Gene activation/silencing
H3 Lysine 27 Mono-methyl Gene silencing

H3 Lysine 27 Tri-methyl Gene silencing

H3 Lysine 79 Di-methyl Gene activation

H3 Lysine 79 Tri-methyl Gene activation

H4 Lysine 20 Di-methyl Gene silencing

H4 Lysine 20 Tri-methyl Gene silencing

Within VSMCs, many smooth muscle differentiation marker genes contain CArG
boxes within their promoter regions, and are regulated by serum-response factor as well
epigenetic histone markers (165). During CVD development, VSMCs switch to the synthetic
proliferative phenotype which is accompanied by changes in the expression of key
contractile marker proteins (166). The mechanical pressure induced by alterations in ECM
composition can be transmitted to the nuclear lamina which potentially triggers epigenetic
changes (130, 131). Previous work has shown aged VSMC samples from atherosclerotic
model’s present DNA hypomethylation which can activate a number of gene clusters (167).
Dysregulation of this can cause aberrant cellular effects and key inducers such as
angiotensin Il and DNA damage have previously been shown to trigger VSMC senescence
via epigenetic changes (135). In support of this, prior research has revealed Angiotensin Il
stimulation can induce opening of chromatin via histone acetylation, whilst other studies
show compressive forces to VSMCs reduce actomyosin activity and suppress transcription

in VSMCs (168, 169). As a result, it becomes clear that intra/extracellular mechanical
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tension can regulate gene expression during phenotypic switching, and this may accelerate

VSMC ageing within the stiffened environment.

1.8 VSMC mechanotransduction

1.8.1 Mechanotransduction overview

The mechanical stimuli that arise from a cell’s microenvironment can be translated to
biochemical processes within the cell, via a process referred to as mechanotransduction.
Within the vasculature, this is essential in allowing the VSMCs to timely adapt to the dynamic
changes of the vascular wall (170). Mechanotransduction facilitates regulation of VSMC
function, adjusting crucial processes such as actomyosin activity, adhesion organisation and
phenotypic switching (171). Mechanosensors facilitate transmission of mechanical cues from
the ECM, and are defined as proteins that present a specific modification in response to
intra/extracellular tension. Alterations in these proteins can vary, and positive signatures of a
successful mechanosensor include post-translational modifications, protein localisation and
new binding partners (170). Key mechanosensors within VSMCs include stretch-activated
ion channels (SACs), cytoskeletal filaments and cytosolic/nuclear proteins, as shown by
Figure 1.8, and activation of each can trigger specific response pathways within the cell
(171, 172).

In order to effectively respond to the ECM, cells tune their mechanical properties by
actively exerting and resisting forces both to and from their microenvironment. The force
generated from the actin cytoskeleton is transmitted via focal adhesion complexes, enabling
“inside-out” and “outside-in” signalling (173). This induces appropriate changes in gene
expression which causes structural remodelling of the cytoskeleton. As a result, VSMCs can
mediate essential maintenance of the healthy vascular wall, as well as initiate damage repair
during disease development (174). Within the arterial wall, each of the three layers present
roles in mechanotransduction (32). However, this review focuses upon the VSMCs that lines
the tunica media, and the mechanotransduction that takes place under both physiological

and pathological conditions.
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Figure 1.8: Schematic diagram showing key mechanosensors present at the cell membrane of
VSMCs. Substrate stiffness is sensed by cell-matrix adhesions which results in the recruitment of
subsequent focal adhesion proteins. Vinculin, via talin, binds to the actin cytoskeleton allow transfer of
mechanical cue between the cytoplasm and ECM. ECM: Extracellular matrix; FAK: Focal adhesion
kinase; IT: Integrin; PAX: Paxillin; SAC: Stretch-activated channel; TLN: Talin; VCL: Vinculin; VSMC:
Vascular smooth muscle cell; WASP: Wiskott—Aldrich syndrome protein; ZYX: Zyxin. Adapted from
(170).

1.8.2 Elastic arteries and the role of stretch

The cardiac cycle is cyclical in nature, and the blood that is ejected from the left
ventricle creates numerous mechanical stimuli that vascular smooth muscle is subjected to.
Examples are circumferential wall tension and vascular shear strain, however, VSMCs are
pre-dominantly exposed to cyclic stretch from pulsatile blood pressure (35, 174). The
occurrence of cyclic stretch is periodic within the cardiac cycle, due to the systolic and
diastolic phase causing an increase and subsequent decrease in blood flow, respectively
(175). The healthy arterial wall is abundant in elastin, and when stretched, it can stimulate
the activation of key signalling molecules such as protein kinase C (PKC) and Akt. These

mechanosensors can regulate important cellular functions such as migration and
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proliferation (35). A crucial component recently identified in this response are SACs, which

mediate calcium entry into the cytosol to regulate VSMC contraction (176, 177).

SACs exist on the cell membrane and work to regulate the myogenic response, via
calcium entry and depolarisation (177). This allows VSMCs to translate mechanical stretch
into force generation, however the exact signal transduction mechanisms are not fully
clarified. Despite this, numerous studies have identified mechano-sensitive ion currents
within VSMCs, and several channels have been implicated to contribute towards this (178).
One such family are the transient receptor potential-canonical (TRPC) channels. The TRPC
are part of the transient receptor potential (TRP) superfamily, comprising one of its six
subfamilies, and possesses a structure of four subunits with 6 membrane-spanning helices
in each (179, 180). Within VSMCs, TRPC channels have been found to cause
depolarisation, which allow for vessel tone regulation and control of systemic blood pressure
(181, 182). Specifically, the non-selective cation channel TRPC6 has previously been found
to augment cytosolic calcium concentration via release from the SR to increase VSMC
contraction (183). This channel works via the PKC pathway, and requires phosphorylation of

the Threonine 69 residue found on one of its subunits, to exert its effects (184).

Another mechanosensitive family are the Piezo non-selective cation channels
consisting of Piezol and Piezo2, with the former revealing roles in vascular development
and blood pressure management. Cryogenic electron microscopy has revealed that Piezol
exists in a trimeric form, resembling three-bladed propellor-like structure, with an ion-
conducting pore module in its centre (185). Its electrophysiological properties reveal an influx
of Na*, K*, Ca?" and Mg?* ions, with Ca?* showing favourable permeability (186). Piezo1l is
highly expressed within endothelial and smooth muscle cells, and work to mediate blood
vessel development and structural maintenance (187-189). Importantly, it has been shown to
contribute to arterial remodelling within hypertensive models, and therefore Piezol presents
a crucial role within the mechano-responses of VSMCs in both physiological and
pathological conditions (189).

1.8.3 The role of matrix stiffness in CVD

During CVD development, the arterial wall loses elasticity and becomes stiffer due to
a variety of contributing factors (31). As a result of key mechanosensors, such as the focal
adhesion complexes, VSMCs are able to sense the rigid matrix and respond by exerting
actomyosin-derived forces to the ECM (173). This usually allows for regulation of the vessel

tone, however during pathological remodelling, the vascular wall becomes progressively less
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compliant (12). The resulting reduction in elasticity diminishes stretch signals that normally
arise from blood flow, and causes a switch between transient stretch signals to sustained

stiffness signalling.

Decreased aortic compliance typically occurs in the early stages of numerous CVDs
such as atherosclerosis, restenosis and diabetes (63). Atherosclerosis progression, in
particular, has shown a clear correlation with arterial compliance (190). It is an inflammatory
condition that acts as the underlying cause of heart attacks and cardiac death, and works by
eliciting aberrant functions from both the intimal and medial layers (63, 191). This results in
the formation of an atherosclerotic plaque, which consists of a soft lipid core (~5kPa)
surrounded by a stiff fibrous cap (~60-250 kPa) (192). As a result, the mechanical rigidity of
the microenvironment possesses abnormal heterogeneity, and VSMCs can sense this to
perform directional cellular migration via durotaxis (192, 193). Durotaxis differentiates from
chemotaxis and haptotaxis as it does not require soluble chemical signals or adhesive ligand
densities, respectively (193). Previously, it has been shown that VSMCs undergo directed
migration on gels coated with fibronectin (194). Fibronectin is abundant within atherosclerotic
lesions, and this suggests that a stiffness gradient may contribute to how VSMCs migrate to

the intimal layer within atherosclerosis.

Additionally, VSMC phenotypic switching and enhanced proliferation has been
observed within atherosclerosis (14, 190). As mentioned before, phenotypic regulation is
modulated by a variety of environmental cues, and ECM composition has been implicated to
play a crucial role (195). Within atherosclerotic plaques, there is a degradation of elastin as
well as augmented collagen-1 deposition (142). Previous studies have shown that increases
in collagen-1 density can induce a reduction in the expression of key contractile marker
proteins, such as SM-myosin Il (195). This suggests that the augmentations in the stiffness
and nanotopography of the ECM can direct a proliferative change to the synthetic phenotype
of VSMCs (196).

Despite this, our understanding of matrix rigidity and the numerous effects it has on
VSMC function remains limited. Previously, it has been shown that VSMCs reveal increased
intracellular tension and larger cell-matrix adhesion formation when seeded on stiffer
substates (31, 197). Alongside this, VSMC stiffness is augmented within multiple CVDs,
such as diabetes and hypertension, and this can be attenuated via actin inhibitors (31, 198).
This gives indication that matrix stiffness may increase actomyosin activity within VSMCs,
and this leads to increased cell stiffness. To support this, an increase in matrix rigidity from
10 kPa to 25 kPa has previously been found to evoke larger traction force generation within
fetal aortic VSMCs (142). Importantly, when increased to 135 kPa, VSMCs lose their ability
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to displace the matrix, and therefore cannot generate sufficient force to manipulate the ECM
under enhanced stiffness (142). This was also shown in 3D models where VSMCs no longer
retained the ability to physically contract their substrate when surrounded by collagen-1
fibrils (199).

From this, it is possible that the rigid ECM is no longer remodelled by VSMC
actomyosin activity due to a stiffness-dependent reduction in contractile marker protein
expression (200). This can prevent VSMCs from generating sufficient traction force to
deform the stiff substrate, as previously observed, making the extracellular environment non-
compliant (142). However, it remains unclear whether the absence of substrate deformation
is due to a reduction in actomyosin activity or an unmanageable increase in matrix rigidity. A
previous study utilising young and old soleus muscle feed arteries examined the
vasoconstrictor response of each. This study found that the vasoconstrictor response of the
aged vessels significantly decreased in comparison to its counterpart, suggesting
impairments in the intrinsic actomyosin activity of the VSMCs (200). However, due to the fact
that aged arteries are stiffer and less prone to deformation, the actomyosin response may
remain intact (201). In agreement with this, VSMCs within aged arteries show enhanced
ROCK activity as well as higher mechanical loads at their cell-matrix adhesions (200). Due
to this, further work is required to clarify the extent in which matrix stiffness may influence

actomyosin signalling within VSMCs.
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1.9 Hypothesis and Project Aims

The arterial wall undergoes stiffening during CVD development, and this has several
implications on VSMC, the pre-dominant cell type within the aorta (31, 142, 197). However,
prior work investigating VSMC function has primarily been performed on either plastic/glass
or gels unrepresentative of the aortic wall and as a result, we speculate that employing
materials that mimic both the healthy and stiffened aortic wall will reveal novel mechanistic
insights. We hypothesise that matrix stiffness will result in altered VSMC
mechanotransduction and this will affect:

¢ Morphological characteristics
e Cytoskeletal function and organisation

e Contractile activity

The specific objectives within this project were:

1) To characterise the impact of matrix stiffness on synthetic VSMC organisation and

traction force generation.

2) To explore the effect of various contractile agonist and antagonists on quiescent

VSMC morphology and whether matrix stiffness induces a differential response.

3) To determine the effect of matrix stiffness on quiescent VSMC volume and the

underlying mechanism behind it.

4) To study the role of NAT10 in VSMC morphology and DNA damage regulation.

By furthering our understanding of the altered mechanotransduction that VSMCs undergo
within the pathological environment, this work will aid in identifying future therapeutic targets

for stiffness-related vascular diseases.
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Chapter 2: Materials and Methods
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2.1 Laboratory Consumables

All laboratory consumables and equipment utilised throughout the course of this
project, unless otherwise indicated, have been listed within the tables below. If excluded,
they are presented clearly later on within this chapter. All diluted reagents, unless stated

differently, were made using distilled water.

2.1.1 Chemicals and reagents

Table 2.1: Laboratory chemicals and reagents used.

Chemical/reagent Source Product/Catalogue
number

Smooth Muscle Cell Growth Sigma 311-500

Medium

Smooth Muscle Cell Growth Sigma 311-GS

Supplement

Smooth Muscle Cell Basal Medium | Sigma 310-500

Keratinocyte Calcium-Free Basal Sigma 132-500

Medium

Earle’s Balanced Salts Sigma E6267

Trypsin-EDTA solution Sigma T3924

Dimethyl sulfoxide (DMSO) Sigma D8418

Fetal Bovine Serum (FBS) Fisher Scientific 26140079

(3-Aminopropyltriethoxysilane Sigma A3648

(APES)

Glutaraldehyde solution Sigma G6257

Ammonium persulfate (APS) Sigma A3678

Tetramethylethylenediamine Thermo Scientific 17919

(TEMED)

Acrylamide Solution Fisher Scientific BP1402-1

(40%/Electrophoresis)

Bis-acrylamide Solution (2% Fisher Scientific BP1404-250

wi/v/Electrophoresis)

Isopropanol Fisher Scientific 10674732

Chloroform Fisher Scientific 10102190

Ethanol absolute 299.8% VWR 20821.330

FluoSpheres™ Carboxylate- Thermo Scientific F8812

Modified Microspheres, 0.5 um, red

fluorescent (580/605), 2% solids

Triton™ X-100 Sigma X100

Collagen I, rat tail Thermo Scientific A1048301
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Table 2.1: Laboratory chemicals and reagents used.

Sulfo-SANPAH, primary amine- Abcam ab145610
nitrophenylazide crosslinker

Dulbecco’s Phosphate Buffered Sigma D8537
Saline (PBS)

Paraformaldehyde (PFA) Sigma P6148
Nonidet P-40 (NP-40) Surfact- Thermo Scientific 85124
Amps™ Detergent Solution (10%

(w/v) aqueous solution)

Bovine Serum Albumin (BSA) Sigma A2153
VectaShield® HardSet™ Antifade Vector H-1500
Mounting Medium with DAPI)

VectaSheild® Hardset™ Antifade Vector H-1400
Mounting Medium

HiPerFect Transfection Reagent Qiagen 301705
Flexitube siRNA (5 nmol) Qiagen 1027417
Sodium Dodecyl Sulfate (SDS) Fisher Scientific 10090490
2-Mercaptoethanol Sigma M3148
Glycerol, 99+% Fisher Scientific 10795711
Bromophenol Blue sodium salt Sigma B8026
Tris Base Fisher Scientific 10376743
TruPAGE™ Precast Gels, 4-20% Sigma PCG2004
Methanol Fisher Scientific 10284580
TruPAGE™ Tris-MOPS SDS Sigma PCG3003
Express Running Buffer, 20X

TruPAGE™ Transfer Buffer, 20X Sigma PCG3011
Skim milk powder Oxoid LP0031
Tris Buffered Saline, with Tween® Sigma T9039

20 (TBST), pH 8.0

Cytiva Amersham™ ECL™ Prime Fisher Scientific 10308449
Western Blotting Detection Reagent

Nuclease-free water Sigma w4502
gPCRBIO Probe Mix Lo-Rox PCR Biosystems PB20.21
Invitrogen™ TRIzol™ Reagent Fisher Scientific 12044977
9x Invitrogen™ Random Primers Fisher Scientific 48190011
SuperScript™ Il Reverse Fisher Scientific 18064014
Transcriptase (including 0.1M DTT

& 5X first-strand buffer)

100 uM DNTP Mix Bioline BIO-39053
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2.1.2 Lab consumables

Table 2.2: Details of laboratory apparatus used.

Lab apparatus Source Product number
Thermo Scientific™ BioLite Cell Fisher Scientific 11884235
Culture Treated Flasks

Cryogenic vial 1.2 ml, Sterile Fisher Scientific 1050025
Parafilm Sigma P7793

30 mm Coverslips VWR 631-0174
13 mm Coverslips VWR 631-0149

6 Well Plates Thermo Scientific 130184

24 Well Plates Fisher Scientific 930186
Immun-Blot® PVDF Membrane Bio-Rad 162-0177
VisiPlate-24 Black, Black 24-well PerkinElmer 1450-605
Microplate with Clear Bottom

1.5 ml Natural Flat Cap Starlab S1615-5500
Microcentrifuge Tubes

Microscopic Slides with Ground Fisher Scientific 12373118
Edges

25x Fisherbrand™ 96-Well Fisher Scientific 14230232
Nonskirted PCR Plates, Natural

250x Fisherbrand™ Flat and Fisher Scientific 11859251
Domed 8-Cap Strips, Flat Cap

Strips

MicroAmpTM Optical 96-Well Applied Biosystems N8010560
Reaction Plate (Applied Biosystems

N8010560)

MicroAmpTM Optical Adhesive Film | Applied Biosystems 4311971

10 ul Graduated TipOne Filter Tip Starlab S1121-3810
(Sterile), Racked (10x96)

20 ul Bevelled TipOne Filter Tip Starlab S1120-1810
(Sterile), Racked (10x96)

200 pl Graduated TipOne Filter Tip | Starlab S1120-8810
(Sterile), Racked (10x96)

1000 pl XL Graduated TipOne Filter | Starlab S1122-1830
Tip (Sterile), Racked (10x96)

Sterile Graduated Transfer Pipettes | Fisher Scientific 13469108
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2.1.3 Lab instruments

Table 2.3: Laboratory instruments used within project.

Instrument Source

Plate Reader CLARIOstar
Benchtop UV Transilluminator UVP

UV Cabinet Fisher Scientific
Magnetic Stirrer with Heating Starlab

Vortex Starlab
Centrifuge 5810 R Eppendorf

2720 Thermal Cycler

Applied Biosystems

7500 Real Time PCR System

Applied Biosystems

ChemiDoc XRS+ System

Bio-Rad

Trans-Blot® Turbo™ Transfer System

Bio-Rad
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2.2 Cell culture

All cells were grown in T75 flasks and kept in humidified incubators set at 37°C, with
a 5% CO; atmosphere. At 70-80% confluency, culture medium was removed and cells were
washed with Earle’s balanced salts solution. Cells were then detached from cell flask during
passaging via trypsin-EDTA treatment for 3-5 minutes at 37°C. Smooth muscle cell growth
medium was used to inactivate trypsin-EDTA and cells were split 1:2 into fresh T75 culture

flasks.

Cell stocks were created by suspending cells in VSMC freezing medium (10% DMSO
and 90% FBS) within a cryogenic vial to be initially frozen at -80°C, with long-term storage at

-180°C, in a liguid nitrogen vapour phase.

2.2.1 Human VSMCs

Our study utilised two isolates of human VSMCs. 354 human VSMCs were
purchased from Thermo Scientific (C0075C) whilst 35F human VSMCs were a kind gift from
Professor Catherine Shanahan (Kings College London, UK). Both were cultured in smooth
muscle cell growth medium containing smooth muscle cell growth supplements. The 354
VSMC isolate was pre-dominantly used throughout this project due to accessibility and time
restraints. However, when using 35F VSMCs, they are clearly mentioned within this thesis

as isolate-2.

2.2.2 Polyacrylamide hydrogels

2.2.2.1 Coverslip activation

Using parafilm, the top surface of the coverslip (13/30 mm) was covered with APES,
used neat, for 5 minutes. Next, coverslips were rinsed two times with 1-2 ml of distilled
water. Coverslips were then immersed in 0.05% glutaraldehyde solution for 30-60 minutes.
After, coverslips were rinsed twice more with distilled water before being air dried. Within our
lab, activated coverslips remained functional for two weeks and could be stored at room

temperature (RT).
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2.2.2.2 Hydrogel fabrication

Appropriate ratios of acrylamide and bis-acrylamide were mixed in distilled water.
The standard ratios and their corresponding Young’s modulus were previously determined in
Dr Warren’s lab, shown in Table 2.4 (202). Within this project, we fabricated polyacrylamide
hydrogels with an average Young’s modulus of 2, 12 and 72 kPa, however the
acrylamide/bis-acrylamide ratios of alternative elastic values can be found in earlier work
(203). In order to ensure consistency between hydrogels, 50 ml of hydrogel stock solutions
were made in bulk and stored in 4°C. Once made, hydrogel polymerisation was initiated via
the addition of 1:100 APS (10%) and 1:1000 TEMED. For experiments mapping cellular
traction forces, 1:1000 FluoSpheres are combined before the addition of TEMED. 25 pL (for
13 mm coverslips) to 50 L (for 30 mm coverslips) of the mix was placed on the centre of a
glass slide and the activated coverslip was placed face down on the solution for 5-10
minutes. This step was performed carefully to prevent air bubbles forming ensuring intact
hydrogel fabrication. After, the glass slides were slowly peeled off the coverslip leaving a
newly formed polyacrylamide hydrogel on its surface. The coverslip, hydrogel side up, was

kept in water/PBS at 4°C for a maximum duration of 2 weeks.

Table 2.4: Composition of acrylamide/bis-acrylamide stock solution for 2, 12 and 72 kPa
hydrogels in a 50 ml volume.

2 kPa 12 kPa 72 kPa
Acrylamide Solution 6.250 ml 9.375 ml 12.500 mi
Bio-Acrylamide Solution (2%) 2.000 ml 3.000 ml 10.000 mi
WIV
DdH20 41.750 ml 37.625 ml 27.500 ml

2.2.2.3 Hydrogel functionalisation for cell culture

To facilitate cell attachment to the hydrogels, coating with an ECM protein is
required. For this model, any ECM component will suffice, however, we utilised collagen-1.

In order to do this, we covalently linked the collagen-1 to the polyacrylamide hydrogel via
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Sulfo-SANPAH, a protein cross linker. Sulfo-SANPAH was diluted 1:3000 to give a
concentration of 6 mM and 1-2 ml of this was then used to treat each hydrogel. Using a
Benchtop UV Transilluminator, the well plate was exposed to 365 nm UV light for 5 minutes
in order to activate the cross-linking agent. Indication of activation can be visually assessed
as cross-linking solution turns from bright red to dark red. After activation, the well plate was
UV sterilised using a UV cabinet for an additional 30 minutes. Following this, every step of
the functionalisation protocol was performed in the tissue culture hood. The Sulfo-SANPAH
was removed and the hydrogels were washed twice with sterile PBS. The hydrogel was then
treated with 0.1 mg/ml of collagen-1 and incubated at 4°C for a period of 10 minutes.

Hydrogels were then washed twice more with sterile PBS. Cells were then seeded on the

Sulfo-SANPH

PA hydrogel

Coverslip
polyacrylamide hydrogels with smooth muscle growth/basal medium and cultured in a

humidified incubator at 37°C, 5% CO.,. A schematic diagram of the final set up is shown
(Figure 1).

Figure 2.1: Final set up of functionalised polyacrylamide hydrogels with cells attached.
Adapted from (202).

2.2.3 SiRNA target knockdown

Target knockdown via the transfection of siRNA was performed using HiPerFect,
following manufactures instructions. Briefly, sSiRNA was combined with basal media (100 pl)
to give a final concentration of 0.4 uM. 24 pl of HiPerFect was then added to this and the
resuspended solution was left to incubate at RT for 10 minutes, prior to being added
dropwise to VSMCs cultured with 2 ml of growth media within a 6-well plate. All SIRNA-

targeted knockdowns were performed by Dr Robert Johnson within the Warren lab.
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2.2.4 Cell treatments

A variety of different compounds were utilised throughout this project to test VSMC

response within physiological and pathological environments. To do this, they were diluted to

appropriate working concentrations, as indicated by Table 2.5, with smooth muscle

growth/basal medium. Pre-existing medium was removed and replaced with drug solution for

a duration defined by each experiment.

Table 2.5: Details of laboratory compounds utilised.

Compound Source and product Working concentration
number

Angiotensin Il Sigma A9525 0.01-100 pM (Serial dilution)

Carbamoylcholine chloride | Sigma C4282 0.01-100 pM (Serial dilution)

(Carbachol)

Irbesartan Sigma 12286 0.023-230 nM (Serial dilution)

Atropine Sigma A0132 0.036-360 nM (Serial dilution)

Y-27632 dihydrochloride Sigma Y0503 5 uM

InSolution Y-27632 Sigma 688001 5 uM

Blebbistatin Sigma B0560 40 uM

Atorvastatin calcium salt Sigma PZ0001 0.5 uM

trihydrate

Remodelin Hydrobromide Sigma SML1112 1uM

GsMTx-4,
mechanosensitive and
stretch-activated ion
channel inhibitor

Abcam ab141871

0.05-500 nM (Serial dilution)

SAR-7334

Tocris 5831

0.1 nM-10 pM
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2.3 Biochemical techniques

2.3.1 Whole cell lysate preparation

Samples were obtained by lysing cells in 4x Laemmli's Buffer, comprised of: SDS
(8%), 2-mercaptoethanol (20%), glycerol (40%), bromophenol blue (0.008%) and Tris-HCI

(0.125 mM). Prior to loading, samples were boiled at 95°C for 5 minutes.

2.3.2 Western Blot analysis

Samples (20 pL) were loaded onto TruPAGE 4-20% Precast gradient gels and
subsequently underwent SDS-PAGE at 120 V for 2-3 hours, in the presence of TTuPAGE

running buffer, diluted to 1x concentration.

The separated proteins were subsequently transferred onto PVDF membrane using
the Trans-Blot Turbo transfer system set at 25 V for 40 minutes. To do this, membranes
were first wetted in Methanol briefly, and then placed in TruPAGE transfer buffer (1x) along
with filter paper. Membranes were then blocked in 5% skimmed-milk powder prepared in
TBST, for 1 hour at RT. After, the membranes underwent a 5-minute wash in TBST three
times prior to being incubated in primary antibody, prepared in 5% BSA/TBST, overnight at
4°C. The following antibodies were used: anti-Piezol (used 1:1000) and anti-GAPDH (used
1:2000). After incubation with the primary antibody, membranes underwent a further 5-
minute TBST wash three times before undergoing a 2-hour incubation with the appropriate
horseradish peroxidase (HRP) conjugated secondary antibody, used 1:4000 in 5%
milk/TBST.

Finally, membranes were washed with TBST for 5 minutes six times, and then
treated with a 1:1 solution of Amersham ECL Prime Western Blotting Detection reagents.
Chemiluminescence was detected on a ChemiDoc XRS+ system, and densitometric
readings of blot intensities were quantified using FI1JI. Within this project, all western blots

presented were performed by Dr Robert Johnson within the Warren lab.
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2.4 Molecular biology techniques

2.4.1 RNA isolation

Initially, all surfaces on the work bench were decontaminated using 70% ethanol.
VSMCs from a confluent hydrogel plate were lysed using 500 pL of TRIzol reagent per
hydrogel. The TRIzol solution was pipetted several times to facilitate full dissociation of
nucleoprotein complexes, before being transferred to an Eppendorf tube. Next, 200 uL of
chloroform was added and samples were vortexed for 15 seconds followed by a 2-minute
incubation at RT. The samples were then centrifuged for 15 minutes/18,500 xg/4°C, with the
resulting upper aqueous layer being collected and combined with 500 uL of isopropanol. A
second vortex was performed on the samples and they were spun down once more for 10
minutes/18,500 xg/4°C. The supernatant was then removed and the resulting pellet was
washed with 200 pL of 70% of ethanol, before undergoing a final centrifugation for 2
minutes/18,500 xg/4°C. The ethanol was removed and the RNA pellet was left to air-dry for
30 minutes, before being re-suspended in 20 pL of molecular grade water. The Nanodrop
2000 software was used to assess the concentration and purity of RNA samples, before
storing at -80°C.

2.4.2 Reverse transcription (cDNA synthesis)

Total RNA of each sample was diluted to 1 ug/9 L, with the addition of 2 pL of
random primers before centrifugation for 2 minutes/18,500 xg/4°C. RNA was then incubated
at 70°C for ten minutes using a Thermal Cycler. After, 4 uL of 5X first strand, 2 yL of 0.1 M
DDT, 1 uL of Superscript Il reverse transcriptase, dNTPs (100 uM), and molecular grade
water was added to each sample. The randomly-primed RNA mix was then incubated for a
further 60 minutes at 42°C, followed by heat inactivation for 10 minutes at 70°C. The total
cDNA produced was diluted 1:100 in molecular grade water to obtain the required

concentration necessary.

2.4.3 Quantitative polymerase chain reaction (QPCR)

All primer sets used within this project were examined via Tag-based PCR.

Forward/reverse sequences of all genes of interest (GOI) were designed in the Assay design
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centre of Roche Life Science, and then subsequently ordered from Sigma, (Table 2.6).
Corresponding probes were purchased from Universal ProbeLibrary on Sigma. Prior to
gPCR, primer pellets were diluted to 10 uM and kept at -20°C.

A reaction mix was prepared using the following quantities per gene: 125 pL of
gPCRBIO Probe Mix Lo-Rox, 7 uL each of diluted forward/reverse primers, 3.75 uL of
corresponding probe, and 81 uL of water. Each mix had 10 uL of diluted cDNA added to it.
Using a 7500 Real Time PCR System, PCRs were performed at 50°C for 2 minutes followed
by 95°C for 10 minutes (Holding stage). Next, 40 cycles were performed at 95°C for 15
seconds before cooling to 60°C for 1 minute (Cycling stage). The 7500 software
automatically determined the cycle threshold (CT) of each sample and mRNA expression
was quantified from standard curves generated for each gene before being normalised to the
internal control, ATP5B, from the same sample. Following this, the delta-delta CT method

was used to determine fold changes.
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Table 2.6: Primer sequences of genes of interest.

Gene Forward sequence Reverse sequence Probe number Scale Purification | State
(Universal Probe (MM)
Library)
AQP1 gcccgagttcacaccatc atcctctcaggcatcacctc #48 0.025 Desalt Dry
AQP4 tctggtacacaaaggtccaca caggcaatgagagctgcac #60 0.025 Desalt Dry
PIEZO1 | gcatccacatccctctcatc ctgtctgcctcggcatct #24 0.025 Desalt Dry
PIEZO2 | cccactgggaagtgtacagg tgcacagtcaaaggctatcaa #40 0.025 Desalt Dry
TRPC1 tgatcgttttggtcgatgatt agcttcttttggactacggttg #24 0.025 Desalt Dry
TRPC2 atcgggcactgtccactatc aggaaagtgcagcaccaaag #49 0.025 Desalt Dry
TRPC3 aaaagggcttcgcagaattt ttcctggccattggctact #40 0.025 Desalt Dry
TRPC4 gtatcgcttcaccaggttcc caataggggtaagaacacagcat | #9 0.025 Desalt Dry
TRPC5 ctgtcagcattgcgttctg tggtaactggttcaacaacacc #43 0.025 Desalt Dry
TRPC6 tgcgtgtgctacaaacttca atttactggtttgctccatgc #60 0.025 Desalt Dry
a-SMA cctatccccgggactaagac aggcagtgctgtcctcttct #78 0.025 Desalt Dry
ACAN cctccccttcacgtgtaaaa gctccgcttctgtagtctge #76 0.025 Desalt Dry
BGN ctcccagacctcaagctcect tgggacagaagtcgttgaca #9 0.025 Desalt Dry
CNN gctgtcagccgaggttaaga cctcgatccactctctcagce #32 0.025 Desalt Dry
DCN caaattcccggattaaaaggt caggaaacttgtgcaagcag #88 0.025 Desalt Dry
LUM cgaaagcagtgtcaagacagtaa | ggccactggtaccaccaa #72 0.025 Desalt Dry
VCAN gcacctgtgtgccaggata acgacagggattagagtgacatt | #54 0.025 Desalt Dry
MAC?2 aaaggcaggttataaggcacaa | cttctggacagccaagtgc #3 0.025 Desalt Dry
MYH11 gagctccagggcttttatca actccattcccaagggtttc #1 0.025 Desalt Dry
MYH9 ctcgcgctggtactccte gctggatttgagatctttgaggt #38 0.025 Desalt Dry
TAGLN2 | ccatatgcaggtcccctgt gctttggctttggtgage #83 0.025 Desalt Dry
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2.5 Microscopy

All fluorescent images presented within this project were captured using a Zeiss
Axiovert 200M, Zeiss Axioplan 2ie or Zeiss LSM510-META. Software programs used to
capture images were AxioVision and LSM 510. Unless otherwise stated, all images of

VSMCs were captured at the equatorial plane using an X20 objective.

2.5.1 Widefield and confocal microscopy

Within fluorescence, a source of light typically excites a fluorescent molecule before
being emitted at a longer wavelength, which can be captured by either a widefield or
confocal microscope. The photon is typically absorbed by the fluorescent molecule, causing
it to rise from a ground state, resulting in a loss of vibrational energy. This causes an

emission of the photon sensed by the detector generating a corresponding image.

Widefield microscopy uses LED illumination focused by the objective lens to
illuminate the sample. The emitted fluorescence is separated from the excited wavelengths
using a dichroic filter cube, and then focused towards the detector, a CCD camera in this

case, via the same objective lens (Figure 2.2A).

In contrast, confocal microscopy uses light emitted by a laser to excite samples.
Unlike widefield imaging, it utilises a second objective lens to direct emitted light towards a
narrow pinhole, with a detector positioned behind. The detector utilised within confocal
microscopes is a photomultiplier (PMT) (Figure 2.2B), and the image is generated solely
from the software used. The photons are counted by the PMT via multiple scans, and the
software is able to recognise the location of the photon via the relative position of the laser
during its scan. As a result, this allows for better resolution images with less background

fluorescence (204).
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Figure 2.2: Microscopy set up. Diagram showing (A) widefield and (B) confocal microscopes.
Excitation beams are presented in green and emission fluorescence is depicted in red. Adapted from
(204).

2.5.2 Immunofluorescence

2.5.2.1 Antibody staining

For the contractility assay, specific compounds were serially diluted 1:10 for
treatment prior to immunofluorescence. Following cell treatment, VSMCs cultured on
polyacrylamide hydrogels were washed twice with PBS and then fixed with 4% PFA for 10
minutes at RT. After, cells were washed twice more with PBS and membranes were
permeabilised with 0.5% NP40 for 3-5 minutes at RT. Cells were then blocked in 3%
BSA/PBS, for at least 45 minutes at RT before staining with primary antibody overnight at
4°C. All antibodies were diluted with 3% BSA/PBS, unless otherwise stated, and further
details can be found in Table 2.7. The following day, cells were washed with 3% BSA/PBS,
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and then treated with fluorophore-conjugated secondary antibodies/rhodamine phalloidin for

2 hours at RT in the absence of light. VSMC nuclei were stained with either an anti-lamin
A/C antibody or via mounting medium with Diamidino-2-Pheylindoledihydrochloride (DAPI)

prior to imaging.

Table 2.7: Details of primary antibodies used within project.

2118)

Primary Antibodies Dilution
Mouse monoclonal anti-vinculin antibody (Sigma V4505) | 1:200
Rabbit phospho-Myosin Light Chain 2 (Ser19) antibody 1:100
(Cell Signalling Technology 3671S)

Mouse monoclonal anti-Lamin A/C antibody (Sigma 1:200
SAB4200236)

Rabbit anti-Histone H3 (acetyl K9) antibody (Abcam 1:200
4441)

Phospho-Histone H2A.X (Ser139/Tyr142) antibody (Cell | 1:100
Signalling Technology 5438S)

53BP1 antibody (Cell Signalling Technology 4937S) 1:100
Rabbit polyclonal Piezol antibody (Novus, NBP1-78537) | 1:1000
Rabbit monoclonal GAPDH (Cell Signalling Technology 1:2000

Table 2.8: Details of secondary antibodies used within project.

Conjugate (ThermoFisher D12371)

Secondary Antibodies Dilution
Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 1:400
Secondary antibody, Alexa Fluor 488 (Invitrogen A-

11034)

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary | 1:400
antibody, Alexa Fluor 488 (Invitrogen A-11001)

Goat anti-Mouse 1gG (H+L) Highly Cross-Adsorbed 1:400
Secondary antibody, Alexa Fluor 568 (Invitrogen A-

11031)

Rhodamine phalloidin (Life technologies R415) 1:400
Deoxyribonuclease | (DNAse I), Alexa Fluor™ 488 1:1000
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2.5.2.2 Plate reader

VSMCs were stained with rhodamine phalloidin and DNAse | Alexa Fluor™ 488
conjugate using the immunofluorescence protocol previously described. After incubating in
secondary solution for 2 hours, polyacrylamide gels were washed twice with PBS and
transferred to a black-walled 24-wellplate with further PBS to immerse the cells. The
fluorescent intensity of both filamentous and monomeric actin was then measured using a
CLARIOstar plate reader.

2.5.2.3 Optical sectioning

VSMCs were stained with rhodamine phalloidin and anti-lamin A/C and optical
sectioned (z-stack) images were acquired on the Zeiss LSM510-META laser scanning
confocal microscope using a 20x 0.75 objective. VSMCs were sectioned by capturing
consecutive images (scan speed, 8), whilst alternating the focal plane. Pinhole size was set
to optimal for each laser and gain/offset was adjusted accordingly to clearly visualise
VSMCs. Unless otherwise stated, z-stacks images presented were captured at 1.4 ym

intervals, spanning the entire cell and nuclear structure.

2.5.3 Traction force microscopy (TFM)

2.5.3.1 Principles of TFM

TFM remains the gold standard for assessing cellular traction force amongst a wide
variety of techniques. When cells exert traction force (TF)/traction stress (TS), they pull on
their extracellular matrix via focal adhesion anchors. Within TFM, cells are seeded on
polyacrylamide hydrogels with fluorescent beads embedded, and traction force causes
movement of these beads (Figure 2.3). This can be tracked using Image J software,

revealing important information in ECM compliance and cellular traction force generation.
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Figure 2.3: TFM fluorescent bead displacement. Diagram showing (A) constricted and (B) relaxed
VSMCs. TEM: Traction force microscopy; VSMCs: Vascular smooth muscle cells.

2.5.3.2 TFM imaging

Imaging was performed using a Zeiss Axiovert 200M widefield microscope, with a

live cell imaging system to capture 20x magnification images. VSMCs were grown on

polyacrylamide hydrogels overnight and were continually maintained at 37°C with 5% CO-

during imaging. For experiments using agonist/antagonists, compounds were added 30

minutes prior to cell lysis. Cell lysis was performed on pre-constricted VSMCs via the

addition of 0.5% Triton X-100, and images were taken before and after lysis to monitor bead

displacement from lysis-mediated relaxation. Each sample was imaged in ~ 8 positions, for a

total of 15 cycles with 2-minute intervals.

61



2.6 Image processing

Within this project, image analysis was performed on Image J or Volocity 6.3, with all

exported images saved as TIFF files for processing.

2.6.1 Analysing morphology

2.6.1.1 Cell and nuclear morphology

Within this section, we measured the area and aspect ratio of the cell and nuclei. The

aspect ratio is defined by:
(major axis length of approximate ellipse/minor axis length of approximate length)

Therefore, the aspect ratio is equal to 1 when an object is perfectly circular and increases
from 1 with augmentations in deformations (when the object becomes elongated). To
calculate the area and aspect ratio, VSMCs were stained with rhodamine phalloidin and
Image J software was used to manually draw around individual cells using the free hand
region of interest (ROI) function. Prior to this, optically sectioned images were processed to
display all cells clearly within a single stack (Image — Stacks — Z project; Projection type =
Max intensity). As images were captured with 20X magnification, scale of images was
adjusted accordingly (Analyse — Set scale; Distance in pixels = 1, Known distance = 0.323)
and measurements were set to obtain required information (Analyse — Set measurements;
Tick Area & Shape descriptors). With nuclear area and aspect ratio, staining was performed
as mentioned before and images captured were converted to an 8-bit format (Image — Type
— 8-bit), inverted (Edit — Invert), with threshold adjusted to ensure clear visibility of nuclei
(Image — Adjust — Threshold). Each nucleus was then selected with the wand (tracing tool)
function and measured. An illustration of nuclear morphology analysis is shown in more
detail in Figure 2.4. Optically sectioned images were processed to present maximum

intensity and scale/measurements were set, as previously described within Image J.
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Figure 2.4: Analysis of VSMC nuclear morphology using anti-lamin A/C (red) staining. Image J
software was used to perform analysis. Scale bar represents 100 uM. (A) Cropped image of VSMC
nuclei. (B) Image was converted to an 8-bit format and (C) inverted to increase contrast. (D)
Threshold was adjusted to enhance the image and individual nuclei were then selected to measure
morphology. VSMC: Vascular smooth muscle cell.

To investigate cell/nuclear height, number of stacks showing visibility of cell/nucleus
within optically sectioned images were calculated within Image J and this was multiplied by

the stack interval distance (Figure 2.5).

11.2uM (8 stacks) above Equatorial plane 12.6uM (9 stacks) below
Equatorial plane Equatorial plane

F-actin
A) Top B) Middle C) Bottom

Figure 2.5: Analysis of VSMC height using rhodamine phalloidin (red) staining. Image J
software was used to perform analysis. Scale bar represents 100 uM. Images present rotation of
equatorial plane from (A) the top, (B) middle and (C) bottom of the cell. Number of stacks between
the top and bottom of the cell were calculated and multiplied by stack interval distance to obtain cell
height. VSMC: Vascular smooth muscle cell.

For volume analysis, Volocity 6.3 software was used as it measures both cell and
nuclear parameters by fluorescence detection. Individual cells were analysed by manually
drawing an ROI around their perimeter, which generated the volume. As individual nuclei
were not physically touching, measurements were automated, presenting the corresponding

list of nuclear volumes for each image.
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2.6.1.2 Vinculin morphology

Anti-vinculin was used to measure focal adhesion morphology within Image J. To do this,
vinculin-stained images were converted to an 8-bit format, inverted, and threshold was
adjusted to ensure clear visibility of focal adhesions, as previously described in section
2.6.1.1 for nuclear morphology. Additionally, scale and measurements were set identically to
before. The free-hand ROI function was then used to draw around individual cells and focal
adhesion morphology was then analysed for selected cells (Analyse — Analyse particles;
Size = 0.20-7.01, Show = Masks, Tick Display results, Exclude on edges & Include holes)
(Figure 2.6).

F-actin Anti-vinculin

(D)

Inverted and ‘ Sod |
Bl Threshold adjusted. .«

Figure 2.6: Analysis of VSMC focal adhesions. Image J software was used to perform analysis.
Scale bar represents 100 uM. Representative images show (A) VSMC actin filaments (F-actin) and
(B) focal adhesions stained using rhodamine phalloidin and anti-vinculin, respectively. (C) Anti-
vinculin image was converted to an 8-bit format and (D) inverted with threshold adjusted to increase
contrast. (E) Shows mask that is generated when measuring focal adhesions within an individual cell.
VSMC: Vascular smooth muscle cell.

2.6.2 DNA damage

Our studies utilised anti-H2AX and anti-53BP1 antibodies to investigate DNA

damage within VSMCs. Image J software was used to assess DNA damage foci size and
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number, this was done via the following steps. Images were converted to an 8-bit format,
inverted, and threshold was adjusted to clearly visualise foci, as described previously in
section 2.6.1.1 for nuclear morphology. Scale was set identically to before and
measurements were adjusted accordingly (Analyse — Set measurements; Tick Area).
Corresponding anti-lamin A/C image was used to indicate where foci for individual nuclei
resided, and this was done by generating an overlay on top of the DNA damage-stained
window (Image — Overlay — Add Image; Opacity = 50%). Using the freehand ROI function,
individual nuclei were manually drawn around and foci were then analysed with the “Analyse
particles” function, using identical settings established previously in section 2.6.1.2 (Figure
2.7).

Anti-lamin A/C Anti-H2AX

Invéﬁéd and
Threshold adjusted -

Figure 2.7: Analysis of VSMC DNA damage foci. Image J software was used to perform analysis.
Scale bar represents 100 uM. Representative images show (A) VSMC nuclei and (B) H2AX foci
stained using anti-lamin A/C and anti-H2AX, respectively. (C) Anti-H2AX image was converted to an
8-bit format and (D) inverted with threshold adjusted to increase contrast. (E) Shows overlay with anti-
lamin A/C image and (F) presents mask that is generated when measuring H2AX foci within an
individual cell. VSMC: Vascular smooth muscle cell.
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2.6.3 Actin alignment

Rhodamine phalloidin was used to assess VSMC F-actin alignment. If optically
sectioned, the image file was processed to present maximum intensity, as previously
described in section 2.6.1.1 for cell morphology. Following this, the Orientation J Plugin was
used to measure actin alignment (Plugins — OrientationJ — OrientationJ Measure). Using the
freehand ROI function, the cell perimeter was manually drawn around and used to generate
the corresponding coherence value of the actin filaments. Visual representation of F-actin
alignment is also shown via the Plugin (Plugins — OrientationJ — OrientationJ Analysis)
(Figure 2.8).

(A) Max intensity (B) Coherence measured [{C) Visual represgptation

Figure 2.8: Analysis of VSMC F-actin alignment. Image J software was used to perform analysis.
Scale bar represents 100 uM. Representative images show (A) VSMC F-actin stained using
rhodamine phalloidin. (B) ROI drawn around single VSMC to measure F-actin alignment (Orientation
J measure Plugin). (C) Visual representation of F-actin alignment (Orientation J analysis Plugin).
VSMC: Vascular smooth muscle cell.

2.6.4 Mean and total fluorescent intensity

The mean fluorescent intensity of both pMLC and epigenetic experiments were
calculated using Image J software. The freehand ROI function was used to manually draw
around individual cells/nuclei and scale was set as mentioned before in section 2.6.1.1.
Importantly, measurements were adjusted to be able to generate the mean fluorescent
intensity (Analyse — Set measurements; Tick Area & Mean gray value). Following this, total
fluorescent intensity was calculated by taking the mean value and multiplying by the

cell/nuclear area.
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2.6.5 TFM analysis

2.6.5.1 Bead displacement

The drift within the movie sequence of beads was corrected by using the StackReg
Plugin on Image J (Plugins — StackReg; Transformation = Rigid body). Measurements of
bead displacement were then performed using the first and last image of the stacks
collected. Using the PIV Plugin, we obtained the displacement field from the bead images
(Plugins — iterative PIV (Basic); Remove 3" pass parameters). Once obtained, the plot
function of the PIV Plugin was used to visualise the displacement field and a phase image
was overlaid on top. Figure 2.9A). The freehand ROI function was used to manually draw
around the displacement field of each cell, with displacement data saved as an Excel file
(Analyse — Tools — Save XY Coordinates). The sum total of the displacement dataset was

then calculated to obtain the integrated displacement generated from each cell.

2.6.5.2 Traction stress and force

Traction stress uses Pascals (Pa), the standard unit of pressure, to quantify the
stress placed onto a material. To analyse traction stress, the FTTC Plugin was utilised to
reconstruct the heat map from the displacement data file (Plugins — FTTC — FTTC; Adjust
Young’s modulus of the gel (in Pascal). Generated data was then visualised as its own heat
map, via the plot function of the FTTC Plugin, and the corresponding phase image was
overlaid (Figure 2.9B). Traction stress of each cell was then obtained in the same manner
as displacement data. The dataset was sorted from largest to smallest within the Excel file to

obtain the total and maximum traction stress of every cell.

Traction force uses Newtons as its standard unit of measurement, and it is directly
related to pressure (Pa) as shown via the equation below. Our project derives integrated
traction force from total traction stress and the area of the traction stress heat map (spread
of traction stress) produced by the cell. The following equation: (kPa = N/m?) was rearranged

to calculate integrated traction force:
Integrated traction force (UN):

[ Heat map area (um?) * Total traction stress (Pa) ] * 107,
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Figure 2.9: Analysis of TFM. Image J software was used to perform analysis. Scale bar in phase
image represents 100 yM. Representative images show (A) displacement field with phase image
overlay. (B) Force field with phase image overlay. TFM: Traction force microscopy.

2.6.5.3 Calculated traction stress/force formulas

Our TFM model was developed by plotting VSMC area against integrated-TS/TF.
The gradient of the graphs was calculated and the resulting formula of each cell line was

tested and further refined by compiling both groups of isolate data.

Isolate 1:
Calculated Integrated-TS (Equation 1A) = 2665.7(cell area) + 2000000

Calculated Integrated-TF (Equation 1B) = 0.0748(cell area) — 88.001

Isolate 2:
Calculated Integrated-TS (Equation 2A) = 2685.4(cell area) + 887197

Calculated Integrated-TF (Equation 2B) = 0.066(cell area) — 55.784
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Refined:
Calculated Integrated-TS (Equation 3A) = 2683.7(cell area) + 1000000

Calculated Integrated-TF (Equation 3B) = 0.0663(cell area) — 57.384
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2.7 Statistical analysis

To determine statistical significance between two groups of data, a paired Students t-test
was performed. For comparison between multiple groups, results were subjected to a one-
way/two-way ANOVA, followed by a post-hoc Bonferroni’'s multiple comparison test. Trend
line differences were investigated via a linear regression analysis and EC50 values of
sigmoidal dose curves were derived through non-linear regression analysis. All statistical
analysis was performed using GraphPad Prism 5. Error bars represent the standard error of
the mean (SEM), with bar charts displaying the mean value. P values are represented as
followed: (* p = <0.05), (** p = <0.001) and (*** p = <0.0001).
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Chapter 3: Characterising the
Impact of matrix stiffness on
synthetic VSMC morphology and
traction force
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3.1 Introduction

Decreased vascular compliance is a risk factor in the development of cardiovascular
disease, including atherosclerosis and hypertension (205, 206). Previously, rodent models of
hypertension have presented a 4-fold increase in aortic stiffness compared to age matched
controls (207). However, our understanding of the mechanisms contributing to decreased
vascular compliance and its resulting impact on cell function remains limited. VSMCs are the
predominant cell type within the medial layer of the arterial wall and normally exist in a
guiescent, contractile phenotype, where they maintain vascular tone via actomyosin-derived
contractile forces (208). However, VSMCs present high plasticity and can undergo a
transition to a synthetic, migratory phenotype commonly found in CVDs, such as
atherosclerosis and diabetes (37, 38). Previous work conducted in our laboratory
investigated synthetic VSMC morphology and traction stress changes. These studies
demonstrate the effect of nuclear envelope proteins on VSMC structure and function (207).
However, the effect of matrix stiffness and the employment of materials that fully mimic the

physiological/pathological rigidities of VSMCs have yet to be described.

Emerging evidence has illustrated that Rho/ROCK activation is prevalent at ECM
adhesions in response to matrix stiffness. This signalling increases actomyosin activity via
actin polymerisation and myosin light chain phosphorylation (209). VSMCs apply force to the
ECM, termed integrated-traction force, and this is augmented via actin cytoskeletal
reorganisation and enhanced actomyosin activity. Recent studies have shown matrix
stiffness promotes enhanced adhesion and actomyosin activity, to strengthen traction force
in other cell types (210-213). Our knowledge of the balance and regulation between
actomyosin activity, traction force magnitude and adhesion organisation in response to
matrix stiffness within VSMCs requires further investigation. In this chapter, we investigate
the impact of matrix stiffness on synthetic VSMC traction force generation and the underlying

changes that drive this.
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3.2 Aim of this chapter

This chapter aims to investigate the impact of enhanced matrix stiffness on VSMC

organisation and traction force generation. Within this chapter, we will study the relationship

between synthetic VSMC spreading and traction force generation. Additionally, we will
observe how the contractile machinery and focal adhesion organisation responds to matrix

rigidity in order to better define the relationship between these factors.

3.3 Hypothesis

We hypothesise that enhanced matrix stiffness will alter VSMC morphology, focal
adhesion organisation and contractile machinery structure. We believe that the changes
observed will facilitate a higher traction force generation within the stiffer environment, and

our work will identify novel mechanisms that will allow this.

73



3.4 Results

3.4.1 Optimisation of polyacrylamide hydrogel fabrication

To model a representative physiological and pathological stiffness of the aorta, we
first optimised the fabrication of polyacrylamide hydrogels of 2 (soft), 12 (physiological) and
72 kPa (pathological) stiffness. This process involved comparing 3 different fabrication
methods. Method 1 consisted of gel fabrication directly into a well plate followed by
isopropanol treatment to ensure an even surface. However, as shown by Method 1 of
(Figure 3.1A), this resulted in a white precipitate indicating unsuccessful formation. The
reason for this is because it would interfere with the downstream microscopy later within the
protocol when we stained our seeded cells. Next, in Method 2, we aimed to reduce
precipitant formation by activating coverslips with APES followed by fixation with
glutaraldehyde. These activated coverslips were transferred to a fresh multiwell plate. Gel
fabrication was performed directly on top of the coverslips within the well plate. This resulted
in a thin layer of gel with minimal precipitation formation as shown by Method 2 of (Figure
3.1A).

However, measurement of the focal heights of these gels using a CLARIOstar plate
reader showed large variation between the focal planes (Figure 3.1B). Despite being non-
significant, further work was performed to minimise this variation. The reason for this was
because the variation in the focal heights may have affected the fluorescence emitted during
the plate reader assay. Additionally, the thickness of the gel is crucial in determining its
mechanical properties, and as a result, we wanted to ensure the focal heights remained

consistent between experiments.

Gel fabrication was then performed using a glass slide and the activated adhesive
coverslip was placed directly on the gel solution. In this case, a glass slide was used as it
would ensure an even surface for the polyacrylamide gels to form against. The gels formed
from Method 3 were fuller in appearance (Figure 3.1A) and measurement of the focal
planes showed much less variation (Figure 3.1B). Once optimised, these polyacrylamide
hydrogels were utilised for experiments performed within the remainder of the research

project.
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Figure 3.1: Optimisation of polyacrylamide hydrogel fabrication. (A) Representative images
of polyacrylamide hydrogel fabrication under different conditions. CLARIOstar plate reader was
used to measure (B) the focal planes of polyacrylamide hydrogels from second and third method.
Data is based on 6 polyacrylamide hydrogels fabricated from 6 independent experiments.
Statistical significance was determined using a one-way ANOVA to show differences in focal
planes with varying stiffness (non-significant; p = >0.05), followed by a Bonferroni’s multiple
comparison test.
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3.4.2 Effect of matrix stiffness on cell morphology and actin cytoskeleton

organisation

We set out to validate previous findings showing that matrix stiffness induces cell
spreading (214, 215). VSMCs were seeded on collagen-1 coated polyacrylamide hydrogels,
with an average Young’s modulus of 2 (soft), 12 (physiological) and 72 kPa (pathological).
To maintain them in the synthetic phenotype, VSMCs were grown in the presence of high
serum. F-actin staining with rhodamine phalloidin was performed on VSMCs prior to
immunofluorescence microscopy. In agreement with prior research, VSMCs possessed
significantly larger cell areas on the 72 kPa polyacrylamide hydrogel (2710+157.6 puM) than
on 2 (1869+151.1 uM) or 12kPa (1846+1294 uM) matrices (Figure 3.2A & B). Subsequent
analysis using Image J software revealed the stiffer environment showed no impact on cell
aspect ratio (Figure 3.2A & C).

76



(A)

F-actin

2kPa
Greyscale

3

(B)

4000+ Kk 4
@ 2kPa @ 2kPa
* %k Bl 12kPa @l 12kPa
3000+ 34
- —— 3 72kPa

B3 72kPa
2000+

Cell area (umz)
Cell aspect ratio
i

10004

Figure 3.2: The impact of matrix stiffness on VSMC morphology. (A) Representative
immunofluorescence images showing VSMC actin filaments (F-actin) stained using rhodamine
phalloidin (red) and grey-scale images of F-actin (grey) on 2 kPa, 12 kPa and 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 um. Image J software was used to manually
measure the (B) cell area and (C) cell aspect ratio of the VSMCs. Data are based on the
measurement of >150 VSMCs from 3 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in cell area (*** p = <0.0001) and cell
aspect ratio (non-significant; p = >0.05) with varying stiffness, followed by a Bonferroni’s multiple
comparison test. VSMC: Vascular smooth muscle cell.

As the actin cytoskeleton defines cell morphology, we speculated that F-actin
organisation would present alterations in response to matrix stiffness. VSMC filamentous
and monomeric/globular actin were stained with rhodamine phalloidin and FITC conjugated
DNAse |, respectively. Fluorescent intensity was then measured using a CLARIOstar plate

reader (Figure 3.3A) and this revealed a significant increase in the F/G actin ratio when
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seeded on the 72kPa polyacrylamide hydrogel (2.165+0.4083) compared to 2kPa
(0.866+0.1546) or 12kPa (1.614+0.2258) gels. Therefore, matrix stiffness increases levels of

filamentous actin.

Previous work has shown ECM stiffness augmentation can cause a corresponding
increase in actin filament alignment of fibroblast cells (216). Based on this evidence, we next
investigated to see if filamentous actin alignment of VSMC show any change in response to
matrix rigidity. VSMCs were cultured for 24 hr and 72 hrs and then stained with rhodamine
phalloidin prior to immunofluorescence microscopy. Using Image J software, F-actin
alignment of VSMCs on the 72 kPa polyacrylamide hydrogel were also found significantly
higher at 24hrs (0.599+0.0232) and 72hrs (0.564+0.0441) when comparing to 2kPa (24hrs:
0.377+0.0339; 72hrs: 0.379+0.0475) and 12kPa (24hrs: 0.508+0.0319; 72hrs:
0.543+0.0484) once more (Figure 3.3B & C). Comparison of 24hr and 72hr time points
revealed no difference in F-actin alignment for VSMCs seeded on 2, 12 or 72kPa
polyacrylamide hydrogels (Figure 3.3D).
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Figure 3.3: Actin organisation of VSMCs in response to matrix stiffness. CLARIOstar plate
reader was used to measure the ratio between (A) filamentous and globular actin of VSMCs,
stained with rhodamine phalloidin and DNAse | respectively. Data are based on the
measurements of ~35 polyacrylamide hydrogels from 6 independent experiments. Image J
software was used to manually measure the filamentous actin alignment at (B) 24 hours, (C) 72
hours and (D) a comparison of both time points is shown. Data, in this case, are based on the
measurement of >50-100 VSMCs from 2 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in F/G actin ratio (* p = <0.05) and actin
alignment at 24 hours (** p = <0.001, *** p = <0.0001) and 72 hours (** p = <0.001), followed by a
Bonferroni’s multiple comparison test. Additionally, a paired Student’s t test was performed (24
hours vs 72 hours) (non-significant; p = >0.05). VSMC: Vascular smooth muscle cell.

79



3.4.3 VSMC nuclear morphology alterations caused from matrix stiffness

Prior research performed within our laboratory has shown that ageing promotes
VSMC nuclear morphology defects (217). As arterial stiffness is a predicative biomarker of
ageing as well as CVD (10), we next hypothesised that nuclear morphology would show
significant changes in response to matrix stiffness. To test this, nuclei from VSMCs were
stained with DAPI and immunofluorescence microscopy was used to determine the nuclear
changes associated with matrix rigidity (Figure 3.4A). Image J software measured nuclear
parameters to reveal VSMC nuclei area were significantly larger on the 72 kPa matrix as
opposed to 2 or 12 kPa polyacrylamide hydrogels (Figure 3.4A & B). In addition, nuclear
aspect ratio was also shown to be significantly smaller in cells cultured on a 12 kPa
substrate compared to those on a 72 kPa substrate, meaning VSMC nuclei become more
rounded as substrate stiffness increases. Analysis of the nuclear/cell area ratio revealed
that, on 72 kPa hydrogels, VSMCs show a significantly lower value than 2 kPa counterparts
(Figure 3.4C). This suggests that stiffness has a greater influence on spreading of the
cytoplasm than on the nucleus.
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Figure 3.4: The impact of matrix stiffness on VSMC nuclear morphology. (A) Representative
immunofluorescence images showing VSMC nuclei stained using DAPI (blue) and grey-scale
images of nuclei (grey) on 2 kPa, 12 kPa and 72 kPa polyacrylamide hydrogels. Scale bar
represents 100 um. Image J software was used to manually measure the (B) nuclear area and (C)
aspect ratio of the VSMCs. (D) shows the ratio between nuclear area and cell area. Data are
based on the measurement of >150 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in nuclear area (*** p =
<0.0001), nuclear aspect ratio (* p = <0.05) and nuclear to cell area ratio (* p = <0.05) with varying
stiffness, followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle

cell.
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3.4.4 Matrix stiffness-induced changes in VSMC phosphorylated myosin light

chain levels

The actin cytoskeleton associates with phosphorylated myosin light chain (pMLC) to
form the actomyosin complex. This allows the ATPase activity of myosin to pull the actin thin
filaments resulting in contraction (80). Levels of pMLC is an independent marker of
actomyosin activity. Based on our previous findings, we expected to see an increase in
pPMLC intensity as a result of matrix stiffness. VSMCs were grown on collagen-1 coated
polyacrylamide hydrogels, with an average Young’s modulus of 2 (soft), 12 (physiological)
and 72 kPa (pathological). PMLC was stained with anti-pMLC and immunofluorescence
microscopy was then performed. However, analysis revealed that pMLC mean intensity
showed significant decreases as matrix rigidity increased (Figure 3.5A & B).
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Figure 3.5: Matrix stiffness causes a decrease in VSMC mean pMLC levels. (A)
Representative immunofluorescence images showing VSMC phosphorylated myosin light chain
stained with anti-pMLC (green) and grey-scale images of phosphorylated myosin light chain (grey)
on 2 kPa, 12 kPa and 72 kPa polyacrylamide hydrogels. Scale bar represents 100 um. Image J
software was used to manually measure the (B) mean pMLC fluorescent intensity. Data represent
the measurement of ~100 VSMCs from 3 independent experiments. Statistical significance was
determined using a one-way ANOVA for pMLC mean intensity (** p = <0.001, *** p = <0.0001) in
response to matrix stiffness, followed by a Bonferroni’s multiple comparison test. pMLC:
Phosphorylated myosin light chain; VSMC: Vascular smooth muscle cell.
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Following from this, our subsequent analysis pre-dominantly looked at the 12 kPa
and 72 kPa responses as our primary focus were on the changes observed as the aorta
became stiffer from the physiological rigidity. In contrast to our results shown in the mean
pMLC intensity (Figure 3.5A & B), subsequent analysis showed levels of total pMLC levels
remained unchanged between 12 kPa (physiological) and 72 kPa (pathological)
polyacrylamide hydrogels (Figure 3.6A). Further investigation confirmed VSMC spreading
strongly correlated with total pMLC intensity with both 12 kPa (R? = 0.87) and 72 kPa (R? =
0.94) stiffness (Figure 3.6B & C) and compiled data is shown (Figure 3.6D). This indicated
that total pMLC intensity increases with augmentations in VSMC spreading.
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Figure 3.6: Relationship between VSMC cell area and total pMLC levels. Image J software
was used to manually measure the (A) total pMLC fluorescent intensity of VSMCs on 12 kPa and
72 kPa polyacrylamide hydrogels. Additionally, it was used to manually measure VSMC cell area
and the relationship between cell area and total fluorescent intensity is shown for (B) 12 kPa, (C)
72 kPa as well as (D) an overlay of both. Data represent the measurement of ~100 VSMCs from 3
independent experiments. Statistical significance was determined using a paired Student’s t test
for the total fluorescent intensity (12 kPa vs 72 kPa) (non-significant; p = >0.05) as well as a linear
regression analysis for the relationship between cell area and total pMLC fluorescent intensity (***
p = <0.0001). pMLC: Phosphorylated myosin light chain; VSMC: Vascular smooth muscle cell.
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3.4.5 The relationship between VSMC traction force and cell area

After observing no change in total pMLC intensity via matrix stiffness (Figure 3.6A),
we next investigated the impact of matrix stiffness on VSMC traction force generation.
Traction force of VSMCs facilitates mechanotransduction via mechanical sensing of the
external environment. This causes downstream regulation of focal adhesion dynamics and of
the actin cytoskeleton structure (69). Existing work has shown that increased stiffness
causes a corresponding augmentation in cellular traction force (218, 219). To confirm these
findings, we performed TFM on VSMCs that were grown on collagen-1 coated
polyacrylamide hydrogels, with an average Young’s modulus of 12 (healthy) and 72 kPa
(stiff). Our study employed two isolates of VSMCs for the TFM work performed and therefore

these will either be referred to as “isolate-1” or “isolate-2” within this chapter.

The ability of isolate-1 VSMCs to displace fluorescent beads embedded within the
polyacrylamide hydrogels was reduced on 72 kPa compared to 12 kPa hydrogels (Figure
3.7A + B). However, maximum and integrated traction stress was observed to be higher on
the 72 kPa hydrogel (Figure 3.7C +D). Next, we looked at the traction force by normalising
the area of traction stress distribution. The resulting traction force calculated was also shown
to be significantly higher on the stiffer gel (Figure 3.7E). These data confirm previous

findings that matrix rigidity influences VSMC traction force (218, 219).
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Figure 3.7: Matrix rigidity influences isolate-1 VSMC traction stress/force. (A) Representative
bead displacements maps of isolate-1 VSMCs grown on 12 kPa and 72 kPa polyacrylamide
hydrogels. Graphs show (B) integrated bead displacements, (C) maximum-TS magnitude, (D)
integrated-TS magnitude and (E) integrated-TF magnitude generated for VSMCs grown on 12 kPa
and 72 kPa polyacrylamide hydrogels. Image J software was used to measure the bead
displacements and traction stress generation of the VSMCs. Data represent the measurement of
~100 VSMCs from 6 independent experiments. Statistical significance was determined using a
paired Student’s t test (12kPa vs 72kPa) (*** p = <0.0001). TF: Traction force; TS: Traction stress;
VSMC: Vascular smooth muscle cell.
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The above data demonstrates that matrix stiffness increases both VSMC spreading
(Figure 3.2A & B) and integrated traction stress/force magnitude (Figure 3.7D & E).
Endothelial cell spreading has previously been reported to be correlate with traction force on
micropost arrays and soft 1 kPa hydrogels (219, 220). We next speculated that matrix rigidity
influences the relationship between VSMC spreading and traction stress/force magnitude.
Analysis confirmed a moderate correlation between VSMC spreading and integrated-TS
magnitude on both 12 kPa (R? = 0.40) and 72 kPa (R? = 0.33) hydrogels (Figure 3.8A).
However, the relationship between VSMC spreading and integrated-TS magnitude was not
significantly altered by matrix stiffness. This is reiterated by the relationship between VSMC
spreading and integrated-TF magnitude (Figure 3.8C), which showed no significant
difference between 12 kPa (R? = 0.31) and 72 kPa (R? = 0.50) polyacrylamide hydrogels.

As this relationship was stiffness-independent, we speculated that the integrated-
TS/TF magnitude could be calculated from the VSMC area. To test this idea, both 12 kPa
and 72 kPa data sets were compiled (Figure 3.8B & D) and the gradient of the trend lines

were determined. This allowed us to derive formulas to calculate:
Integrated-TS — Equation 1A: (2665.7(cell area) + 2000000) and

Integrated TF — Equation 1B: (0.0748(cell area) —88.001).
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Figure 3.8: Isolate-1 VSMC spreading/integrated-TS/TF magnitude relationship is matrix
rigidity independent. (A) Graph shows distribution of integrated-TS magnitude plotted against
isolate-1 VSMC area on 12 kPa and 72 kPa polyacrylamide hydrogels and (B) combined
distribution of this is shown. (C) Graph shows distribution of integrated-TF magnitude plotted
against isolate-1 VSMC area on 12 kPa and 72 kPa polyacrylamide hydrogels and (D) combined
distribution of this is also shown. Data represent the measurement of ~100 VSMCs from 6
independent experiments. Statistical significance was determined using linear regression analysis
(non-significant; p = >0.05). TF: Traction force; TS: Traction stress; VSMC: Vascular smooth
muscle cell.
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To test our hypothesis further, we used the second independent aortic VSMC isolate.
The work performed here was assisted by our project student Panashe Mabeza. The second
isolate recapitulated previous findings with bead displacement reduced and traction stress
and force increased by matrix rigidity (Figures 3.9A-E).
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Figure 3.9: Matrix rigidity influences isolate-2 VSMC traction stress/force. (A) Representative
bead displacements maps of isolate-2 VSMCs grown on 12 kPa and 72 kPa polyacrylamide
hydrogels. Graphs show (B) integrated bead displacements, (C) maximum-TS magnitude, (D)
integrated-TS magnitude and (E) integrated-TF magnitude generated for VSMCs grown on 12 kPa
and 72 kPa polyacrylamide hydrogels. Image J software was used to measure the bead
displacements and traction stress generation of the VSMCs. Data represent the measurement of
~15 VSMCs from 2 independent experiments. Statistical significance was determined using a
paired Student’s t test (12 kPa vs 72 kPa) (non-significant; p = >0.05, * p = <0.05). TF: Traction
force; TS: Traction stress; VSMC: Vascular smooth muscle cell.
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Similarly to isolate-1, trend line formulas for:
Integrated-TS — Equation 2A: (2685.4(cell area) + 887197) and
Integrated-TF — Equation 2B: (0.066(cell area) — 55.784),

were generated for the second isolate by compiling 12 kPa and 72 kPa data sets and
plotting their distribution against VSMC area (Figure 3.10A & B).

92



(A)

o

e

o 2.5%1007-

|_

] 2 0x1007 4

]

O 15%1007

[)]

1]

£ 1.0x10074 5

E 50000000 R®=0.25

?

© 0.0

(]

= 0 2000 4000 6000 8000
Cell area (um?)

&)

T 500-

|_

5 400

Lz

@ 3004

®

£ 200-

T

® 100 2 —

- R =0.42

© 0-

L))

= 0 2000 4000 6000 8000

Cell area (um?)

Figure 3.10: Isolate-2 VSMC spreading/integrated-TS/TF magnitude relationship is matrix
rigidity independent. Graph shows distribution of VSMC area plotted against (A) integrated-TS
magnitude and (B) integrated-TF magnitude. Data represent the measurement of ~20 VSMCs
from 2 independent experiments. Statistical significance was determined using linear regression
analysis. TF: Traction force; TS: Traction stress; VSMC: Vascular smooth muscle cell.

3.4.6 Refinement of calculated traction stress and traction force formulas

Using the trend-line formulas generated from counterpart isolates, we now estimated
the integrated-TS of both isolates from a measurement of cell spreading. Comparison

showed no significant differences between measured and calculated integrated-TS for
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isolate-1 and 2 (Figure 3.11A & B). The same was performed for integrated-TF of both

isolates and this similarly showed no significant differences (Figure 3.11C & D).
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Figure 3.11: Comparison of measured vs calculated integrated-TS/TF of VSMCs. Within this
figure, calculated integrated-TS/TF uses trend-line formula previously generated from other
isolates distribution of integrated-TS/TF against cell area. Graphs shows measured vs calculated
integrated-TS of VSMCs from (A) Isolate-1 and (B) Isolate-2. (C) Isolate-1 and (D) Isolate-2
measured vs calculated integrated-TF is also shown. Data from Isolate-1 was based on the
measurement of ~100 VSMCs from 6 independent experiments whilst data from Isolate-2 was
based on the measurement of ~15 VSMCs from 2 independent experiments. Statistical
significance was determined using a paired Student’s t test (Isolate 1 vs Isolate 2) (non-significant;
p = >0.05). TF: Traction force; TS: Traction stress; VSMC: Vascular smooth muscle cell.
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Next, we aimed to refine our models and compared the VSMC spreading/measured

integrated-TS relationship between the two independent isolates (Figure 3.12A). Isolate 1
(R?=0.39) and 2 (R? = 0.25) were found to be non-significant when compared and due to
this, we compiled data sets of both isolates (Figure 3.12B) (R? = 0.31). The gradient was

then calculated and an overall trend line formula was derived for:
Integrated-TS — Equation 3A: (2683.7(cell area) + 1000000).

Using the refined equation, measured integrated-TS of both isolates were compiled and
compared against calculated-TS, revealing data values to be within similar range with no
significant differences (Figure 3.12C).

Following this, we sought to similarly optimise our integrated-TF equation. VSMC
spreading/measured integrated-TF relationship of isolate-1 (R? = 0.48) and isolate-2 (R? =
0.42) were compared and no significant differences were revealed (Figure 3.12D). Both
isolate data sets were then compiled (Figure 3.12E) (R? = 0.48) and by calculating the
gradient, the resulting trend line formula was calculated for:

Integrated-TF — Equation 3B: (0.0663(cell area) — 57.384).

Next, measured integrated-TF of both isolates were collated and compared against

calculated integrated-TF using the optimised equation (Figure 3.12F). Data was shown to be

in close agreement with no significant differences between measured and calculated

integrated-TF.
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Figure 3.12: Refinement of VSMC integrated-TS/TF formula. (A) Graph shows distribution of
integrated-TS magnitude plotted against cell area for both Isolate-1 and 2 of VSMCs and (B)
combined distribution of this is shown. (C) Shows measured vs calculated integrated-TS of both
isolates, using trend-line formula generated from (B). (D) Shows relationship between integrated-
TF magnitude and cell area for both isolates and (E) combined distribution of this is shown. (F)
Shows measured vs calculated integrated-TF of both isolates, using trend-line formula generated
from (E). Data represent the measurement of over 100 VSMCs from 6 independent experiments.
Statistical significance was determined using linear regression analysis (non-significant; p =
>0.05) as well as a paired Student’s t test (measured vs calculated) (non-significant; p = >0.05).
TF: Traction force; TS: Traction stress; VSMC: Vascular smooth muscle cell.
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3.4.7 Effect of matrix stiffness on VSMC focal adhesion organisation

The actin cytoskeleton is physically anchored to the cell membrane and the ECM via
a network of proteins that constitute the focal adhesion complex (221). Vinculin, in particular,
crosslinks the actin cytoskeleton to integrin receptors, allowing force transduction to the
ECM (10). Focal adhesions are known mechanosensors and previously work has shown
matrix rigidity can cause an increase in the size and expression of VSMC focal adhesion
complexes (222, 223). To validate earlier findings, VSMCs were grown in serum and seeded
on collagen-1 coated polyacrylamide hydrogels, with an average Young’'s modulus of 12kPa
(healthy) and 72kPa (stiff). VSMC focal adhesions were stained with anti-vinculin prior to
immunofluorescence microscopy. In agreement with earlier findings, VSMCs possessed
significantly larger vinculin positive adhesions on the 72kPa hydrogel (0.8105+0.02098 uM)
than on the 12kPa hydrogel (0.5431+0.01819 pM) (Figure 3.13A & B). In addition, there
was a significant increase in the number of adhesions per cell between the 12kPa
(44.38+4.031) and 72kPa (124.5+9.647) conditions (Figure 3.13A & C). Subsequent
analysis revealed no differences in vinculin circularity and aspect ratio (Figure 3.13D & E).
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Figure 3.13: Size and number of vinculin-positive focal adhesion complexes augments on a
stiffer matrix. (A) Confocal microscopy shows the vinculin organisation of VSMCs stained using
anti-vinculin (green) and grey-scale images of vinculin (grey) are shown on 12kPa and 72kPa
polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software was used to measure
the (B) the vinculin size, (C) the number of vinculin per cell, (D) circularity and (E) the aspect ratio.
Data are based on the measurement of >100 VSMCs from 3 independent experiments. Statistical
significance was determined using a paired Student’s t test (12 vs 72) (non-significant; p = >0.05,
*** p = <0.0001). VSMC: Vascular smooth muscle cell.
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Next, we wanted to investigate adhesion size and number and its relationship with
VSMC spreading. Results show that VSMC spreading present moderate/strong correlation
with the number of adhesions present (12 kPa R? = 0.49 and 72 kPa R? = 0.76) (Figure
3.14A) but not with the size of those adhesion complexes (12 kPa R? = 0.015 and 72 kPa R?
=0.014) (Figure 3.14B). Importantly, adhesion number revealed a significant difference
between 12 kPa and 72 kPa trend-line gradients, confirming this relationship is enhanced by
matrix stiffness. This confirms that as VSMC spreading augments on the stiffer matrix, the

recruitment rate of adhesion molecules is also enhanced.
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Figure 3.14: Vinculin number and size show differential relationships to VSMC spreading in
response to matrix stiffness. Graphs shows (A) number of vinculin (*** p = <0.0001) and (B)
vinculin area (non-significant; p = >0.05) plotted against VSMC area on 12 kPa and 72 kPa
polyacrylamide hydrogels. Data are based on the measurement of >100 VSMCs from 3
independent experiments. Statistical significance was determined using linear regression analysis.

VSMC: Vascular smooth muscle cell.

After, we wanted to investigate whether there was a correlation between focal

adhesion number and integrated-TS. To investigate this, we used Equation 3A to calculate

100



the integrated-TS from the fixed cell area data of Figure 3.14, and this reaffirmed that
enhanced matrix rigidity augments calculated integrated-TS magnitude (Figure 3.15A).
Similar to Figure 3.14A, the relationship between the number of vinculin positive focal
adhesions and calculated integrated-TS magnitude showed significantly different trend-line
gradients depending on the stiffness of the matrix that cells were cultured on (12 kPa R? =
0.49 and 72 kPa R? = 0.76), confirming this association is enhanced by a stiffer matrix
(Figure 3.15B). We then sought to find out whether higher integrated-TS magnitude in larger
VSMCs was driven by increased adhesion number. Surprisingly, analysis revealed the
average traction stress per adhesion had significantly decreased on the 72 kPa hydrogel
(Figure 3.15C). Despite the fact that the VSMCs grown on 72 kPa hydrogels possessed an
increased number of adhesions/um? (Figure 3.15D), they displayed a significantly lower
TS/um? than VSMCs grown on 12 kPa hydrogels (Figure 3.15E).
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Figure 3.15: Calculated integrated-TS formula shows stiffness-dependent differences in
traction stress transmission. Graphs shows (A) calculated integrated-TS and (B) number of
vinculin plotted against calculated integrated-TS on 12 kPa and 72 kPa polyacrylamide hydrogels.
(C) Shows traction stress per adhesion, (D) adhesions per um? and (E) traction stress per um?2.
Data are based on the measurement of >100 VSMCs from 3 independent experiments. Statistical
significance was determined using linear regression analysis (*** p = <0.0001) and a paired
Student’s t test (12 vs 72) (*** p = <0.0001). TS: Traction stress; VSMC: Vascular smooth muscle
cell.
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Following from this, we investigated calculated integrated-TF using formula 3B.
Matrix stiffness, as expected, was shown to significantly enhance calculated integrated-TF
and its relationship with the number of vinculin positive focal adhesions (12 kPa R? = 0.49
and 72 kPa R? = 0.76) (Figure 3.16A & B). In line with Figure 3.15C, the average traction
force per adhesion was higher on the 12 kPa hydrogel. However, unlike traction stress, the

TF/um? was shown to be significantly higher on the 72 kPa hydrogel (Figure 3.16D).

103



(A) (B)

Significant
Fedek
1000+ c 4+ 12kPa

2 A& 12KPa § - 72kPa
L 2 80 * * 72kPa £
2 L|—L 600 e %
E 1 T F Y » o
5 T© A s » o
[z} 3 Fy 0
T ® 400 Ay N g
Qo =

o 200 ﬁ

=

0- 0 200 400 600 800 1000

Calculated integrated-TF (uN)

12kPa R2=0.49
72kPa R?2=0.76

(C) (D)

*k%k 0.08- *h*

2 20+ 19kp —_ - 4 12kPa
4 4 a Z s 72kPa

. 15 ® T2kPa 2 0064

=] ”g

o apd 2. 004

2 qo] Ak -

E “‘l . g »

E’_ e| 4 . n 0.02 4“

L

= ﬁ a 0.00- L

Figure 3.16: Calculated integrated-TF formula shows stiffness-dependent differences in
traction force transmission. Graphs shows (A) calculated integrated-TF and (B) number of
vinculin plotted against calculated integrated-TF on 12 kPa and 72 kPa polyacrylamide hydrogels.
(C) Shows traction force per adhesion and (D) traction force per um2. Data are based on the
measurement of >100 VSMCs from 3 independent experiments. Statistical significance was
determined using linear regression analysis (*** p = <0.0001) and a paired Student’s t test (12 vs
72) (*** p =<0.0001). TF: Traction force; VSMC: Vascular smooth muscle cell.
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3.5 Discussion

It is well-documented that matrix stiffness can cause VSMCs to transition to a
synthetic proliferative phenotype. However, the specific outcome of matrix stiffness on
VSMC function has not been extensively reviewed. To further our current understanding, this
chapter extends on previous findings by characterising the relationship between synthetic
VSMC morphology, intracellular organisation and traction force as well as the impact of

matrix stiffness upon it.

3.5.1 Characterising VSMC morphological changes associated with matrix

stiffness

Cell morphology is an important characteristic in defining the phenotype of a cell and
is crucial in performing vital cellular processes. VSMCs possess remarkable plasticity, and in
events of vascular pathologies, will transition to a synthetic phenotype (224). Matrix stiffening
is prevalent in CVD development, and in previous studies has been shown to induce
fibroblast and endothelial cell spreading on protein-laminated polyacrylamide hydrogels.
Stiffer matrices have also been shown to cause similar changes in mesenchymal stem cell
morphology. Despite this, the influence of matrix stiffness on cell spreading is cell-type
specific as neutrophils presented no change in response to augmentations in matrix rigidity
(214, 225). In our work, we show that VSMC spreading is enhanced by matrix stiffness and
this is in agreement with earlier research using VSMCs from atherosclerotic plagues (226).
Prior work has shown that VSMCs isolated from older donors spread further when grown in
culture compared to younger counterparts (217) and therefore we speculate matrix stiffness,

a key event in ageing, to drive these changes.

The actin cytoskeleton usually performs a myriad of functions within the cell, with
examples being contractility, motility and proliferation (227, 228). As the actin cytoskeleton
has been shown to define cell structure and shape, the morphological changes associated
with matrix stiffness are heavily reliant on it (229). Previously, the addition of green
fluorescent protein (GFP)-actin has been shown to cause additional spread of smooth
muscle cells under a defined tension (230). This gives speculation that actin filament density
in smooth muscle may be augmented in response to matrix stiffness. Our data gives support

to this as levels of filamentous actin were shown to significantly increase on stiffer matrices.
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Formerly, this has been observed in fibroblast cells where F-actin density showed

augmentations in response to enhanced matrix rigidity (231).

Filamentous actin align into bundles when exposed to mechanical tension in order to
appropriately respond to changes in their external environment (232). In our study, we show
that matrix stiffness can cause significant increases in F-actin alignment both at 24 and 72
hours. VSMCs potentially mechanosense the stiffer ECM and reorganise the cytoskeleton
for greater traction force generation. This is validated by a previous study which show actin
inhibitors can decrease actomyosin-induced VSMC stiffness caused by stiffer matrices
(198). The actin cytoskeleton has been discussed to be immensely important, and as a
result, any matrix stiffness-related changes to cytoskeletal structure may be crucial for the

maintenance of normal cell function.

In some cases, the shape of the nucleus is altered by forces that act from the
cytoplasm. The LINC complex, comprised of nesprin-family members and SUN-domain
containing proteins, is involved in essential mechanotransduction. Giant nesprin-1/2 are
localised on the outer nuclear membrane and associate with filamentous actin (120). The
physical linkage allows transfer of mechanical forces spanning from adhesion receptors
present on the cell membrane to the nuclear core (233). Prior research has revealed that
mesenchymal stem cells demonstrate nuclear mechanosensitivity as they show increased
spreading of nuclei on stiffer matrices (234). Our work supports this as VSMCs present

significantly larger nuclei when exposed to increased matrix stiffness.

3.5.2 Regulation of VSMC actomyosin activity and traction force

Matrix rigidity has been shown to influence VSMC actomyosin activity however its
regulation requires further clarification. Phosphorylation of the myosin light chain is a
hallmark characteristic of actomyosin activity and it promotes myosin minifilament formation
that travel along and pull the actin filament (235). Our studies show higher integrated-TS/TF
magnitude due to matrix stiffness suggesting that actomyosin-generated force is increased.
However, analysis of VSMC mean pMLC levels show a significant decrease on the rigid
hydrogel whilst total pMLC levels show equal levels due to VSMC spreading. This contrasts
former studies which highlight how decreasing the mechanical compliance of the ECM can
augment pMLC levels (236). Additionally, our work shows matrix stiffness diminishes cell
spreading/total pMLC relationship suggesting that VSMC may possess a compensatory

mechanism to generate increased integration-TS/TF magnitude.
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Matrix adhesions undergo dramatic remodelling in response to matrix stiffness and
numerous reports have stated changes in number and size of adhesions within multiple cell
types (237). Vinculin, in particular, has previously been shown to be upregulated twofold
when increasing stiffness from 25 kPa to 135 kPa. This study demonstrated SMC spreading
had no effect on focal adhesion size but it held a strong relationship to focal adhesion
number on both soft and stiff substrates (238). Our work expanded on this showing VSMCs
possess a strong cell spreading/adhesion number per cell relationship and this was
enhanced further by a six-fold increase in matrix stiffness. We propose that matrix rigidity
enables a protective mechanism that preserves increased force generation of the VSMCs
whilst simultaneously protecting it from actomyosin-induced damage. Our data suggests
VSMC use increased adhesion anchor points to enhance force transmission in order to
maintain safe actomyosin levels. Unrestrained actomyosin activity can trigger DNA damage
in other cell types and VSMCs can undergo premature ageing as a result of DNA damage
(139-141). Therefore, this mechanism may serve to protect VSMC from ageing as a result of

stiffness-induced actomyosin activity.

Our study is in agreement with previous work utilising embryonic aortic VSMCs,
which show matrix rigidity significantly increases both VSMC traction force magnitude and
spreading (142). Despite this, the study mentioned utilised hydrogels with stiffness between
10 kPa-25 kPa. AFM has shown that these rigidities fall within the average range of healthy
adult aorta (142). Our work is the first to investigate this finding within mature adult VSMCs
utilising a stiffness that is more representative of CVD rigidity. Earlier research has
demonstrated matrix rigidity enhances the relationship between cell spreading/integrated
traction forces in other cell types (219, 220). However, we have shown that this relationship
is independent of matrix stiffness in two independent isolates of adult VSMCS. Using our
data, we have generated a model to calculate integrated-TS/TF magnitude from fixed VSMC
area. This model has proved capable of calculating traction stress/force without the need of
performing technical TFM experiments, with no significant difference observed between

measured and calculated integrated-TS/TF within smooth muscle cells.

Despite increased recruitment of adhesive units due to VSMC spreading, the
integrated-TS/TF per adhesion presented a significant decline in response to matrix rigidity.
Therefore, it is possible that adhesion number/um? was significantly higher in order to enable
greater integrated-TS/TF generation. However, traction force and traction stress per um?
showed differential responses in response to matrix stiffness. A possible explanation is the
integrated-TF compiled from both isolate datasets presented a stronger relationship to
VSMC spreading (Figure 3.12E) compared to integrated-TS (Figure 3.12B). As enhanced

matrix stiffness induces increased VSMC spreading, this may have resulted in a larger
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integrated-TF generation when normalised to the cell area. Additionally, the traction force
calculation accounts for traction stress distribution, and hence the more widespread the
distribution, the larger the resulting traction force. Cell adhesive strength is characterised by
the amount of force required for cell detachment (239), and appropriate traction stress
distribution is necessary to ensure VSMCs remain attached to their ECM. Potentially,
traction stress distribution may become more concentrated in regions where focal adhesion
populations are dense whilst its distribution could be more widespread in response to
dispersed adhesion populations. As traction stress may be localised to a smaller specific
region of the cell, it may not be accurate to assume equal distribution of the stress by
normalising to the cell area. Integrated-TF/um? takes this into account and therefore gives a

more representable account of VSMC force distribution.

Despite these differences, VSMC spreading has been shown to ultimately increase
both integrated-TS and TF. In spite of generating higher integrated-TS/TF, VSMCs ability to
displace the surrounding ECM shows dramatic diminishment with matrix rigidity. In healthy
aorta, VSMCs regularly maintain vascular tone via vessel constriction (208) and our data
supports this showing efficient displacement at normal (12kPa) aortic stiffness. Deformation
of the ECM occurs via enhanced actomyosin activity and this allows VSMCs to appropriately
respond to their mechanical environment. However, our findings demonstrate that, despite
causing enhanced VSMC actomyosin activity, VSMCs can no longer manipulate their
microenvironment and hence are unable to significantly contribute to vascular tone due to

matrix stiffness.
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3.5.3 Chapter Three conclusions

This chapter clearly demonstrates that matrix stiffness causes alterations in synthetic
VSMC morphology, intracellular organisation and traction force magnitude. Increased matrix
stiffness induces increased VSMC spreading and integrated-TS/TF generation and this is
due to a higher recruitment of adhesive units. Additionally, actomyosin activity and adhesion
concentration present an inverse relationship. Matrix rigidity causes a decrease in mean
pMLC levels whilst enhancing adhesive anchor points. Due to this, we speculate that
VSMCs focus on efficient distribution of traction stress under matrix rigidity and increased
filamentous actin density helps facilitate this. We hypothesise that these changes act as a
compensatory mechanism that enable increased VSMC traction force generation on rigid

ECMs without causing actomyosin-induced DNA damage.

Synthetic VSMCs were utilised within this chapter however we must consider
contractile VSMC counterparts, which may possess greater ability of deforming the stiffer
matrix. However, previous reports state vascular injury can stimulate smooth muscle cell
proliferation (240, 241), and therefore VSMC traction force generation, phenotypic regulation
and vessel compliance present an intricate relationship. Further research is required to
better understand this relationship as aortic stiffness and VSMC phenotypic switching are
prevalent events that lead to decreased aortic compliance within CVD. This chapter has
shown key changes in synthetic VSMC morphology and contractile apparatus structure, and
our model will allow further interrogation of these pathways to better understand synthetic

VSMC force regulation within the diseased state.

3.5.4 Limitation and future work

3.5.4.1 VSMC isolates

The experiments conducted within this chapter were performed using two VSMC
stocks. Due to time restraints and accessibility to VSMC stocks, the results obtained within
the current study are limited. In the future, our model will be tested and validated using
further stocks of isolate-2 VSMCs.
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3.5.4.2 VSMC synthetic vs contractile phenotype

Throughout this chapter, our study utilised VSMCs within the synthetic phenotype.
However, as mentioned before, VSMCs display remarkable plasticity and normally exist in
the quiescent contractile phenotype. Phenotypic transitioning is accompanied by changes in
the gene expression of key contractile protein markers (242). A key difference between the
two phenotypes is that contractile VSMCs express both SM-myosin || and NM-myosin Il,
whereas synthetic VSMCs largely express the latter (45). Previous studies have shown SM-
myosin Il participates in fast phasic contraction whilst NM-myosin Il has a role in slower tonic
contraction. Due to this, NM-myosin Il has shown decreased force exertion than its
counterpart. (46, 243, 244). Changes in the relative contribution of both proteins in response
to matrix rigidity requires further clarification and therefore our work remains limited in

accounting for phenotypic alterations.

3.5.4.3 Traction force model

TFM is a time consuming and specialised technigue and therefore our model serves
to give an accurate prediction of smooth muscle cell traction force based on cell spreading
data. Whilst cell spreading and traction force magnitude hold a strong relationship, there are
other factors that also play a role in integrated-TF. The aorta presents increased collagen
levels in CVD, and previous work has shown that very high collagen accumulation can
instead cause a decline in cell spreading (245). Our study employs a stiffness 6-fold higher
(72kPa) than normal healthy aorta (12kPa) and therefore we must consider the possibility of
differential responses at higher rigidities. Additionally, ligand affinity and cell alignment also
play a strong factor towards the kinetics and total levels of traction force (246, 247) and due

to this, our model could be further refined to account for these elements.

3.5.4.4 2D vs 3D traction force

Our work has been performed on 2D polyacrylamide hydrogels however 2D systems
have previously been shown to display cell bioactivities that deviate away from true in vivo
responses. Many studies have shown that introducing a 3D environment can significantly
alter cell proliferation, differentiation and the mechano-response (248-250). Importantly, it
has been reported that out-of-plane traction stress can increase ten-fold when sensing

substrate stiffness in 3D (251). Ultimately, all of this must be considered when studying
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VSMC traction force and therefore future work will assess whether 3D-TFM shows similar

compensatory mechanisms at those observed in 2D.
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Chapter 4: The impact of matrix
stiffness on smooth muscle cell
contraction
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4.1 Introduction

Thus far, the focus of the thesis has been to characterise the impact of matrix
stiffness on synthetic VSMC morphology, intracellular organisation and traction force
magnitude. We highlighted novel compensatory mechanisms that are introduced in response
to increased traction force on rigid polyacrylamide hydrogels. Despite this, VSMCs were
shown to be inefficient in displacing the stiffer matrix due to decreased compliance.
Synthetic VSMCs were utilised within the previous chapter and therefore this chapter
focuses on its contractile counterparts which may possess a greater capability of deforming

stiffer matrices.

The primary function of VSMCs is to exert actomyosin-derived contractile forces with
regulatory cues, such as mechanical stretch derived from pulsatile blood pressure, assisting
the cells to maintain vascular tone (252, 253). VSMC contractile forces are initiated from an
increase of intracellular calcium via external stimuli, causing rapid phase contractions (72).
Within the contractile phenotype, SM-myosin Il is located in tissue regions where fast phasic
contractions occur. SM-myaosin Il is a marker protein of the quiescent VSMC phenotype and
has been found to generate a higher contractile force than NM-myosin II, observed pre-
dominantly in the synthetic state (46, 243, 244).

This chapter expands on VSMC function by isolating the contractile activity of the
VSMC via serum starvation. Serum starvation has previously been shown to cause a shift to
the contractile phenotype and increase expression of key contractile marker proteins (254-
257). Although serum starvation does not achieve complete restoration of the contractile
phenotype, the expressional changes allow it alter cellular mechanical properties to become
more akin to the differentiated state (254-257). Thus, making the system used suitable for
assessing the mechanical and morphological properties of contractile VSMCs. Within this
chapter, our polyacrylamide-based system was used to screen the effects of various

contractility agonists/antagonists on quiescent VSMC morphology.
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4.2 Aim of this chapter

This chapter will investigate the effect of numerous contractile agonists and
antagonists on quiescent VSMC morphology to develop a new screening method for a novel
contractility assay. Additionally, we will further our earlier study by exploring the role of
matrix stiffness on VSMCs possessing mechanical properties more akin to the contractile
phenotype.

4.3 Hypothesis

We hypothesise that our contractile assay will reveal more information on quiescent
VSMC structural changes under matrix stiffness. Our assumption is that VSMCs seeded on
the 72kPa polyacrylamide hydrogel will present altered contractile function and this will

reveal new potential functional avenues to explore the underlying mechanism.

114



4.4 Results

4.4.1 Optimisation of microscopy imaging

To obtain suitable representative images of morphological studies, optimisation of
microscopy imaging was performed on VSMCs that were seeded on 12 kPa polyacrylamide
hydrogels and pre-treated with 0.1 uM Angiotensin Il. F-actin staining was performed with
rhodamine phalloidin on VSMCs prior to immunofluorescence microscopy. As shown,
samples were imaged on both confocal and widefield microscopes (Figure 4.1A & B). The
difference in quality is presented, revealing confocal images to be more appropriate for
Image J software analysis. However, due to time constraints, some images shown were
taken with a widefield microscope as these were deemed suitable for analysis. This is shown
by Figure 4.1C which confirms the cell area to be comparable as they are shown to be

within a similar range with both forms of microscopy.
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Figure 4.1: Optimisation of microscopy imaging. Representative immunofluorescence images
of VSMC actin filaments treated with a low-dose (0.01 uM) of Angiotensin Il. Images show VSMC
actin filaments (F-actin) stained using rhodamine phalloidin (red) and grey-scale images of F-actin
(grey) on 12 kPa polyacrylamide hydrogels. Images were captured using a (A) widefield
microscope and a (B) confocal microscope. Scale bar represents 100 um. Image J software was
used to manually measure (C) the cell area of pre-treated VSMCs captured with widefield and
confocal microscopes. Data are based on the measurement of >20 VSMCs from 2 independent
experiments. Statistical significance was determined using a paired Student’s t test on cell area
(Widefield vs Confocal) (non-significant; p = >0.05). VSMC: Vascular smooth muscle cell.

4.4.2 Effect of contractile agonists on VSMC morphology

Angiotensin Il has been established to have numerous roles within vascular smooth

muscle, such as regulating vascular tone (258), hyperplasia (259), hypertrophy (260, 261)
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and extracellular matrix production (262). Despite this, the mechanical and morphological
properties induced by Angiotensin Il require further characterisation. Previously, it's been
shown that epithelial cells display a flattened and elongated structure when treated with
Angiotensin Il (263). We speculated that Angiotensin Il treatment would cause a decrease in
VSMC spreading due to augmented contractile function, and to validate this, VSMCs were
grown in basal medium and seeded on collagen-1 coated polyacrylamide hydrogels, with an
average Young’'s modulus of 12 kPa. Prior work involving VSMCs have utilised 1 uM
concentrations of Angiotensin Il (264). As a result, cells were treated with a serial dilution of
Angiotensin I, ranging from 0.01 uM-100 uM, and prior to immunofluorescence microscopy,

F-actin staining was performed with rhodamine phalloidin.

Using Image J software, it was revealed VSMCs possessed significantly lower cell
areas when treated with 10 uM (1423+60.74 um?) and 100 uM (1238+48.86 um?) of
Angiotensin Il compared to lower-dose counterparts (Figure 4.2A & B). Further analysis
revealed there to be no significant change on cell aspect ratio with increasing concentrations
of Angiotensin Il (Figure 4.2A & C).
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Figure 4.2: The impact of Angiotensin Il treatment on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments treated with a serial dilution of Angiotensin
Il. Images show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and
grey-scale images of F-actin (grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents
100 uym. Image J software was used to manually measure the (B) cell area and (C) aspect ratio of
the VSMCs. Data are based on the measurement of >150 VSMCs from 3 independent
experiments. Statistical significance was determined using a one-way ANOVA to show
differences in cell area (** p = <0.001, *** p = <0.0001) and cell aspect ratio (non-significant; p =
>0.05), followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.

Additionally, prior research has shown that the nucleocytoplasmic ratio within specific
cell types are confined within a narrow range (265). Based on this evidence, we next looked
at nuclei spreading in response to Angiotensin Il to investigate whether this holds true within
VSMCs. VSMCs were once again grown in basal medium and seeded on collagen-1 coated
polyacrylamide hydrogels, with an average Young’s modulus of 12 kPa. Cells were
stimulated with a serial dilution of Angiotensin Il 30 minutes prior to fixation and VSMC nuclei

were stained with DAPI in preparation for immunofluorescence microscopy. Much like VSMC
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spreading, nuclear area showed a significant decrease in response to higher concentrations

of angiotensin Il (Figure 4.3A & B). Additionally, in agreement with previous findings,

nucleocytoplasmic ratio shows no significant change with increasing doses of Angiotensin Il
(Figure 4.3A & C).
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Figure 4.3: The impact of Angiotensin Il treatment on VSMC nuclear morphology. (A)
Representative immunofluorescence images of VSMC nuclei treated with a serial dilution of
Angiotensin Il. Images show VSMC nuclei stained using DAPI (blue) and grey-scale images of
nuclei (grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 uym. Image J software
was used to manually measure the (B) nuclear area and (C) shows the ratio between nuclear to
cell area. Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a one-way ANOVA to show differences in nuclear
area (*** p = <0.0001) and nuclear to cell area ratio (non-significant; p = >0.05), followed by a
Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.

Next, we utilised Carbachol as a second contractile agonist to reaffirm our findings.

Carbachol binds to muscarinic receptors within smooth muscle cells and increases

intracellular calcium to cause contraction (266). Earlier studies involving VSMCs have
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utilised a 100 pM dose of Carbachol to use as a positive control for contraction (267). Due to
this, we hypothesised to see the same effect within VSMCs as observed with Angiotensin II.
To be able to determine this, we repeated the above experimental procedure but treated with
a serial dilution treatment of Carbachol this time. In preparation for immunofluorescence
microscopy, VSMC actin filaments and nuclei were stained with rhodamine phalloidin and
DAPI, respectively.

Our results corroborated with earlier findings, showing high doses of Carbachol
ranging between 10 yM (1303+62.62 pm?) to 100 uM (996.1+47.72 um?) can induce a
significant reduction in cell area (Figure 4.4A & B), but no change to cell aspect ratio
(Figure 4.4A & C).
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Figure 4.4: The impact of Carbachol treatment on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments treated with a serial dilution of Carbachol.
Images show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and grey-
scale images of F-actin (grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 um.
Image J software was used to manually measure the (B) cell area and (C) aspect ratio of the
VSMCs. Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a one-way ANOVA to show differences in cell area (*
p = <0.05, *** p = <0.0001) and cell aspect ratio (non-significant; p = >0.05), followed by a
Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.
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Additionally, nuclear size showed dramatic decreases as observed previously
(Figure 4.5A & B). One difference revealed is that the nucleocytoplasmic ratio showed
significant changes with high doses of Carbachol, showing that specific cell types can show

variation depending on drug treatments (Figure 4.5A & C).
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Figure 4.5: The impact of Carbachol treatment on VSMC nuclear morphology. (A)
Representative immunofluorescence images of VSMC nuclei treated with a serial dilution of
Carbachol. Images show VSMC nuclei stained using DAPI (blue) and grey-scale images of
nuclei (grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 um. Image J
software was used to manually measure the (B) nuclear area and (C) shows the ratio between
nuclear to cell area. Data are based on the measurement of >150 VSMCs from 3 independent
experiments. Statistical significance was determined using a one-way ANOVA to show
differences in nuclear area (* p = <0.05, ** p = <0.001) and nuclear to cell area ratio (* p = <0.05,
*** n = <0.0001), followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth
muscle cell.

Change in cell and nuclear area was compared between both agonists by overlaying
graphs (Figure 4.6A & B), with no significant difference observed between them. The
sigmoidal dose responses were subjected to a non-linear regression analysis and this gave

corresponding EC50 values of both agonists (Figure 4.6C). Both Angiotensin Il and
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Carbachol yielded EC50 values of ~1 yM. As a result, our work shows that cell and nuclear
area show a progressive decrease in response to increased doses of different contractile
agonists, with identical EC50 values derives from both morphological parameters. Due to
this, we observe that cell and nuclear area serve as a good guide to VSMC contractile
function.
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Figure 4.6: Comparing the effect of contractile agonists on VSMC morphology. Graphs show
overlay on the effect of Carbachol and Angiotensin Il on VSMC (A) cell area and (B) nuclear area
on 12 kPa polyacrylamide hydrogels. (C) Shows EC50 values of Angiotensin Il and Carbachol
derived from non-linear regression analysis. Data are based on the measurement of >150 VSMCs
from 3 independent experiments. Statistical significance was determined using a two-way ANOVA
to show differences in cell area (non-significant; p = >0.05) and nuclear area (non-significant; p =
>0.05), followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.
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4.4.3 Inhibition of receptor-mediated effects

Next, we wanted to confirm whether the changes induced by the contractile agonists
were receptor-mediated. To be able to do this, we utilised Irbesartan and Atropine which are
receptor-specific antagonists for Angiotensin Il and Carbachol, respectively. Irbesartan binds
to Angiotensin Il type 1 (AT1) receptor with an I1Cso value of 1.6 nM, and has previously been
shown to efficiently block the binding of angiotensin Il to the AT1 receptor within VSMCs
(268, 269).

Due to this, VSMCs were seeded on 12 kPa polyacrylamide hydrogels, as previously
stated, and treated with a serial dilution of Irbesartan, ranging between 23 pM-230 nM, after
the addition of 10 uM of Angiotensin Il. Similarly, filamentous actin and nuclei were stained
with rhodamine phalloidin and DAPI, respectively. Image J software revealed that the
reduction in VSMC area induced by Angiotensin Il stimulation is receptor-mediated as
increasing doses of Irbesartan gradually restored VSMC morphology. Analysis showed that
doses as low as 2.3 nM (1582+104.6 pm?) can significantly increase VSMC area, thus

showing Irbesartan is efficient in antagonising the effects discussed (Figure 4.7).
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Figure 4.7: The impact of Irbesartan treatment on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments treated with a serial dilution of Irbesartan.
Images show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and grey-
scale images of F-actin (grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100
um. Image J software was used to manually measure the (B) cell area of the VSMCs. Data are
based on the measurement of >150 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in cell area (*** p =
<0.0001), followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle
cell.

Likewise, nuclear area of VSMCs treated with Angiotensin Il showed significant
augmentations when utilising higher doses of Irbesartan (Figure 4.8A & B). Next, the cell
and nuclear data was compiled and the relationship between both factors was investigated.
It was discovered, via linear regression analysis, that the association between nuclear to cell
area change was relatively weak (Figure 4.8C) and therefore there may be other differential

factors that contribute to changes in morphology.
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Figure 4.8: The impact of Irbesartan treatment on VSMC nuclear morphology. (A)
Representative immunofluorescence images of VSMC nuclei treated with a serial dilution of
Irbesartan. Images show VSMC nuclei stained using DAPI (blue) and grey-scale images of nuclei
(grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software was
used to manually measure the (B) nuclear area of the VSMCs and (C) shows its relationship to
cell area. Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a one-way ANOVA to show differences in nuclear
area (** p = <0.001, *** p = <0.0001), followed by a Bonferroni’s multiple comparison test.
Additionally, statistical significance was also determined using linear regression analysis. VSMC:
Vascular smooth muscle cell.

Following this, Atropine was utilised to see if Carbachol-mediated effects could also
be inhibited. Atropine is a competitive antagonist that binds at acetylcholine-muscarinic
receptors within smooth muscle, with an ICs value of 8.5 nM (270, 271). To confirm this, we
replicated our earlier experimental set up with Irbesartan, however this time with a serial
dilution Atropine ranging between 36 pM-360 nM. Staining of the VSMCs was performed in
the same way as previously described prior to immunofluorescence microscopy. Data
analysis gave support to existing findings, revealing only a 38 nM dose of Atropine is

required to significantly increase cell (2547+274 um?) and nuclear (118.4+8.097 pm?) area
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(Figure 4.9 & 4.10). Due to this, our work shows that the actomyosin-mediated

morphological changes induced by contractile agonists can be regulated at the receptor
level.
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Figure 4.9: The impact of Atropine treatment on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments treated with a serial dilution of Atropine.
Images show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and grey-
scale images of F-actin (grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 ym.
Image J software was used to manually measure the (B) cell area of the VSMCs. Data are based
on the measurement of >50 VSMCs from 3 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in cell area (* p = <0.05), followed by a
Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.
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Figure 4.10: The impact of Atropine treatment on VSMC nuclear morphology. (A)
Representative immunofluorescence images of VSMC nuclei treated with a serial dilution of
Atropine. Images show VSMC nuclei stained using DAPI (blue) and grey-scale images of nuclei
(grey) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software
was used to manually measure the (B) nuclear area of the VSMCs. Data are based on the
measurement of >150 VSMCs from 3 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in nuclear area (* p = <0.05, ** p =
<0.001), followed by a Bonferroni’'s multiple comparison test. VSMC: Vascular smooth muscle
cell.

4.4.4 Inhibition of agonist-mediated effects on VSMC morphology

The work conducted within this chapter so far shows that contractile agonists can
cause similar morphological changes within VSMCs on a compliant matrix. However, further
work is required to elucidate the mechanism driving this, and in particular, to confirm if these
changes occur via stimulated actomyosin activity. This chapter expands on this by utilising a
variety of actomyosin inhibitors to see if the observed morphological response can be
inhibited.

VSMC tonic contractions maintain vascular tone in the absence of external stimuli

and they are regulated by the calcium-independent pathway (80). One of the key molecular
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components of this pathway is the serine/threonine kinase ROCK (86). ROCK displays a
myriad of functions within VSMCs, with its core action in regulating contractile activity. It
does this primarily through the inhibition of myosin light chain phosphatase (80, 86). Earlier
work has utilised 5 uM of Y-27632, a ROCK-specific inhibitor, to investigate the role of
VSMC actomyosin activity (207). We hypothesised that inhibiting ROCK kinase would
restore morphological characteristics of VSMCs prior to contraction.

To be able to investigate this, VSMCs were grown in basal media and seeded on
collagen-1 coated polyacrylamide hydrogels, with an average Young’'s modulus of 12 kPa.
VSMCs were pre-treated with 10 yM of Angiotensin Il and this was followed with the addition
of a5 yM of Y-27632. Prior to microscopy imaging, filamentous actin and nuclei of VSMCs
were stained with rhodamine phalloidin and lamin A/C, respectively. Using Image J software,
it was shown VSMCs presented significantly larger cell and nuclear areas when co-treated
with Y-27632 as opposed to Angiotensin Il alone (Figure 4.11). This revealed that
abolishment of actomyosin activity via ROCK inhibition restored the morphological changes

previously induced by Angiotensin Il.
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Figure 4.11: The effect of a ROCK inhibitor on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments and nuclei treated with Y-27632. Images
show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and nuclei stained
using lamin A/C (green) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 um.
Image J software was used to manually measure the (B) cell area and (C) nuclear area of the
VSMCs. Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a paired Student’s t test on cell area and nuclear
area (Ang Il vs Y-27632) (*** p = <0.0001). Ang Il: Angiotensin Il; ROCK: Rho-associated protein
kinase; VSMC: Vascular smooth muscle cell.

Nuclear area (Lmz)

To consolidate this, we utilised the NM-myosin Il inhibitor Blebbistatin and

Atorvastatin inhibitor to build upon our findings. Blebbistatin binds to the myosin head which

interferes with phosphate release, and has previously been utilised at 40 pM to inhibit VSMC
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actomyosin activity (207, 272). Contrastingly, Atorvastatin prevents the formation of
isoprenoid intermediates which are essential for the activation of small GTP-binding proteins
such as Rho (273). Like Blebbistatin, Atorvastatin has been utilised within earlier VSMC
studies, with concentrations ~1 uM (274). As a result, both compounds work effectively to
inhibit VSMC contractility.

Due to this, we set up identical experimental conditions to Figure 4.11, however this
time with 40 uM of Blebbistatin or 0.5 uM of Atorvastatin. Similarly, we stained VSMC actin
filaments and nuclei with rhodamine phalloidin and lamin A/C, respectively. Analysis of
resulting microscopy images show these results fall in agreement with previous findings,
presenting significant increases in both VSMC and nuclear area in response to both
treatments (Figure 4.12 & 4.13A-C). As expected, this confirmed that VSMC morphological

changes induced via contractile agonists are actomyosin-dependent.
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Figure 4.12: The effect of a Myosin Il inhibitor on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments and nuclei treated with Blebbistatin. Images
show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and nuclei stained
using lamin A/C (green) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 um.
Image J software was used to manually measure the (B) cell area and (C) nuclear area of the
VSMCs. Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a paired Student’s t test on cell area and nuclear
area (Ang Il vs Blebbistatin) (** p = <0.001, *** p = <0.0001). Ang II: Angiotensin Il; VSMC:

Vascular smooth muscle cell.
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Figure 4.13: The effect of Atorvastatin on VSMC morphology. (A) Representative
immunofluorescence images of VSMC actin filaments and nuclei treated with Atorvastatin. Images
show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) and nuclei stained
using lamin A/C (green) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 um.
Image J software was used to manually measure the (B) cell area and (C) nuclear area of the
VSMCs and (D) shows the relationship between both. Data are based on the measurement of
>150 VSMCs from 3 independent experiments. Statistical significance was determined using a
paired Student’s t test on cell and nuclear area (Ang Il vs Atorvastatin) (** p = <0.001).
Additionally, a linear regression analysis was used to determine statistical significance for the cell
and nuclear area relationship (non-significant; p = >0.05). Ang II: Angiotensin Il; VSMC: Vascular
smooth muscle cell.
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Following this, the relationship between VSMC area and nuclear area was
investigated via linear regression analysis (Figure 4.13D). This relationship was subjected to
Angiotensin Il treatment alone and with Atorvastatin. Despite presenting a moderate
relationship for the nucleocytoplasmic ratio, Atorvastatin presented no significant difference

to Angiotensin 1.

4.4.5 Effect of matrix stiffness on contractile quiescent VSMCs

The above data describes how contractile stimulation of quiescent VSMCs causes
morphological changes on pliable polyacrylamide hydrogels. Next, we examined the effect of
matrix stiffness on quiescent VSMCs. VSMCs typically undergo a change in mechanical
environment during cardiovascular disease development, in which aortic stiffness becomes a
predicative biomarker (14-16). Due to this, we utilised our novel assay to examine the
relationship between quiescent contractile activity, decreased compliance and change in

VSMC morphology more closely.

To begin with, we looked at the effect of Angiotensin Il and matrix stiffness on
quiescent VSMCs. To do this, VSMCs were cultured in basal medium and seeded on
collagen-1 coated polyacrylamide hydrogels, with an average Young’'s modulus of 72 kPa.
Cells were treated with a serial dilution of Angiotensin Il, and F-actin was stained with
rhodamine phalloidin prior to microscopy imaging. Image J analysis revealed that, similarly
to 12 kPa, concentrations of 10 uM (1965+100.1 pm?) and 100uM (2137+134.0 um?) were
found to evoke significant changes compared to their lower dose counterparts. However, in
this case, it was found that stronger stimulation of VSMC contractile activity within a rigid
environment rather increased cell spreading (Figure 4.14A & B). Following this, we wanted
to compare the effects of Angiotensin Il on quiescent VSMC morphology between the
physiological and rigid environments. To do this, we generated an overlay of the 12 kPa and
72 kPa response. Performing a two-way ANOVA, it was shown that VSMC area presented
significance between both rigidities for doses of 0.01 uM, 0.1 uM, 10 uM and 100 uM
(Figure4.14C).
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Figure 4.14: The impact of Angiotensin Il treatment and matrix stiffness on VSMC
morphology. (A) Representative immunofluorescence images of VSMC actin filaments treated
with a serial dilution of Angiotensin Il. Images show VSMC actin filaments (F-actin) stained using
rhodamine phalloidin (red) and grey-scale images of F-actin (grey) on 72 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Image J software was used to manually measure the
(B) cell area and (C) shows an overlay of 12 kPa and 72 kPa cell area change. Data are based
on the measurement of >150 VSMCs from 3 independent experiments. Statistical significance
was determined using a one-way ANOVA to show differences in cell area (*** p = <0.0001).
Additionally, a two-way ANOVA was utilised to show differences between 12 kPa and 72 kPa cell
area changes (* p = <0.05, ** p = <0.001, *** p = <0.0001) Both tests were followed by a
Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.

Next, we looked at VSMC nuclei via DAPI staining and results presented a similar
pattern, with higher doses causing a significant augmentation in area (Figure 4.15A & B).
When comparing nuclear area change between 12 kPa and 72 kPa, two-way ANOVA

revealed significance at 100 uM (Figure 4.15C).
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Figure 4.15: The impact of Angiotensin Il treatment and matrix stiffness on VSMC nuclear
morphology. (A) Representative immunofluorescence images of VSMC nuclei treated with a
serial dilution of Angiotensin II. Images show VSMC nuclei stained using DAPI (blue) and grey-
scale images of nuclei (grey) on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 uym.
Image J software was used to manually measure the (B) nuclear area and (C) shows an overlay
of 12 kPa and 72 kPa nuclear area change. Data are based on the measurement of >150 VSMCs
from 3 independent experiments. Statistical significance was determined using a one-way
ANOVA to show differences in nuclear area (*** p = <0.0001). Additionally, a two-way ANOVA
was utilised to show differences between 12 kPa and 72 kPa nuclear area changes (* p = <0.05).

Both tests were followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth
muscle cell.

After, we wanted to see if the nucleocytoplasmic ratio showed any significant changes in
response to Angiotensin Il within the rigid environment. Our results show both 10 yM
(0.1224+0.007) and 100uM (0.1260+0.007) addition of Angiotensin Il significantly decreases
this ratio, suggesting VSMC area shows greater spreading than its nuclei in response to

stiffness (Figure 4.16A). When comparing the nucleocytoplasmic ratio changes from both
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physiological and pathological stiffness, there was no significant difference detected (Figure
4.16B).
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Figure 4.16: Comparing the effect of matrix stiffness on VSMC nuclear area to cell area
ratio using Angiotensin Il. (A) shows the ratio between nuclear to cell area of VSMCs seeded on
72 kPa polyacrylamide hydrogels in response to a serial dilution treatment of Angiotensin Il. (B)
shows an overlay which compares this ratio between VSMCs seeded on 12 kPa and 72 kPa
polyacrylamide hydrogels. Data are based on the measurement of >150 VSMCs from 3
independent experiments. Statistical significance was determined using a one-way ANOVA to
show differences in VSMC nuclear to cell area ratio on 72 kPa hydrogels (* p = <0.05).
Additionally, a two-way ANOVA was utilised to show differences between 12 kPa and 72 kPa
nuclear to cell area ratios (non-significant; p = >0.05). Both tests were followed by a Bonferroni’'s
multiple comparison test. VSMC: Vascular smooth muscle cell.

To consolidate this, we utilised Carbachol once more as a secondary agonist. Like
Angiotensin I, 10 uM (2121+149.7 um?) and 100 uM (2042+141.5 um?) of Carbachol caused
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significant augmentations in VSMC area (Figure 4.17A & B) when seeded on the rigid
environment. However, in this case, when comparing the physiological and pathological
response via a two-way ANOVA, there was no significant difference detected, despite similar

trend patterns to the initial agonist (Figure 4.17C).
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Figure 4.17: The impact of Carbachol treatment and matrix stiffness on VSMC morphology.
(A) Representative immunofluorescence images of VSMC actin filaments treated with a serial
dilution of Carbachol. Images show VSMC actin filaments (F-actin) stained using rhodamine
phalloidin (red) and grey-scale images of F-actin (grey) on 72 kPa polyacrylamide hydrogels. Scale
bar represents 100 um. Image J software was used to manually measure the (B) cell area and (C)
shows an overlay of 12 kPa and 72 kPa cell area change. Data are based on the measurement of
>150 VSMCs from 3 independent experiments. Statistical significance was determined using a
one-way ANOVA to show differences in cell area (*** p = <0.0001). Additionally, a two-way
ANOVA was utilised to show differences between 12 kPa and 72 kPa cell area changes (non-
significant; p = >0.05). Both tests were followed by a Bonferroni’s multiple comparison test. VSMC:
Vascular smooth muscle cell.

Additionally, nuclear spread showed comparable changes in response to matrix

stiffness, with significant area augmentations presented from higher Carbachol stimulation
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(Figure 4.18A & B). Like VSMC area, no significant changes of the nuclei were shown via

Carbachol treatment when comparing the 12 kPa and 72 kPa response (Figure 4.18C).
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Figure 4.18: The impact of Carbachol treatment and matrix stiffness on VSMC nuclear
morphology. (A) Representative immunofluorescence images of VSMC nuclei treated with a serial
dilution of Carbachol. Images show VSMC nuclei stained using DAPI (blue) and grey-scale images
of nuclei (grey) on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J
software was used to manually measure the (B) nuclear area and (C) shows an overlay of 12 kPa
and 72 kPa nuclear area change. Data are based on the measurement of >150 VSMCs from 3
independent experiments. Statistical significance was determined using a one-way ANOVA to
show differences in nuclear area (* p = <0.05, ** p = <0.001, *** p = <0.0001). Additionally, a two-
way ANOVA was utilised to show differences between 12 kPa and 72 kPa nuclear area changes

(non-significant; p = >0.05). Both tests were followed by a Bonferroni’s multiple comparison test.
VSMC: Vascular smooth muscle cell.

Similar to the physiological environment, the nucleocytoplasmic ratio revealed a

significant change in response to high concentrations to Carbachol. However, in the case of
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stiffness, the nuclear/cell area ratio showed a decrease. The varied response between both
rigidities was reaffirmed via two-way ANOVA analysis, revealing a significant change at 100
uM (Figure 4.19). From this, it becomes apparent that matrix compliance can differentially

regulate agonist-induced morphological changes within VSMCs.
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Figure 4.19: Comparing the effect of matrix stiffness on VSMC nuclear area to cell area
ratio using Carbachol. (A) Shows the ratio between nuclear to cell area of VSMCs seeded on 72
kPa polyacrylamide hydrogels in response to a serial dilution treatment of Carbachol. (B) Shows
an overlay which compares this ratio between VSMCs seeded on 12 kPa and 72 kPa
polyacrylamide hydrogels. Data are based on the measurement of >150 VSMCs from 3
independent experiments. Statistical significance was determined using a one-way ANOVA to
show differences in VSMC nuclear to cell area ratio on 72 kPa hydrogels (* p = <0.05).
Additionally, a two-way ANOVA was utilised to show differences between 12 kPa and 72 kPa
nuclear to cell area ratios (** p = <0.001). Both tests were followed by a Bonferroni’s multiple
comparison test. VSMC: Vascular smooth muscle cell.
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Earlier, we showed how our novel contractile assay could successfully extract the
EC50 values of different contractile agonists. Therefore, we wanted to investigate whether
this function of our assay was possible within a range of rigidities. To do this, we compared
the cell and nuclear area change between both agonists on a 72 kPa polyacrylamide
hydrogel (Figure 4.20A & B). A non-linear regression analysis was performed on the
sigmoidal dose curves and the trends positively revealed the corresponding EC50 values of
our agonists (Figure 4.20C). Data showed that agonists maintained the same EC50 values

as observed within the physiological environment, displaying values close or equal to 1 uM.
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Figure 4.20: Comparing the effect of contractile agonists on VSMC morphology within a
stiffer environment. Graphs show overlay on the effect of Carbachol and Angiotensin Il on
VSMC (A) cell area and (B) nuclear area on 72 kPa polyacrylamide hydrogels. (C) shows EC50
values of Angiotensin Il and Carbachol derived from non-linear regression analysis. Data are
based on the measurement of >150 VSMCs from 3 independent experiments. Statistical
significance was determined using a two-way ANOVA to show differences in cell area (non-
significant; p = >0.05) and nuclear area (non-significant; p = >0.05), followed by a Bonferroni’'s
multiple comparison test. VSMC: Vascular smooth muscle cell.
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4.4.6 Inhibition of aberrant VSMC spreading

So far, it has been shown that contractile stimulation on a rigid matrix promotes
cytoplasmic and nuclear spreading of VSMCs. Earlier work has shown that matrix stiffening
also causes elevated levels of pMLC and Rho/ROCK activity in a variety of different cell
types (275-277). To begin with, we wanted to confirm whether these effects, much like the
physiological environment, were receptor-mediated. In order to investigate whether it
possesses a role in inhibiting aberrant VSMC function, we utilised Irbesartan once more.
Image J software revealed higher doses of Irbesartan significantly reduced VSMC area,
preventing abnormal spreading (Figure 4.21A & B). When comparing its effect with VSMCs
on a physiological environment, a two-way ANOVA analysis revealed significance between
both responses at 2.3 nM (Figure 4.21C). Additionally, a 1 nM dose was established to be

the IC50 value between both rigidities via non-linear regression analysis (Figure 4.21D).
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Figure 4.21: The impact of Irbesartan treatment on VSMC morphology within a stiffer
environment. (A) Representative immunofluorescence images of VSMC actin filaments treated
with a serial dilution of Irbesartan. Images show VSMC actin filaments (F-actin) stained using
rhodamine phalloidin (red) and grey-scale images of F-actin (grey) on 72 kPa polyacrylamide
hydrogels. Scale bar represents 100 ym. Image J software was used to manually measure the
(B) cell area of the VSMCs and (C) shows an overlay of 12 kPa and 72 kPa cell area change.
(D) Shows EC50 values of Irbesartan in normal (12 kPa) and rigid (72 kPa) physiology derived
from non-linear regression analysis. Data are based on the measurement of >150 VSMCs from
3 independent experiments. Statistical significance was determined using a one-way ANOVA to
show differences in cell area (* p = <0.05, *** p = <0.0001). Additionally, a two-way ANOVA was
utilised to show differences between 12 kPa and 72 kPa cell area changes (* p = <0.05). Both
tests were followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle
cell.
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An identical trend in size reduction was further shown when observing the nuclear
response of VSMCs treated with Irbesartan (Figure 4.22A & B), although no significant

difference was detected when comparing both rigidities (Figure 4.22C).
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Figure 4.22: The impact of Irbesartan treatment on VSMC nuclear morphology within a
stiffer environment. (A) Representative immunofluorescence images of VSMC nuclei treated
with a serial dilution of Irbesartan. Images show VSMC nuclei stained using DAPI (blue) and
grey-scale images of nuclei (grey) on 72 kPa polyacrylamide hydrogels. Scale bar represents
100 um. Image J software was used to manually measure the (B) nuclear area of the VSMCs
and (C) shows an overlay of 12 kPa and 72 kPa nuclear area change. Data are based on the
measurement of >150 VSMCs from 3 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in nuclear area (** p = <0.001, *** p =
<0.0001). Additionally, a two-way ANOVA was utilised to show differences between 12 kPa
and 72 kPa cell area changes (nhon-significant; p = >0.05). Both tests were followed by a
Bonferroni’s multiple comparison test. VSMC: Vascular smooth muscle cell.

To supplement this, Atropine was utilised in a serial-dilution manner within the rigid
environment and imaging/analysis was performed, as previously described. Results showed

that a 360 nM dose of Atropine can restore VSMC morphology due to a significant reduction
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(Figure 4.23A & B). Comparison with the physiological environment presents an inverted
trend, however no significant difference was detected (Figure 4.23C). Much like Irbesartan,
a non-linear regression analysis revealed IC50 values of Atropine to be approximately 1 nM
in both the healthy and stiffer environment (Figure 4.23D).
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Figure 4.23: The impact of Atropine treatment on VSMC morphology within a stiffer
environment. (A) Representative immunofluorescence images of VSMC actin filaments treated
with a serial dilution of Atropine. Images show VSMC actin filaments (F-actin) stained using
rhodamine phalloidin (red) and grey-scale images of F-actin (grey) on 72 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Image J software was used to manually measure the
(B) cell area of the VSMCs and (C) shows an overlay of 12 kPa and 72 kPa cell area change.
(D) Shows EC50 values of Atropine in normal (12 kPa) and rigid (72 kPa) physiology derived
from non-linear regression analysis. Data are based on the measurement of >150 VSMCs from
3 independent experiments. Statistical significance was determined using a one-way ANOVA to
show differences in cell area (** p = <0.001). Additionally, a two-way ANOVA was utilised to
show differences between 12 kPa and 72 kPa cell area changes (non-significant; p = >0.05).
Both tests were followed by a Bonferroni’s multiple comparison test. VSMC: Vascular smooth
muscle cell.
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Despite this, Atropine treatment was found to further stimulate nuclear spreading in
response to matrix stiffness (Figure 4.24A & B), showing a very similar trend to prior results
observed on the 12 kPa polyacrylamide hydrogel (Figure 4.24C).
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Figure 4.24: The impact of Atropine treatment on VSMC nuclear morphology within a stiffer
environment. (A) Representative immunofluorescence images of VSMC nuclei treated with a
serial dilution of Atropine. Images show VSMC nuclei stained using DAPI (blue) and grey-scale
images of nuclei (grey) on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image
J software was used to manually measure the (B) nuclear area of the VSMCs and (C) shows an
overlay of 12 kPa and 72 kPa nuclear area change. Data are based on the measurement of >150
VSMCs from 3 independent experiments. Statistical significance was determined using a one-way
ANOVA to show differences in nuclear area (* p = <0.05, ** p = <0.001 *** p = <0.0001).
Additionally, a two-way ANOVA was utilised to show differences between 12 kPa and 72 kPa
nuclear area changes (non-significant; p = >0.05). Both tests were followed by a Bonferroni’s
multiple comparison test. VSMC: Vascular smooth muscle cell.
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Despite this, it currently remains unknown whether these morphological changes
share the same actomyosin-dependent processes as shown within the physiological
environment. We investigated this further, by utilising prior actomyosin inhibitors, in order to
elucidate the mechanisms underlying the differential response within the stiffer environment.
Initially, we looked at the effect of Rho/ROCK within the rigid environment via the ROCK
inhibitor Y-27632. VSMCs were cultured in basal media, as described previously, and
seeded on collagen-1 coated polyacrylamide hydrogels, with an average Young’s modulus
of 72 kPa. Drug treatments were performed identically to earlier Y-27632 work. Staining of
VSMC filamentous actin and nuclei were done with rhodamine phalloidin and lamin A/C,
respectively. Our results confirm that increase in VSMC spreading is mediated via the Rho-
ROCK pathway as treatment caused a significant decrease in cytoplasmic spreading
(Figure 4.25A & B). However, in this case, VSMC nuclei showed a further increase in area
with Y-27632 treatment (Figure 4.25A & C), revealing discrepancies in cell and nuclear
response. This is consistent with earlier observations of Atropine treatment (Figure 4.24),
giving indication that the nuclear morphological response may be regulated via differential

signalling pathways to cytoplasmic area.
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Figure 4.25: The effect of a ROCK inhibitor on the morphology of VSMCs pre-treated with
Angiotensin Il within a stiffer environment. (A) Representative immunofluorescence images of
VSMC actin filaments and nuclei treated with Y-27632. Images show VSMC actin filaments (F-
actin) stained using rhodamine phalloidin (red) and nuclei stained using lamin A/C (green) on 72
kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software was used to
manually measure the (B) cell area and (C) nuclear area of the VSMCs. Data are based on the
measurement of ~150 VSMCs from 3 independent experiments. Statistical significance was
determined using a paired Student’s t test on cell area and nuclear area (Ang Il vs Y-27632) (* p =

<0.05, *** p = <0.0001). Ang II: Angiotensin Il; ROCK: Rho-associated protein kinase; VSMC:
Vascular smooth muscle cell.

To investigate this further, we utilised both Blebbistatin and Atorvastatin once more.

Experiments for both compounds were set up identically to before, however cell seeding was
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performed on collagen-1 coated 72 kPa hydrogels. Image J analysis revealed that

Blebbistatin caused successful inhibition of both cell and nuclear spreading (Figure 4.26).
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Figure 4.26: The effect of a Myosin Il inhibitor on VSMC morphology within a stiffer
environment. (A) Representative immunofluorescence images of VSMC actin filaments and
nuclei treated with Blebbistatin. Images show VSMC actin filaments (F-actin) stained using
rhodamine phalloidin (red) and nuclei stained using lamin A/C (green) on 72 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Image J software was used to manually measure the (B)
cell area and (C) nuclear area of the VSMCs. Data are based on the measurement of >150
VSMCs from 3 independent experiments. Statistical significance was determined using a paired
Student’s t test on cell area and nuclear area (Ang Il vs Blebbistatin) (** p = <0.001, *** p =
<0.0001). Ang II: Angiotensin Il; VSMC: Vascular smooth muscle cell.

Additionally, Atorvastatin treatment presented similar trends, however no significance

was shown for cell or nuclear area compared to Angiotensin alone (Figure 4.27A-C). Linear
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regression analysis revealed that the relationship between cytoplasmic and nuclear area
within VSMCs showed similar trends between Atorvastatin and Angiotensin Il treatments,
with weak correlations presented for both (Figure 4.27D). These studies show that there
may be excluding factors, outside of actomyosin activity, that may further contribute to

VSMC spreading in response to matrix stiffness.

152



(A)

F-actin
— J Atorvastatin
Lamin A/C
Ang Il
2000 n.s 80+ n.s
_ _— i - & 72kPa Ang Il

— * * I2kkPaAngll 1S 604 o® ® 72kPa Atorvastatin

= 15004 [ ® 72kPa Atorvastatin =

: % . S | o e

$ 1000 ws oo s 404

s d 3

& 5001 ;

0- 0-

80- Non-Significant
o -+ 72kPa Ang Il
§ 604 [ -+ 72kPa Atorvastatin
o #e . . Ang Il R?=0.24
& 40 .
E i ' . . . . H 2 —
5 il Atorvastatin R-=0.21
Tj, 204 b, . .
=

0-
0 500 1000 1500 2000

Cell area (um?

Figure 4.27: The effect of Atorvastatin on VSMC morphology within a stiffer environment. (A)
Representative immunofluorescence images of VSMC actin filaments and nuclei treated with
Atorvastatin. Images show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red)
and nuclei stained using lamin A/C (green) on 72 kPa polyacrylamide hydrogels. Scale bar
represents 100 um. Image J software was used to manually measure the (B) cell area and (C)
nuclear area of the VSMCs and (D) shows the relationship between both. Data are based on the
measurement of ~100 VSMCs from 3 independent experiments. Statistical significance was
determined using a paired Student’s t test on cell and nuclear area (Ang Il vs Atorvastatin) (non-
significant; p = >0.05). Additionally, a linear regression analysis was used to determine statistical
significance for the cell and nuclear area relationship (non-significant; p = >0.05). Ang I
Angiotensin Il; VSMC: Vascular smooth muscle cell.
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Throughout this chapter, we utilised various actomyosin inhibitors and revealed differential
effects in cell and nuclear area of pre-constricted VSMCs in response to a change in

substrate rigidity, and a summary of this is presented in Table 4.1.

Table 4.1: Summarising the effects of actomyosin inhibitors on cell and nuclear area for
VSMCs pre-treated with 10 uM of Angiotensin Il

Area change
Y-27632 Blebbistatin Atorvastatin
12 kPa Cell area Increase Increase Increase
12 kPa Nuclear area Increase Increase Increase
72 kPa Cell area Decrease Decrease No change
72 kPa Nuclear area Increase Decrease No change

4.4.7 Effects of aberrant contractility on VSMC epigenetics

As mentioned before, VSMCs have shown to transition from a contractile to a
synthetic phenotype during CVD and this is particularly apparent in atherosclerotic lesions
(166). The transition involves a regulatory change in the expression of key marker proteins
and this is facilitated by histone modifications which can alter chromatin packaging (37). Due
to this reason, we wanted to observe if there were any discrepancies in the epigenetic
modifications, in particular with H3K9 acetylation levels of VSMCs when stimulated to

contract at different rigidities.

To do this, VSMCs were grown in basal medium and seeded on collagen-1 coated
polyacrylamide hydrogels, with an average Young’'s modulus of 12 kPa and 72 kPa. Cells
were then treated with a serial dilution of Angiotensin Il and processed for
immunofluorescence as described previously. Prior to microscopy imaging, VSMC
filamentous actin, nuclei and H3K9 were stained with rhodamine phalloidin, DAPI and anti-
H3K9 acetylation, respectively. Image J analysis revealed that both mean and total H3K9
acetylation intensity showed a steady reduction on a compliant matrix (Figure 4.28),

indicating a controlled decrease in gene expression.
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Figure 4.28: The effect of Angiotensin Il on VSMC histone acetylation. (A) Representative
immunofluorescence images of VSMC actin filaments, nuclei and H3K9 acetylation levels when
treated with serial dilution of Angiotensin Il. Images show VSMC actin filaments (F-actin) stained
using rhodamine phalloidin (red), nuclei stained using DAPI (blue) and H3K9 stained using anti-
H3K9ace (green) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J
software was used to manually measure the (B) mean intensity and (C) total intensity of the
VSMCs. Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a one-way ANOVA to show differences in mean
intensity (*** p = <0.0001) and total intensity (*** p = <0.0001), followed by a Bonferroni’s multiple
comparison test. H3K9ace: Histone 3 Lysine-9 acetylation; VSMC: Vascular smooth muscle cell.
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Contrastingly, Angiotensin Il failed to generate any trend in H3K9 acetylation levels within

the rigid matrix (Figure 4.29).
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Figure 4.29: The effect of Angiotensin Il and matrix stiffness on VSMC histone acetylation.
(A) Representative immunofluorescence images of VSMC actin filaments, nuclei and H3K9
acetylation levels when treated with serial dilution of Angiotensin Il. Images show VSMC actin
filaments (F-actin) stained using rhodamine phalloidin (red), nuclei stained using DAPI (blue) and
H3K9 stained using anti-H3K9ace (green) on 72 kPa polyacrylamide hydrogels. Scale bar
represents 100 um. Image J software was used to manually measure the (B) mean intensity and
(C) total intensity of the VSMCs. Data are based on the measurement of >150 VSMCs from 3
independent experiments. Statistical significance was determined using a one-way ANOVA to
show differences in mean intensity (*** p = <0.0001) and total intensity (** p = <0.001, *** p =
<0.0001), followed by a Bonferroni’'s multiple comparison test. H3K9ace: Histone 3 Lysine-9
acetylation; VSMC: Vascular smooth muscle cell.
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Despite trend variances between both environments, no significant difference in

mean or total H3K9 acetylation levels was observed (Figure 4.30).
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Figure 4.30: Comparing the effect of matrix stiffness on VSMC histone acetylation levels.
Graphs show overlay of the effect of normal (12 kPa) and stiff (72 kPa) polyacrylamide hydrogels
on (A) mean intensity and (B) total intensity of the VSMCs. Data are based on the measurement
of >150 VSMCs from 3 independent experiments. Statistical significance was determined using a
two-way ANOVA to show differences in mean intensity (non-significant; p = >0.05) and total
intensity (non-significant; p = >0.05), followed by a Bonferroni’s multiple comparison test. VSMC:
Vascular smooth muscle cell.
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4.5 Discussion

This chapter explored the relationship between quiescent VSMC morphology,
actomyosin activity and matrix stiffness. By creating a novel contractile assay, we were able
to determine the efficacy of various agonists and antagonists on VSMCs. We investigated
whether the morphological changes were actomyosin-dependent between both rigidities and
established different regulatory levels of these responses. This work provides strength to
earlier morphological studies described in chapter three. As a result, we can reveal that
VSMC morphology presents a differential response due to matrix stiffness as well as giving
insight into new potential functional avenues that may explain this.

4.5.1 Effect of contractility on VSMC morphology amongst different rigidities

Within healthy adult blood vessels, VSMCs typically exist in a quiescent contractile
state. This phenotype is characterised by dense contractile fibres, possessing a high
expression of phenotype-specific proteins. The function of the VSMCs revolves around
maintaining vascular tone via controlled contraction and relaxation in order to ensure
efficient blood circulation (166, 278-280). Contractile stimulation is often utilised for
necessary maintenance of a variety of cell types. Earlier work has shown that neuronal cells
present healthy reconstitution from Angiotensin Il treatment within in vitro cerebral ischemia
models, as well as an outgrowth of neurites in control samples (281, 282). In our work, we
reveal contraction of VSMCs via progressive cell area reduction in response to agonist
treatments on a compliant matrix. These findings are supported by prior research which
show that Carbachol can further enhance the contractile activity of VSMCs pre-treated with
calcium and also cause smooth muscle-like interstitial cells to have near a 50% reduction in
cell length (283, 284). Thus, our work supports the notion that VSMCs facilitate vessel

constriction in healthy physiology via external contractile stimuli.

Under pathological conditions, however, VSMCs no longer regulate vascular tone
efficiently which lead to consequences in the arterial structure such as intimal thickening and
atherosclerotic plaque formation (130). These structural aberrations commonly occur with
older age resulting in stiffer arterial walls, which are both larger and thicker in diameter (285).
Earlier work shows that the rigidity of the substrate can directly augment contractility and
spreading of endothelial cells (219). Despite this, the study mentioned utilised substrates

with rigidities between 1-10 kPa. These fall within the stiffness of healthy aorta and therefore
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further investigation was required to assess whether this may hold true in VSMCs within a
more representative diseased state. By employing substrates with rigidities illustrative of
stiffer arterial constructs, we show VSMCs present increased spreading in response to

contractile stimulation.

Earlier work had shown that a high concentration of Atropine, which inhibits calcium
release, can efficiently prevent contraction of smooth muscle strips (286). Our findings are in
agreement showing that the VSMC morphological changes induced by contractile agonists
can be prevented via actomyosin inhibitors. Within CVD conditions, VSMCs typically
increase synthesis of extracellular matrix proteins, in particular collagen type I, lll and V
(287). The AT1 receptor antagonist, Irbesartan, has previously been shown to have a
positive therapeutic role in spontaneously hypertensive rats (SHR) via the blocking of
collagen synthesis within VSMCs (288). Our studies further support this by presenting
Irbesartan and atropine as efficient compounds that inhibit the aberrant VSMC structural
changes that occur in response to matrix stiffness. Thus, revealing the dysregulated
signalling, which leads to structural and functional changes of VSMCs, can be regulated at

the receptor level.

We had previously shown in chapter three that VSMCs cannot efficiently displace the
stiffer matrix despite exerting more traction force. Our work in this chapter gives a better
understanding towards its consequences and as a result, we speculate that the tension held
at the cell membrane may open SACs, causing VSMC spreading via increased cytosolic
volume. SACs have previously been identified within smooth muscle cells and earlier studies
have shown they allow significant calcium concentrations through to the cytosol of the cell
(177, 289, 290). Potentially, this could augment VSMC contractile forces and cell spreading,

as observed, however more work is required to confirm this.

4.5.2 VSMC nuclear morphology and epigenetic changes

Given the high rigidity of the nucleus, changes in nuclear morphology would require
great forces, most likely originating from the LINC complex. As mentioned in chapter three,
the LINC complex allows essential mechanotransduction to occur which facilitates important
nuclear responses caused by extracellular cues (233). Within both rigidities, our work
reveals that nuclear area of quiescent VSMCs show similar responses to the cytoplasm in
response to agonist stimulation. This is supported by previous studies which reveal nuclei of

other cell types closely mimic cellular spreading patterns on a large variety of matrices (291).
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Previously, it's been shown that culturing cells on stiff substrates can cause nuclear
rupture whilst compliant matrices preserve healthy morphology (133). If ruptured, the nuclei
will allow passage of cytoplasmic factors into the nuclear space (292). This leakage may
facilitate nuclear spreading as observed with our work of VSMCs on rigid hydrogels. Despite
this, nuclear pore disruption has only been presented in cells with lamin-A defects (133).
Reduced lamin A/C level has previously been reported to cause loss of cellular stiffness and
importantly, this reduction in tension can be mimicked with LINC complex disruption (293-
295). Therefore, it is possible that the LINC complex may face mechanical overload within
the stiffer environment which could cause aberrant changes to nuclear structure.
Contrastingly, prior research has shown that increased myosin Il contractility induced from
stiffness can augment mesenchymal lamin A/C levels, indicating these responses may be
cell-type specific (128). Our work shows significant changes in nuclear/cell area within the
rigid matrix as well as limited restoration of nuclear morphology with various inhibitors. This
indicates that matrix stiffness may disrupt the mechanical link between the VSMC cytoplasm

and nuclei leading to differential responses.

Additionally, the vasculature commonly undergoes arterial stiffness within CvD and
stiffer tissues become enriched in collagen levels, presenting smaller matrix pores as a
result (128, 129). Under these conditions, VSMCs typically migrate to the tunica intima via
the small pores and the mechanical pressure faced may cause changes in epigenetic
regulation and genomic stability (130). A previous study consolidates this showing
compressive forces can cause decreased actomyosin activity as well as histone
deacetylation within fibroblast cells, ultimately leading to a reduction in transcriptional activity
(169). Within VSMCs, these epigenetic changes are also present and an example of such
modifications are H3K4 dimethylation and H3K9 acetylation. Such epigenetic changes are
commonly found near the CArG elements of important VSMC differentiation marker genes
such as SM a-actin (165). Our study showed a progressive decrease in VSMC
transcriptional activity in response to Angiotensin Il within the physiological environment.
This is supported by prior work which show Angiotensin Il directly regulate expressional
changes of important VSMC proteins via acetylation of H3K9/14 residues (168). However,
when increasing the rigidity of the substrate, no correlation in H3K9 acetylation levels were
found indicating that gene regulation may become dysregulated within matrix stiffness.
Further work is now required to extend our understanding on whether this may be a driving

force in DNA damage accumulation within VSMCs.
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4.5.3 Development and advantages of the novel contractile assay

Currently, there are a range of techniques used to analyse the contractility of various
cell types. TFM has proven itself as the gold standard providing accurate traction
force/stress data along with important morphological information (296, 297). Despite this,
TFM is a very time consuming and specialised protocol, hence not accessible in every lab.
Another popular method is the collagen plug assay. This method, however, is constrained to
relatively large cell sample sizes, with high gel consumptions along with ambiguous post-
contraction gel borders (298-301). Measuring tissue deformations, such as collagen gel
deformation is a suitable alternative though it is limited due to the inability to compare across
different systems and its difficulty in altering matrix rigidity (302). Additionally, the electric-
cell-substrate impedance sensing (ECIS) method, previously used with smooth muscle cells,

presents similar limitations with adjusting the substrate stiffness (303).

In our work, we investigated the effect of different rigidities on VSMC morphology.
Our research fabricated polyacrylamide hydrogels with materials readily available in almost
any cell biology lab. The system allows easy adjustment of matrix rigidity and is capable of
assessing the effects of specific drugs across a wide variety of systems. It is not exclusive to
large cell samples and can utilise smaller sets in cases of limited primary cell lines. Our
method allowed us to be able to assess the different effects of multiple agonists/antagonists.
By doing so, we were able to obtain important morphological responses of our cells
revealing new mechanistic insights as well as extract important pharmacological properties
of the compounds used. Importantly, our study established both cell and nuclear area as
effective readouts for VSMC contractility. Whilst cell area is a more robust and common
reporter of contractile function, it is more time consuming in its analysis in comparison to
nuclear morphology, as described in section 2.6.1.1. We propose nuclear area as a more
efficient readout for VSMC contractility as our findings show no significant difference in the
response of both to different contractile agonists within a range of rigidities, and reveal
identical EC50 values derived from the two morphological parameters. Therefore, within this
chapter, we present a novel contractile assay which may provide new advantages to

previous methods.
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4.5.4 Chapter Four conclusions

This chapter demonstrates the difference in VSMC morphology between the
physiological and pathological environment in response to contractile stimulants. Matrix
stiffness causes a gradual spreading of the VSMC cytoplasm and nuclei and this process
was found to be actomyosin-dependent. We hypothesise that SACs may be opened in
response to cell tension and this may drive VSMC spreading and contractility. Additionally,
there is indication that the nuclear response is decoupled from the cytoplasm due to
mechanical pressure and this may cause a dysregulation of gene expression patterns within
the stiffer environment. We speculate that high osmotic pressure may lead to nuclear
damage or rupture resulting in potential DNA damage and thus give reason as to why

nuclear morphology could be not fully restored by specific inhibitor treatments.

Our assay has given insight into possible mechanisms that facilitate differential
responses within VSMC morphology, however further work is required to better understand
the link between unrestrained actomyosin activity, aortic compliance and gene regulation.
These are crucial factors that contribute to CVD and therefore clarity of this relationship is
essential. This chapter has presented key structural changes that occur within VSMCs and
further interrogation of these pathways may identify new therapeutic interventions for future

treatments.

455 Limitations and future work

4.5.5.1 Co-culture system

The experiments performed within this chapter investigated the VSMC contractile
pathway in response to its mechanical environment. However, in real physiology, there are a
variety of soluble factors which play an important role in its regulation. For instance, nitric
oxide (NO) serves as a protective molecule within the vascular system and is pre-dominantly
produced by endothelial NO synthase (eNOS) (304). It works via the protein kinase G (PKG)
pathway to cause relaxation within smooth muscle cells (305). As the tunica media
neighbours the tunica intima along the arterial wall (10), a co-culture system of VSMCs and
endothelial would replicate a sub-maximal contractile response more representative of the in
vivo environment. Due to time constraints, we were unable to do this, however, our in vitro
system can be further refined for future work in order to better determine the role of matrix
stiffness within VSMCs.
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4.5.5.2 The role of VSMC SACs within matrix stiffness

Our work utilised various actomyosin and receptor-specific inhibitors in order to
characterise different levels of regulation within VSMC morphology. However, our knowledge
remains limited as we have yet to investigate whether there is an aberrant function of SACs
in response to matrix stiffness. As previously discussed, SAC expression has been shown
within smooth muscle cells, and its opening can significantly increase intracellular calcium
concentrations (177, 289, 290). Despite this, further clarity is required to know which
channels are specifically present within VSMCs, and if so, whether they show an increase in
expression on higher rigidities. Thus, future work must consider the possible effects SACs

may have on VSMC morphology, actomyosin activity and nuclear integrity.

4.5.5.3 Regulation of VSMC epigenetics

Due to time constraints, the epigenetic work within this chapter remains restricted as
our experiments only utilised one marker, H3K9 acetylation, to give indication of how gene
regulation may change within the stiffer environment. There are a variety of epigenetic
markers which have previously presented changes within VSMCs (165, 168),and these will

have to be considered in the future to consolidate our findings.

4.5.5.4 Contractility assay

Whilst our novel assay presents advantages over previous methods, it is limited in a
few ways. To begin with, our system is low throughput compared to existing assays due to
longer methods of analysis. Additionally, it does not present the gel/matrix displacement
caused via contractility, as shown by alternative experiments such as TFM and the collagen
plug assay (306, 307). Due to this, it cannot calculate individual contractile forces or the
collective force exerted. Ultimately, these factors will have to be considered when studying
VSMC contractility in the future and forthcoming work will investigate new ways to refine our

assay.
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5.1 Introduction

The work within the previous chapter placed focus on the effect of matrix rigidity on
guiescent VSMC morphology, via the use of contractile agonists. We highlighted how
VSMCs present an aberrant spreading when stimulated to contract under matrix stiffness.
This corroborates with previous findings which highlight multiple other cell types adhere and
spread better on rigid substrates (308). CVD has been shown to occur with developing
arterial stiffness and thickening (309). There are a multitude of factors that can contribute to
this, one being VSMC hypertrophy via an increase in cytoplasmic volume (310, 311).
Hypertrophic changes can be driven by changes in cell volume, and therefore it is important
to investigate whether this may have a role in the dysregulated spreading discussed.
However, prior work conflicts with this as it has been shown that mammalian cell types,
including airway smooth muscle cells, rather present a reduction in cell volume when

cultured on stiff substrates (312).

Despite this, cell volume is an underestimated parameter that plays a crucial role
within cellular mechanical properties (313, 314), cell growth (315), and importantly gene
expression (316). Prior work has shown that changes in cytosolic volume could cause
nuclear deformation which would impede chromatin condensation (317, 318) Importantly,
VSMCs display high plasticity and transition to the synthetic phenotype during CVD
development, and this is accompanied by gene expressional changes of key contractile
protein markers (242). As a result, it becomes necessary to consider volume when observing

the structural and functional changes that occur during disease progression.

Previous research has also shown the expression of SACs within smooth muscle
cells (290), and these may play a role in the potential hypertrophic response observed.
Opening of these channels may allow ions and solutes to enter the cell, causing an increase
in cytosolic volume and intracellular calcium levels (177, 289). Further work is required to
see if this holds true within quiescent VSMCS, and if so, to investigate the implications this
may cause. Within this chapter, we look at the relationship between VSMC volume, SACs
and DNA regulation to better understand how matrix stiffness may drive the pathological

changes observed within CVD.
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5.2 Aim of this chapter

This chapter will investigate whether quiescent VSMC and nuclear volume is altered
by changes in actomyosin activity and whether this holds a positive correlation to cell/nuclear
spreading. Along with this, we will explore the structural and functional roles of SACs within
VSMCs. By gaining an understanding of how these aberrant morphological changes may be
caused, we hope to see whether this alters VSMC DNA regulation and gene expression

patterns.

5.3 Hypothesis

We have shown that matrix stiffness causes changes in the cytosolic and nuclear
area of VSMCs. We hypothesise that VSMC volume will also be altered and that these
changes will be driven by SACs activation. Traction force generation may become altered
under these conditions, and if so, this may cause aberrant modifications to the nuclear
structure and DNA integrity of the VSMCs.
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5.4 Results

5.4.1 Effect of Angiotensin Il on VSMC volume

As mentioned before, Angiotensin Il holds numerous roles within the vasculature, in
particular within VSMCs. Despite this, further studies are required to fully characterise the
mechanical and morphological properties produced by the contractile agonist. Several
studies have shown that mechanical forces have an effect on cell volume, with substrate
stiffness inducing a decrease in volume due to water efflux (314, 319). Other supporting
work has shown that cell volume is directly correlated to substrate stiffness and mechanical
loading (313, 320), and therefore we investigated the effect of Angiotensin Il on quiescent
VSMC volume cultured on ECMs representative of both physiological and pathological
stiffness. To do this, VSMCs were cultured in basal medium and seeded on collagen-1
coated polyacrylamide hydrogels, with an average Young’s modulus of 12 kPa and 72 kPa.
Cells were treated with 10 uM of angiotensin Il, followed by F-actin staining prior to

immunofluorescence microscopy.

Analysis revealed that VSMCs show a significantly larger cell volume when grown on
a stiffer polyacrylamide hydrogel compared to its physiological counterpart (Figure 5.1A &
B). Further analysis investigated the cell area to volume relationship and subjected it to
linear regression analysis, which presented a moderate correlation on the physiological
substrate but a weaker trend on the 72 kPa polyacrylamide hydrogel (Figure 5.1C). Despite
this, there was no significant difference found between both trend lines and further work may

be required to increase the end numbers.
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Figure 5.1: The impact of matrix stiffness on the volume of VSMCs constricted with
Angiotensin Il. (A) Representative immunofluorescence images of VSMC actin filaments treated
with 10 uM of Angiotensin Il. Images show VSMC actin filaments (F-actin) stained using
rhodamine phalloidin, with grey-scale images presented on 12 kPa and 72 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Volocity software was used to manually measure (B)
cell volume. Image J software was used to plot (C) VSMC area against volume on 12 kPa and 72
kPa polyacrylamide hydrogels. Data are based on the measurement of ~20 VSMCs from 2
independent experiments. Statistical significance was determined using a paired Student’s t test
on cell volume (12 kPa Ang Il vs 72 kPa Ang Il) (*p = <0.05). Additionally, a linear regression
analysis was used to determine statistical significance for the cell area and volume relationship
(non-significant; p = >0.05). Ang Il: Angiotensin II; VSMC: Vascular smooth muscle cell.

Next, we expanded upon these findings by performing a time course experiment to

observe whether there was a progressive change induced in cell area and volume via
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contractile stimulation. To do this, we set up identical experimental conditions, as described
previously, however modified Angiotensin Il treatment times to range between 0-30 minutes.
Results obtained using Image J software presented contrasting responses between both
rigidities. The physiological substrate produced a significant progressive increase in cell area
within 5 minutes followed by a progressive decrease whilst the rigid matrix caused increased
VSMC spreading within 10 minutes (Figure 5.2A-C). Volume, displayed the same trend
observed on both the 12 kPa and 72 kPa polyacrylamide hydrogels (Figure 5.2A & D-E). As
a result, we can observe a rapid morphological response of the VSMCs in response to

Angiotensin Il stimulation under both rigidities.
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Figure 5.2: Time course experiment showing the effects of Angiotensin Il treatment on
VSMC area and volume. (A) Representative immunofluorescence images of VSMC actin
filaments within different time points after treatment with 10 uM of Angiotensin Il. Images show
VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) presented on 12 kPa and
72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software was used to
manually measure cell area on (B) 12 kPa and (C) 72 kPa polyacrylamide hydrogels. Volocity
software was also used to measure cell volume on (D) 12 kPa and (E) 72 kPa rigidities. Data are
based on the measurement of ~100 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in cell area and cell
volume (* p = <0.05, ** p = <0.001, *** p = <0.0001), followed by a Bonferroni’s multiple
comparison test. VSMC: Vascular smooth muscle cell.
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To supplement this, linear regression analysis was performed on the cell area to
volume relationship of each time point and results indicated a moderate to strong
relationship in this case (Figure 5.3). Despite this, when comparing each timepoint, there
was found to be significant differences in the trendlines, indicating the cell area-volume

relationship is time-dependent.
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Figure 5.3: Angiotensin Il time course experiment showing the relationship between VSMC
area and volume on different rigidities. Graphs show VSMC area plotted against VSMC volume
on both (A) 12 kPa (*** p = <0.0001) and (B) 72 kPa (*** p = <0.0001) polyacrylamide hydrogels,
with corresponding tables presenting R?values of each time point. Data are based on the
measurement of ~100 VSMCs from 3 independent experiments. Statistical significance between
the VSMC area and volume relationship of each timepoint was determined using linear regression
analysis. VSMC: Vascular smooth muscle cell.
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5.4.2 Inhibition of actomyosin activity and it’s role on VSMC volume

Our work so far shows that an increase in VSMC volume is induced when stimulated
to contract on a rigid matrix. We show that this effect is time-dependent and can occur as
early as 5 minutes after stimulation. However, we required further insight into what regulates
this hypertrophic change and therefore we utilised the actomyosin inhibitors previously
discussed in chapter four. The ROCK pathway primarily works to inhibit MLCP which
increases the basal level of pMLC for contraction, however more work is required to know
whether this contributes to cytosolic/nuclear volume (321). Earlier research showed the
ROCK kinase signalling pathway was shown to modulate endothelial cell volume via the
gating regulation of volume regulated anion channels (VRACS) (322). Due to this, we
hypothesised that inhibition of this pathway could ameliorate the morphological changes
shown in VSMCs.

To investigate this, we utilised the ROCK inhibitor Y-27632. VSMCs were cultured as
described previously on collagen-1 coated polyacrylamide hydrogels, with an average
Young’s modulus of 12 kPa and 72 kPa. VSMCs were pre-treated with 10 uM of Angiotensin
Il for 30 minutes, followed by treatment with 5 uM of Y-27632. Cells were fixed, and then
stained with rhodamine phalloidin and anti-lamin A/C to image VSMC filamentous actin and
nuclei, respectively. Volocity software revealed that within the physiological environment,
inhibition of the ROCK pathway caused a significant increase in VSMC cytosolic volume
compared to Angiotensin Il alone (Figure 5.4A & B). When comparing the cell area to
volume relationship, Angiotensin Il alone presented a moderate trend whilst utilisation of the

ROCK inhibitor significantly enhanced the relationship (Figure 5.4C).
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Figure 5.4: The impact of a ROCK inhibitor on VSMC volume. (A) Representative
immunofluorescence images of VSMC actin filaments treated with Y-27632. Images show VSMC
actin filaments (F-actin) stained using rhodamine phalloidin (red) on 12 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Volocity software was used to manually measure (B)
cell volume. Image J software was used to plot (C) VSMC area against volume on cells treated
with Angiotensin Il alone and with Y-27632. Data are based on the measurement of >150 VSMCs
from 3 independent experiments. Statistical significance was determined using a paired Student’s
t test on cell volume (12 kPa Ang Il vs 12 kPa Y-27632) (** p = <0.001). A linear regression
analysis was also performed to determine statistical significance for the cell area and volume
relationship (*** p = <0.0001). Ang II: Angiotensin II; ROCK: Rho-associated protein kinase;
VSMC: Vascular smooth muscle cell.
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Conversely, nuclear volume showed opposing results as treatment with Y-27632
induced a significant reduction (Figure 5.5A & B). Like before, it was found that ROCK

inhibition significantly enhanced the nuclear area to volume relationship (Figure 5.5C).
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Figure 5.5: The impact of a ROCK inhibitor on VSMC nuclear volume. (A) Representative
immunofluorescence images of VSMC nuclei treated with Y-27632. Images show VSMC nuclei
stained using anti-lamin A/C (green) on 12 kPa polyacrylamide hydrogels. Scale bar
represents 100 pym. Volocity software was used to manually measure (B) nuclear volume.
Image J software was used to plot (C) VSMC nuclear area against volume on cells treated with
Angiotensin Il alone and with Y-27632. Data are based on the measurement of >150 VSMCs
from 3 independent experiments. Statistical significance was determined using a paired
Student’s t test on nuclear volume (12 kPa Ang Il vs 12 kPa Y-27632) (*** p = <0.0001). A
linear regression analysis was also performed to determine statistical significance for the
nuclear area and volume relationship (*** p = <0.0001). Ang II: Angiotensin Il; ROCK: Rho-
associated protein kinase; VSMC: Vascular smooth muscle cell.
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In contrast, VSMCs on 72 kPa hydrogels displayed no difference in cytosolic volume
via Y-27632 treatment (Figure 5.6A & B). Additionally, the cell area to volume relationship
did not significantly alter between treatment groups, with both presenting strong trends
(Figure 5.6C).
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Figure 5.6: The impact of a ROCK inhibitor and matrix stiffness on VSMC volume. (A)
Representative immunofluorescence images of VSMC actin filaments treated with Y-27632
within a stiffer matrix. Images show VSMC actin filaments (F-actin) stained using rhodamine
phalloidin (red) on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Volocity
software was used to manually measure (B) cell volume. Image J software was used to plot
(C) VSMC area against volume on cells treated with Angiotensin Il alone and with Y-27632.
Data are based on the measurement of >150 VSMCs from 3 independent experiments.
Statistical significance was determined using a paired Student’s t test on cell volume (72 kPa
Ang Il vs 72 kPa Y-27632) (non-significant; p = >0.05). A linear regression analysis was also
performed to determine statistical significance for the cell area and volume relationship (*** p =
<0.0001). Ang II: Angiotensin Il; ROCK: Rho-associated protein kinase; VSMC: Vascular
smooth muscle cell.
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Nuclear volume, however, presented contrasting results on the 72kPa hydrogel with
a significant increase shown when the ROCK-mediated pathway was inhibited (Figure 5.7A
& B). In this case, Y-27632 treatment was shown to significantly enhance the nuclear area to
volume relationship (Figure 5.7C). This may be due to Y-27632 increasing nuclear volume,
causing a subsequent increase in nuclear area enhancing the relationship as a result. This
conflicts findings for the cell area to volume relationship (Figure 5.6C), which could be on

account of Y-27632 treatment inducing no change in cell volume.
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Figure 5.7: The impact of a ROCK inhibitor and matrix stiffness on VSMC nuclear volume.
(A) Representative immunofluorescence images of VSMC nuclei treated with Y-27632 within a
stiffer matrix. Images show VSMC nuclei stained using anti-lamin A/C (green) on 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 ym. Volocity software was used to manually
measure (B) nuclear volume. Image J software was used to plot (C) VSMC nuclear area against
volume on cells treated with Angiotensin Il alone and with Y-27632. Data are based on the
measurement of >150 VSMCs from 3 independent experiments. Statistical significance was
determined using a paired Student’s t test on nuclear volume (72 kPa Ang Il vs 72 kPa Y-27632)
(*** p = <0.0001). A linear regression analysis was also used to determine statistical significance
for the nuclear area and volume relationship (*** p = <0.0001). Ang II: Angiotensin Il; ROCK: Rho-
associated protein kinase; VSMC: Vascular smooth muscle cell.
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From the results above, it is shown the ROCK inhibition does not significantly alter
the VSMC volume. However, its effects do significantly increase nuclear volume which may
cause additional mechanical pressure. These results may be due to the fact that ROCK
mediates humerous cellular processes via the actin cytoskeleton, and as a result, we next
utilised Blebbistatin as this is a specific inhibitor of myosin 1l (81, 272). Previous studies have
found that inhibition of myosin-II contraction caused a reduction in nuclear volume within
mesenchymal stem cells (323). As a result, we cultured and stained our VSMCs as

mentioned before, however this time treated with 40 uM of Blebbistatin.

Our results here show that, much like Y-27632, Blebbistatin treatment induces a
larger cytosolic volume in VSMCs grown on 12 kPa polyacrylamide hydrogels (Figure 5.8A
& B). The cell area to volume relationship presented no significant difference to the control
(Figure 5.8C).
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Figure 5.8: The impact of a Myosin Il inhibitor on VSMC volume. (A) Representative
immunofluorescence images of VSMC actin filaments treated with Blebbistatin. Images show
VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) on 12 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Volocity software was used to manually measure (B) cell
volume. Image J software was used to plot (C) VSMC area against volume on cells treated with
Angiotensin Il alone and with Blebbistatin. Data are based on the measurement of >150 VSMCs
from 3 independent experiments. Statistical significance was determined using a paired Student’s
t test on cell volume (12 kPa Ang Il vs 12 kPa Blebbistatin) (*** p = <0.0001). A linear regression
analysis was also performed to determine statistical significance for the cell area and volume
relationship (non-significant; p = >0.05). Ang II: Angiotensin Il; VSMC: Vascular smooth muscle

cell.
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Contrastingly, no change in nuclear volume was observed (Figure 5.9A & B). Much
like the cell area to volume trends, the nuclear area/volume relationship presented no
significant difference between both treatment groups (Figure 5.9C).

(A) 12kPa Ang Il 12kPa Blebbistatin

Anti-lamin A/C

é
1

=)
(7]

E e 12kPa Ang Il
=9 & ¢ 12kPa Blebbistatin
£ 10000 s

=

3 e

5 5000

-q_’ 8

(&

=

= 04

(C)

12kPa Ang Il RZ2=0.76
0 12kPa Blebbistatin R =0.82

—~ 15000, Non-significant

g -+ 12PaAng Il
g:_) 10000 - -e- 12kPa Blebbistatin
= |

G

>

5 5000+

o

o

3

=

Nuclear area (um?)

Figure 5.9: The impact of a Myosin Il inhibitor on VSMC nuclear volume. (A) Representative
immunofluorescence images of VSMC nuclei treated with Blebbistatin. Images show VSMC nuclei
stained using anti-lamin A/C (green) on 12 kPa polyacrylamide hydrogels. Scale bar represents
100 um. Volocity software was used to manually measure (B) nuclear volume. Image J software
was used to plot (C) VSMC nuclear area against volume on cells treated with Angiotensin Il alone
and with Blebbistatin. Data are based on the measurement of >150 VSMCs from 3 independent
experiments. Statistical significance was determined using a paired Student’s t test on nuclear
volume (12 kPa Ang Il vs 12 kPa Blebbistatin) (non-significant; p = >0.05). A linear regression
analysis was also performed to determine statistical significance for the nuclear area and volume
relationship (non-significant; p = >0.05). Ang Il: Angiotensin Il; VSMC: Vascular smooth muscle.
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When cultured on a rigid substrate, Blebbistatin evokes a similar decrease in VSMC
volume compared to Y-27632 treatment (Figure 5.10A & B). Both Angiotensin Il alone and
Blebbistatin treated VSMCs present a strong relationship in their area to volume trends

(Figure 5.10C).
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Figure 5.10: The impact of a Myosin Il inhibitor and matrix stiffness on VSMC volume. (A)
Representative immunofluorescence images of VSMC actin filaments treated with Blebbistatin
within a stiffer matrix. Images show VSMC actin filaments (F-actin) stained using rhodamine
phalloidin (red) on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 um. Volocity
software was used to manually measure (B) cell volume. Image J software was used to plot (C)
VSMC area against volume on cells treated with Angiotensin Il alone and with Blebbistatin. Data
are based on the measurement of >150 VSMCs from 3 independent experiments. Statistical
significance was determined using a paired Student’s t test on cell volume (72 kPa Ang Il vs 72
kPa Blebbistatin) (*** p = <0.0001). Additionally, a linear regression analysis was performed to
determine statistical significance for the cell area and volume relationship (non-significant; p =
>0.05). Ang II: Angiotensin Il; VSMC: Vascular smooth muscle.
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Next, we observed the nuclear volume. Volocity analysis revealed no significant
difference in the nuclear volume, with weak correlations shown in the area to volume

relationships of the nuclei (Figure 5.11).
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Figure 5.11: The impact of a Myosin Il inhibitor and matrix stiffness on VSMC nuclear
volume. (A) Representative immunofluorescence images of VSMC nuclei treated with
Blebbistatin within a stiffer matrix. Images show VSMC nuclei stained using anti-lamin A/C (green)
on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 pm. Volocity software was used to
manually measure (B) nuclear volume. Image J software was used to plot (C) VSMC nuclear area
against volume on cells treated with Angiotensin Il alone and with Blebbistatin. Data are based on
the measurement of >150 VSMCs from 3 independent experiments. Statistical significance was
determined using a paired Student’s t test on nuclear volume (72 kPa Ang Il vs 72 kPa
Blebbistatin) (non-significant; p = >0.05). A linear regression analysis was also performed to
determine statistical significance for the nuclear area and volume relationship (non-significant; p =
>0.05). Ang Il: Angiotensin Il; VSMC: Vascular smooth muscle.
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To consolidate our findings, we utilised another inhibitor of the Rho/ROCK pathway.
Experimental conditions were kept the same but this time with 0.5 uM of Atorvastatin.
Interestingly, Atorvastatin treatment showed no significant difference in either VSMC/nuclear
volume, with little to no correlation in area to volume trends when seeded on a compliant
matrix (Figure 5.12 & 13).
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Figure 5.12: The impact of Atorvastatin on VSMC volume. (A) Representative
immunofluorescence images of VSMC actin filaments treated with Atorvastatin. Images show
VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) on 12 kPa polyacrylamide
hydrogels. Scale bar represents 100 um. Volocity software was used to manually measure (B) cell
volume. Image J software was used to plot (C) VSMC area against volume on cells treated with
Angiotensin Il alone and with Atorvastatin. Data are based on the measurement of ~100 VSMCs
from 3 independent experiments. Statistical significance was determined using a paired Student’s
t test on cell volume (12 kPa Ang Il vs 12 kPa Atorvastatin) (non-significant; p = >0.05). A linear
regression analysis was also performed to determine statistical significance for the cell area and

volume relationship (non-significant; p = >0.05). Ang Il: Angiotensin II; VSMC: Vascular smooth
muscle.
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Figure 5.13: The impact of Atorvastatin on VSMC nuclear volume. (A) Representative

60

immunofluorescence images of VSMC nuclei treated with Atorvastatin. Images show VSMC nuclei

stained using anti-lamin A/C (green) on 12 kPa polyacrylamide hydrogels. Scale bar represents
100 um. Volocity software was used to manually measure (B) nuclear volume. Image J software

was used to plot (C) VSMC nuclear area against volume on cells treated with Angiotensin Il alone

and with Atorvastatin. Data are based on the measurement of ~100 VSMCs from 3 independent
experiments. Statistical significance was determined using a paired Student’s t test on nuclear
volume (12 kPa Ang Il vs 12 kPa Atorvastatin) (non-significant; p = >0.05). A linear regression
analysis was also performed to determine statistical significance for the nuclear area and volume
relationship (non-significant; p = >0.05). Ang Il: Angiotensin Il; VSMC: Vascular smooth muscle.
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However, unlike the 12 kPa hydrogel, the Atorvastatin inhibitor was shown to
significant decrease cell volume when VSMCs were seeded on a rigid substrate (Figure
5.14A & B). This suggests that the Rho/ROCK pathway may in fact contribute to changes in
cytosolic volume on the 72 kPa hydrogel. Additionally, Atorvastatin treatment was found to
significantly diminish the cell area to volume relationship (Figure 5.14C), and this may be

due to the reduction in cytosolic volume previously induced.
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Figure 5.14: The impact of Atorvastatin and matrix stiffness on VSMC volume. (A)
Representative immunofluorescence images of VSMC actin filaments treated with Atorvastatin
within a stiffer matrix. Images show VSMC actin filaments (F-actin) stained using rhodamine
phalloidin (red) on 72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Volocity
software was used to manually measure (B) cell volume. Image J software was used to plot (C)
VSMC area against volume on cells treated with Angiotensin Il alone and with Atorvastatin. Data
are based on the measurement of ~100 VSMCs from 3 independent experiments. Statistical
significance was determined using a paired Student’s t test on cell volume (72 kPa Ang Il vs 72
kPa Atorvastatin) (** p = <0.001). Additionally, a linear regression analysis was performed to
determine statistical significance for the cell area and volume relationship (*** p = <0.0001). Ang
II: Angiotensin II; VSMC: Vascular smooth muscle.
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Alongside this, despite not being a specific inhibitor for myosin II, Atorvastatin

presents similar responses to Blebbistatin treatment evoking no significant change in the

nuclear volume (Figure 5.15A & B). Area to volume trends were shown to have similar

correlations to what was observed on the 12 kPa polyacrylamide hydrogel for Atorvastatin

treated VSMCs (Figure 5.15C).
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Figure 5.15: The impact of Atorvastatin and matrix stiffness on VSMC nuclear volume. (A)
Representative immunofluorescence images of VSMC nuclei treated with Atorvastatin within a
stiffer matrix. Images show VSMC nuclei stained using anti-lamin A/C (green) on 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 um. Volocity software was used to manually
measure (B) nuclear volume. Image J software was used to plot (C) VSMC nuclear area against
volume on cells treated with Angiotensin Il alone and with Atorvastatin. Data are based on the
measurement of ~100 VSMCs from 3 independent experiments. Statistical significance was
determined using a paired Student’s t test on nuclear volume (72 kPa Ang Il vs 72 kPa
Atorvastatin) (non-significant; p = >0.05). A linear regression analysis was also performed to
determine statistical significance for the nuclear area and volume relationship (non-significant; p =
>0.05). Ang Il: Angiotensin Il; VSMC: Vascular smooth muscle.
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To conclude, we observe that the actomyosin inhibitors utilised within this project can induce
differential effects in both cell and nuclear volume for VSMCs pre-treated with Angiotensin |l,

and a table summarising these changes is shown below (Table 5.1).

Table 5.1: Summarising the effects of actomyosin inhibitors on cell and nuclear volume for
VSMCs pre-treated with 10 uM of Angiotensin Il

Volume change
Y-27632 Blebbistatin Atorvastatin
12 kPa Cell volume Increase Increase No change
12 kPa Nuclear volume Decrease No change No change
72 kPa Cell volume No change Decrease Decrease
72 kPa Nuclear volume Increase No change No change

5.4.3 Role of stretch activation channels in matrix stiffness

In this chapter, we have demonstrated that VSMC hypertrophy is mediated via
actomyosin activity. However, we needed to clarify the mechanisms driving this altered
response. In conditions of aortic stiffness, pulse pressure is unable to expand the arterial
wall, and as a result, increased blood pressure is generated (17). Earlier studies have shown
the SACs possess a greater probability of opening with increased pressure (324, 325), and

we hypothesise this may contribute to the cell swelling phenomena observed.

To investigate this, we utilised the SAC blocker GsMTx-4. VSMCs were grown in
basal medium to induce quiescence, and then cultured on collagen-1 coated polyacrylamide
hydrogels, with an average Young’s modulus of 12 kPa and 72 kPa. Previous work has
utilised GsMTx-4 with doses around 250 nM (326). As a result, VSMCS were pre-treated
with a serial dilution of GsMTx-4, with concentrations ranging between 0.05 nM-500 nM, for
30 minutes which was followed with 10uM of Angiotensin Il stimulation for an additional 30
minutes. Prior to immunofluorescence microscopy, VSMC filamentous actin and nuclei were
stained with rhodamine phalloidin and DAPI, respectively. When looking at cell area, our
results show that the SAC blocker has no significant effect within the physiological
environment. However, we show that VSMC area was significantly decreased by a 500 nM
dose on 72 kPa hydrogels (Figure 5.16).
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Figure 5.16: The impact of mechanical-gated ion channel blocker on VSMC morphology. (A)
Representative immunofluorescence images of VSMC actin filaments pre-treated with a serial
dilution of GsMTx-4, followed by 10 uM of Angiotensin Il stimulation. Images show VSMC actin
filaments (F-actin) stained using rhodamine phalloidin (red) on both 12 kPa and 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 um. Image J software was used to manually
measure the cell area of the VSMCs on (B) 12 kPa and (C) 72 kPa polyacrylamide hydrogels.
Data are based on the measurement of >150 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in cell area on 12 kPa
(non-significant; p = >0.05) and 72 kPa (*** p = <0.0001) matrices, followed by a Bonferroni’s
multiple comparison test. VSMC: Vascular smooth muscle cells.

When observing nuclear morphology, we found this was in agreement with our
previous findings (Figure 5.17A & C), showing a 500 nM dose of GsMTx-4 can significantly
reduce nuclear area on the 72 kPa hydrogel. In contrast to cell area (Figure 5.16A & B), we
find a 50 nM dose of GsMTx-4 can induce a significant increase in nuclear area (Figure
5.17A & B). This gives indication that SACs may play an active role within VSMCs when
seeded on both 12 kPa and 72 kPa hydrogels.
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Figure 5.17: The impact of mechanical-gated ion channel blocker on VSMC nuclear
morphology. (A) Representative immunofluorescence images of VSMC nuclei pre-treated with a
serial dilution of GsMTx-4, followed by 10 uM of Angiotensin Il stimulation. Images show VSMC
nuclei stained using DAPI (blue) on both 12 kPa and 72 kPa polyacrylamide hydrogels. Scale bar
represents 100 ym. Image J software was used to manually measure the nuclear area of the
VSMCs on (B) 12 kPa and (C) 72 kPa polyacrylamide hydrogels. Data are based on the
measurement of >150 VSMCs from 3 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in nuclear area on 12 kPa (*** p =
<0.0001) and 72 kPa (* p = <0.05, ** p = <0.001) matrices, followed by a Bonferroni’'s multiple
comparison test. VSMC: Vascular smooth muscle cell.

Next, we looked at the TRPC channels. TRPC channels have previously been shown
to be expressed in variety of mammalian cell types, including VSMCs, and GsMTx-4 has
been used to implicate these channels within muscle pathology in prior research (327, 328).
Previous work has shown GsMTx-4 to successfully inhibit TRPC1, TRPC6 and Piezol (329,
330). As a result, we hypothesised that the TRPC channels may be a potential candidate for
the matrix stiffness-driven response observed, and so we utilised a TRPC6 blocker SAR-
7334 to investigate this. Prior studies have utilised SAR-7334 at low hanomolar
concentrations ranging between 1-1000 nM to treat epithelial cells (331). Due to this, our

experiments were set up as previous described with the GsMTx-4 serial dilution, however
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concentrations utilised in this case ranged between 0.1 nM-10 pM. The results obtained

showed that there was no difference in cell area with increasing concentrations of SAR-7334

for both rigidities (Figure 5.18).
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Figure 5.18: The impact of a TRPC6 channel blocker on VSMC morphology. (A)

Representative immunofluorescence images of VSMC actin filaments pre-treated with a serial
dilution of SAR-7334, followed by 10 uM of Angiotensin Il stimulation. Images show VSMC actin
filaments (F-actin) stained using rhodamine phalloidin (red) on both 12 kPa and 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 um. Image J software was used to manually
measure the cell area of the VSMCs on (B) 12 kPa and (C) 72 kPa polyacrylamide hydrogels.
Data are based on the measurement of >150 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in cell area on 12 kPa
(non-significant; p = >0.05) and 72 kPa (non-significant; p = >0.05) matrices, followed by a
Bonferroni’'s multiple comparison test. TRPCG6: Transient receptor canonical 6; VSMC: Vascular

smooth muscle cell.

When looking at nuclear morphology, we do see a significant decrease on the
compliant matrix induced by higher concentrations, however no established effect was
observed on the rigid hydrogel (Figure 5.19). This suggests that TRPC6 function may be
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active within the physiological environment, however, it becomes unlikely that, on the 72kPa
hydrogel, TRPC6 mediates the effects we see inhibited by GsMTx-4.
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Figure 5.19: The impact of a TRPC6 channel blocker on VSMC nuclear morphology. (A)
Representative immunofluorescence images of VSMC pre-treated with a serial dilution of SAR-
7334, followed by 10 uM of Angiotensin Il stimulation. Images show VSMC nuclei stained using
DAPI (blue) on both 12 kPa and 72 kPa polyacrylamide hydrogels. Scale bar represents 100 um.
Image J software was used to manually measure the nuclear area of the VSMCs on (B) 12 kPa
and (C) 72 kPa polyacrylamide hydrogels. Data are based on the measurement of >150 VSMCs
from 3 independent experiments. Statistical significance was determined using a one-way ANOVA
to show differences in nuclear area on 12 kPa (* p = <0.05, ** p = <0.001, *** p = <0.0001) and 72
kPa (non-significant; p = >0.05) matrices, followed by a Bonferroni’s multiple comparison test.
TRPCS6: Transient receptor canonical 6; VSMC: Vascular smooth muscle cell.

From this, we can see that GsMTx-4 induced inhibition of the aberrant VSMC
morphology observed on a rigid matrix, and this was not mirrored via the SAR-7334 blocker.
Next, we wanted to observe whether we could attenuate the increase in VSMC volume when

using GsMTx-4. To do this, VSMCs were grown and cultured, as previously described with
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the SAC blocker, however treatments were performed with only 500 nM doses of GSMTx-4.
VSMC filamentous actin and nuclei were stained with rhodamine phalloidin and anti-lamin
A/C, respectively. Our results were in agreement with our previous findings, showing the cell
areal/volume is significantly higher on the rigid matrix (Figure 5.20). Additionally, we showed
that the GsMTx-4 treatment evoked a significant reduction in VSMC area/volume when
seeded on the 72 kPa polyacrylamide hydrogel, and these levels were comparable with
those observed on the physiological stiffness. When looking at the effects of GsMTx-4 on
VSMCs seeded on the 12 kPa hydrogel, we see no apparent change in cell area or volume
(Figure 5.20).
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Figure 5.20: The impact of a mechanical-gated ion channel inhibitor on VSMC morphology.
(A) Representative immunofluorescence images of VSMC actin filaments treated with GSMTx-4.
Images show VSMC actin filaments (F-actin) stained using rhodamine phalloidin (red) on 12 kPa
and 72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software was used
to manually measure (B) cell area and Volocity software was used to measure (C) cell volume.
Data are based on the measurement of ~150 VSMCs from 4 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in cell area and cell
volume (** p = <0.001, *** p = <0.0001), followed by a Bonferroni’s multiple comparison test. Ang
II: Angiotensin II; VSMC: Vascular smooth muscle cell.
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Likewise, with nuclear morphology, we observed identical trends on both the 12 kPa
and 72 kPa hydrogels, revealing no change on the physiological substrate and a reduction in
area/volume on the rigid matrix with GsMTx-4 treatment (Figure 5.21).
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Figure 5.21: The impact of a mechanical-gated ion channel inhibitor on VSMC nuclear
morphology. (A) Representative immunofluorescence images of VSMC nuclei treated with
GsMTx-4. Images show VSMC nuclei stained using anti-lamin A/C (green) on 12 kPa and 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 um. Image J software was used to manually
measure (B) nuclear area and Volocity software was used to measure (C) nuclear volume. Data
are based on the measurement of ~150 VSMCs from 4 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in nuclear area (** p =
<0.001, *** p = <0.0001) and nuclear volume (* p = <0.05, *** p = <0.0001), followed by a
Bonferroni’s multiple comparison test. Ang Il: Angiotensin Il; VSMC: Vascular smooth muscle cell.
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Interestingly, when comparing area to volume relationships, it was found that the
GsMTx-4 blocker enhanced the correlation for the cell area to volume whilst diminishing it for
the nuclei on the 12 kPa hydrogel. This is in contrast to the 72 kPa conditions, which
revealed GsMTx-4 to abolish both weak/moderate correlations observed within the stiffer
environment (Figure 5.22). These results give support that SACs may contribute to the
VSMC hypertrophic response observed within matrix stiffness.

Significant
2000000
- L -+ 12kPa Ang Il
E 1500000 -+ 12kPa GsMTx-4
= .o « 7zaang [ N T
£ 1000000 72kPa GshTx-4 12kPa Ang Il 0.22
4 12kPa Gsmix-4 0.62
3 2000007 * 72kPa Ang Il 0.48
0 =g E T eew 72kPa Gsmix-4 0.03
0 1000 2000 3000 4000
Cell area (um?
20000, Significant
"’§ -+ 12kPa Ang Il
£ - 72kPa Ang Il
z 12kPa Gsmix-4 0.22
g 5000 72kPa Ang Il 0.55
g 0 72kPa Gsmix-4 0.27

0 50 100 150
Nuclear area (um?)

Figure 5.22: The relationship between cell/nuclear area and volume in VSMCs using a
mechanical-gated ion channel inhibitor. Graphs show area plotted against volume for both (A)
cell and (B) nuclear morphology, with corresponding tables presenting R2values of each treatment
condition. Data are based on the measurement of ~150 VSMCs from 4 independent experiments.
Statistical significance between the area and volume relationship of each treatment condition was
determined using linear regression analysis (*** p = <0.0001).
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5.4.4 Effect of stretch activated channels in quiescent VSMC traction force

So far, we have shown that there is a hypertrophic effect within VSMCs when seeded
on a rigid matrix and this is attenuated via abolishment of actomyosin activity and inhibition
of SAC opening. As a result, we believe these morphological changes may cause alterations
in normal VSMC function. In chapter three, we investigated the effect of matrix stiffness on
synthetic VSMC traction force generation. However, as mentioned before, VSMCs typically
exist in the quiescent VSMC contractile state within the arterial wall and they work to
regulate vessel tone (252). Because of this, we next looked at how matrix stiffness
influences quiescent VSMC traction force generation and investigated whether SACs may
be implicated within it. To do this, we performed TFM with VSMCs grown on collagen-1
coated polyacrylamide hydrogels, with an average Young’s modulus of 12 kPa and 72 kPa.
10 uM of Angiotensin Il was added to the VSMCs 30 minutes prior to cell lysis, and bead

displacement were then captured.

The results obtained showed that quiescent VSMCs were less capable of displacing
the fluorescent beads embedded within the 72 kPa polyacrylamide hydrogel in comparison
to the 12 kPa (Figure 5.23A & B). However, when looking at the maximum traction stress,
we see a larger generation by the VSMCs when seeded on the rigid hydrogel (Figure
5.23C). This is mirrored by the integrated traction stress (Figure 5.23D) and force (Figure
5.23E) indicating VSMCs respond to the stiffer 72 kPa hydrogel by generating stronger

actomyosin-derived forces.
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Figure 5.23: Matrix rigidity influences quiescent VSMC traction force. (A) Representative
bead displacements maps of quiescent VSMCs grown on 12 kPa and 72 kPa polyacrylamide
hydrogels. Graphs show (B) integrated bead displacements, (C) maximum-TS magnitude, (D)
integrated-TS magnitude and (E) integrated-TF magnitude generated for quiescent VSMCs grown
on 12 kPa and 72 kPa polyacrylamide hydrogels. Image J software was used to measure the
bead displacements and traction stress generation of the VSMCs. Traction stress/force data
represent the measurement of ~100 VSMCs from 7 independent experiments. Statistical
significance was determined using a paired Student’s t test (12 kPa vs 72 kPa) (* p = <0.05, ** p =
<0.001, *** p = <0.0001). Ang II: Angiotensin IlI; TF: Traction force; TS: Traction stress; VSMC:
Vascular smooth muscle cell.
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Next, we wanted to expand on our previous experiment by investigating whether
there was a time-dependent effect on cellular traction stress/force generation. We
hypothesised that traction force generation may be an early response to Angiotensin ||
stimulation, and to investigate this, we stimulated our quiescent VSMC with Angiotensin Il on
12 kPa polyacrylamide hydrogels and captured live phase/bead displacement images for 20
minutes, with 4-minute intervals. Our results show that, similar to earlier time-lapse
experiments performed (Figure 5.2A & B), VSMCs present a progressive decrease in cell
area, giving indication of successful contraction (Figure 5.24A & B). However, when looking
at maximum and integrated traction stress/force, we notice that they show a dramatic
increase within 8 minutes of stimulation, although not significant, before plateauing (Figure
5.24C-E). From this, we can infer that quiescent VSMC traction force generation is much

more rapid than the morphological changes observed when the cells begin to exert force.
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Figure 5.24: The time-dependent effect of Angiotensin Il on quiescent VSMC area and
traction force generation. (A) Representative phase images of VSMCs grown on 12 kPa
polyacrylamide hydrogels following Angiotensin Il stimulation. Graphs show (B) VSMC area, (C)
maximum-TS magnitude, (D) integrated-TS magnitude and (E) integrated-TF magnitude
generated within each time point. Image J software was used to measure the bead displacements
and traction stress generation of the VSMCs. Data represent the measurement of ~30 VSMCs
from 2 independent experiments. Statistical significance was determined using a one-way ANOVA
to show differences in cell area (** p = <0.001, *** p = <0.0001), maximum-TS magnitude (non-
significant; p = >0.05), integrated-TS magnitude (hon-significant; p = >0.05) and integrated-TF
magnitude (non-significant; p = >0.05), followed by a Bonferroni’s multiple comparison test. TF:
Traction force; TS: Traction stress; VSMC: Vascular smooth muscle cell.
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Previous work has shown that cell hypertrophy induced via hypotonic swelling
causes an increase in intracellular calcium (176). Due to this, we speculated that the higher
traction force generation observed on the 72 kPa polyacrylamide hydrogel is being driven by
SAC-induced calcium entry. In support of this, augmentations in calcium levels were shown
to be abolished in the absence of extracellular calcium or via the use of the GsMTx-4 blocker
(176). Due to this, we now looked at how SACs affected quiescent VSMC traction force
generation within the stiffer environment. To do this, we performed TFM using quiescent
VSMCs grown on collagen-1 coated polyacrylamide hydrogels with previous rigidities
mentioned. 500 nM of GsMTx-4 was used to pre-treat the VSMCs for 30 minutes, and
stimulation with 10uM of Angiotensin followed after for a further 30 minutes. Fluorescent

bead images were captured before and after cell lysis to monitor bead displacements.

Our results fall in agreement with earlier findings, showing quiescent VSMCs showed
significantly lower displacements within the stiffer environment for both treatment conditions
(Figure 5.25A & B). Interestingly, the use of GsMTx-4 was shown to significantly attenuate
the matrix stiffness-induced traction force generation back to physiological levels (Figure
5.25C-E). Additionally, much like cell and nuclear morphology (Figure 5.21 & 5.22), pre-
treatment with GsMTx-4 has no effect on quiescent traction force generation with VSMCs
seeded on the 12 kPa hydrogel (Figure 5.25C-E). From this, it becomes apparent that SACs
contribute towards quiescent VSMC traction force generation within matrix stiffness.
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Figure 5.25: Mechanical gated channels influence quiescent VSMC traction force under
matrix stiffness. (A) Representative bead displacements maps of quiescent VSMCs grown on 12
kPa and 72 kPa polyacrylamide hydrogels, treated with Angiotensin Il alone and following GSMTx-
4 pre-treatment. Graphs show (B) integrated bead displacements, (C) maximum-TS magnitude,
(D) integrated-TS magnitude and (E) integrated-TF magnitude generated for quiescent VSMCs
grown on 12 kPa and 72 kPa polyacrylamide hydrogels. Image J software was used to measure
the bead displacements and traction stress generation of the VSMCs. Traction stress/force data
represent the measurement of ~30 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in integrated bead
displacements (** p = <0.001, *** p = <0.0001), maximum-TS magnitude (* p = <0.05, * p =
<0.001), integrated-TS magnitude (* p = <0.05, ** p = <0.001) and integrated-TF magnitude (* p =
<0.05), followed by a Bonferroni's multiple comparison test. Ang Il: Angiotensin Il; TF: Traction
force; TS: Traction stress; VSMC: Vascular smooth muscle cell.
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Following this, we wanted to confirm whether the increase in quiescent VSMC
traction force generation observed within the 72 kPa environment was mediated via an
increased influx of extracellular calcium, and so we repeated the experiment with calcium-
free media. VSMCs were grown as previously described in basal media, and then stimulated
with 10 uM of Angiotensin Il prior to cell lysis. Our results here corroborate with our current
hypothesis. Bead displacements once again show a significant reduction on the rigid
hydrogel (Figure 5.26A & B), and the absence of extracellular calcium reduced traction
stress/force levels down to that displayed by VSMCs at physiological stiffness (Figure
5.26C-E). Much like GsMTx-4, the absence of extracellular calcium had no effect on
guiescent VSMC traction force generation when VSMCs were seeded on the 12 kPa
hydrogel (Figure 5.26C-E). In summation, our work suggests that SACs mediate the
observed increase in matrix stiffness-induced traction force generation via increased
intracellular calcium, and this may potentially cause a hypertrophic effect within the

quiescent VSMCs.
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Figure 5.26: Inhibition of extracellular calcium entry influences quiescent VSMC traction
force under matrix stiffness. (A) Representative bead displacements maps of quiescent VSMCs
grown on 12 kPa and 72 kPa polyacrylamide hydrogels, treated with Angiotensin Il in media with
and without calcium. Graphs show (B) integrated bead displacements, (C) maximum-TS
magnitude, (D) integrated-TS magnitude and (E) integrated-TF magnitude generated for quiescent
VSMCs grown on 12 kPa and 72 kPa polyacrylamide hydrogels. Image J software was used to
measure the bead displacements and traction stress generation of the VSMCs. Traction
stress/force data represent the measurement of ~30 VSMCs from 3 independent experiments.
Statistical significance was determined using a one-way ANOVA to show differences in integrated
bead displacements (* p = <0.05, ** p = <0.001), maximum-TS magnitude (** p = <0.001, *** p =
<0.0001), integrated-TS magnitude (** p = <0.001, *** p = <0.0001) and integrated-TF magnitude
(* p =<0.05, * p = <0.001), followed by a Bonferroni’s multiple comparison test. TF: Traction
force; TS: Traction stress; VSMC: Vascular smooth muscle cell.
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5.4.5 Matrix stiffness and DNA damage within quiescent VSMCs

Arterial stiffness within CVD present tissues with enriched collagen levels, and these
result in smaller matrix pores (128, 129). During this, VSMCs begin to migrate via these
pores to reach the tunica intima (130). We show that VSMCs undergo a hypertrophic effect
within the rigid ECM, and therefore predict movement via these apertures will result in high
mechanical pressure. When mechanical load becomes unmanageable, it can cause nuclear
rupture, and this has been shown to augment DNA damage (332). A common marker used
to assess DNA damage are yH2AX foci. They are induced via the phosphorylation of the
Serine 139 residue within mammals in order to mediate early repair response for DNA
double strand breaks (333). Previously, it has been shown that overexpression of non-
muscle myosin Il can cause increased actomyosin-induced DNA damage, measured via
yH2AX foci levels (134). We speculate that increased intracellular calcium levels, mediated

via SAC opening, may cause the same effect within quiescent VSMCs.

To investigate this, we utilised the SAC blocker GsMTx-4 once more. VSMCs were
seeded on collagen-coated polyacrylamide hydrogels, with previous rigidities mentioned,
then cultured in basal media to induce quiescence. VSMCs were initially pre-treated with 500
nM of GsMTx-4 for 30 minutes, followed by 10 uM of Angiotensin Il stimulation for a further
30 minutes. Cells were then fixed, and stained with anti-lamin A/C and anti-yH2AX to image
VSMC nuclei and potential DNA damage foci, respectively. Our results show that the yH2AX
foci observed in VSMCs with angiotensin treatment alone showed significantly larger spread
foci within the stiffer environment compared to any other condition (Figure 5.27A & B).
Additionally, Angiotensin Il treatment was also found to significantly increase the number of
yH2AX foci per nuclei when rigidity was introduced (Figure 5.27A & C). Interestingly,
utilising a SAC blocker was found to induce a significant reduction in the size and number of
the yH2AX foci observed within the rigid ECM (Figure 5.27).
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Figure 5.27 Mechanical gated channels influence yH2AX foci formation of quiescent
VSMCs under matrix stiffness. (A) Representative immunofluorescence images of nuclei and
yH2AX foci from VSMCs stimulated with Angiotensin Il alone and following pre-treatment with
GsMTx-4. Images show VSMC nuclei stained using anti-lamin A/C (grey-scale) and anti-H2AX on
12 kPa and 72 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software
was used to measure (B) foci area and (C) number of foci per nuclei. Data are based on the
measurement of ~150 VSMCs from 3 independent experiments. Statistical significance was

determined using a one-way ANOVA to show differences in foci area (* p = <0.05, *** p =

<0.0001) and number of foci per nuclei (* p = <0.05, ** p = <0.001, *** p = <0.0001), followed by a
Bonferroni’s multiple comparison test. Ang Il: Angiotensin Il; VSMC: Vascular smooth muscle cell.
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From this, we can see that the aberrant effects of VSMCs extend to DNA damage
within matrix stiffness and that SACs may pose as a potential therapeutic target for it. To
supplement this, we next looked at the p53-binding protein 1 (53BP1). 53BP1 has been
characterised as a DNA damage response (DDR) factor. Within cases of DNA damage, it is
recruited to the site of damage where it forms ionising radiation (IR)-induced foci that can be
visualised via microscopy (334). In agreement with our previous findings, we found that the
number of nuclei with/without 53BP1 foci per image was significantly higher on the 72 kPa
polyacrylamide hydrogel, when treated with Angiotensin Il alone. Like before, we observed
that GsMTx-4 treatment causes a significant reduction in the number of nuclei with/without
53BP1 foci per image within the stiffer environment (Figure 5.28). Our previous experiment
demonstrated that utilising a SAC blocker can cause a reduction in DNA damage and
therefore these results corroborate with our narrative that less 53BP1 repair factors were

required due to this.
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Figure 5.28 Mechanical gated channels influence 53BP1 foci formation of quiescent VSMCs
under matrix stiffness. (A) Representative immunofluorescence images of nuclei and 53BP1
foci from VSMCs stimulated with Angiotensin Il alone and following GsMTx-4 pre-treatment.
Images show VSMC nuclei stained using anti-lamin A/C (grey-scale) and anti-53BP1 on 12 kPa
and 72 kPa polyacrylamide hydrogels. Scale bar represents 100 um. Image J software was used
to measure number of nuclei (B) with/without 53BP1 foci per image. Data are based on the
measurement of ~35 VSMCs from 6 independent experiments. Statistical significance was
determined using a one-way ANOVA to show differences in nuclei with/without 53BP1 foci (*** p =
<0.0001), followed by a Bonferroni’s multiple comparison test. Ang Il: Angiotensin II; VSMC:
Vascular smooth muscle cell.

Next, we wanted to see if the DNA damage observed via the yH2AX foci was

actomyosin-mediated. Prior research has shown that cells that were seeded on a rigid ECM,
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or where non-muscle myosin Il was overexpressed, typically had a mislocalisation of repair
factors and increased DNA damage. Importantly, it was shown that Blebbistatin inhibition of
myosin Il prevented these changes, suggesting that actomyosin plays a crucial role in DNA
damage regulation (134). To investigate this further, we utilised Atorvastatin to see if it could
replicate the positive effects that were induced by GsMTx-4. To do this, we replicated
previous experimental settings for the yH2AX study, however treated the VSMCs with 500
nM of Atorvastatin following Angiotensin Il stimulation. In this case, our results showed no
significant difference between the size of the yH2AX foci when treating with Atorvastatin
(Figure 5.29A & B). Importantly, we reveal that Atorvastatin caused no significant reduction
to the number of yH2AX on the 72 kPa polyacrylamide hydrogel, with both conditions
presenting more yH2AX foci than their physiological counterparts (Figure 5.29A & C). From
this, we can suggest that, within VSMCs, regulation of actomyosin activity does not seem to

possess a therapeutic role for DNA damage regulation.
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Figure 5.29 Atorvastatin presents no effect on inhibiting yH2AX foci formation of quiescent
VSMCs under matrix stiffness. (A) Representative immunofluorescence images of nuclei and
yH2AX foci from VSMCs treated Angiotensin treatment alone and with Atorvastatin. Images show
VSMC nuclei stained using anti-lamin A/C (grey-scale) and anti-H2AX on 12 kPa and 72 kPa
polyacrylamide hydrogels. Scale bar represents 100 um. Image J software was used to measure
(B) foci area and (C) number of foci per nuclei. Data are based on the measurement of ~150
VSMCs from 3 independent experiments. Statistical significance was determined using a one-way
ANOVA to show differences in foci area (non-significant; p = >0.05) and number of foci per nuclei
(** p = <0.001, *** p = <0.0001), followed by a Bonferroni’s multiple comparison test. Ang Il
Angiotensin Il; VSMC: Vascular smooth muscle cell.
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5.4.6 Role of Piezol in stiffness-induced aberrant VSMC function

GsMTx-4 works by inhibiting SAC opening, and has been shown to attenuate
morphological and functional changes of VSMCs under matrix stiffness, as well as prevent
DNA damage accumulation. Earlier, we considered TRPC6 channels as a potential
candidate for pre-dominantly driving these changes, as GsMTx-4 has previous implicated
TRPC channels within muscle pathology (327, 328). However, we found that it had no
influence on VSMC morphology when seeded on a rigid ECM. Due to this, we considered
other candidates. As mentioned before, prior research had shown that GsMTx-4 successfully
acts at TRPC1, TRPC6 and Piezol channels within different cell types (329, 330). Similar to
the TRPC channels, Piezol is a mechanosensitive channel, and its electrophysiological
properties are akin to typical cationic mechanosensitive currents (177, 335). Research has
shown GsMTx-4 being efficient at abolishing Piezol whole cell currents within HEK293 cells
(330). As a result, we investigated to see whether any of these channels may potentially hold

arole.

To begin with, we wanted to see if we could observe any gene expression of these
channels within VSMCs when seeded on either a compliant or rigid matrix. To do this, we
cultured our quiescent VSMCs on collagen-1 coated polyacrylamide hydrogels, with an
average Young’'s modulus of 12 kPa and 72 kPa. Cells were lysed with TRIzol to obtain
RNA, which was converted to cDNA via reverse transcriptase. To ensure we selected an
appropriate housekeeping gene, we initially tested ATP5B via a real time qPCR run. Our
results show that the CT value of multiple 12 kPa/72 kPa samples were within close
proximity, deeming ATP5B as a suitable housekeeping gene within VSMCs (Figure 5.30A).
We next tested the expression of two other housekeeping genes, B2M and 18S, which were
normalised to ATP5B. Expression of each showed no significant difference between the
physiological and pathological stiffness (Figure 5.30B & C).
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Figure 5.30 Trialling ATP5B housekeeping gene for qPCR experimentation. Graphs show (A)

ATPBS5 Cr values between multiple RNA samples that were extracted from VSMCs grown on 12

kPa and 72 kPa polyacrylamide hydrogels. gPCR analysis revealed similar expression of
housekeeping genes for (B) B2M and (C) 18S within VSMCs when normalised to ATP5B
expression. Data are based on the measurement of ~5 samples from 2 independent experiments
and statistical significance was determined using a paired Student’s t test (12 kPa vs 72 kPa)
(non-significant; p = >0.05). qPCR: Quantitative polymerase chain reaction; VSMC: Vascular

smooth muscle cell.
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Following this, we looked at TRPC1, TRPC6 and PIEZO1 gene expression, and

found no expression of the TRPC channels within VSMCs, as shown by Table 5.2.

Table 5.2: CT values of housekeeping gene ATP5BP and stretch-activated channel genes
within quiescent vascular smooth muscle cells grown on 12 kPa and 72 kPa polyacrylamide

hydrogels.
ATP5B PIEZO1 TRPC3 TRPC6

12 kPa

Sample 1 30.19 35.37 Undetected Undetected
Sample 2 31.85 34.99 Undetected Undetected
Sample 3 30.93 36.39 Undetected Undetected
Sample 4 31.57 35.86 Undetected Undetected
72 kPa

Sample 1 37.16 37.06 Undetected Undetected
Sample 2 30.80 36.40 Undetected Undetected
Sample 3 31.47 37.08 Undetected Undetected
Sample 4 31.41 36.34 Undetected Undetected

There was, however, low expression of Piezol on the compliant matrix, with a
dramatic increase shown on the 72 kPa polyacrylamide hydrogel (Figure 5.31A). This gave
indication that PIEZO1 may contribute to our previous observations. However, to test this,
we targeted Piezol using an siRNA-mediated approach. To confirm depletion, we performed
western blotting. All siRNA and western blot experiments were performed by Dr Robert
Johnson within the Warren lab. VSMCs were cultured in basal media to induce quiescence
and seeded on plastic coverslips. Three Piezol-specific SiRNAs were utilised to deplete
expression and protein lysates were then obtained. Our results show that both siRNA 5 and
SiRNA 7 cause depletion of Piezol protein expression, with the former being most efficient
(Figure 5.31B & C).
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Figure 5.31 siRNA-mediated knock-out of Piezol from VSMCs. gPCR analysis revealed (A)
expression levels of Piezol when increasing matrix rigidity for VSMCs. Western blot analysis of
VSMCs grown on plastic shows (B) representative images of Piezol protein expression levels
following treatment with Piezol-specific SIRNAs. GAPDH (negative control) indicated equal
protein loading (25 pL of each protein lysate was loaded). Graph (C) quantifies the protein
expression level of Piezol following the siRNA treatments. Western blot data is from 1
independent experiment. gPCR data are based on the measurement of ~4 samples from 2
independent experiments and statistical significance for this was determined using a paired
Student’s t test (12 kPa vs 72 kPa) (non-significant; p = >0.05). N.T: Non-targeted; qPCR:
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Quantitative polymerase chain reaction; VSMC: Vascular smooth muscle cell.
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We previously showed that utilising the SAC blocker GsMTx-4 significantly reduced
the number of yH2AX foci observed in Angiotensin II-stimulated VSMCs seeded on the 72
kPa hydrogel. We hypothesised that these effects may be mediated through Piezol, and as
a result, we utilised the siRNA5 and siRNA7 Piezol-knock out VSMCs to be able to
determine this. To do this, we set up experiments much like before (Figure 5.27), however in
this case, we only stimulated our Piezol-knock out VSMCs with 10 uM of Angiotensin Il for
30 minutes. Cells were then fixed and stained with anti-lamin A/C and anti-yH2AX to image
VSMC nuclei and potential DNA damage foci, respectively. The findings presented within
Figure 5.32 & 5.33 were performed and obtained by Dr Robert Johnson within the Warren
lab. Our results here show a higher number of yH2AX foci within the rigid matrix in
comparison to the physiological substrate for the control non-targeted VSMCs (Figure 5.32).
Interestingly, utilising the Piezol-specific sSiRNA5 or siRNA7 was found to induce a
significant reduction in the number of yH2AX foci on the 72 kPa hydrogel. Additionally, both
siRNA knockouts were found to have no effect on the 12 kPa gel indicating a stiffness-

specific role for Piezol (Figure 5.32).
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Figure 5.32 Piezol influences yH2AX foci formation of quiescent VSMCs under matrix
stiffness. (A) Representative immunofluorescence images of nuclei and yH2AX foci from Piezol-
knockout VSMCs stimulated with Angiotensin Il. Images show VSMC nuclei stained using anti-
lamin A/C (grey-scale) and anti-H2AX on 12 kPa and 72 kPa polyacrylamide hydrogels. Scale bar
represents 100 ym. Image J software was used to measure (B) number of foci per nuclei. Data
are based on the measurement of ~250 VSMCs from 3 independent experiments. Statistical
significance was determined using a one-way ANOVA to show differences in number of foci per
nuclei (* p = <0.05, ** p = <0.001, *** p = <0.0001), followed by a Bonferroni’'s multiple comparison
test. N.T: Non-targeted; VSMC: Vascular smooth muscle cell.
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Next, we looked at the 53BP1 marker. This marker was also previously shown to
augment on the 72 kPa hydrogel, with GsMTx-4 treatment causing a significant reduction
back down to physiological levels. In agreement with our previous findings (Figure 5.28), we
see that the use of siRNA 7 Piezol knockout VSMCs significantly decreased the number of
nuclei with/without 53BP1 foci per image on the 72 kPa hydrogel, with no difference shown
on the 12 kPa substrate (Figure 5.33). This indicates that aberrant opening of Piezol is
likely mediating the DNA damage observed within VSMCs seeded the rigid hydrogel, and its
knockdown/inhibition can successfully abolish the accumulation of key DNA damage

markers.
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Figure 5.33 Piezol influences 53BP1 foci formation of quiescent VSMCs under matrix
stiffness. (A) Representative immunofluorescence images of nuclei and 53BP1 foci from Piezol-
knockout VSMCs stimulated with Angiotensin Il. Images show VSMC nuclei stained using anti-
lamin A/C (grey-scale) and anti-53BP1 on 12 kPa and 72 kPa polyacrylamide hydrogels. Scale
bar represents 100 ym. Image J software was used to measure number of nuclei (B) with/without
53BP1 foci per image. Data are based on the measurement of ~15 VSMCs from 3 independent
experiments. Statistical significance was determined using a one-way ANOVA to show differences
in nuclei with/without 53BP1 foci (* p = <0.05, ** p = <0.001), followed by a Bonferroni’s multiple
comparison test. N.T: Non-targeted; VSMC: Vascular smooth muscle cell.
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5.5 Discussion

This chapter explored the relationship between quiescent VSMC volume, matrix
stiffness-induced SAC activity and DNA damage. By looking at the effects of SAC blockers,
we were able to better understand how matrix stiffness induces morphological changes, and
highlight how these channels may regulate them. We were also able to observe how SAC
channels regulate multiple processes within VSMCs, and link our study to previous
observations. The work conducted within this chapter provides further understanding to the
morphological studies performed in chapter four. Due to this, we can now offer new
mechanistic insights towards the differential responses observed within quiescent VSMCs in
response to matrix stiffness, as well as present novel therapeutic targets that could be

exploited in the future.

5.5.1 Effect of matrix stiffness on VSMC volume

CVD development is caused by a variety of common risk factors such as
hypertension and rise in cholesterol, and its progression involves essential structural and
functional alterations that occur within the vascular wall (4). Previous research has shown
that there is an unregulated thickening of the vessel wall during hypertension and this was
caused by a significant increase in smooth muscle cell mass (336-339). However, there was
speculation as to whether this was due to hypertrophy or hyperplasia of the cells (340, 341).
Earlier studies have confirmed an increase in the number of smooth muscle cells via
[*H]thymidine labelling (342-346), however other researchers have contradicted these
findings suggesting this was due a hypertrophic-induced change in chromosomal structure
(347, 348). One finding given by Owen et al gives support to this claim as it found the
average smooth muscle size was larger within SHR, and this hypertrophic change was

coupled with a modification in nuclear ploidy (349).

VSMC hypertrophy has been shown to cause increased non-compliance of vessels
within aged and hypertensive populations. It occurs alongside altered ECM deposition and
phenotypic switching, and can cause systolic hypertension as well hypertrophy of the left
ventricle (350). Angiotensin Il has previously shown higher levels within various hypotensive
models, and sustained activation of the angiotensin Il type 1 receptor (ATR1) has induced
increased vascular resistance via remodelling of the vascular wall (351-353). Our results

give support to this, showing a progressive increase in cell volume with longer Angiotensin Il
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stimulations within the mechanically-resistant environment. This in agreement with earlier
reports stating Angiotensin can cause VSMC hypertrophy, with augmentations in cell size
and protein synthesis (260, 354).

The effects evoked by Angiotensin ll-induced hypertrophy can be abolished by
targeting key components of actomyosin pathway. Prior work has shown that ROCK
inhibition, via Y-27632 treatment, can slow down pathological hypertrophy induced by
Angiotensin Il stimulation within mice and rats (355). Other studies offer support to this as
they have shown that ROCK1” mice exhibited a reduction of hypertrophic markers (356).
Our results corroborate with these findings as they show the stiffness-induced increase in
cytoplasmic mass can be efficiently reduced within VSMCs via actomyosin inhibition. This
gives strength to earlier studies that indicate key contractile components hold a crucial role
towards the hypertrophic response of other cell types (357).

5.5.2 Role of SACs within quiescent VSMC traction force

Given the significant increase of VSMC volume observed within matrix stiffness, we
speculated hypertrophy, mediated via an influx ion and solutes, to originate from SAC
opening. As mentioned in chapter four, VSMCs were unable to efficiently displace the
extracellular matrix when seeded on a rigid hydrogel, and we hypothesised that the tension
held at the membrane may open the channels. Our results show that inhibition of SACs via
GsMTx-4 treatment revert VSMC volume back to physiological levels, and therefore identify

a new potential regulatory component within VSMC hypertrophy.

Within normal physiology, SACs serve as a mechanical sensor for myogenic
responses (178). However, during pathological stiffening, quiescent VSMCs were revealed
to exert increased traction force, and we show via GSMTx-4, that this is due to SAC activity.
Earlier studies show calcium permeability to be low at physiological concentrations, and
therefore it was suggested calcium entry via SACs may not be adequate for contraction
(358). As aresult, it has been proposed that it may instead be sufficient to induce
depolarisation of the membrane to open voltage gated calcium channels (VGCCs) (359,
360). However, others researchers have disputed this, presenting findings that show
significant calcium entry can be mediated via SACs alone (177). Our study confirms calcium
to be an essential component in SAC activity, by demonstrating that in the absence of
extracellular calcium, VSMC traction force is restored back to a healthy range. Further
research is now required to determine whether VGCCs assist in traction force generation of

quiescent VSMCs within the stiffer environment or whether this is via SAC activity alone.
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5.5.3 Mechanical pressure-induced VSMC DNA damage

As mentioned before, CVD can evoke structural changes within the vascular wall,
such as an enrichment of collagen that results in smaller pores (128, 129). Alongside this,
guiescent VSMCs were shown to exert increased traction force in response to stiffer ECMs,
and this possibly facilitates entry via these narrow passages. However, within this study, we
have revealed SACs to induce VSMC hypertrophy in the absence of physiological

compliance, and therefore speculate this may cause aberrant mechanical pressure.

Previously, we discussed how the LINC complex transmits mechanical stimuli from
the cell cytoskeleton/ECM to the nuclei in order to ensure structural integrity (233). However,
prior studies have shown that within a pathological setting, incidence of nuclear rupture and
DNA damage is increased when seeded on a rigid matrix (133, 134, 361). Our work shows
inhibition of SAC opening can reduce recruitment of important DNA-damage response
factors, such as 53BP1, indicating positive therapeutic effects. Despite this, earlier research
has shown overexpression of myosin Il can result in mislocalisation of KU80, an essential
protein in the non-homologous end joining (NHEJ) pathway, via nuclear rupture (134, 362,
363). Therefore, it is possible that unregulated contractility observed within the 72kPa
polyacrylamide hydrogel may result in disruption of VSMC nuclear integrity. Despite this, we
strengthen our earlier assumption that GsMTx-4 exhibits positive therapeutic effects by

showing a significant reduction in yH2AX foci when abolishing SAC activity.

Although we have shown evidence that SACs may contribute to DNA damage within
the stiffer environment, the mechanism behind it requires further clarification. It is possible
that the DNA impairment could be caused via volume-induced hydrostatic pressure and/or
unconstrained actomyosin activity. Previously, it has been shown that Blebbistatin treatment
can decrease DNA damage within cancer cells that either possess overexpressed non-
muscle myosin Il or deficient lamin A (134). Our work, however, shows that actomyosin
inhibition, via Atorvastatin treatment, does not reduce yH2AX foci levels within the rigid
environment. Therefore, we speculate that DNA damage regulation within matrix stiffness is
cell-type specific. Our work further supports this as it shows GsMTx-4 treatment can restore
nuclear volume back to physiological levels, whilst actomyosin inhibitors show no significant
change. As a result, this gives indication that nuclear and cell hypertrophy can be decoupled

within VSMCs due to different regulatory components.
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5.5.4 New potential therapeutic targets in CVD

Currently, there are a wide range of therapies available within CVD, with drug
delivery positioned as the major treatment modality. One group of medications currently
prescribed are antiplatelets (364). Within CVD development, platelet activation usually
occurs during interaction with atherosclerotic plaques, resulting in atherothrombosis.
Antiplatelets work to intervene the clot formation by binding to platelet cells and inhibiting
their function (365). This form of medication has been proven effective; however, it targets a
late stage of CVD where vascular remodelling has already occurred. Our research focuses
on the early pathological stages that occur within VSMCs, the primary cell type within the
aortic wall, in order to identify potential therapeutic targets that can be exploited much

earlier.

Other treatments include beta blockers and angiotensin-converting enzyme (ACE)
inhibitors, which indirectly attenuate progression of arterial stiffness (31, 364). These drugs
abolish cell signalling pathways that lead to increased contractility, and therefore target
VSMCs, highlighting its fundamental role in CVD development. More recent research has
revealed new novel components that may mediate VSMC dysregulation within disease
progression. One example is microtubule acetylation which is shown to reciprocally
coordinate with cell contractility within fibroblast cells (70). Within our study, we reveal that
SACs directly influence quiescent VSMC morphology and contractility within the stiffer
environment. Aortic stiffness is typically accompanied by altered expression of key
contractile protein markers within VSMCs (366). One SAC in particular, identified as Piezo1,
was revealed as a potential target as it showed augmented expression on the 72kPa
hydrogel. Earlier work has implicated Piezol as a critical component in arterial remodelling
within hypertension, influencing both vessel diameter and thickness (189). We show
knockdown of Piezol can attenuate DNA damage accumulation within VSMCs seeded on a
rigid substrate. This strengthens the hypothesis that Piezol may induce aberrant effects
within VSMCs in response to matrix stiffness, which could drive remodelling of the arterial
wall. As a result, this study proposes a new molecular component that can potentially be

targeted to treat/prevent early stages of CVD development.
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5.5.5 Chapter Five conclusions

When discussing our results in chapter four, we speculated that potential SAC
opening may cause DNA damage, via high osmotic pressure. Within this study, we confirm
this, showing the utilisation of SAC blockers reduces volume and yH2AX foci levels back to a
physiological range. Our results reveal actomyosin inhibition to have minimal effect on DNA
damage, indicating this response is pre-dominantly driven by volume-induced hydrostatic
pressure. Despite this, recent data has shown that inhibition of microtubule N-
acetyltransferases, which indirectly regulate actomyosin activity, to attenuate nuclear
impairment within VSMCs (151). Therefore, further interrogation of the link between
actomyosin activity, microtubule acetylation, and DNA damage regulation is now required as

it may provide new insights for future research.

In summation, this chapter demonstrates how quiescent VSMCs undergo
hypertrophy in response to matrix stiffness. Our study shows this response is regulated
partly by actomyosin activity, but also via SAC opening. SACs, within the stiffer environment,
were shown to elicit a whole host of responses, such as morphological changes, increased
contractility and dysregulated DNA damage. Importantly, we identify a novel therapeutic
target, shown as Peizol, that presents increased gene expression as a result of matrix
rigidity. We reveal, via sSiRNA-mediated methods, that inhibition of this channel can attenuate
DNA damage accumulation within VSMCs seeded on a rigid matrix, thus highlighting a new
role for SACs within aberrant VSMC function.

5.5.6 Limitations and future work

5.5.6.1 Role of VGCCs within matrix stiffness

Our work highlights calcium to be essential for increased quiescent VSMC traction
force generation within the stiffer environment. We show that SAC inhibition can abolish the
force generated back down to physiological levels, via limited calcium entry. However, it
currently remains unknown whether SACs are capable of independently increasing the
actomyosin activity of the VSMCs, or whether VGCCs facilitate this via SAC-mediated
depolarisation of the cell. Previous studies have indicated VGCC assistance due to low
calcium permeability for SACs, however alternative work has shown significant entry via
SACs to be possible (177, 359, 360). Therefore, further work is required to elucidate the

mechanism within VSMCs to better understand the involvement of each component.
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5.5.6.2 Mislocalisation of DNA damage response factors

Within this chapter, we speculate that DNA-damage was caused via increased
hydrostatic pressure from SAC-induced hypertrophy. A marker that was utilised within this
study was the 53BP1 protein, where its ionising radiation-induced foci was considered a
positive sign for DNA damage. We concluded that the decrease in 53BP1 recruitment, via
SAC treatment, indicated a reduction in DNA impairment. However, previous studies have
shown that increased contractility can cause a mislocalisation of nuclear factors due to
rupture of the nuclei (134, 362, 363). Due to this, further assessment of VSMC nuclear

structure and rupture incidence under matrix stiffness will increase the clarity of our work.

5.5.6.3 The role of microtubules in VSMC dysregulation

We highlighted how actomyosin activity of quiescent VSMCs can become dysregulated
within a rigid setting. Typically, this has been shown to cause dysregulation of VSMCs
leading to remodelling of the vascular wall (10). Our study utilised actomyosin inhibitors as a
regulatory component of this pathway to better understand its mechanism. However, more
recently, it has been shown that an inverse relationship exists between microtubule
acetylation and cell contractility in other cell types (70). Within VSMCs, Remodelin, an
inhibitor of a key microtubule N-acetyltransferase, was also found to reduce DNA damage
(151). Therefore, our work within this chapter remains limited as it does not account for how

microtubule acetylation contributes to VSMC function within matrix stiffness.
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Chapter 6: The role of NAT10 In
actomyosin-induced
dysregulation within VSMCs
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6.1 Introduction

Our work so far shows that SACs play an important role within quiescent VSMC
function in response to matrix stiffness. We show that that the aberrant opening of these
channels can cause hypertrophy and increased contractility, via an influx of ions and solutes.
This in agreement with prior studies which confirmed significant calcium entry via SACs, and
described cell hypertrophy to be a common morphological response during CVD (177, 310,
311). We speculated that the increased actomyosin-induced tension held at the membrane

may be sufficient to open the SACs on the rigid matrix.

Microtubules serve as another filamentous component within VSMCs. Microtubules are
essential cytoskeletal structures, which serve to regulate numerous functions such as cell
shape, transport and motility. Its function is regulated by a variety of factors such as
interaction with microtubule associated proteins (MAPs) or modification of acetylation levels
via NAT10 (51, 367). Recent data has suggested that they serve a role within actin
cytoskeleton regulation and microtubules are essential for normal VSMC contractile function.
Microtubules are stabilised by alpha-tubulin acetylation, however, the role of acetylation in
VSMC contraction and the impact of matrix stiffness remain unknown. Within this chapter,
we look at the link between NAT10 activity, VSMC hypertrophy and DNA damage to better

understand how these filaments may contribute to the pathological changes observed.
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6.2 Aim of this chapter

This chapter will investigate whether microtubule acetylation has any effect on
guiescent VSMC volume by targeting one of its key regulators NAT10, and if so, whether this
could also be mirrored within nuclear morphology. We will explore whether NAT10 regulation
can induce any protective effects on the nucleus by investigating if its inhibition can
attenuate the DNA damage accumulation within the stiffer environment. By gaining an
understanding of how these aberrant changes may be interlinked with microtubule function,

we hope to identify a new component that can be targeted for future research.

6.3 Hypothesis

We hypothesise that inhibiting NAT10 will protect the VSMC from hypertrophy on stiff
hydrogels. We speculate that these changes will reduce the DNA damage accumulation that

occurs when stimulated to contract on the 72kPa polyacrylamide hydrogel.
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6.4 Results

6.4.1 Effect of NAT10 inhibition on VSMC volume

Recently, cellular contractility and microtubule acetylation have been shown to exist
in a mechanical balance within fibroblast cells. Increased acetylation levels resulted in lower
traction force (70). We speculate that modifying the acetylation levels of VSMC microtubules
may influence the aberrant actomyosin activity seen in response to matrix stiffness.
Previously, a key enzyme identified as NAT10 has been reported to have regulate
microtubule function via tubulin acetylation (146). The microtubule structure consists of a/f3-
tubulins, and NAT10 inhibition has been shown to induce network reorganisation within the
cytoskeletal polymer (150). Additionally, it has been shown that treatment with 1 uM of
Remodelin, a NAT10 inhibitor, can extend the lifespan of aged VSMCs in vitro (151). As a
result, we now investigated the effects of NAT10 inhibition on VSMC volume. To do this,
serum starvation was performed on our VSMCs to induce quiescence, and they were then
seeded on collagen-1 coated polyacrylamide hydrogels, with an average Young’s modulus
of 12 kPa and 72 kPa. Cells were pre-treated with 1 uM of Remodelin and then stimulated
with 10 uM of Angiotensin Il for 30 minutes each. F-actin was then stained with rhodamine

phalloidin prior to confocal microscopy.

Interestingly, our results revealed that inhibition of NAT10 resulted in an increase in
cell spreading and volume within the compliant matrix (Figure 6.1A-C). We speculate that
increased cell volume (Figure 6.1C) may enhance cell area causing the relationship to be
closer to 1. When looking at the correlation between area and volume however, we found no
significant difference between both treatment groups, indicating Remodelin inhibition to have
no effect towards it (Figure 6.1D). Despite this, the trend does show an enhancement from a
weak to a moderate correlation via Remodelin treatment, and therefore more end numbers

may be required to establish the difference.
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Figure 6.1: The impact of a NAT10 inhibitor on VSMC volume. (A) Representative
immunofluorescence images of VSMC actin filaments with Angiotensin Il alone and following pre-
treatment with Remodelin. Images show VSMC actin filaments (F-actin) stained using rhodamine
phalloidin (red) on 12 kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J
software and Volocity software were used to manually measure (B) cell area and (C) cell volume,
respectively. Image J software was also used to plot (D) VSMC area against volume on cells
treated with Angiotensin Il alone and with Remodelin. Data are based on the measurement of
~100 VSMCs from 3 independent experiments. Statistical significance was determined using a
paired Student’s t test on cell area and volume (12 kPa Ang Il vs 12 kPa Remodelin) (*** p =
<0.0001). A linear regression analysis was also performed to determine statistical significance for
the cell area and volume relationship (non-significant; p = >0.05). Ang Il: Angiotensin II; NAT10:
N-Acetyltransferase 10; VSMC: Vascular smooth muscle cell.
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VSMCs seeded on a stiff matrix displayed decreased cell area and volume in
response to Remodelin treatment (Figure 6.2A-C). This indicates an attenuation in the
hypertrophy of the VSMCs with decreased microtubule acetylation. When observing the cell
area to volume relationship, we see a moderate correlation established with Angiotensin |l
treatment alone due to the hypertrophic changes induced on the 72 kPa hydrogel. In this
case, we reveal Remodelin treatment to maintain the relationship between the two

morphological factors, with no difference found between both treatments. (Figure 6.2D).
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Figure 6.2: The impact of a NAT10 inhibitor and matrix stiffness on VSMC volume. (A)
Representative immunofluorescence images of VSMC actin filaments treated with Angiotensin I
alone and following pre-treatment with Remodelin within a stiffer matrix. Images show VSMC
actin filaments (F-actin) stained using rhodamine phalloidin (red) on 72 kPa polyacrylamide
hydrogels. Scale bar represents 100 ym. Image J and Volocity software were used to manually
measure (B) cell area and (C) cell volume, respectively. Image J software was also used to plot
(D) VSMC area against volume on cells treated with Angiotensin Il alone and with Remodelin.
Data are based on the measurement of ~100 VSMCs from 3 independent experiments. Statistical
significance was determined using a paired Student’s t test on cell area and volume (72 kPa Ang
Il vs 72 kPa Remodelin) (** p = <0.001, *** p = <0.0001). A linear regression analysis was also
performed to determine statistical significance for the cell area and volume relationship (non-
significant; p = >0.05). Ang II: Angiotensin Il; NAT10: N-Acetyltransferase 10; VSMC: Vascular

smooth muscle cell.
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6.4.2 Effect of NAT10 inhibition on nuclear morphology

Next, we wanted to investigate the effects of Remodelin on nuclear morphology. As
previously discussed, the nuclei of VSMCs display a hypertrophic effect on the stiff
hydrogels when stimulated with Angiotensin Il. Earlier studies have shown that NAT10
depletion can restore healthy nuclear morphology in lamin A knockdown fibroblast cells.
Additionally, Hutchinson-Gilford progeria syndrome (HGPS) fibroblast cells present a
significant reduction in the prevalence of nuclear abnormalities with Remodelin treatment
(150). Based on our previous findings, we hypothesise that Remodelin treatment will reduce
nuclear volume within the pathological environment. To investigate this, we repeated our
previous experiment set up, however this time stained our nuclei with anti-lamin A/C prior to

microscopy.

Like with cell morphology, the nuclear area presents a significant increase with
Remodelin treatment on hydrogels of physiological stiffness (Figure 6.3A & B). However, in
this case, there was no apparent change in nuclear volume (Figure 6.3A & C). In agreement
with the cell data, the nuclear area-volume shows no significant change between both

treatment groups (Figure 6.3D).
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Figure 6.3: The impact of a NAT10 inhibitor on VSMC nuclear volume. (A) Representative
immunofluorescence images of VSMC nuclei treated with Angiotensin Il alone and following pre-
treatment with Remodelin. Images show VSMC nuclei stained using anti-lamin A/C (green) on 12
kPa polyacrylamide hydrogels. Scale bar represents 100 um. Image J and Volocity software were
used to manually measure (B) nuclear area and (C) nuclear volume, respectively. Image J
software was also used to plot (D) VSMC nuclear area against volume on cells treated with
Angiotensin Il alone and with Remodelin. Data are based on the measurement of ~100 VSMCs
from 3 independent experiments. Statistical significance was determined using a paired Student’s
t test on nuclear area and volume (12 kPa Ang Il vs 12 kPa Remodelin) (non-significant; p =
>0.05, *** p = <0.0001). A linear regression analysis was also performed to determine statistical
significance for the nuclear area and volume relationship (non-significant; p = >0.05). Ang I
Angiotensin 1l; NAT10: N-Acetyltransferase 10; VSMC: Vascular smooth muscle cell.
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When introducing matrix rigidity, we observed a corresponding decrease in nuclear
area, and importantly, nuclear volume (Figure 6.4A-C). This confirms that an inhibition of
NAT10 is successful in attenuating VSMC nuclear hypertrophy on stiff hydrogels. The area
to volume correlation, within these conditions, once again followed previous observations

revealing no significant difference between both treatment groups (Figure 6.4D).
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Figure 6.4: The impact of a NAT10 inhibitor and matrix stiffness on VSMC nuclear volume.
(A) Representative immunofluorescence images of VSMC nuclei treated with Angiotensin Il alone
and following pre-treatment with Remodelin within a stiffer matrix. Images show VSMC nuclei
stained using anti-lamin A/C (green) on 72 kPa polyacrylamide hydrogels. Scale bar represents
100 um. Image J and Volocity software were used to manually measure (B) nuclear area and (C)
volume. Image J software was also used to plot (D) VSMC nuclear area against volume on cells
treated with Angiotensin Il alone and with Remodelin. Data are based on the measurement of
~100 VSMCs from 3 independent experiments. Statistical significance was determined using a
paired Student’s t test on nuclear area and volume (72 kPa Ang Il vs 72 kPa Remodelin) (* p =
<0.05, *** p = <0.0001). A linear regression analysis was also used to determine statistical
significance for the nuclear area and volume relationship (non-significant; p = >0.05). Ang II:
Angiotensin Il; NAT10: N-Acetyltransferase 10; VSMC: Vascular smooth muscle cell.
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6.4.3 NAT10 activity and DNA damage within VSMCs

Within our previous chapter, we speculated that DNA damage accumulation within
the stiffer environment was due to increased mechanical pressure from nuclear hypertrophy.
It has been shown that modification of acetylation levels can induce changes in microtubule
anchorage, and we speculate this may prevent additional pressure from being placed on the
nucleus (150). Previously, it has been revealed that within aged VSMCs, Remodelin
treatment can significantly decrease the levels of yH2AX (151). Our results show Remodelin
treatment induce a significant reduction in nuclear volume, and therefore we hypothesise

that inhibition of NAT10 may alleviate matrix stiffness-induced DNA damage.

To investigate this, quiescent VSMCs were stimulated with Angiotensin Il alone or
following pre-treatment with Remodelin. Prior to microscopy, VSMC nuclei and potential
DNA damage foci were stained with anti-lamin A/C and anti-yH2AX, respectively. The
findings presented within Figure 6.5 were performed and obtained by Dr Robert Johnson
within the Warren lab. Our results show that the size and number of yH2AX foci are
significantly larger when VSMCs are treated with Angiotensin Il on stiff hydrogels. Remodelin
treatment, however, reduced the number of yH2AX foci present in nuclei of VSMCs on stiff
hydrogels. This confirms our hypothesis that NAT10 inhibition can partially rescue DNA

damage accumulation within VSMCs.
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Figure 6.5 Inhibition of NAT10 influences yH2AX foci formation of quiescent VSMCs under
matrix stiffness. (A) Representative immunofluorescence images of nuclei and yH2AX foci from
VSMCs treated with Angiotensin Il alone and following pre-treatment with Remodelin. Images
show VSMC nuclei stained using anti-lamin A/C (grey-scale) and anti-H2AX on 12 kPa and 72
kPa polyacrylamide hydrogels. Scale bar represents 100 ym. Image J software was used to
measure (B) foci area and (C) number of foci per nuclei. Data are based on the measurement of
~150 VSMCs from 3 independent experiments. Statistical significance was determined using a
one-way ANOVA to show differences in foci area (** p = <0.001, *** p = <0.0001) and number of
foci per nuclei (* p = <0.05, ** p = <0.001, *** p = <0.0001), followed by a Bonferroni’s multiple
comparison test. Ang Il: Angiotensin IlI; NAT10: N-Acetyltransferase 10; VSMC: Vascular smooth

muscle cell.
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6.5 Discussion

This chapter investigated the relationship between NAT10, matrix stiffness-induced
VSMC hypertrophy and DNA damage. By looking at the effects of Remodelin, a NAT10
inhibitor, we were able to better understand the balance between NAT10 activity and
actomyosin-induced changes within matrix stiffness. As a result, the work performed within
this chapter explores a different target within quiescent VSMCs, and potentially identifies an
additional regulatory component of aberrant VSMC function within the pathological

environment.

6.5.1 Balance between actomyosin and NAT10 activity

Within CVD, VSMC:s typically abandon their role of regulating vascular tone and
begin migrating towards the tunica intima. During this, there is a constant turnover of
adhesion structures to allow disassembly of these complexes at the rear end, along with
nascent formation at the front (69). Focal adhesion disassembly is regulated via microtubule
function, which either induces endocytosis of integrin molecules or degradation of other
components via proteolysis (54, 368-371). An additional method of detachment is via sheer
force from the actin cytoskeleton (55). As a result, the two cytoskeletal structures may
coordinate their function to be more efficient in mediating important cellular processes. To
support this, acetylation of microtubules via NAT10 has previous been shown to be inversely
regulated to cell contractility (70). These studies have revealed that an overexpression of an
acetyl-mimetic caused lower traction force generation. As tubulin is a known substrate of
NAT10, we speculate NAT10 to have an important role in decreasing actomyosin activity.
Our data, however, presented inverse findings. We show that inhibition of NAT10 results in
rescue from VSMC hypertrophy on the stiffer environment. Previously, this was shown with
actomyosin inhibition and therefore this suggests a reduction in microtubule acetylation may
mirror these changes. As a result, we speculate that the network reorganisation that is
induced from microtubule acetylation may evoke differential responses, and these may be
cell-type specific. Further work is now needed to investigate the mechanisms by which these

two cytoskeletal structures may coordinate with each other within quiescent VSMCs.
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6.5.2 Regulation of nuclear morphology via NAT10 activity

Dysregulation of nuclear morphology typically occurs during CVD development.
Misshapen nuclei have previously been observed within laminopathies, which are caused via
mutations in the LMNA gene (372-374). This can accelerate the progression of CVD and
ageing via atherosclerotic formation and electrophysiological alterations, and prior studies
have shown Remodelin to rescue nuclear morphology under these conditions (150, 375).
Remodelin works by targeting NAT10 to induce microtubule reorganisation, and our data
shows that this can prevent nuclear hypertrophy when VSMCs were stimulated to contract
within the rigid environment. Further studies have expanded on the therapeutic benefits of
Remodelin by demonstrating how this inhibitor can expand the lifespan of mice with
Hutchinson-Gilford progeria syndrome (376). This could be due to improved genomic
stability as Remodelin has been shown to reduce DNA damage accumulation within VSMCs
(151). Our results fall in agreement with this as they show that inhibition of NAT10 can
reduce the yH2AX foci levels within quiescent VSMCs. Previously, we had shown that
actomyosin inhibition had no positive effects in attenuating nuclear spreading or DNA
damage accumulation. As a result, our findings indicate that NAT10 may present itself as a
separate regulatory component of nuclear morphology within quiescent VSMCs. Future
studies will be required to clarify the mechanisms in which NAT10 exerts its effects upon the

nuclei of quiescent VSMCs.
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6.5.3 Chapter Six conclusions

Within this study, we confirm that inhibition of microtubule N-acetyltransferases,
specifically NAT10, to attenuate aberrant volume and yH2AX foci levels within dysregulated
VSMCs. Importantly, we highlight its effect on cell hypertrophy to be identical to actomyosin
inhibition, contradicting previous findings that present an inverse relationship between the
two cytoskeletal networks (70). Much like SACs inhibitors, we show a decoupling with the
actin cytoskeleton within nuclear morphology, as inhibition of NAT10 was found to attenuate
the aberrant changes in nuclear structure. In summation, this chapter highlights a new

regulatory component of VSMC function within the stiffer environment.

6.5.4 Limitations and future work

6.5.4.1 Role of NAT10 in VSMC traction force

Our work shows NAT10 to regulate numerous actomyosin-induced processes within
VSMCs. As mentioned before, microtubules are a known target of NAT10 (150). Previously,
it was speculated that the microtubule and actin cytoskeletal networks may coordinate
function due to mediating mutual cellular processes (54, 55). Alongside this, earlier studies
have demonstrated how an increase in microtubule acetylation resulted in a decrease in
fibroblast traction force generation (70). Our work, however, shows that a reduction in
NAT10 and actomyosin activity present similar effects within quiescent VSMCs. As a result,
we speculate that NAT10 inhibition will result in decreased VSMC traction force generation,

and further TFM work will be required to clarify this.

6.5.4.2 NAT10 targets within VSMCs

Whilst our work shows the effects of NAT10 inhibition on quiescent VSMCs, we do
not confirm the substrates that it targets. Previously, it has been shown that NAT10 targets
tubulin, and therefore further work will be required to clarify its role with the microtubule
network within VSMCs. Whilst we hypothesise that these effects may be mediated via the
microtubule network, it is important to note that it could be via other substrates, such as the
vimentin intermediate filament network. Vimentin has previously been shown to regulate

actin stress fibre assembly and contractility within VSMCs (143, 144, 152-155) and earlier
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work reveals acetylation to reorganise the vimentin network, which we speculate could be
facilitated via NAT10 (377).

6.5.4.3 Role of NAT10 in gene regulation

Our study has so far focused on NAT10’s role in microtubule reorganisation, however earlier
work has shown it to also act on histone proteins. Within VSMCs, changes in gene
expression are regulated via crucial epigenetic markers such as HK39 acetylation, and this
may be mediated through NAT10 activity (165). During CVD development, there are
alterations in the expression of key contractile marker proteins (10), and future work will

focus on NAT10’s implication within this.
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Chapter 7. General Discussion &
Conclusions
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7.1 Regulation of vessel tone in response to decreased aortic

compliance

The primary function of VSMCs, within the medial layer of the arterial wall, is to
regulate vessel tone via contractile function (10). This allows for efficient regulation of blood
pressure as the arterial network transports blood away from the heart (378). Within normal
physiology, the arterial structure is compliant due to its highly elastic nature, and this allows
VSMCs to perform simple vasoconstriction/dilation (22). Our work has supported this
showing clear deformation of the ECM within the physiological stiffness range, along with a
reduction in VSMC area with increasing contractile stimulation. However, during CVD
development, there is a pathological remodelling which results in increased arterial stiffness
(14-16). This hinders control of blood flow from the left ventricle as the stiffer ECM becomes

more difficult to manipulate (11).

Key VSMC mechanosensors such as SACs and focal adhesions are able to detect
the altered mechanical environment, and previous work has shown matrix stiffness to trigger
increased actomyosin activity and formation of larger cell-matrix adhesion complexes (142,
197). Our work has expanded on previous studies by employing substrates that are
representative of both physiological (12 kPa) and pathological (72 kPa) environments, and
within this project, we have shown that even a six-fold increase in substrate stiffness can
cause alterations in VSMC morphology and contractility. Under healthy settings, VSMCs
exist in a quiescent contractile phenotype where they perform their role by exerting
actomyosin-derived forces (36). Within stiffened conditions, this function can become
aberrant. Our results corroborated with earlier studies revealing that VSMCs exert higher
levels of traction force in response to matrix rigidity (142). Despite this, there was an
absence of substrate deformation on the rigid substrate indicating the ECM had become too
stiff to physically pull. Therefore, we speculate that the increased force generation may
create tension that is held at the cell membrane, and this may be sufficient to open SACs.
Typically, blood flow expands the aortic wall causing the opening of SACs via transient
stretch signals, and this allows regulation of the myogenic response via calcium entry (177).
However, earlier studies have implicated a variety of SACs within muscle pathology (327,
328). We show that SAC activity is involved within the dysregulated traction force response
discussed (Figure 7.1), and therefore speculate that the reduction in elasticity may cause a

switch between transient stretch signals to more persistent stiffness signals.
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Figure 7.1: Working model revealing the mechanism behind VSMC traction force generation
within the stiffer environment. (A) shows VSMCs seeded on a physiological matrix. SACs are
shown to be closed due to less mechanical tension on the cell membrane. This results in decreased
force generation due to blocked calcium entry. The force generated, however, causes larger
displacements in bead movement as the matrix is more compliant. (B) illustrates VSMCs seeded on a
rigid matrix. In this case, SACs are illustrated to be open due to augmented membrane tension
mediated via matrix stiffness. This allows calcium into the cell facilitating higher force generation.
However, due to the rigid ECM, bead displacement is minimised indicating a reduction in compliancy.
SAC: Stretch-activated channel; VSMC: Vascular smooth muscle cell.

Excitingly, we propose a novel candidate within our study, known as Piezol, that
may potentially drive increased force generation within VSMCs. Piezol has previously been
implicated in arterial remodelling within hypertensive models, and our data shows an
upregulation in its expression within the stiffer environment (189). However, prior studies
have presented findings determining SAC activation alone to be inadequate in driving VSMC
contraction. Previously, it's been shown that calcium permeability is low via SAC entry and
therefore opening of Piezol may be incapable of independently increasing VSMC force
generation (358). Due to this, it was speculated that SAC opening may instead serve to
depolarise VGCCs present on the cell membrane, which can facilitate increased calcium

entry to enable this (359, 360). Despite this, other researchers have revealed that SACs can
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in fact significantly enhance calcium concentration independently, and as a result, further

work is required to clarify the role of Piezol within quiescent VSMCs (177).

Our study primarily focused on actin-dependent processes as this cytoskeletal
network is responsible for facilitating actomyosin activity. However, more recently, the
microtubule network has presented a novel role in actin cytoskeletal regulation. Prior studies
using fibroblast cells have shown an inverse relationship between tubulin acetylation via
NAT10 and cellular contractility, however, our study shows a differential trend between both
factors via inhibition of the acetyl-transferase NAT10 (70). We show inhibition of NAT10
within the stiffer environment to induce effects similar to actomyosin inhibition, indicating the
effects of this filamentous component to be cell-type specific. Importantly, during aortic
remodelling, VSMCs begin to migrate to the tunica intima and both cytoskeletal networks
have previously been shown to share mutual roles in adhesion turnover. Earlier work has
revealed microtubules to induce endocytosis of integrin molecules as well degradation of
other components, such as talin, via proteolysis. The actin cytoskeleton also removes rear-
end adhesions, however, it does it via sheer force, as detachment can occur when the force
of the non-muscle myosin Il exceeds the strength of the VSMC-ECM adhesion (54, 55, 69,
368-371). Due to this, we speculate that these filamentous components may carefully
coordinate their function in order to regulate VSMC force generation. Further work will now
be required to assess the capability in which these filamentous structures maintain vessel

tone when the compliancy of the aortic wall diminishes.

The overall aim of this thesis was to investigate the effects of matrix stiffness on
VSMC contractile function, as well as its underlying mechanism. Our findings revealed that
the cytoskeletal networks are dynamic and can carefully coordinate their function to
effectively respond to changes in the mechanical environment. We show that SAC activation
is necessary to facilitate higher force generation, and its inhibition could impede any actin-
dependent processes. VSMC contractility is a critical regulator of the aortic structure, and
any aberrant effects that arise from unrestrained actomyosin activity could possibly
accelerate vessel degeneration and ageing. Our work was performed within a 2D system, in
which we could isolate the contractile pathway of the VSMCs to further understand the
mechanism behind it. However, previous work has shown that using 2D substrates could
elicit responses that deviate from an accurate in vivo representation (248-250). For instance,
within the aortic wall, the intimal layer can induce vasodilation of the vessel via nitric oxide-
mediated relaxation of the VSMCs (304, 305). As a result, we must consider external cues
outside of our system to better understand the relationship between aortic compliance,

VSMC function and vessel tone regulation.
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7.2 VSMC hypertrophy and vessel wall remodelling

During hypertension, the vessel wall undergoes unregulated thickening and this was
shown to be partially caused via an increase of smooth muscle cell mass (336-339). VSMC
hypertrophy can be a chronic consequence of the mechanical stress placed by the
pathological environment, and we show actomyosin activity to induce a significant increase
in VSMC volume in response to matrix stiffness (379). In agreement with our findings,
Angiotensin Il, a common contractile agonist, has previously presented elevated levels within
CVD models and been implicated in VSMC hypertrophy, ultimately causing increased
vascular resistance (260, 351-354). Interestingly, we show that we can intervene this
response by inhibiting SAC activity, indicating that the hypertrophic response observed

within VSMC:s is via the opening of these mechanical-gated channels.

The dogmatic view originally stated that VSMCs contributed to vessel wall stiffness
via their contractile activity, however recent insights have focused on the inherent
mechanical properties of these cells (31). It is established that cells respond to a rigid
environment by becoming stiffer, and we speculate that an increase in VSMC size via SAC
opening facilitates this augmentation of cell rigidity (380). Earlier studies using atomic force
microscopy (AFM) support this as they show an increase in VSMC stiffness when isolating
cells from aging primates as well as SHR models (31). Within a mature vessel, VSMCs exist
in an organised fibrous helix and we hypothesise that cell hypertrophy may increase the
hydrostatic pressure placed upon the arterial wall, as shown by Figure 7.2. Importantly, the
vessel wall also faces hydrostatic pressure from the lumen side of the vessel as blood
pressure increases via vessel remodelling (31, 379). Typically, within normal physiology, the
pulse pressure from blood flow expands the arterial wall, which causes a decline in blood
velocity via kinetic energy transfer. However, due to an increase in arterial stiffness, control
of blood pressure becomes unmanageable and the resulting increase in blood velocity
causes damage to the microcirculation of different organs (17). Our work therefore identifies
a potential hydrostatic balancing system between blood pressure, matrix stiffness and VSMC

volume.

In addition, a key change observed in response to stiffness-induced cell hypertrophy
within our study was the dysregulation of VSMC nuclear integrity. When seeded on the 72
kPa polyacrylamide hydrogel, we found the nuclei to present similar hypertrophic effects as
the cytosol. Importantly, these changes were shown to be induced from short 30 minute
stimulations with contractile agonists. Within normal physiology, the opening of ion channels

are rapid responses and can occur within milliseconds (381). If the contractile signal is
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sustained for a larger length of time, however, it may cause longer term transcriptional
changes which may maintain the hypertrophic morphology of the quiescent VSMCs in
response to matrix stiffness. As a result, future research focusing on the long-term
implications of matrix stiffness and VSMC hypertrophy will allow us to better understand the
sustained changes occurring during CVD in the microenvironment of the VSMCs and the

larger scale organisation of the vessel wall.
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Figure 7.2: Schematic diagram showing the effect of VSMC mechanical properties on the
arterial wall. (A) shows an elastic arterial wall possessing endothelial cells neighboured by healthy
VSMCs and the arterial lumen. Due to the elasticity of the arterial wall, there is low pressure within the
artery enabling controlled blood velocity. (B) depicts stiff arterial wall which illustrates hypertrophic
VSMCs inflicting mechanical pressure on neighbouring endothelial cells. This results in a narrowing of
the lumen causing increased pressure within the vessel. As a result, the arterial wall becomes more
resistant to expansion from blood flow, causing increased blood velocity. VSMC: Vascular smooth
muscle cell.
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7.3 DNA damage and VSMC ageing

Our study revealed VSMCs seeded on the 72 kPa hydrogels have a significant
increase in DNA damage accumulation. Earlier studies have shown that overexpression of
myosin Il can induce DNA damage accumulation, indicating the cause to be increased
contractility (134). Importantly, it has been shown that DNA damage is one of the most
common causes of VSMC ageing (135). Earlier work has shown that VSMCs derived from
atherosclerotic plaques present an increase in DNA damage with disease severity, and
VSMCs, under these conditions, were also shown to undergo premature senescence (136-
138). DNA damage occurs via a variety of factors such as intracellular metabolism and
unrestrained actomyosin activity (140, 382), however our study potentially identifies two
novel regulatory components that mediate this; SAC activation and microtubule acetylation.
We speculate that SAC opening increases cytosolic volume via an influx of ions and solutes,
and this creates mechanical overload for the nuclei. The microtubule network has previously
been considered to effectively regulate actin-dependent processes, however cell/nuclear
hypertrophy leading to a subsequent increase in VSMC stiffness may dysregulate this (54,
55, 69, 70, 368-371). This could potentially result in further mechanical tension placed upon

the nuclei, via the filamentous components, leading to disruption of the nuclear integrity.

Current literature is limited in understanding the cause of aberrant vessel
remodelling, and the extent in which VSMCs contribute to it. Our work provides a new
mechanistic insight where we identify new components that may contribute to this
pathological process. It has been shown that DNA damage affects VSMC ageing, and
VSMC ageing can trigger a switch to the synthetic proliferative phenotype (126). Within
CVD, VSMCs typically transition to the proliferative phenotype where they migrate to the
tunica intima to contribute to intimal-medial thickening (38, 130). We hypothesise that
mechanical pressure placed by the smaller ECM pores within matrix stiffness could
potentially induce further DNA damage, and this could facilitate dysregulated remodelling of
the vessel wall. As a result, our findings provide an important perspective, however further
work investigating the cross talk between DNA damage, phenotypic modulation and vessel

wall remodelling would contribute further clarification to this.
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7.4 Differential VSMC contractile mechanism during phenotypic

switching

VSMCs display remarkable plasticity between both phenotypes, and we expanded
our study by utilising synthetic VSMCs in order to also investigate potential mechanistic
insights within the proliferative state. As mentioned before, VSMCs normally exist in the
guiescent contractile state, however during vessel damage, they can undergo de-
differentiation back to the synthetic proliferative phenotype (37, 38). This is commonly
observed during the pathological remodelling of the vessel wall, where VSMCs patrticipate in
a multicellular response, via migration, to initiate repair of neighbouring cells (383).
Therefore, despite a downregulation of key proteins that enhance contractile function,
synthetic VSMC:s still rely on traction force generation to propel the cell forward during
migration (193, 384). Our study interestingly found key mechanisms that drive VSMC
traction force generation within both phenotypes. Within the synthetic proliferative state, we
observe an inverse relationship between actomyosin activity and adhesion density. When
utilising synthetic VSMCs, we show matrix stiffness to reduce mean pMLC levels whilst
enhancing the number of adhesion anchor points. As a result, we speculate that this
facilitates efficient force distribution, which may prevent actomyosin-induced tension at the
membrane from opening SACSs. In this case, our work revealed VSMC spreading due to
increased filamentous actin density, however further work will be required to confirm whether

there is also a hypertrophic effect via SAC opening within synthetic VSMCs.

Earlier, we hypothesised that hypertrophy-induced mechanical overload can cause
DNA damage within quiescent VSMCs, and we speculate that this balancing mechanism in
synthetic VSMC force generation may be a compensatory mechanism to prevent this
(Figure 7.3). Typically, within atherosclerosis, synthetic VSMCs migrate to the tunica intima
where they proliferate within the fatty streak and form a cap around the soft-core region. To
do this, they squeeze via small pores as a result of ECM remodelling, and our work
proposes a new method that may minimise mechanical tension during this (130, 385, 386).
We speculate that efficient force distribution may enhance adhesion turnover during
migration, preventing unrestrained actomyosin activity from inducing aberrant effects within
synthetic VSMCs. This is crucial as when VSMC dysfunction occurs, they fail to switch back
to the contractile phenotype following repair, and begin to induce pathological vascular
remodelling (387-389).
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Figure 7.3: Model showing traction force mechanism of both phenotypes in response to matrix
stiffness. (A) show quiescent VSMC traction force generation. Here, SACs open in response to
membrane tension allowing ions within the cell. This causes a swelling of the VSMC, creating
mechanical pressure on the nuclei that induces DNA damage. Due to a higher concentration of
calcium, the quiescent VSMC is capable of transmitting higher levels of force per individual adhesion
molecules. (B) shows the mechanism of the synthetic VSMC. In this case, SACs are closed and do
not contribute to force generation. Rather, we see a higher recruitment of matrix-adhesion complexes.
As a result, the synthetic VSMC can efficiently distribute force to each adhesive unit to maximise
transmission to the ECM. ECM: Extracellular matrix; SAC: Stretch-activated channel; VSMC: Vascular
smooth muscle cell. Adapted from (390).
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7.5 Final conclusions

VSMC contraction works to maintain vessel tone, but also mediates other biological
processes such as cell migration, survival and proliferation. Matrix stiffness has emerged as
an important biomarker within CVD and our data investigates the actomyosin-induced effects
within cellular morphology and mechanosensing, via key proteins including cell-matrix
adhesions and SACs. Interestingly, we show an aberrant opening of SACs within quiescent
VSMCs as a response to the rigid environment, and how this is implicated in increased cell
hypertrophy and force generation. Our work also shows augmented DNA damage as a result
of stiffness, and we reveal SAC inhibition to attenuate this. Importantly, we identify novel
contractile mechanisms within both phenotypes, and indicate how focal adhesion
reorganisation may facilitate transmission of higher forces within synthetic VSMCs. The
aberrant changes observed within VSMC structure and function may ultimately drive
dysregulated vessel wall remodelling and enable the pathogenesis of multiple age-related
vascular diseases. As a result, building on our current understanding on the role of matrix
stiffness in VSMC contractile function may highlight novel strategies that will abolish the

chronic changes observed within the vessel wall during CVD development.
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