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Abstract  

 

Vascular smooth muscle cells (VSMCs) are the predominant cell type in the arterial 

wall and normally adopt a quiescent, contractile phenotype to regulate vascular tone. VSMCs 

are exposed to multiple mechanical cues, including stretch and matrix stiffness, which regulate 

VSMC contraction. Recent studies have shown that extracellular matrix (ECM) topology and 

stiffness influence the migration of a variety of cell types. Whilst we have extensive knowledge 

of how soluble factors regulate VSMC function, our understanding of the importance of matrix-

derived cues is limited.  

In this study we use polyacrylamide hydrogels (PAHs) of physiological and 

pathological stiffness, to investigate the interplay between matrix topology, matrix stiffness 

and VSMC function. To mimic the in vivo features of VSMCs ECM, we used 3D printed 

micropatterns to develop grooved PAHs, and cells were cultured on smooth and grooved 

PAHs. VSMCs grown on grooved hydrogels of physiological stiffness were spindle-shaped, 

less spread than those grown on smooth hydrogels showing fried egg morphology.  

Traction force microscopy revealed that VSMCs on the grooved hydrogels of 

physiological stiffness generated enhanced traction stress compared to their counterparts on 

smooth hydrogels. VSMCs on grooved hydrogels of pathological stiffness still generated 

enhanced traction stress however, they displayed similar spreading to VSMCs grown on 

smooth hydrogels. We also investigated the migrational capacity of VSMCs. VSMCs on 

grooved hydrogels of physiological stiffness displayed a reduced migrational capacity 

compared to their counterparts on smooth hydrogels. However, VSMC migrational capacity 

remained unaltered between grooved and smooth hydrogels of pathological stiffness. Finally, 

we tested the proliferation rate of VSMCs and the VSMCs on grooved showed a significantly 

lower proliferation rate than those on smooth PASs, on both healthy and aged/diseased 

stiffness.  

We also investigated the role of novel regulators of VSMCs, however, because 

previous studies cultured cells on plastic or glass, the information we found wasn’t much help 

and we started with little understanding of their mechanism of action.  We found out that the 

novel regulators of VSMCs’ function we used behave differently in different stiffness and 

topology. Hence, our data demonstrate that matrix topology and stiffness differentially regulate 

VSMC function and novel regulators respond differently to matrix alteration.  
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1.1 The cardiovascular system    

The cardiovascular system consists of the heart, a muscular pump that forces the 

blood around the body, and the blood vessels, a closed system that includes arteries, veins, 

and capillaries. The circulatory system has two main distinctive but interconnected forms. The 

systemic circulatory system, with the primary task of transporting nutrition and oxygen-rich 

blood to the parts of the body; and the pulmonary circulatory system, moves blood between 

the heart and the lungs, where oxygenated blood comes into the heart and sends 

deoxygenated blood back to the lungs.  

The closed system must work effectively for blood circulation to be complete. Any 

complication that affects either the heart or blood vessels has the general term cardiovascular 

disease (CVD). Many complications of the cardiovascular system such as heart failure, heart 

valve disease, congenital heart disease, coronary artery disease, cardiomyopathy, 

arrhythmias, aortic disease, and vascular disease are generally called CVDs. The focus of my 

thesis will be blood vessels, in particular the large elastic arteries like the aorta.  

1.2 Arterial structure and function    

The body contains three main types of arteries, namely, 1) the elastic arteries that 

carry blood away from the heart; 2) the muscular arteries that are rich in smooth fibres and 

are less elastic; and 3) the branches that become arterioles, distributing blood through the 

extensive network of capillaries 1.  

The main artery we are discussing here is the largest artery known as the aorta. The 

primary job of the aorta is to efficiently carry blood away from the heart. The aortic wall has 

a trilaminar structure, consisting of tunica adventitia, media and intima (Figure 1.1) 2.  

The third outer layer is called tunica adventitia and it is composed of loose connective 

tissues predominantly composed of fibroblasts, collagen and elastic fibres rich ECM 3.  The 

adventitia is essential for maintaining the aortic diameter, aortic integrity, and resisting 

dissection 4,5. The tunica media is the middle layer of the arterial walls, which is composed 

of smooth muscle cells and structural proteins (collagen and elastin fibres) that form the 

ECM 4. Elastic fibres provide elasticity that allows the arteries to stretch and change shape 

in response to changes in blood pressure that is exerted on the walls as a direct effect of the 
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pumping of blood from the heart. 

Non-elastic collagen-I fibres provide tensile strength to the arterial wall 6. The 

vascular smooth muscle cells (VSMCs) reside within the medial layer and undergo 

contraction, which causes vasoconstriction, or relaxation, which causes vasodilation. Hence, 

tunica media is the thickest layer and most of the mechanical properties of the aorta can be 

attributed to the strong collagen component and stretchable elastin components within this 

layer along the contractile activity of the VSMCs. 

The inner layer of the arterial walls is called the tunica intima, which is composed of 

an elastic membrane lining and one cell layer of endothelial cells. This layer is directly 

subjected to the blood flow on its free surface and its inner side is attached to the basement 

membrane. This layer allows the movement of biologically active molecules between the 

tissues and vasculature. Moreover, it senses alterations to the environment, such as cellular 

damage, and helps dictate the activities of VSMCs.  

 

1.3 An overview of cardiovascular disease   

Cardiovascular disease (CVD) is the single largest cause of death after age 65 years 

of age and is the second-highest cause of mortality in the UK. This makes CVD the most 

prevalent risk factor for health worldwide and places a heavy burden on the well-being of the 

population in developing countries 7,8. Most CVD shares multiple risk factors such as age, 

obesity, lifestyle, and genetic and environmental factors 9. Other prevalent risk factors that are 

 
 

Figure 1. 1 A diagram illustration of Arterial wall. Diagram (A) shows the general structure of a 

healthy artery and (B) shows cross section of an artery. Adopted from (6)(7) 
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mutually observed in developed and developing countries with ageing populations include 

hypercholesterolemia, hypertension and atherosclerosis 10. Currently, healthy people who are 

at risk of getting CVD are being advised to make radical changes to their lifestyle and diet. In 

general, statins, 3-hydroxy-3-methylgluaryl coenzyme A (HMG-CoA) inhibitors which lower 

cholesterol, are frequently prescribed. Even though most CVD can be attenuated by risk 

reduction factors, ageing is an inevitable process and a better understanding of its impact on 

cardiovascular health will augment our ability to effectively treat this disease  11.   

 

1.3.1 Ageing and CVD 

Across all cardiovascular diseases, ageing is the largest risk factor and by 2030, more 

than 20% of the population will be 65 years or older 11. This is evident from the statistics that 

50% the CVD-related deaths are attributed to the population at a later age 12.  As a result of 

arterial age, the vasculature undergoes structural and functional alteration, which commonly 

leads to the stiffening of the arteries in particular the aorta 9 13. This change in aortic stiffness 

leads to a lack of dynamicity of the arterial walls 14. For a long time, the prevalence of CVD 

was thought to be due to the reduction of vascular compliance, which is the ability of blood 

vessels to distend and increase volume with increasing transmural pressure 15.   

 

1.3.2 Ageing, arterial alteration and its implication in CVD 

The largest artery, the aorta, which is about a foot long and an inch in diameter, is 

subjected to high systolic blood volume and pressure 16. The aorta has four sections- the 

ascending, thoracic (descending), aortic arch and abdominal aorta. The medial layer of the 

aorta is rich in elastin and collagen. Elastin and collagen are crucial for the elasticity of the 

aorta when it is exposed to low and high pressures respectively, where elasticity provides the 

aorta with the ability to maintain stable flow to distal organs 17–19. The dynamics of the aorta 

make it a key player in maintaining the continuous oxygen supply to the tissues and regulation 

of blood flow to the peripheries 17.  

With age and CVD such as arteriosclerosis, the aorta reduces its compliance and 

results in clinically increased aortic pulse pressure and systolic arterial pressure 20. This results 

in a reduction of compliance and labours the left ventricle to pump the desired blood volume 

across the altered arterial-resistant aortic wall. As a result, the left ventricle undergoes 

temporary compensatory mechanisms by prolonging systolic contraction and adjusting the 
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end-systolic volume 21 22. This adjustment leads to the increase in the density of muscle mass 

of the left ventricle termed ventricular hypertrophy 23,24. Furthermore, a compensated 

cardiovascular system leads to increased heart rate and stroke volume and cardiac 

malfunction.  

 

1.3.3 Arterial compliance and CVD   

Complications anywhere across the aorta could lead to aortic aneurysm, aortic 

dissection, aortic insufficiency/regurgitation, and aortic atherosclerosis 17,20. Aortic compliance 

can be determined using Artificial Intelligence, systolic arterial compliance (SAC), 

computerised tomography (CT) scan, pulse wave velocity (PWV), MRI scan and other invasive 

and non-invasive diagnostic measures 25,26. It is worth noting that arterial trees respond to 

ageing varyingly depending on the location and mechanical property of the blood vessel 21.  

Healthy aortae have the fundamental property of dampening blood pressure 

plausibility, ensuring adaptive blood flow through the arteries 27.  However, during ageing and 

after injury the aorta loses its plasticity and becomes rigid 20. When that happens, the change 

in systolic blood volume faces elevated resistance, and the same amount of blood must flow 

through at a higher speed.  Hence, aortic compliance is the ability of the aortic walls to expand 

when filled with blood volume, maintaining the pressure on the arterial wall and the speed of 

blood reaching the vasculatures. Compliance (C) can be expressed mathematically as aortic 

volume (�V) and change in aortic pulse pressure (DP); (C = DV/DP) (Figure 1.2B). 

Reduced compliance is caused via augmented arterial wall stiffness which results in 

increased vascular stiffness28. This predictive biomarker has been shown in patients with 

developing hypertension, atherosclerosis and diabetes mellitus among other CVDs 29. In these 

conditions, the high pulse pressure is unable to expand the stiffened arterial wall, resulting in 

a faster pulse velocity that leads to and damages the microcirculation of vital organs 30. PWV 

has arguably remained the optimal method to measure arterial stiffness and a relatively low 

PWV has been shown in healthy individuals  31. Individuals with a higher likelihood of CVD 

and heart failure have previously presented elevated pulse pressures and increased PWV 32. 

Despite the intensive research in cardiovascular disease over the past 100 years, the aetiology 

remains mostly obscure. Nevertheless, arterial stiffness is considered a predictive value of 
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cardiovascular events resulting in reduced arterial compliance 9 29.  

 

The composition of the ECM is comprised of various structural glycoproteins such as 

fibronectin, laminin, vitronectin and thrombospondin 33. However, among those, collagen and 

elastin have presented themselves as the key structural proteins that determine the 

compliance of the aortic wall 32. The ECM undergoes remodelling during ageing and CVD, and 

collagen and elastin levels have been shown to increase and diminish, respectively. This 

results in decreased elasticity and increased stiffness of the aortic wall (Figure 1.2A). 

 
Figure 1. 2: Schematic representation aortic compliance. Diagram showing (A) complaint and 
non-compliant artery and (B) this diagram illustrates the relationship change in aortic volume ( DV) 
and change in aortic pulse pressure (DP) in a normal-compliance artery and in low-compliance 

artery.  Diagram B Adopted from Cardiovascular Physiology Concepts (30)  

 

A

B
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1.4 VSMC function and phenotype 

1.4.1 VSMC function  

Within physiological conditions, VSMCs exist in a quiescent contractile state and use 

actomyosin-generated force to regulate the vascular tone 34. As blood pulse travels through 

the aorta, VSMCs are stretched, resulting in the activation of stretch-activated ion channels 

that facilitate Ca2+ entry and VSMC contraction 35. In addition to this mechanically regulated 

VSMC contraction, soluble factors, including angiotensin II, bind to receptors and activate the 

release of Ca2+ from intracellular stores to promote VSMC contraction 36. A balance between 

the mechanical and soluble regulation of VSMC contraction determines aortic compliance and 

tone, resulting in controlled organ blood flow and pressure 37.  

 

1.4.2 VSMC contractile marker proteins and CVD 

VSMCs within the medial layer of the healthy aortic wall are quiescent and their main 

role is to maintain vascular tone via contraction. However, VSMCs are also capable of 

repairing the injured vessel wall by migrating, proliferating and adjusting the ECM content 38,39. 

VSMC proliferation, migration and ECM remodelling are all prevalent in aortic CVDs. A key 

unanswered question is how VSMCs can regulate these distinct functions and switch between 

quiescence/contraction and proliferation/migration    

Within a healthy adult aorta, VSMCs express genes required for efficient contraction, 

α-smooth muscle (SM)-actin-(SMA), γ- smooth muscle (SM)-actins, SM22α (also known as 

transgelin),  SM-myosin heavy chain (SM-MHC), high molecular weight caldesmon (h-

caldesmon) and calponin 40 41. VSMCs have high plasticity and can de-differentiate into a 

synthetic-proliferative and migratory- phenotype during vessel injury or in an aged/diseased 

state 42. Those phenotypical switches of de-differentiated VSMCs are characterised by 

reduced expression of the contractile marker proteins, increased non-muscle myosin II (NM-

myosin II) upregulation ECM protein synthesis and VSMCs migrate from the tunica media to 

the tunica intima, where the cells are unable to regulate vascular tone as effectively 40,43. This 

is caused by mechanical/biochemical signals typically associated with the development and 

CVDs such as atherosclerosis and hypertension. Signals that promote VSMC phenotypic 

modulation include growth factors, mitogens, inflammatory mediators and mechanical stimuli 
44. Synthetic phenotype modulation is associated with a variety of changes that increase 
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VSMC migration and proliferation capacity, which are characteristic of VSMCs in the 

aged/diseased state 7. 

 
1.4.3 VSMC remodelling  

One of the key factors used to determine vascular system health is vascular ageing, 

which lays a trend toward progressive remodelling and stiffening of the vasculature 45. Blood 

pressure hemodynamic, change in ECM and other blood-born signalling molecules govern the 

structure and function of the different layers of the arterial walls 46. In a pathological vascular 

system such as atherosclerosis, vascular walls undergo remodelling by alterations driven by 

changing VSMC and endothelial cell function 47. Those changes in VSMCs between healthy 

and pathological environments are seen as contractile or synthetic phenotype switches 48. 

Hence, VSMCs exhibit an extraordinary capacity to undergo phenotypic switches. 

Furthermore, mature differentiated VSMCs enable the vascular wall to function in a 

highly regulated manner and functionally adapt to extracellular stimuli from the ECM 
48,49.  

1.4.4 Arterial stiffness and CVD   

In healthy aortae, the mechanical properties of the ECM and the mechanical forces 

from the blood flow determine the function of the VSMCs 50,51.  Though the exact mechanism 

is unknown, during ageing, VSMCs de-differentiate and express increased ECM proteins 52. 

The increased expression of ECM proteins along with many other factors increases the tensile 

strength and stiffness of the extracellular mechanics 53. VSMCs respond to the increased 

stiffness of the ECM by enhanced actomyosin-driven contractile forces 54. This elevated 

traction stress by VSMCs results in arterial stiffness, predictive of arterial ageing and onset of 

CVD 55. There has been a wealth of research on the topic of arterial stiffness and that ECM is 

a key regulator of VSMCs, yet further extensive research is required to investigate the force 

generation of VSMCs in response to the change in ECM stiffness and how that applies in 

healthy and aged/diseased arterial wall 7,9,56. 

Conventionally, most in vitro experiments cultured isolated VSCMs on glass or plastic 

materials, where those materials are a thousand times stiffer than of the arterial wall. Hence, 

the data acquired from those experiments have not been entirely reflective of what goes on 

inside the body. In the recent past, a more practical technique that is easy to tailor to desired 

stiffness has been developed with polyacrylamide hydrogels (PAHs) 57. Studies using PAHs 

substrate to investigate the role of matrix stiffness in regulating VSMCs characteristics have 

identified that matrix stiffness is a key regulator of VSMCs phenotype 7. Increased matrix 
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stiffness was found to promote VSMC migration and proliferation and significantly decrease 

traction stress generation  58.       

 

1.5 VSMC cytoskeletal networks 
The cytoskeleton is a multifunctional component of VSMCs, that consists of a highly 

dynamic network of 3D spaced structures of filamentous proteins 59. These structures provide 

a collaborative framework to maintain cellular organisation, mediate communication and 

transport mechanism, morphological support and network for the generation and transduction 

of mechanical forces 60. Three components are unique, yet interdependently constitute the 

cytoskeleton, namely the microfilaments, intermediate filaments, and microtubules (Figure 
1.3). 

 

1.5.1 Microfilaments 

Microfilaments, also called thin filaments, are polymers of the most abundant protein 

in the cell called actin. Actin filaments are two-stranded helical polymers of monomeric 

globular actin units, that are about 7nm in diameter. Actin filaments act as major signal 

transducers and are critical for a cellular responses such as cell motility and traction force 

generation 61. There are three isotopes of actin; α, β and γ actin, where the α-actin is the most 

abundant actin 62.   

1.5.2 Intermediate filaments 

Intermediate filaments are composed of many different proteins such as keratin, 

vimentin, desmin and lamin 63. Intermediate filaments are about 12 nm in diameter, named 

after their size, as they are larger than the actin filament and smaller than the microtubules 

which are about 23 nm in diameter 63. The main function of intermediate filaments is to bear 

tension, provide support and maintain cell shape integrity 64. 
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1.5.3 Microtubules 

The microtubule is the largest component of the cytoskeleton with a 23 nm diameter. 

Microtubules are hollow and long tubes made of alpha and beta tubulin, that emanate from 

the centrosome, an organelle that organises tubulin at the microtubule organising centre 

(MTOC) 65. Attributed to their dynamic instability (continuously cycle of growing and shrinking), 

their main function are cytokinesis, cell communication, transportation and cell motility 66.  

 

1.6 Actomyosin and VSMC function  

Vascular resistance is one of the indicators of cardiovascular health. Vascular resistance 

depends on a balance between contraction and relaxation of VSMCs 67. The subcellular 

structures responsible for regulating the contractility of VSMCs are the smooth muscle myosin 

and actin filaments, regulated by receptors and mechanical stretch activation 68.  

There are two synergetic pathways that lead to VSMCs contraction, the Ca2+ 

dependent and Ca2+ independent pathways (Figure 1.4) 69. Ca2+ dependent pathway involves 

the increased levels of Ca2+ in the cytoplasm, where Ca2+ influx into the intracellular space 

can be triggered by electrical, mechanical, and chemical stimuli or the release of Ca2+ from 

the sarcoplasmic reticulum (SR) 70. Ca2+ entry from the extracellular space occurs via voltage-

gated calcium channels (VGCC) or non-selective cation channels. This intracellular Ca2+ 

concentration increase leads to Ca2+/calmodulin-dependent activation of myosin light chain 

 
 

Figure 1. 3: Summary table of cytoskeleton, adopted from Cell (68) 
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kinase (MLCK), which phosphorylates the myosin light chain, enabling the interaction of 

myosin and actin 71. The smooth muscle myosin head attaches to the actin filaments leading 

to the generation of contractile forces, which increases the arterial stiffness for the duration of 

the contraction 59,72. The Ca2+ sensitization of the contractile proteins is regulated by the 

Rho/Rho kinase pathway to block dephosphorylation of the light chain by myosin phosphatase 

to generate sustained contractile forces  73,74.  For VSMCs to relax, myosin phosphatase 

should be initiated and the Ca2+ concentration in the cytosol has to drop 75. 

VSMC contractile properties are classified as a tonic or phasic 7. In phasic contractility, 

VSMCs force rapidly rises to a peak before falling to a lower steady-state level, whereas in 

tonic contractility, VSMCs force gradually rises to a sustained steady-state 76. 

 

1.7 Biochemical regulators of VSMC actomyosin activity  

In vascular pathophysiology, haemodynamic factors are important regulators of VSMC 

function. Inside the body, VSMCs are subjected to the 3-D matrix and its interaction with the 

surroundings modulates the migration, proliferation, and contractility 77. In return, VSMCs 

 

 
Figure 1. 4: Diagram illustrating Ca2+ dependent and Ca2+ independent regulation of VSMCs 
contraction and their relation to phasic and tonic contraction. Diagram adopted from smooth muscle 
contraction and relaxation(81) 
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actively contribute to vascular cell signalling via contact signalling, change in matrix production 

and extracellular vesicles 78. Multiple signalling pathways are involved in the VSMC functional, 

phenotypic switching process characterised by differentiation, migration, and proliferation 40.  

 

1.7.1 G-protein coupled receptors 

G-protein coupled receptors (GPCRs) are receptors that are coupled to G-proteins. G-

proteins are trimeric with α, β and g subunits on the intracellular side of the membrane 

connected by lipid anchors, that form the G-protein receptor system. When active, a 

conformation change causes the α-subunit to dissociate from β and γ subunits. For that to 

happen, G-proteins need to bind to G-protein coupled receptors (GPCRs). GPCRs span the 

plasma membrane and possess seven transmembrane domains. Upon ligand binding, the 

conformational change that leads to the α-subunit causes activation of various G-protein second 

messengers, which activate or inhibit multiple downstream target-proteins (Figure 1.5) 79–81. 

In the resting state, the α-subunit of the G-proteins is bound to guanosine diphosphate 

(GDP). When a ligand binds to the GPCRs at the extracellular side of the cell membrane and 

causes a conformational change, it allows the α-subunit to activate by binding with guanosine 

triphosphate (GTP) and releasing the GDP. The α-subunit moves to the target protein and 

causes an increase or decrease in activity. The process is inactivated by GTPase - activation 

proteins (GAPs) which hydrolyses the GTP-α complex to GDP-α (reversing it to a resting 

state). This causes binds the α-subunit to bind back to the β  and g  subunits 79,82.  

The α-subunit of the G-protein is the key player in stimulating (Gαs) or inhibiting (Gαi) 

the activity of secondary messengers. The Gα12/13 subunit is important as they regulate actin 

cytoskeletal remodelling in cells. Furthermore, the Gα13 subunit is of particular importance as it 

is essential for a receptor tyrosine kinase (RTK), which induces migration 83 
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There are two main pathways important to the cytoskeletal reorganization-cyclic AMP 

(cAMP) dependent pathway and the phosphatidyl-inositol pathway 84. Gαs/i’s target the 

adenylyl cyclase enzyme which causes ATP to convert to cAMP. cAMP activates protein 

kinase A (PKA). Recent studies show that PKA plays an important role in the signalling loop 

that governs the protrusion-retraction cycle in migrating cells 80. 

A different membrane-bound enzyme, phospholipase C (PLC) is triggered by Gαq and 

hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) to inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG). IP3 is released into the cytosol and activates the release of Ca2+ from 

the sarcoplasmic reticulum. Local cytosolic Ca2+ pulses control adhesion and retraction around 

Figure 1. 5: Schematic representation of GPCR signalling pathway through G proteins. GPCRs 

is a hetrotrimeric 

and subsequent binding of GTP. Gαq/11 subunit activates Phospholipase 

C (PLC) that hydrolyses 

the effect of protein kinase B (PKB), which is important on cell 

migration. Gαq12/13 subunit is key on activation of guanine nucleotide exchange (GEFs) for RhoA. 
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the leading edge of migrating cells and are known to be high in the rear end of the cell and 

low in the leading edge of the cell. It also activates myosin light chain kinase (MLCK), which 

phosphorylates the myosin II increasing actomyosin activity and this is an oscillatory process. 

The contraction generated from the activation of myosin leads to the formation of focal 

adhesion complexes 85.  

 

1.7.2 Rho GTPases 

The Rho GTPase family is comprised of ~20 GTPases and exists as a subfamily of 

the Ras superfamily. They are well known to play a role in cell migration through various 

effectors as suggested by in vitro and in vivo studies performed over the past 20 years. The 

Rho proteins cycle between an active (GTP bound) form and an inactive (GDP bound) form 

as discussed above. They are regulated temporally using guanine-nucleotide-exchange 

factors (GEFs), GTPase-activating proteins (GAPs) and guanine-nucleotide-dissociation 

inhibitors (GDIs) 86. GAPs inactivate GTPases by promoting hydrolysis of GTP into GDP, 

whereas GEFs prompt the exchange of GDP for GTP which triggers the enzymatic activity 

of the GTPase protein 84,87,88. GDIs anchor the inactivated GTPase proteins within the 

cytoplasm, preventing interaction with the plasma membrane where it undergoes GDP/GTP 

exchange 87. Of these 20 GTPase proteins, RhoA, Rac1 and Cdc42 have been heavily 

characterised to be essential in the regulation of the cell migration 89.   

The activation of RhoA is facilitated via the Gα 12/13 subunits which bind to the p115 

Rho GEF and stimulate the exchange of GDP/GTP. Once active, RhoA can activate its 

downstream targets, including Rho-associated protein kinase 1/2 (ROCK1/2). ROCK1/2 are 

major downstream RhoA effector proteins that belong to the protein kinase A, G and C family 

of serine/threonine kinases. ROCK1 and ROCK2 possess many similarities in both structure 

and function. Overall, they share a 65% identity in their amino acid sequence and can be 

seen to modulate mutual functions in endothelial, cardiac and smooth muscle cells (Figure 

1.6) 90.  
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Guanine nucleotide-exchange factors (GEFs) transduce GPCRs/RTKs induced 

activation of signalling (refer to Figure 1.6) and activate Rho GTPases-Cdc42, Rac1 and 

RhoA. In their activation Rho -GTPase bind to different effectors (RhoA to ROCK and mDia, 

Cdc42 to PAK and N-WASP and Rac1 to WAVE and P-4-PK5, and uses their effectors to pass 

the downstream signalling for different cellular response. RhoA is responsible for actin 

contraction via its effector ROCK, which phosphorylates downstream myosin light chain (MLC) 

and inhibits MLC dephosphorylation by inhibiting MLC phosphatases (pMLC) leading to actin-

myosin contractility. On the contrary, the activation of p21 activating kinase (PAK), which is 

an effector of both Cdc42 and Rac, phosphorylates MLCK inactivates and inhibits MLC 

phosphorylation resulting in reduced actomyosin contraction. Cdc42 via activation of Wiskott- 

Aldrich syndrome protein (WASP); RhoA via activation of the mammalian homolog of 

diaphanous (mDia); and Rac1 via activation of WASP family verprolin homologous protein 

(WAVE) activate the actin related protein 2 and 3 (Arp2/3) complex result in actin 

polymerization.  

Figure 1. 6: Diagram showing how Rho GTPases and the main pathway proteins mediate and regulate 
actin cytoskeleton.  Adapted from ‘signalling networks of Rho GTPases in cell motility’(104) 
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However, there is evidence that there may be isoform-specific roles in these kinases. 

One example was shown in fibroblast cells, where knockdown of ROCK1 caused aberrant 

adhesion maturation and actin organisation 91. Contrastingly, in prostate cancer cells, ROCK2 

was shown to specifically regulate the migratory function of the cells 92. Within CVD, there is 

differential regulation of cardiomyocytes by both kinases, with ROCK1 inducing apoptosis and 

ROCK2 causing hypertrophy of the cells [40]. The utilisation of more selective inhibitors is 

therefore required to identify further isoform-specific roles of the ROCK kinases 90. 

ROCK1/2 activation affects cytoskeletal remodelling in two ways; it prevents actin 

depolymerisation, via inhibition of cofilin, and it can increase basal levels of phosphorylated 

myosin light chain, by inhibiting the activity of the myosin light chain phosphatase 93,94. The 

regulation of cytoskeletal structure and actomyosin-generated traction force by RhoA plays an 

important role in VSMC migration 87. 

Rac1 and Cdc42 also have multiple roles in cell migration. Cdc42 and Rac1 have been 

shown to regulate the formation of the filopodia and lamellipodia, respectively 89. Lamellipodia 

formation via Rac1 is facilitated through Arp2/3 complex activation and the uncapping of actin 

filaments present at the cell membrane 87. Conversely, Cdc42, via myotonic dystrophy-related 

Cdc42-binding kinases (MRCK), shows a similar mechanism to ROCK by inducing an 

increased myosin light chain phosphorylation 95. In addition, both GTPases interact with and 

activate p21-activated kinase (PAK). Once active, PAK can increase the stabilisation of the 

microtubules as well as regulate cell polarity of the cell via the activation of the PIX/PAC 

complex 95. 

Other agents most widely prescribed for the prevention and treatment of CVD are 

the cholesterol-lowering drugs, statins 96. Statins act by inhibiting the 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) reductase, a key enzyme for the synthesis of endogenous 

cholesterol biosynthesis 97.  Statins inhibit the conversion of HMG-CoA to mevalonic acid 

and also block the biosynthesis of important intermediates; such as the isoprenoids farnesyl 

pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) that affect many cellular 

processes 98,99. Those intermediates regulate the small signalling proteins Ras, Rac and Rho 

on their signal transduction, growth of VSMC, apoptosis the regulation of vascular activity of 

NAD(P) H oxidase 100–102.  

The GTPases have therefore presented themselves as a key regulator of the migratory 

process and more work is required in the crosstalk between various GTPases to further 

understand their dynamic regulation of cell migration.  
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F1.7.3 Stretch-activated ion channels (SAC) in VSMCs  

Mechanical stimuli of VSMCs from the extracellular environment are translated to 

biochemical responses inside VSMCs and the process is called mechanotransduction103. 

Mechanotransduction is a crucial characteristic of VSMCs to properly maintain the dynamic 

changes required by the vasculatures 104. The autoregulatory properties of small arteries and 

arterioles to intraluminal diameter in response to changes in intravascular pressure is primarily 

originated from mechanosensitive VSMCs 105. Some of the key regulatory features of 

mechanotransduction are cellular functions such as contractility and phenotypic switch to 

migratory and proliferative activity 106. This mechanical sensitivity is a property of voltage-gated 

Figure 1. 7: Illustration of statins blocking an important step in the activation of Rho 
GTPases (Rho, Rac and Ras) in the post-translational isoprenylation. Adopted from Rho 
GTPases, statin and NO (101).   
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or ligand-gated channels, where the channels change shape between closed and open states, 

leading to increase mechanical stress in the membrane 107.   

The membrane stress causes the reorganization of the cytoskeleton, expression of 

specific proteins responsible for post-translational modification and altered tension inside and 

outside VSMCs 108. The biomechanical forces generated as the cytoskeleton reorganise is 

transmitted to the ECM via focal adhesion complex 109. This makes mechanotransduction to 

be bidirectional, inside-out and outside-in biochemical apparatus 110. In VSMCs the stretch-

activated ion channels operate on tens of milliseconds pace, leading to increased ion 

transients and resulting in rapid intracellular alterations 111.  

Transient receptor potential channels (TRPCs) are other groups of ion channels 

located on the plasma membrane of many cell types, which play a critical role in the regulation 

of membrane potential and Ca2+ signalling of VSMCs 112. They have also attracted attention 

as a key regulator of the VSMC phenotype modulation 113. TRPCs are classified based on the 

amino acid sequence as canonical (TRP canonical, TRPC), vanilloid (TRPV), melastatin 

(TRPM), mucolipin TRP and ankyrin TRP 105.  

Previous studies suggested that VSMC phenotype is manipulated by externally 

applied stretch, modulating cell shape, cytoplasmic organisation and intracellular 

processes leading to cell contraction, migration and proliferation 114. In a healthy arterial 

wall, SACs myogenic response to the mechanical stimuli serves as a mechanical sensor 115,116. 

Those SACs thoroughly regulate calcium inflex and generate normal traction stress to 

maintain arterial tone 117. However, in an aged/diseased arterial wall, SAC gets activated 

causing a significant amount of calcium influx, which leads to depolymerization of the 

membrane to activate voltage-gated calcium channels and synergically generated increased 

traction stress  118.  

Another mechanosensitive family are the Piezo non-selective cation channels 

consisting of the Piezo1 and Piezo2, with the former revealing roles in vascular development 

and blood pressure management 119. Piezo1 is a relatively newly identified mechanosensitive 

non-selective ion channel, with is highly expressed within endothelial and smooth muscle cells, 

that play role in mediating blood vessels development and structural maintenance 120,121. Its 

electrophysiological properties reveal an influx of Na+, Ca+ and Mg2+ ions, with Ca2+ showing 

favourable permeability. GsMTx4 reversibly antagonises piezo1 activation and blocks 

mechanically induced voltage-gated mechanosensitive currents 119.  Research has shown that 

treatment with GxMTx-4 abolishes the induction of cell current within HEK293 cells122.   
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1.8 VSMC adhesions  

Adhesions of VSMCs to the substrate alter the morphology, size and subcellular 

distribution of cytoskeletal components, yet, adequate cell adhesion to the ECM is essential 

for the proper function of VSMCs 123. ECM is not only an anchoring substrate but also provides 

a suitable environment for biophysical activity 124. VSMCs-ECM adhesion is mediated by 

integrin and interacts with the actin cytoskeleton inside the cell 125.  

 

1.8.1 Integrins and focal adhesion  

Integrins are within the type I family of transmembrane glycoproteins that mediate 

cell-matrix interactions. They are composed of three structural components: a large 

extracellular domain, a transmembrane domain, and a short cytoplasmic domain. Their 

heterodimeric (β and α subunit) isoforms allow them to have multiple compositions on the 

cell surface and to bind to various ECM proteins such as fibronectin and collagen 126. The 

beta subunit of integrin links the ECM to the actin cytoskeleton. On the cytoplasmic face, 

adopter proteins, such as vinculin and talin, associate with the VSMC-matrix adhesion 

complex. These proteins serve to tether the integrin complex to the actin cytoskeleton. This 

allows for “outside-in” signalling which activates signalling pathways within the cell 7. Those 

mechanical signals cause the rearrangement of the actin cytoskeleton during migration. 

Studies conducted in VSMCs of rat arteries showed integrin to be activated by platelet-

derived growth factor (PDGF) which caused actin filaments to re-localize into the leading 

edge of the lamellipodia (Figure 1.8) 127. 

Nascent cell-matrix adhesion formation at the leading edge of the cell requires; 

integrin ligation, integrin clustering, phosphorylation of proteins within the adhesion complex, 

and an intact actin filament meshwork 128. Nascent adhesions are structurally small and 

either quickly disassemble or mature into much larger focal adhesions via an actomyosin-

dependent process 129. Matrix adhesion organisation is controlled by a wide range of kinases, 

including Src, focal adhesion kinase (FAK), mitogen-activated protein kinases (MAPKs) and 

phosphoinositide 3-kinases (PI3Ks) 130.  

Integrin-linked kinase (ILK) is a serine-threonine protein kinase, with a molecular 

mass of ~50kDa 131. It is an important component of the focal adhesion complex and is 

associated with paxillin, vinculin and FAK. It has been shown to activate PI3K and inhibit 
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glycogen synthase kinase-3β in vascular development through the modulation of 

downstream targets. ILK functions as a scaffold protein at VSMC -matrix adhesion sites and 

is composed of three subunits; the amino N-terminal domain, the central PH-like domain and 

the C-terminal kinase catalytic domain 129. 

ILK co-localizes and interacts with several VSMC-matrix adhesion proteins, and such 

interactions coordinate actin polymerization and the stability of VSMC-matrix adhesions. It 

can also regulate the activation of Rac1 and Cdc42 by interacting with other proteins such 

as parvin. Previous work observed that ILK silenced cells showed slower wound closure due 

to decreased migration and proliferation. Hence, overexpression of wild-type ILK increased 

actin polarization and migration. However, there are opposing studies which present 

conflicting results about ILK’s scaffolding and kinase functions and due to this, further work 

is required to conclude the different roles it may have on cell migration 132–134. 

 

1.8.2 VSMC matrix adhesion and migration  

Matrix adhesions are critical for VSMC motility. During VSMCs migration, VSMC-

matrix adhesions assemble at the leading edge and disassemble at the trailing end. For 

protrusion of the lamellipodia/filopodia to be established, it needs to be physically linked to the 

surrounding environment. Within VSMCs, integrins act as the major receptor family that forms 

VSMC -matrix attachment fields7. 

In addition to the leading edge, VSMC- matrix adhesions at the rear must detach to 

allow the cell body to propel forward. This is required to prevent cell damage from occurring 

from the tension of the actomyosin-generated forces 95. Several mechanisms regulating 

VSMC- matrix adhesion detachment have been identified. These include contractility-

promoted release, where the NM-myosin II contractile force exceeds the strength of the 

VSMC -matrix adhesion 135. Migration VSMCs de-differentiate into their synthetic phenotype 

and begin to remodel their ECM 43. An example of this occurs within atherosclerotic lesions, 

where VSMCs display altered gene expression because of switching to their proliferative 

state. Analysis has shown that the fibrous plaques from these lesions contain a high 

concentration of collagen-I/III 136.  Ca2+ levels also play an important role and activation of 

the phosphatase calcineurin, via a Ca2+ -calmodulin-dependent mechanism, also promotes 

adhesion detachment. 
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Focal adhesion kinase is a tyrosine kinase whose structure is composed of an N-terminal 

FERM domain, a proline-rich region, and a C-terminal targeting domain. It has been implicated 

in the regulation of cell motility 137. Phosphorylation of FAK in VSMCs has been observed in 

cases of both vascular injury and when stimulated with growth factors. Crystal structure 

analysis reveals that FAK is maintained in an inactive conformation via molecular interaction 

between the FERM domain and the catalytic domain 138. Many research groups reported that 

Figure 1. 8: Schematic representation of the actin filament, focal adhesion, and microtubule 
organization of the cytoskeleton of a migrating cell VSMCs. The diagram shows migrating cells with 

established front-rear polarity. The front of the cell is branched with actin meshwork, which supports 

leading edge protrusions. The newly formed focal adhesions are stabilized by nascent adhesions. Newly 
formed adhesion rapidly link to actin stress fibres and mature, that results in stable nascent adhesion 

and forward rolling motility. Focal adhesions disassemble through multiple mechanical cues, which 

allows the cell to perform effective displacement. The microtubules are organized in the direction of the 

cell migration and the Microtubule organizing centres (MOTCs) are localized in the front of the nucleus. 

Microtubules facilitate through all the remodelling of cytoskeleton in the leading edge of migrating cell. 

Adapted from Dale D. Tang and Brennan D. Gerlach (72). 
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FAK works through its action as a scaffolding protein and also through direct phosphorylation 

of several other proteins such as talin, paxillin and N-WASP 139,140.  

 

1.9 Microtubules 
Microtubules form compression resistance sturts that are essential for cellular integrity 

and resist actomyosin-generated cellular stresses.  

 

1.9.1 Microtubule dynamic instability  

Microtubules are long, dynamic, cylindrical polymers with a diameter of around 25 nm,  

composed of a globular protein called tubulin- heterodimers consisting of two closely related 

polypeptides- α-tubulin and β-tubulin; and the γ-tubulin located at the centrosome, which is 

key for the nucleation of microtubule self-assembly 141. 13 protofilaments of α/β-tubulin 

assemble forming a tubular structure, where new heterodimers are added on the plus/growing 

ends that are GTP-bound at β-tubulin caps. With the new addition of heterodimers, the GTP-

bounded to β-tubulin hydrolysis to GDP and further addition (growth) occurs depending on the 

concentration of free heterodimers and other factors, and the microtubule further assembles 

or disassembles (Figure 1.9) 142,143. They are responsible for the VSMCs morphology by 

creating an internal architecture through elaborate linkage(s) 144. This spatial organisation of 

the VSMCs organelles in their morphology is key for polarity, cell migration, intercellular 

transport and cell division 145. The higher-order system of the cytoskeleton is achieved by 

crosslinking accessory proteins such as tropomyosin, which facilitates long-term inward-out 

and outward-in dynamic contractile and compressive forces 146.  

  



 43 

 

VSMCs sense their ECM, respond to the mechanical stimuli, and transduce the 

mechanical signals They respond by proliferating, differentiating, and migrating through the 

mechanotransduction process 147. For example, during migration, cells reorganise their 

cytoskeleton to attain a morphological change that fits the directionality of their motion, 

producing a polarised cell with leading and trailing edges 148.  

 
Figure 1. 9: Illustration of microtubule organization. Diagram shows (A) cycles of microtubule 
growth and shrinking, via a process known as dynamic instability; and (B) summary of microtubule 
functions in cells. These functions include intracellular transport, compression resistant struts and 
signalling scaffolds. Adapted from microtubules in the cell migration (141) 

 



 44 

Microtubule dynamic instability (cycles of assembly and disassembly) and the actin 

filaments contribute to the overall morphology of cells about the activity they undergo 149. 

Microtubules are thick, rigid structures, growing outwards from the centrosome in the centre 

of the cell called the microtubules organising centre (MTOC). They regulate the VSMCs 

morphology and contractility 146.  Previous work in our lab proposed that the microtubule ECM 

interaction balances the intracellular tension created by actomyosin-driven contractile forces 
146.   

 

1.9.2 Microtubules and VSMC migration  
Microtubules play an important role in mesenchymal migration by providing an 

intracellular transport network for rapid directed transport of membrane vesicles, signalling 

molecules and other cytoskeletal components key to maintaining polarity and directionality of 

cell migration 150. Asymmetry and microtubules' dynamics are important to support 

asymmetrically cellular activities necessary for the cell migration 151, where more microtubules 

extend to the front than the rear of migrating cells. The activity of the cell at the front includes 

selective capture and stabilization of microtubules whilst at the rear of the cell 152,153, selective 

support of persistent microtubule growth by local Rac1-dependent tubulin polymerization 154, 

inactivation of catastrophe factors such as stathmin 155 and asymmetric nucleation of the 

microtubule.   

Within VSMCs, microtubules have also presented themselves as key modulator of cell 

migration. Cell polarisation is a prerequisite for directed cell migration, and microtubules assist 

in the polarization of the cell by reorienting themselves into a microtubule array facing toward 

the leading edge of the cell 156,157. It does this via selective stabilisation of its plus end and this 

has been shown experimentally with the use of microtubule antagonists 72. Dynamic instability 

of the microtubules is a requirement for migration and fibroblast cell lines whose microtubules 

were experimentally stabilised showed a decrease in the migration 158. Microtubules have also 

shown a role, as mentioned before, in the disassembly of focal adhesions at the rear of the 

cell. Therefore, directed cell migration also depends on the dynamic regulation of microtubule 

function alongside actin polymerisation and adhesion turnover (Figure 1.10). 

Small GTPases have shown roles in the regulation of microtubules. Examples are 

Rac1 and Cdc42 which can both decrease migration via microtubule stabilisation. Both Cdc42 

and Rac1 activate PAK, which phosphorylates and subsequently inactivates stathmin. 

Stathmin is important in microtubule destabilisation and therefore Cdc42 and Rac1 increase 

the stability of microtubules during cell migration 159,160. 
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Figure 1. 10: Illustration of microtubules in cell protrusion. Adopted from Microtubules in cell 
migration (151) 
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1.9.3 Microtubules targeting agents  
 

Given the widespread role of the cytoskeleton, it is an integral part of the cell’s 

morphology and functionality, irregularity and defects within the cytoskeleton can lead to many 

serious dysfunction and disease. Studies showed that defects with the microtubules in the 

mitotic spindle are linked to chromosomal instability and subsequently lead to cancer 161,162. 

Other disruptions of the microtubule function have been linked to neurodegenerative diseases 

and myopathies 163. Furthermore, microtubule formation and function can be targeted by 

   

 

Figure 1. 11: Diagram illustrating tubulin binding sites and microtubule targeting drugs. Adopted from 
Back to the tubule- microtubule dynamics in Parkinson’s disease and the potential of combining tubulin-
targeting anticancer therapeutics and immune therapy  (167)(164) 
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microorganisms for manipulation, such as HIV disrupting the microtubule network and 

microtubule motors-dynein as a key factor for the adenoviral entry into cells 164,165.  

Among the most successful microtubule-targeted drugs are paclitaxel and colchicine, 

which work by suppressing the microtubule dynamics 166, which leads to mitotic block and 

apoptosis 167.  

Microtubule inhibitors act by interfering with the dynamics of microtubule 

polymerization and depolymerisation. One group of inhibitors which include vinca alkaloid 

drugs such as vincristine and vinorelbine destabilise microtubule structure by binding to the β-

tubulin subunit of the αβ-tubulin heterodimer and inhabiting polymerization of tubulin into 

microtubules.  The second group of inhibitors such as paclitaxel promote stabilisation of the 

microtubule by binding to their distinct sites on the β-subunit located in the inner side of the 

microtubule lumen thereby inhibiting turbulent depolymerisation, resulting in a large stable and 

dysfunctional microtubule (Figure 1.10). During cell division, this disruption of properly 

functioning microtubules causes the alignment of the chromosomes to fail and leads to cell 

cycle arrest at M-phase 168.  

Hence, disrupting the microtubule dynamics are being used as a key target to develop many 

drugs as vascular disrupting agents (VDAs) alongside their cytotoxic activity. The benefit of 

those VDAs over the conventional cardiovascular disease treatment drugs such as 

angiogenesis inhibitors are the immediate vascular effects like decreased blood flow, vascular 

shutdown, increased interstitial pressure, reduced blood vessel diameter and vasculature 

permeability 169.  

Microtubule targeting agents significantly reduce the migration speed of VSMCs. This 

is due to the microtubule stabilising effect of paclitaxel, which shifts the balance of 

microtubules to assembly, leading to numerous unorganised and decentralized microtubules 

inside the cytoplasm 170. It's worth mentioning that both colchicine and paclitaxel inhibit cell 

division at the M phase, they involve different biological mechanisms and that is relevant to 

this observation 171. Paclitaxel is believed to work via multiple pathways of inhibiting protein 

kinase activations such as the mitogen-activated protein kinases by reducing the growth 

factor-stimulated release of transcription factors 172. Furthermore, some studies suggest that 

microtubule stabilising agents inhibit proliferation and migration as a result of some sort of 

microtubule-mediated sequestering and release mechanism 173.   
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1.9.4 Microtubules acetylation   
The post-transitional modification (PTM) of histone is an important epigenetic 

regulatory process such as methylation, lipidation, glycosylation, ubiquitination and acetylation 

is a pivotal process in determining the structure, destination, function, activity of proteins and 

DNA binding affinity 174,175. Microtubules undergo several PTM, one of which is tubulin 

acetylation, which is vital for survival of DNA damage and maintaining genome integrity 176,177.  

Histone deacetylase 6 (HDAC6) is a cytoplasmic class II histone deacetylase that has 

specificity for non-histone proteins like α-tubulin 179. HADC6 is involved in many cellular 

processes including protein degradation, cell motility and cell-cell interaction 180,181. HADC6 is 

known to deacetylate α-tubulin to regulate microtubule stability and flexibility 182.   

1.9.5 N-acetyltransferase 10 (NAT10) inhibition and VSMC function  

N-acetyltransferase 10 (NAT10) are identified as a regulator of many cellular activities 

such as RNA stability and the translation process. Its deregulation is associated with many 

diseases including human immunodeficiency virus (HIV), cancer and Hutchinson-Gilford 

Progeria syndrome 183,184. NAT10 promotes cell cycle progression through a proposed 

mechanism of the cyclinD1/CDK2/p21 axis 185 and is also shown to promote DNA damage 

response 186.  NAT10 must be predominantly distributed in the interphase and midbody during 

the telophase, where depletion of NAT10 induced defects in nucleolar assembly, cytokinesis 

and decreased acetylated α-tubulin-leading to G2/M cell cycle arrest 187.   

NAT10 is a potential therapeutic target to treat different diseases for those reasons. 

Remodelin is a small molecule compound, which is the only known potent inhibitor of NAT10, 

shown to have a reverse effect on cell proliferation, cell invasion and migration under hypoxic 

conditions by blocking the epithelial-mesenchymal transition (EMT)186 188–191. Remodelin binds 

and interacts with the acetyl-CoA binding pocket of human NAT10.  

 
1.9.6 Histone deacetylase 6 (HDAC6) inhibition and VSMCs 

Histone acetylation and deacetylation are opposing activities of the class of transferase 

enzyme, histone acetylation transferase (HAT) and histone deacetyl transferase (HDACs), 

key for altered phenotypes and gene expressions. HDACs catalyse acetyl groups from lysine 

residues in histones and non-histone proteins, causing transcriptional repression. HDAC 

enzymes  make one superfamily and have been categorised into four classes of I (HDACS 

1/2/3 and 8), II (HDACs 4/5/6/7/9/10), III (HDACs, where they have seven signalling proteins- 

sirtuins (SIRT 1-7)) and IV 192.  Those processes are important for microtubule post-
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translational modification of tubulin subunits 193. Microtubules are affected by deacetylation 

leading to increased actomyosin forces 18,194. This increased mechanical stress squashes the 

nucleus and physically induces DNA damage 195. HDAC6 as a member of class IIb family has 

two active catalytic domains and unique physiological functions, which target specific 

substrates including α-tubulin. Guo et al., identified that the protein levels of H3K23ac, 

H3K18ac, and H4K8ac were increased in VSMCs treated with the selective HDAC6 inhibitor 

tubastatin. The authors concluded that H3K23ac was the target of HDAC6 activity during 

VSMC dysfunction 196. Hence, HDAC6 is a promising therapeutic target within cardiovascular 

diseases 192.  

 
1.9.7 Actin-microtubule crosstalk in VSMC migration   

The cytoskeleton is a unified system where the subcomponents co-regulate and 

function by leveraging their unique but interdependent filamentous networks. Each 

cytoskeleton can influence the other cytoskeletal components through direct interactions or 

cytoskeletal linkers or indirectly via signalling pathway 197,198. Actin and microtubules share 

various cytoskeletal regulators and important proteins that mediate physical coupling that is 

key for cellular functions such as focal adhesion, contractility and motility 199. The actin-

microtubule-associated proteins regulate the small proteins GTPases, which in turn regulate 

both actin and microtubules, involve in the regulation of actin via their influence on regulating 

Rho GTPase (Figure 1.12) 199. 
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Microtubules influence actin polymerization through the microtubule-associated 

motors, that mediate intracellular transport of mRNA of proteins that regulate polarity in cell 

migration 200. In turn, actin influences microtubule organization, where the retrograde flow of 

actin in lamellipodia results in a continuous backward transport of microtubules, causing them 

to buckle and break (Figure 1.12) 201,202. The actin-microtubules crosstalk is important 

component of VSMC function 197, Some of the most important cellular activities include; 

mechanically cooperating in maintaining the integrity of cell morphology, traction force 

generation, controlling spindle position and orientation in cell division, cell to cell contact, 

lamellipodial protrusions, directional migration and others 199,200.  

 
1.10 VSMC migration  

Several fundamental biological processes require cell migration, such as wound 

healing, embryonic development, pathological development and many others 203,204. A 

precise understanding of the mechanism of cell migration has boosted many clinical interests 

in precision medicine, regenerative medicine and other novel therapeutic approaches 205.  

There has been a remarkable process in uncovering cell motility and the factors, and 

mechanisms that influence cell migration and cell cycle in the cardiovascular biology  206. 

Many studies investigating the VSMCs migration described the influence of soluble factors 

and emerging data is shading light on the impact of insoluble factors including ECM 

 
Figure 1. 12: Illustration of actin-microtubule crosstalk. Adopted from actin-microtubules crosstalk 
in cell biology (189) 
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characteristics 207.     

Similarly, to other cell types, VSMC directional migration is initiated by external signals 

that stimulate receptors on the cell surface, causing multiple signalling cascades to occur 

that alter the cytoskeletal structure of the cell 208. Typically, stimulation is initiated via G 

protein-coupled receptors and receptor tyrosine kinases (RTKs), which in turn activate 

several downstream components 80,209. The migration process is cyclical, with external 

signalling inducing polarisation and filopodial projections, followed by lamellipodial 

projections extending from the cell 81 and this forms the leading edge of the cell. Nascent 

adhesions serve as anchor points for the newly formed protrusion to its ECM. These 

adhesions are associated with fare filamentous actin and actomyosin- a contractile force 

composed of the actin-myosin complex that forms within the cytoskeleton activity and pulls 

the cell body forward. Adhesions also serve as signalling conduits, allowing “inside-out” 

signalling by emitting the traction force generated by the cell. The force generated causes 

“outside-in” signalling to occur which further regulates the dynamics and maturation of the 

focal adhesions 95,210. At the same time, adhesion disassembly and actomyosin activity 

detach and retract the rear of the cell, further propelling the cell body forward (Figure 1). 

 

1.10.1 Actin polymerisation and VSMC migration  

Actin polymerisation generates membrane protrusions at the leading edge of a cell 

during migration. Actin polymerisation requires nucleation which is the formation of multiple 

stable actin monomers. However, this is a rate-limiting step in the polymerisation process 

due to the instability of actin dimer intermediates along with the repressive activity of specific 

actin-binding proteins. To facilitate actin polymerisation and overcome this kinetic demand, 

cells employ a wide set of actin-nucleating proteins 211. There are primarily two groups of 

actin polymerisation nucleators which are the Arp 2/3 complex and the formins, mDia1 and 

mDia2 212. mDia1 and mDia2 bind to the barbed end of actin filaments and polymerise actin 

linearly, to form thin cellular protrusions called filopodia. mDia1/2 are multi-domain proteins 

that function as dimers, utilising their formin homology domain 2 (FH2) to bind to globular 

actin monomers to nucleate actin. The protein profilin facilitates the polymerisation via 

interaction with the formin homology 1 (FH1) domain of mDia1/2 213. RhoA and Cdc42 

regulate the mDia1 and mDia2, respectively 95. 
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1.10.2 2D vs 3D VSMCs migration  

In vivo, the arterial wall is a complex biomechanical, biochemical, ECM composition 

and humoral factors of a 3D environment. and cells have to navigate through other VSMCs, 

collagen and elastin-dense structures 214. As a result, VSMCs show a range of molecular and 

functional phenotypes in response to their complex environment 78. In the arterial walls, 

VSMCs form a cell-to-cell and cell-ECM adhesion, forming a multilayer natural responsive and 

pliable representative of a normal arterial wall. Assessments of VSMCs conducted in multi-

layered aggregates revealed reduced expression of genes associated with cell cycle control, 

cease proliferation and DNA replication and key differentiation markers of VSMCs such as 

decreased levels of mitogen-associated protein ERK1/2 and increased levels of autocrine 

TGGβ/SMAD2/3-mediated signalling  (discussed in great detail in section 1.3.2 contractile 

marker proteins) 214. 

However, in vitro, the culture of isolated VSMCs is conducted in a 2D environment, in 

1000s fold of stiff flat glass or plastic 215. Isolated VSMCs cultured in that unfavourable 

environment spread all over the glass/plastic and make multiple focal adhesions and become 

synthetic phenotypes, suggestive of their enhanced migratory capacity. This setup doesn’t 

always reflect the organotypic organization and differentiation of VSMCs due to the loss of the 

contractile markers 216.  

 
1.11 Project hypothesis and objectives  

VSMCs are key components of the arterial walls, they play a crucial role in age-induced 

cardiovascular complications. We have celebrated 100 years of cardiovascular research and 

there has been remarkable advancement in understanding the underpinning science behind 

CVD. However, most of the research was carried out on glass or plastic, which are 1000s-fold 

in stiffness and don’t represent arterial wall stiffness. We hypothesise that by developing PAHs 

that mimic the features of the blood vessels inside the body, we could unfold fundamental 

information in understanding the mechanisms and factors that influence VSMC behaviours in 

a healthy and aged/diseased environment.  we set out to explore the following objective:  

¨ Characterise VSMCs function in response to different matrix topologies and 

stiffness. 

¨ To investigate the importance of microtubules in VSMC traction stress 

generation and migration.  
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¨ To test potential regulators of VSMCs migration on healthy and aged/diseased 

stiffness PAHs. 

Those findings will help on uncovering the principles of VSMC function within the 

appropriate matrix stiffness and topology. This in turn will aid the endeavours of enhancing 

excising medicines or developing more effective therapeutic targets that prevent and/or treat 

CVD.  
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2.1 List of tables  

Table 2.1.1: Lab Consumable 

 

Lab apparatus Product 
number 

Source 

(3-Aminopropyl) triethoxysilane (APES) A3678 Sigma  

30 mm Coverslips 631-0174 VWR 

3D printed micropatterned Glass Slide  University of 

Birmingham  

6 Well Plates 130184 Thermo Scientific 

Acrylamide 40%/Electrophoresis  BP1404-250 Fisher Scientific 

Ammonium Persulfate (APS) A3678 Sigma  

Bis-acrylamide 2% w/v/electrosphoresis BP1402-1 Fisher Scientific 

Bovine Serum Albumin (BSA) A2153 Sigma  

Collagen-1 A1048301 Thermo Scientific  

DAKO Block    

Dimethyl sulfoxide (DMSO) D8418 Sigma  

Earle’s Balanced Salt Solution E6267 Sigma  

FluoSpheresTM Carboxylate-modified 

microspheres, 0.5 µm, red fluorescent 

(580/605), 2% solid   

F8812 Thermo Scientific  

Glutaraldehyde solution  G6257 Sigma  

Hydrochloric Acid   

Microscopic Slides with Ground Edges 12373118 Fisher Scientific 

Mounting Media  H-1400  Vector 

Mounting Media + DAPI H-1500 Vector  

Nonidet P- 40 (NP40), 10% w/v aqueous 

solution  

85124 Thermo Scientific  

Parafilm P7793 Sigma 

Paraformaldehyde (PFA) P6148 Sigma  



 56 

Table 2.1.1: Lab Consumable continued 

 
 

 

 

  

Phosphate Buffered Saline (PBS) D8537 Sigma  

Smooth Muscle cell Basal Media 132-500 Sigma  

Smooth Muscle cell Growth Media 311-500 Sigma  

Smooth Muscle cell Growth Supplements 311-GS Sigma  

Sulfo-SANPAH, primary amine-

nitrophenylazide crosslinker  

Ab145610 Abcam  

Tetramethylethylenediamine (TEMED) 17919 Thermo Scientific  

Thermo Scientific™ BioLite Cell Culture 

Treated Flasks T25 

11884235 Fisher Scientific  

Thermo Scientific™ BioLite Cell Culture 

Treated Flasks T75 

11884235 Fisher Scientific 

Triton x-100 X100 Sigma  

Trypsin-EDTA solution T3924 Sigma   
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Table 2.1.2: Compounds and concentrations 

Compound Source and product 

number 

Working Concentration 

Angiotensin II Sigma A9525 0.01-100 µM (serial dilution) 

Atorvastatin Sigma PZ0001 0.5 µM 

BrdU  Abcam Ab142567 10 µM 

Colchicine  C9754 100 hM 

Demecolcine D1925 1 hM 

GsMTx-4 Abcam ab141871 0.5 µM 

Mevastatin  Sigma 474705 1 µM 

Paclitaxel T7402 10 hM 

Remodelin Sigma SML112 1 µM and 100 µM 

Simvastatin Sigma 6196 1 µM 

Tubastatin Sigma 382187 1 µM 
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Table 2.1.3: Primary and Secondary Antibodies used for Immunofluorescence 

 

 
 

  

Target Source Product 

Code 

Host Concentration 

used 

Primary / 

Secondary 

BrdU  Abcam Ab1893 Sheep 9 hg/µl  Primary 

Mouse monoclonal 

anti-Lamin A/C 

Sigma SAB4200236 Mouse  10 hg/µl  Primary 

Anti-mouse Alexa 

fluor 488 

Thermo 

scientific 

A-11001 Goat  5 hg/µl Secondary 

Anti-sheep Alexa fluor 

488 

Thermo 

scientific 

A-11015 Donkey  4 hg/µl  Secondary 

Rhodamine Phalloidin Thermo 

scientific 

R415 N/A 1:400 Secondary 
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Table 2.1.4: Lab Instrument 

  
Instrument Source 
Benchtop UV Transilluminator UVP 

Magnetic Stirrer with Heating Starlab 

UV Cabinet Fisher Scientific 

Vortex Starlab 

Zeiss AxioPlan 2ie Zeiss  

Zeiss LSM980-Airyscan Zeiss 

Zeiss Observer 7 Zeiss 
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Table 2.1.5 Composition of polyacrylamide hydrogel solutions  

Solutions 2 kPa 12 kPa 72 kPa 
40% Acrylamide solution 6.25 ml 3.75 ml 5 ml 

2% Bis-acrylamide solution 2 ml 1.2 ml 4 ml 

dH20 41.75 ml 15.05 ml 11 ml 
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2.2 Polyacrylamide Hydrogel Fabrication  
 
2.2.1 Coverslip Activation  

Coverslips (30 mm) were activated by applying a drop of (3-Aminopropyl) 

triethoxysilane (APES) for 3-5 minutes. Afterwards, coverslips were washed 3x with dH2O 

then fixed with 0.5% glutaraldehyde solution for 45 minutes. Coverslips were then washed 3x 

with dH2O and left to airdry overnight.  

2.2.2 Hydrogel Fabrication  

Polyacrylamide hydrogels of either 2 kPa, 12 kPa or 72 kPa stiffness were fabricated 

as follows. To the desired volume of polyacrylamide hydrogel solution (composition detailed 

in Table 2.5, 10% ammonium persulfate (1:100) and TEMED (1:1000) were added. Where 

required, red fluorescent (580/605) FluroSpheres (1:1000) were also added. The solution was 

briefly vortexed then 50 µl of the solution was added onto either a standard microscopy slide 

(smooth hydrogels) or an in-house 3D printed, ridged slide (grooved hydrogels) to which an 

activated coverslip (activated side down) was placed on top, and the hydrogel left to 

polymerise for 5-10 minutes. Hydrogels were gently removed from the slides and transferred 

to a 6-well plate and washed 3x with dH2O. Where live cell microscopy was being performed, 

hydrogels were glued to the base of the 6-well plate using nail polish to prevent excess 

movement during imaging.  
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2.2.3 Hydrogel Functionalisation 

 To enable attachment of ECM components and cells to the PAHs, they were first 

crosslinked with Sulfo-SANPAH (1:3000), which was activated by UV irradiation (365 nm) for 

5 minutes. Prior to transferring the hydrogels to tissue culture, plates were UV sterilised for 30 

minutes in a UV sterilisation cabinet. PAHs were subsequently washed with sterile PBS, then 

coated for 10 minutes at room temperature with 0.1 mg/ml collagen-I solution. After 

functionalisation with an ECM component, PAHs were again washed with sterile PBS before 

being ready for cell seeding.  

 
2.3 Cell Culture 

2.3.1 Routine Cell Culture 

 Healthy human aortic smooth muscle cells (HAOSMCs) (354-05A, Cell Applications 

Inc) used are commercially available. Cells between passages 5 and 9, were grown in smooth 

muscle growth media supplemented with additional growth supplements. Cells were incubated 

at 37 oC with 5% CO2 and underwent routine passaging once cells reached 80% confluency. 

To passage cells, they were first washed with Earle’s balanced salts solution (10 ml), then 

detached using trypsin (1.5 ml) and split (1:2) into fresh T75 flasks. For the rest of this thesis 

HAOSMCs will simply be referred to as VSMCs.  

2.3.2 Experimental Seeding 

 For VSMC morphology (area/volume analysis), proliferation and contractility assay a 

confluent T75 underwent a 1:4 T75 flash split, with 1/4th of the flasks being seeded in VSMC 

growth media of a 6-well plate. Cells were maintained in growth media for morphology and 

proliferation assays, however for contractility assays once cells had adhered to the PAH, the 

media was replaced with VSMC basal media and left overnight to induce quiescence. 

For traction stress and migration assays, a confluent T75 underwent a 1:6 T75 flask 

split, with 1/6th of the flasks being seeded in VSMCs growth media of 6-well plate. Cells were 

maintained in growth media for traction stress and migration assays and left overnight to 

adhere to the PAHs. For the traction stress assay, cells were taken to the microscope suit for 

imaging after the appropriate treatment. For the migration assay, cells were taken to the 

imaging suite, after treatment, left overnight for 12 hours of time-lapse imaging.  
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2.4 Immunofluorescence microscopy 

2.4.1 Cell Staining 

 Following experimental treatment, cells were washed with PBS and fixed for 10 

minutes with 4% paraformaldehyde at room temperature. Cells were then washed in PBS 

twice and permeabilised using 0.5% NP40 for 5 min at room temperature then blocked with 

3% BSA/PBS for 1 hour at room temperature. Cells were incubated with primary antibodies, 

diluted in 3% BSA/PBS at 4 0C overnight. The following day, cells were washed with 3% 

BSA/PBS and incubated with secondary antibodies, diluted in 3% BSA/PBS, for 2 hours at 

room temperature in a dark cabinet. After staining, cells were washed three times in PBS then 

mounted onto a microscopy slide using mounting media. For details on the antibodies used 

and their concentrations please see Table 2.3. 

2.4.2 Confocal Microscopy – Area & Volume Analysis 

 Following staining, images were captured at 20X on a Zeiss LSM980-Airyscan 

confocal microscope. For analysing volume, a Z-stack throughout the cell was captured at 1.4 

µm interval. Cell area was measured using FIJI, open-source software 217, whilst cell volume 

was calculated using Volocity 6.3.  

 

2.5 Traction Force Microscopy  

 Traction force Microscopy (TFM) was performed using the Zeiss Observer 7 live cell 

imaging system. Where the effects of a particular compound were being investigated, VSMCs 

were pre-treated with the compound for 1 hr prior to TFM being performed. Images were 

captured at 20x magnification at 2 minutes intervals. Images were captured before and after 

cell lysis, which was achieved by the addition of 0.5% Triton x-100 (100 ml). Bead 

displacement between the first and last time points was measured on FIJI 217  using the 

practical image velocimetry (PIV) plugin. The subsequent PIV file was used to generate a 

displacement field, by means of the Fourier transform attraction cytometry (FTTC) plugin. This 

displacement field was used to calculate the traction force magnitude and force fields 

generated by VSMCs. To determine the integrated (cell total) traction force, a Phase image of 

the cell was overlayed and used to generate a region of interest (ROI). Maximum traction force 

is reported as the largest force measured within the ROI of each cell.  
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2.6 Aspect ratio measurement   

We also measured the aspect ratio, the ratio of the sizes of cells in different 

dimensions, which is also defined as the major axis length of the approximate ellipse/minor 

axis length of the approximate length. This is used to identify the deformation/elongation of 

the cells. A perfectly circular shape has an aspect ratio value of 1, and the value increases 

with increased deformation. To measure aspect ratio, cells were stained with rhodamine 

phalloidin, and ImageJ software was used process this data. Images were first converted to 

an 8-bit format and threshold adjusted to augment the ability to see the cells. The final step 

was to manually draw around individual cells using the freehand region of interest (ROI) 

function and adjust the scales according to the range of magnifications used. ImageJ provided 

processed data outputs of the images analysed.  

 

2.7 Proliferation Assay  

 VSMCs were treated with BrdU (10 μM) overnight for 17 hrs. After treatment cells were 

washed twice with PBS before 10 minutes of 4% paraformaldehyde fixation. Cells were then 

incubated in 1 M HCl for 30 minutes followed by permeabilisation with 0.25% Triton/PBS for 

another 30 minutes. Finally, cells were blocked for 10 minutes at room temperature using 

DAKO™ Protein Block, Serum-Free. BrdU incorporation was achieved using the relevant 

primary and secondary antibodies, detailed in Table 2.3. Images were captured at 10x using 

a Zesis AxioPlan 2ie microscope. 

 

2.8 Migration Assay  

Cell migration was observed using the Zeiss Observer 7 live cell imaging system. 

Where the effect of a particular compound on the migratory potential of VSMCs was being 

investigated, VSMCs were treated with that compound for 1 hour (as detailed in Table 2.2) 

prior to imaging began. Images were captured at 20x magnification, over a 12-hour period, 

with images captured every 10 minutes. Time-lapse images were tracked FIJI (plugin 

àtracking à manual tracking) and data was analysed using chemotaxis, by using the 

chemotaxis tool plugin in FIJI, open-source software 217.  

When tracking migrating cells, all cells were tracked until they left the frame, divided, 

or died. We also focused on tracking cells in the groove for the grooved PAH experiment, with 
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the same exclusion conditions as the smooth PAH experiment. 

Directionality was calculated using the ImageJ plugin ‘chemotaxis’. The system 

calculated the directionality of cells migrating with a preferred orientation, and the data was 

represented bya histogram peak at that orientation. The statistics generation by the plugin is 

explained in the ImageJ docs 218. All directionality rose plot graphs display representative 

examples of the data obtained.  

 

2.9 Contractility Assay  

After being incubated in VSMC basal media overnight, thereby inducing VSMC 

quiescence, cells were then stimulated with the contractile agonist angiotensin II (between 

0.01 µM to 100 µM). After 30 minutes, VSMC were fixed and processed for 

immunofluorescence microscopy as detailed in section 2.3. Imaging proceeds as previously, 

however for this assay cells were imaged in only 1 z-plain and only the cell/nuclear area was 

analysed.  

 

2.10 Statistical Analysis  

Data was collected from multiple replicates (N) of experiments, which is stated as an 

independent experiment in the figure legends. The number of cells analysed is denoted by (n).  

Statistical significance of data analysed was performed using GraphPad -Prism 9 and 

it was determined based on the comparison of a set of data. To test for normal (Gaussian) 

distribution, a Shapiro-Wilk normality test was performed in prism to generate a QQ plot. This 

was performed on all data sets generated in the study. All data generated in the triplicate 

experiments displayed consistent spread of data between conditions. To determine the 

statistical significance between two groups of data, a paired Student t-test was performed. For 

data with multiple groups, statistical analysis was performed by subjecting the data to a One-

way ANOVA, followed by Bonferroni’s multiple comparison test. EC50 values of sigmoidal 

dose curves were derived through non-linear regression analysis. Error bars represent the 

standard error of the mean (SEM), with bar charts displaying the mean value. P values are 

represented as *p = < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
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3.1 Background   
The Young’s modulus of healthy large elastic arterial walls is between 10-20 kPa 219. 

Arterial wall stiffness increases during ageing and cardiovascular disease progression. 

Traditionally, VSMCs have been grown on tissue culture plastic or glass, which is around 

1000x stiffer than the healthy arterial wall. Recent developments in biomaterials and tissue 

engineering techniques have enabled the unique mechanical properties (elasticity) of blood 

vessels to be modelled in vitro. Previous studies conducted in our lab show that matrix 

stiffness plays a crucial role in modulating VSMC function. Arterial walls can distend to 

accommodate the increased blood volume in response to the pressure (the change in volume 

per change in pressure) is defined as arterial compliance 220.  During ageing/diseases, the 

arterials become stiff and lack compliance 221. Our understanding of the mechanisms 

contributing to attenuated vascular compliance and its impact on VSMC function remains 

limited. Previous studies have shown that matrix stiffness regulates VSMC differentiation, 

proliferation and actomyosin-generated traction forces, yet we still do not understand the 

mechanisms that regulate VSMC response to matrix stiffness 146. 

In addition to changes in matrix stiffness, changes in VSMC morphology are also 

observed between in vivo and in vitro conditions. VSMCs adopt a spindle-shaped morphology 

within the vessel wall 224. However, when isolated and grown in vitro, VSMCs spread and 

adopt a morphology akin to that of a fried egg (Figure 3.1). Previous studies have shown that 

changes in VSMC morphology are associated with changes in function 225,226.  

Current methods used to control VSMC morphology in vitro require specialised 

equipment and training, making them inaccessible to most VSMC labs 227. Therefore, the 

development of an easy-to-fabricate system would potentially make in vitro findings more 

relevant to VSMC function in vivo 228.   
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Figure 3.1: Changes in VSMC morphology correspond with changes in VSMC phenotype:  In vivo, 

VSMCs adopt a spindle-shaped morphology, existing in a quiescent but contractile phenotype, expressing 

contractile markers including alpha-smooth muscle actin (αSMA) and smooth muscle myosin II (SM-MII). 

Once isolated and cultured on tissue culture glass or plastic, VSMCs dedifferentiate, down-regulating 

contractile marker expression whilst upregulating pathways that promote VSMC proliferation and migration.. 

adopted from mechanical programming of arterial smooth muscle cells in health and ageing (50). 

In vivo In vitro 
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3.1.1 Hypothesis  
We hypothesise that changing the topology of our polyacrylamide hydrogels (PAHs) 

will promote VSMCs to adopt a more spindle-like morphology. We predict that this change in 

morphology will coincide with changes in VSMC traction stress, migration, and proliferation, 

with the VSMCs phenotype becoming more reminiscent of that observed in vivo.   

 
3.1.2 Aim of the chapter  
The objective of our experiments was to: 

1. Validate an easy-to-fabricate method for regulating VSMC morphology. 

2. Determine morphological changes caused by altering the ECM topology.  

3. Test if changes in VSMCs morphology alter traction stress generation.  

4. Determine if changes in VSMC morphology alter the migrational and proliferative 

capacities of VSMCs.  
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3.2 Methods  
Smooth and grooved PAHs were fabricated as discussed in the materials and methods 

section (Chapter 2.2). Smooth PAHs are fabricated on a standard microscopy slide whilst 

grooved PAHs are fabricated on a custom-made micropatterned slide, imprinted with 

micrometre scale indentations (Figure 3.2A) 229. Those microgroove PAH are used to generate 

a more physiological model of the human tissue and its microenvironment, that supports cell 

alignment like VSMCs inside the body, which gives us controlled in vitro cell culture of VSMCs’ 

migration, proliferation, and traction force generation studies.  

VSMCs were seeded onto collagen-I coated smooth and grooved PAHs at two different 

stiffnesses: 12 kPa to model healthy aortic wall stiffness and 72 kPa to model aged/diseased 

aortic wall stiffness). Smooth PAHs are fabricated on a standard microscopy slide whilst 

grooved PAHs are fabricated on a custom-made a micropatterned slide, imprinted with 

micrometre scale indentations (Figure 3.2A) 229. VSMCs were seeded onto collagen-I coated 

smooth and grooved PAHs at two different stiffnesses: 12 kPa to model healthy aortic wall 

stiffness and 72 kPa to model aged/diseased aortic wall stiffness. 
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Grooved 

Smooth 

Figure 3. 2: Fabrication of Smooth and Grooved Polyacrylamide Hydrogels: A) The custom 
made, 3D printed slides on which grooved hydrogels are fabricated. Each slide is imprinted with 
micrometre scale indentations, top and cross-section view of grooved PAH. B) Smooth (top) and 
grooved (bottom) PAHs before (left) and after (right) being seeded with VSMCs. Scale bar represents 
50 μm. 
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3.3 Results 
 
3.3.1 VSMCs on Grooved PAHs adopt a spindle-like morphology 

We set out to determine how changing the topology of PAHs would impact the 

morphology of VSMCs. Firstly, VSMCs were plated on smooth and grooved PAHs of 12 kPa 

stiffness. VSMCs were stained with Rhodamine phalloidin and lamin A/C, to visualise F-actin 

and the nuclear envelope respectively. Confocal immunofluorescence microscopy was 

performed to capture z-stacks of individual VSMCs. Analysis revealed that VSMCs on grooved 

PAHs displayed a reduction in cell area and cell volume, compared to their counterparts on 

smooth PAHs (Figure 3.3 A-C). These changes were mirrored in the nucleus, with VSMCs on 

grooved hydrogels possessing nuclei with reduced area and volume (Figure 3.3 A, D and E) 

than those plated on to smooth PAHs. 
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Figure 3. 3 VSMCs seeded on grooved PAHs adopt a spindle-shaped morphology: A) Representative images 

of VSMCs seeded on 12 kPa Smooth or Grooved PAHs in growth media.  VSMCs were stained for F-actin 
(Rhodamine phalloidin, red) and Lamin A/C (green). Scale bar represents 50 μm. Graphs show B) VSMCs area 

C) volume D) nuclear area and E) nuclear volume. Data is based on 3 independent experiments, with (n = 127 on 

smooth and n = 78 on grooved PAHs) VSMCs analysed.  Statistical significance was determined using unpaired 

student t-test (* p = <0.05, ** p = <0.01 and *** p= <0.001). 
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Next, we analysed the data further to determine if the relationship between VSMC area 

and volume was altered by PAH topology. This analysis revealed that there was a moderate 

relationship between VSMC area and volume for both smooth (R2 = 0.61) and grooved (R2 = 

0.50) PAHs of 12 kPa stiffness (Figure 3.4 A). These were not significantly different, 

suggesting that altered PAH topology is not changing the relationship between VSMC area 

and volume. Nuclei displayed no obvious correlation between area and volume for both 12 

kPa smooth (R2 = 0.054) and grooved (R2 = 0.161) PAHs (Figures 3.4 A and C). There was 

no significant difference. 
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Figure 3.4: VSMC area to volume ratio is unaltered by matrix topology. A) cell volume plotted against 

cell area and B) nuclear volume plotted against nuclear area, on 12 kPa smooth and grooved PAHs. Data 

is based on 3 independent experiments from (n = 127 on smooth PAHs and n = 78 on grooved PAHs) 

VSMCs analysed. 
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3.3.2 Matrix stiffness alters the morphological response of VSMCs to grooved 
PAHs 

The above data demonstrate that matrix topology altered VSMC morphology, 

promoting VSMCs to adopt a spindle shape at healthy matrix stiffness. Next, we investigated 

whether matrix stiffness akin to that of an aged/diseased aorta would alter the morphological 

response VSMCs adopt in response to hydrogel topology. VSMCs were plated on smooth and 

grooved 72 kPa PAHs. Confocal immunofluorescence microscopy was performed to capture 

z-stacks of individual VSMCs. Analysis revealed that whilst there was no change in VSMC 

area between smooth and grooved PAHs, VSMC volume was increased on grooved PAHs 

(Figures 3.5 A-C). This response was reflected in nuclear morphology, which displayed no 

change in area but an increase in volume (Figures 3.5 A, D and E) on grooved PAHs of 

aged/diseased stiffness. Furthermore, VSMCs on grooved PAHs adopted more elongated 

morphology. 

Next, we analysed the relationship between VSMC area and volume. Analysis 

revealed the ratio between VSMC area and volume was altered between smooth and grooved 

PAHs of aged/diseased stiffness; VSMCs displayed a high correlation (R2 = 0.806) between 

area/volume on smooth PAHs (Figure 3.6 A and B), but only a moderate correlation (R2 = 

0.444) on grooved PAHs (Figure 3.6 A and B). The R2 values are lower than the minimum 

accepted significant correlation value (R2 >0.5), hence the change was insignificant on smooth 

PAHs. Analysis of nuclear area/volume scaling revealed that VSMCs on both smooth (R2 = 

0.46) and grooved (R2 = 0.316) PAHs displayed weak correlation (Figures 3.6 A and C). 
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Figure 3. 5: VSMC volume increases on grooved PAHs of enhanced stiffness.  A) Representative images 

of VSMCs seeded on 72 kPa Smooth or Grooved PAHs in growth media.  VSMCs were stained for F-actin 

(Rhodamine phalloidin, red) and Lamin A/C (green). Scale bar represents 50 μm. Graphs show B) VSMC 

area, C) cell volume, D) nuclear area and E) nuclear volume. Data is based on 3 independent experiments 

from (n = 81 on smooth PAHs and n = 52 on grooved PAHs) VSMCs analysed. Statistical significance was 

determined using unpaired student t-test (* p = <0.05, *** p= <0.001, ns= non-significant). 
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Figure 3. 6: VSMC area to volume ratio is unaltered by matrix topology on rigid substrates.  
A) cell volume plotted against cell area and B) nuclear volume plotted against nuclear area, on 72 

kPa smooth and grooved PAHs. Data is based on 3 independent experiments from (n = 81 on 

smooth PAHs and n = 52 on grooved PAHs) VSMCs analysed. 
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3.3.3 VSMC morphology regulates actomyosin-derived force generation under 
physiological stiffness 

The above data shows that VSMC spreading is altered by matrix topology and stiffness. 

Next, we investigated whether VSMC morphology influenced actomyosin activity by directly 

measuring traction stresses exerted by VSMCs on the matrix. VSMCs were seeded onto 

smooth and grooved PAHs of 12 kPa stiffness. Traction Force Microscopy (TFM) was 

performed to measure actomyosin-generated traction stresses. Analysis revealed that VSMCs 

on grooved PAHs generated larger maximum and total (integrated) bead displacement 

compared to the smooth counterparts (Figures 3.7 A-C). Further analysis confirmed that 

VSMCs on grooved PAHs generated enhanced maximum and integrated traction stresses 

than the smooth control VSMCs (Figure 3.7 A, D and E).  

Next, we investigated the relationship between cell area and traction stress generation. 

VSMC area was again observed to be smaller on grooved PAH of 12 kPa stiffness compared 

to those on smooth PAHs (Figure 3.8A). No difference was observed in the aspect ratio (Figure 

3.8B). VSMC area was next plotted against traction stress. Analysis revealed that there was 

no obvious correlation between either maximal traction stress and cell area or the integrated 

traction stress and cell area relationship on either smooth or grooved PAHs (Figures 3.8 C 

and D). 
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Figure 3. 7: VSMC traction stress generation is regulated by matrix topology. A) Representative 

phase and bead displacement images of VSMCs on smooth and grooved 12 kPa PAHs. Scale bar 

represents 50 μm. Graphs show B) maximum bead displacement, C) total bead displacement, D) 
maximum traction stress and E) integrated traction stress. Data is based on 4 independent experiments, 

from (n = 31 on smooth PAHs and n = 35 on grooved PAHs) VSMCs analysed. Statistical significance was 

determined using unpaired students with a t-test. (**** p= <0.0001). 
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Figure 3. 8: VMSC traction stress generation is not proportional to cell area. VSMCs were seeded on 

smooth and grooved 12 kPa PAHs. Graphs show  A) VSMC area, B) aspect ratio, C) cell area plotted against 

maximum traction stress and D) cell area plotted against integrated traction stress. Data is based on 4 

independent experiments, from (n = 31 on smooth PAHs and n = 35 on grooved PAHs) VSMCs analysed. 
Statistical significance was determined using unpaired student t-test (* p = <0.05, ns= non-significant). 
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3.3.4 VSMC morphology regulates actomyosin-derived force generation on 
aged/disease stiffness 

The above data shows that VSMC morphology influences traction stress generation on 

PAHs of physiological stiffness. Next, we investigated the influence of enhanced matrix 

stiffness. VSMCs were plated on smooth and grooved PAHs of 72 kPa stiffness and TFM was 

performed to measure the traction stress generated by VSMCs. Analysis revealed that VSMCs 

on grooved PAHs generated larger maximum and total (integrated) bead displacement 

compared to those on smooth PAHs (Figures 3.9 A-C). Further analysis showed that VSMCs 

on grooved PAHs generated enhanced maximum and integrated traction stress compared to 

those on smooth PAHs (Figure 3.9 A, D and E).  

Next, we investigated the relationship between cell area and traction stress generation. 

This confirmed that VSMCs on grooved PAHs displayed similar areas to the smooth control 

VSMCs (Figure 3.10 A). VSMC area was then plotted against traction stress, however, no 

correlation between either maximal or integrated traction stress and cell area was observed 

(Figures 3.10 B and C). 

  



 83 

    

Figure 3. 9: VSMC traction stress generation on rigid PAHs is regulated by matrix topology. A) 
Representative phase images and bead displacement heat maps of VSMCs on smooth and grooved 72 kPa 

PAHs. Scale bar represents 50 μm. Graphs show B) maximum bead displacement, C) integrated 
displacement, D) maximum traction stress and E) integrated traction stress. Data is based on 3 independent 

experiments, from (n = 12 on smooth PAHs and n = 13 on grooved PAHs) VSMCs analysed. Statistical 

significance was determined using a unpaired student t-test  (* p = <0.05, ***p= <0.01, ns= non-significant) 

C E D F 

SMT GRV
0

20

40

60

80

M
ax

im
um

 D
is

p 
(µ

m
)

ns

SMT GRV
0

10

20

30

M
ax

im
um

 D
is

p 
(µ

m
) ns

SMT GRV
0

1000000

2000000

3000000

In
te

gr
at

ed
 D

is
p 

(µ
m

) ns

SMT GRV
0

200000

400000

600000

800000

In
te

gr
at

ed
 D

is
p 

(µ
m

)

ns

SMT GRV
0

5000

10000

15000

20000

M
ax

im
um

 T
S

 (P
a)

ns

SMT GRV
0

2000

4000

6000

8000

M
ax

im
um

 T
S

 (P
a)

ns

SMT GRV
0.0

5.0×107

1.0×108

1.5×108

In
te

gr
at

ed
 T

S 
(k

Pa
)

✱

SMT GRV
0

2×107

4×107

6×107

In
te

gr
at

ed
 T

S 
(k

Pa
)

✱

A 

72
 k

Pa
 S

M
T 

0 µm 

1 µm 

B 

72
 k

Pa
 G

RV
 

0 µm 

1 µm 



 84 

  

Figure 3. 10: VSMC traction stress generation is not proportional to cell area on rigid hydrogels. 

VSMCs were seeded on smooth and grooved 72 kPa PAHs. Graphs show A) VSMC area, B) VSMC area 
plotted against maximum traction stress and C) VSMC area plotted against integrated traction stress. Data 

is based on 3 independent experiments, from (n = 8 on smooth PAHs and n = 22 on grooved PAHs) VSMCs 

analysed. (ns= non-significant). 
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3.3.5 Matrix topology regulates the proliferative capacity of VSMCs 
Previous studies have implicated both matrix topology and VSMC morphology as 

regulators of proliferation 230,231. We therefore investigated if the topology imprinted upon our 

grooved PAHs would alter the proliferative capacity of VSMCs and if this regulation would be 

altered by matrix stiffness. VSMCs were plated on smooth and grooved PAHs of physiological 

and aged/diseased stiffness and left to grow overnight in the presence of BrdU. 

Immunofluorescence was performed to assay the number of BrdU-positive cells. Analysis 

revealed that on physiological and aged/diseased stiffnesses VSMCs on grooved PAHs were 

less proliferative than their smooth counterparts, as indicated by a decrease in the number of 

BrdU positive VSMCs (Figure 3.10 A). Furthermore, on grooved PAHs an increase in matrix 

stiffness correlated with an increase in VSMC proliferation, whilst matrix stiffness had no 

significant effect on VSMCs grown on smooth PAHs (Figures 3.10 B and C).  

It’s worth mentioning that Figure 3.11 B and C represent the same data as Figure 3. 

11 A, but they have been split up to help identify the differences between VSMCs on 12 kPa 

and 72 kPa on smooth (Figure 3.11 B) and grooved (Figure 3.11 C) PAHs 
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Figure 3.11: Matrix topology regulates VSMC proliferative capacity. VSMCs were seeded onto smooth 

or grooved PAHs of either 12 or 72 kPa stiffness. BrdU was added to the culture medium for 16 hours prior to 

BrdU incorporation being assessed by immunofluorescent microscopy. Graphs show A) proportion of BrdU 
positive VSMCs on 12 and 72 kPa smooth/grooved PAHs. B) proportion of BrdU positive VSMCs on 12 and 

72 kPa smooth PAHs. C) proportion of BrdU positive VSMCs on 12 and 72 kPa grooved PAHs. Data is based 

on 3 independent experiments (with 6 regions of interest analysed per condition per experiment). Statistical 

significance was determined using one-way ANOVA (A) and unpaired t-test (B) (* p = <0.05, ** p = < 0.01 and 

**** p = <0.0001). 
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3.3.6 Matrix topology regulates the migratory capacity of VSMCs 
 

We next investigated whether matrix topology or stiffness altered VSMC migration. 

VSMCs were seeded at low confluency on smooth and grooved PAHs of physiological 

stiffness. VSMC migration was observed using time-lapse microscopy. Analysis revealed that 

VSMCs on grooved PAHs migrated with an increased directionality (Figure 3.11 A and B), 

indicating that these cells were moving in a more persistent direction than their counterparts 

on smooth PAHs. Meanwhile, VSMC migration speed was reduced on grooved compared to 

smooth PAHs (Figure 3.11 C).   

 Next, we analysed the influence of matrix stiffness by plating VSMCs on smooth and 

grooved PAHs of aged/diseased stiffness. Analysis revealed that VSMCs again displayed an 

increased directionality (Figure 3.12 A and B) and a small, but significant decrease in migration 

speed (Figures 3.12 C) when seeded on grooved as opposed to smooth PAHs. 
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Figure 3. 12: Matrix topology regulates VSMC migration. VSMCs were seeded onto smooth or grooved PAH of 

12 kPa, with their subsequent migration observed using time-lapse microscopy over a 12 hour period. A)  
Representative Rose plots of VSMC migration- images used are representative only. Graphs show B) Directionality 

(measured in arbitrary units) and C) speed of VSMC migration. Data is based on 3 independent experiments, from 

(n = 905 on smooth PAHs and n = 773 on grooved PAHs) VSMCs analysed. Statistical significance was determined 

using an unpaired student t-test (**** p = <0.0001).  
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Figure 3. 13 : Matrix topology regulates VSMC migration on rigid substrates. VSMCs were seeded onto 

smooth or grooved PAH of 72 kPa, with their subsequent migration observed using time-lapse microscopy over 

12 hours. A)  Representative Rose plots of VSMC migration- images used are representative only. Graphs 

show B) Directionality (measured in arbitrary units) and C) speed of VSMC migration. Data is based on 3 

independent experiments, from (n = 763 on smooth PAHs and n = 571 on grooved PAHs) VSMCs analysed. 
Statistical significance was determined using unpaired student t-test (* p = <0. 05 and **** p = <0.0001). 
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3.3.7 Matrix stiffness has no impact on VSMCs migrational capacity 
The above data showed how matrix topology influence the migrational capacity of 

VSMCs. We next investigated whether matrix stiffness further influenced VSMC migrational 

capacity by comparing the 12 kPa and 72 kPa smooth and grooved migrational data presented 

in figures 3.14 and 3.15. Analysis revealed that VSMCs displayed no change in directionality 

(Figures 3.14 A, B and C) but a significant increase in migrational speed (Figures 3.15 A and 

C) on aged/diseased PAHs compared to VSMCs on healthy grooved PAHs. A one-way 

ANOVA shows that the trend of increased directionality and significantly increased speed is 

maintained. It also appears that matrix stiffness has no real impact on directionally smooth 

and grooved PHAs.  

It’s worth mentioning that Figure 3.14 B and C represent the same data as Figure 3. 

14 A, but they have been split up to help identify the differences between VSMCs on 12 kPa 

and 72 kPa on smooth (Figure 3.14 B) and grooved (Figure 3.14 C) PAHs 
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Figure 3. 14: Matrix stiffness does not alter VSMCs migrational directionality. VSMCs were seeded onto 

smooth or grooved PAH of 12 and 72 kPa, with their subsequent migration observed using time-lapse 

microscopy over a 12 hour period. Graphs show Directionality (measured in arbitrary units) A) of VSMCs on 

smooth and grooved 12 and 72 kPa PAHs B) on smooth 12 and 72 kPa PAHs and C) on grooved 12 and 72 

kPa PAHs. Data is based on 3 independent experiments, from (n = 763 on smooth PAHs and n = 571 on grooved 

PAHs) VSMCs analysed. Statistical significance was determined using One way ANOVA for graph A and student 

t-test for graphs B and C (**** p = <0.0001, * p = <0. 05 and ns= non-significant). 
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Figure 3. 15: Matrix stiffness increased VSMCs migrational speed. VSMCs were seeded onto smooth or 

grooved PAH of 12 and 72 kPa, with their subsequent migration observed using time-lapse microscopy over 

a 12 hour period. Graphs show VSMCs speed A) of VSMCs on smooth and grooved 12 and 72 kPa PAHs 
B) on smooth 12 and 72 kPa PAHs and C) on grooved 12 and 72 kPa PAHs. Data is based on 3 independent 

experiments, from (n = 763 on smooth PAHs and n = 571 on grooved PAHs) VSMCs analysed. Statistical 

significance was determined using One way ANOVA for graph A and student t-test for graphs B and C (**** 

p = <0.0001, * p = <0. 05 and  ns= non-significant). 
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3.3.8 Matrix topology does not alter VSMC response to contractile agonist 
stimulation 
 Our studies so far have used VSMC in the proliferative state. However, in vivo VSMCs 

exist in quiescent, contractile phenotype 232,233. We next investigated whether VSMC response 

to contractile agonist stimulation was altered by matrix topology. To achieve this, VSMCs were 

plated at low density on smooth and grooved PAHs of physiological stiffness. Quiescence was 

induced by serum withdrawal, prior to VSMCs being stimulated with a concentration gradient 

of the contractile agonist, angiotensin II. Confocal immunofluorescence microscopy was used 

to capture morphological changes, with our lab having recently shown the contractile response 

of VSMCs on PAHs can be measured through changes in cell area 146. Image analysis 

revealed that on both smooth and grooved PAHs VSMCs underwent a concentration-

dependent decrease in cell area (Figure 3.15 A-C). Although VSMCs on grooved PAHs were 

initially smaller, they underwent a similar response to increasing concentrations of angiotensin 

II, with further analysis revealing that VSMCs on smooth PAHs displayed EC50 values (7.9 

µM) and grooved PAHs displayed EC50 (5.2 µM) (Figure 3.15 E). 

 To investigate the impact of matrix stiffness, we repeated the above experiment but 

this time seeded VSMCs onto smooth and grooved PAHs of aged/disease stiffness. Analysis 

revealed that on both smooth and grooved PAHs of aged/diseased stiffness, VSMCs failed to 

contract and instead underwent a concentration-dependent increase in cell area (Figures 3.16 

A-D). Once again, although VSMCs on grooved PAHs were initially smaller than their 

counterparts on smooth PAHs, further comparison of the responses revealed that the 

angiotensin II EC50 values were unaltered between the two topologies (Figure3.16 E). An 

increase in area was larger in VSMCs on smooth hydrogels of aged/diseased stiffness (Figure 

3.16 A-C). The EC50s was about 10x more VSMCs on grooved PAHs, VSMCs on smooth 

PAHs displayed EC50 values (1.1 µM) and grooved PAHs displayed EC50 (14.1 µM) (Figure 

3.15 E and Figure 3.16 E). 

It’s worth mentioning that Figure 3.15 B and C represent the same data as Figure 3. 

15 A, but they have been split up to help identify the differences between VSMCs on 12 kPa 

and 72 kPa on smooth (Figure 3.15 B) and grooved (Figure 3.15 C) PAHs  
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Figure 3. 16: Angiotensin II initiates a VSMC contractile response on PAH of physiological stiffness. VSMCs were 

seeded onto smooth or grooved PAHs of physiological stiffness. Quiescence was induced overnight prior to cells being 

stimulated with a concentration response of Angiotensin II for 30 minutes. A) Representative images showing Actin 

cytoskeleton, (Rhodamine phalloidin, red) and lamin A/C (green). Scale bar = 50 μm.  B) VSMCs area  on smooth 12 kPa 

PAHs, C) VSMCs area  on grooved 12 kPa PAHs,  D) VSMCs area on smooth vs grooved PAHs E)  Angiotensin II EC50 
values calculated via non-linear regression. Data is representative of 3-independent experiments from ≥ 90  cells per 

condition on smooth and grooved 12 kPa PAHs analysed. Statistical significance was determined using a 2-way ANOVA (* 

p = <0.05) 

SM
T 

0.01 μM 0.1 μM 1 μM 10 μM 100 μM 

GR
V 

A 

D 

E 

B C 

0.01 0.1 1 10 100
0

2000

4000

6000

8000

10000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱✱

✱✱

✱

✱✱✱✱

✱✱✱✱

0.01 0.1 1 10 100
0

500

1000

1500

2000

2500

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱✱

✱✱

✱

✱✱✱✱

✱✱✱✱

0.01 0.1 1 10 100
0

5000

10000

15000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱✱

✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

✱

0.01 0.1 1 10 100
0

1000

2000

3000

4000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱✱

✱✱✱

✱✱

✱✱✱✱

✱✱✱✱

✱



 95 

   

   

0.01 μM 0.1 μM 1 μM 10 μM 100 μM 

SM
T 

 G
RV

 
A 

10-9 10-8 10-7 10-6 10-5 10-4 10-3
0

1000

2000

3000

4000

5000

AngII (M)

C
el

l A
re

a 
(μ

m
2 )

SMT GRV 
D 

F 

0.01 0.1 1 10 100
0

2000

4000

6000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱

✱

0.01 0.1 1 10 100
0

500

1000

1500

2000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱

✱

0.01 0.1 1 10 100
0

1000

2000

3000

4000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱

✱✱✱✱

✱✱✱

✱✱✱✱

0.01 0.1 1 10 100
0

5000

10000

15000

20000

AngII (µM)

C
el

l A
re

a 
(µ

M
2 )

✱✱

✱✱✱✱

✱✱✱

✱✱✱✱

B C 

Figure 3. 17 : Matrix stiffness prevents angiotensin II mediated VSMC contraction. A) smooth and groove PAHs 

and treated with a serial dilution of angiotensin II for 30 minutes. VSMCs were seeded onto smooth or grooved PAHs of 

aged/diseased stiffness. Quiescence was induced overnight prior to cells being stimulated with a concentration response 

of Angiotensin II for 30 minutes. A) Representative images showing Actin cytoskeleton, (Rhodamine phalloidin, red) and 

lamin A/C (green). Scale bar = 50 μm.  B) VSMCs area  on smooth 12 kPa PAHs, C) VSMCs area  on grooved 12 kPa 

PAHs,  D) VSMCs area on smooth vs grooved PAHs E)  Angiotensin II EC50 values calculated via non-linear regression. 

Data is representative of 3-independent experiments ≥ 40 cells per condition on smooth and grooved 72 kPa PAHs 
analysed. Statistical significance and EC50 were determined using a nonlinear fit regression. (* p = <0.05) 
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3.4 Discussion and conclusion  

The main role of VSMC in the arteries is to provide structural support and regulate 

blood vessel tone diameter, blood pressure, and flow distribution 234. In a healthy vessel, 

VSMCs are in a quiescent state, and quiescent contractile protein markers are expressed 

including smooth muscle cell actin (ACTA2), smoothelin, SM22α, and smooth muscle cell 

myosin heavy chain (MYH11) 235,236 and during vessel injury,  VSMCs phenotypically switch 

to syntactic state. VSMCs de-differentiate to synthetic state show reduced contractile protein 

markers and acquire macrophage markers, increased collagen III, fibronectin, matrix 

metalloproteinase-1 and 3 237.  

On both physiological and diseased/aged mimicking stiffnesses, we have found that 

imprinting a grooved topology onto our PAHs appears to encourage VSMCs to adopt a 

quiescent/contractile phenotype. We observe that cell and nuclear area/volume are reduced, 

with VSMCs adopting a more spindle-shaped appearance, as would be observed in vivo. 

VSMCs on grooved PAHs are also less proliferative and migratory, suggesting these cells are 

less synthetic than their counterparts on smooth PAHs. Finally, VSMCs on grooved PAHs can 

generate greater traction stress, and suggestion cells can generate greater actomyosin activity 

and in essence, are becoming more contractile.  

This could be for many different reasons, including filamentous actin alignment in 

bundles as a result of the exposure to mechanical stress from the ECM 238. Our lab has 

previously shown that a change in matrix stiffness results in a significant increase in F-actin 

alignments, and this was further supported by a different study that showed that actin inhibitors 

could decrease VSMCs rigidity induced by actomyosin activation by mechanosensing their 

stiff environment 239. Previous studies have shown that matrix stiffness induces enhanced 

actomyosin force generation in tissue cells- including myocytes-, fibroblasts, endothelial, 

neurons and other cell types 240–243 . To make our investigation physiologically relevant, we 

tried to mimic the cell environment and study their traction stress and migration capacity. 

Studies on fibroblasts and human osteosarcoma cells demonstrated that the topology of the 

substrate has a significant impact on their cell speed, trajectory and motion 244,245. Hence, 

understanding the activities of the actin cytoskeleton is of particular interest to our interrogation 

of the interaction of VSMCs and their environment, and how this leads to varying VSMCs 

morphology, contractility, motility and proliferation 246.  

We gained great insight from previous work in our lab about change in matrix stiffness, we 

further investigated the change in the topology of 12 kPa PAHs induced a decrease in the cell 

area, cell volume, nuclear area, and nuclear volume of VSMCs on grooved PAHs compared 
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to their counterpart VSMCs on smooth PAHs (Figure 3.3 B-E). The cell area significantly 

decreased whilst the aspect ratio remained unchanged (Figure 3.4 A and B). At an 

aged/diseased stiffness (72 kPa) of ECM, the cell and nuclear volume increased on VSMCs 

on grooved PAH compared to VSMCs on smooth PAHs, whilst the cell and nuclear area 

remain the same (Figure 3.5 B-E).  

Furthermore, the area and volume comparison between VSMCs on 12 kPa smooth 

PAHs and 72 kPa smooth PAHs; and on 12 kPa grooved PAHs and 72 kPa grooved PAHs 

shows consistent results with previous studies on matrix rigidity. This could be the effect of 

high localisation of the giant nesprin-1/2 on the outer nuclear membranes associated with the 

mechanosensitivity 247 and the linkage of LINC-complex protein components to adhesion 

receptors feeding it to the cell membrane and then the nuclear core 248. Our lab has previously 

shown the increase of focal adhesion with increased matrix stiffness 249.  

VSMCs on the smooth PAHs caused significantly lower displacement of their ECM and 

subsequently generating significantly lower traction stress than their counterpart VSMCs on 

the grooved PAHs (Figure 3.7 C-F). The observation that the spindle-shaped VSMC's ability 

to pull and cause deformation of ECM agrees with the structure and function of VSMCs in the 

healthy aorta, which is to regularly contract the vessel wall to maintain vascular tone 250.  

We found that VSMCs undergo a significantly higher proliferation rate on the smooth 

PAHs compared to the VSMCs on the grooved PAHs. A BrdU assay also confirmed this true 

(Figure 3.11A). Furthermore, VSMCs on healthy stiffness grooved PAHs showed a 

significantly reduced proliferation rate than those on the aged/diseased PAHs. Hence, matrix 

topology and rigidity influences VSMCs migration and matrix topology impacts proliferation 

rate 251.  

To understand the relationship between the change in morphology as a result of 

altering topology and its impact on actomyosin activity and cytoskeletal rearrangement, we 

conducted a contractile assay of dose-response by stimulating VSMCs with angiotensin II of 

serial dilution. Our finding shows that the change in morphology doesn’t impact the actomyosin 

activity of VSMCs irrespective of their matrix stiffness (Figures 3.16 to 3.22). 
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3.5 Limitations and future work   
 
3.5.1 Technical issues  

During this study, we faced multiple hurdles. Our microscopes were originally operating 

on an ancient system but were upgraded to a new system midway through the project. 

Unfortunately, this new system had numerous bugs and the time taken to resolve these issues 

was greatly extended due to COVID-19 precautions. As such, many experiments had to be 

discarded as the data captured from time-lapse microscopy was unusable 

(combined/deconstructed images, drifting positions and file corruption, were common issues 

faced). 

3.5.2 VSMCs in vivo make a monolayer  
Throughout our experiments, we looked at single VSMCs. However, in the aortic wall, 

VSMCs make along with layers of elastic fibres make a sandwich structure. We suspect that 

we might miss modulating some key physical and mechanical prosperities by looking at the 

individual cells.   
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4.1 Background 
 

The mammalian cytoskeleton is composed of three main components that each form 

specific networks that perform different but interdependent functions within the cell 252. They 

are actin filaments, intermediate filaments, and microtubules. Previous studies have shown 

that colchicine and paclitaxel have been investigated since the early 90s, and paclitaxel 

became a breakthrough for microtubule targeting agents 253. Recent studies have shown that 

disrupting microtubules induced a significant vasoconstriction 254.   Furthermore, various 

studies have highlighted the importance of microtubules in VSMCs, where they are important 

for maintaining the cell’s structural integrity, shape and motility 146,150.  

Microtubules form a dynamic network, with tubules constantly growing and shrinking 

in a process known as dynamic instability 142. Their unique dynamic characteristics enable 

microtubules to rapidly polymerization and depolymerization, thereby forming networks that 

suit the need of the cell at any given time. Within VSMCs, microtubules are involved in the 

generation of force, regulating contractility, directing actin polymerization, and driving the 

leading edge of migrating VSMCs 150.  

In this experimental chapter, we examined the impact of disrupting microtubule 

dynamics on VSMCs traction stress generation and migration. This was achieved through 

treating VSMCs with the microtubule destabiliser colchicine (Co), the microtubule stabiliser 

paclitaxel (P) and demecolcine (D) whose mechanism of action varies based on its 

concentration but at the concentration used in this study, acts to maintain microtubule stability. 

Microtubule acetylation has also been implicated in regulating microtubule stability and 

actomyosin force generation 143,199; therefore, in this chapter, we also utilise tubastatin (T), a 

HDAC6 inhibitor and remodelin (R), a NAT10 acetyltransferase inhibitor.  
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4.2 Hypothesis    
We hypothesise that microtubules are essential for VSMC force generation and 

migration. We, therefore, predict that disruption of microtubule dynamics will alter traction force 

generation and the migrational capacity of VSMCs.  

 

4.3 Aims 

The objective of this chapter was to determine the impact of disrupting microtubule dynamics 
on: 

1. The magnitude of VSMC traction stress generation   

2. The migrational capacity of VSMCs  

3. VSMC traction stress generation and migration when seeded on matrixes of 

different topologies and/or stiffnesses.  
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4.4 Methods 
 

To assess traction stress generation and cell migration, VSMCs were seeded onto 

collagen-I coated PAHs of varying stiffness and topology. When assessing traction stress, 

quiescence was induced by overnight serum withdrawal, prior to pre-treating VSMCs with 

microtubule targeting agents (MTAs) (Table 4.1) for 30 minutes before cells were 

subsequently stimulated with the contractile agonist, angiotensin II (10 µM) for an additional 

30 minutes. To investigate cell migration, VSMCs were maintained in growth media with MTAs 

added 1 hour prior to time-lapse microscopy commencing.  

Table 4.1: Concentrations of Microtubule Targeting Agents used within this chapter. 

Microtubule 
targeting 

agent 
 

 Colchicine 
(Co) 

Demecolcine 
(D) 

Paclitaxel 
(P) 

Remodelin 
(R) 

Tubastatin  
(T) 

 
Concentration 
 

  
100 nM 

 
10 nM 

 
1 nM 

    
    1 µM 

 
1 µM 
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4.5 Results 
 
4.5.1 Microtubule destabilising agents increase VSMC traction stress 
generation. 

We set out to characterise the impact of microtubule destabilisation on VSMC traction 

stress generation. VSMCs were pre-treated with the microtubule destabilising agent colchicine 

before TFM was used to determine the angiotensin II-mediated traction stress these cells 

could generate. Analysis revealed that colchicine pre-treatment increased both maximal and 

integrated (total) (Figure 4.1) traction stress generated by VSMCs seeded on smooth 12 kPa 

PAHs.  
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Figure 4. 1: Microtubule destabilisation increases angiotensin II induced VSMC traction stress generation. 
VSMCs were seeded onto 12 kPa Smooth PAHs and induced into quiescence by serum removal. VSMCs were 

colchicine (Co) pre-treated for 30 minutes, before being stimulated with the contractile agonist angiotensin II (A). A) 
Representative phase images and bead displacement heat maps. Scale bar = 50 μm. B) Maximum traction stress 

and C) Integrated traction stress generation. Data is representative of 3 independent experiments (n = 55 in A and n 

= 48 in C+A) VSMCs analysed. (*** = p < 0.001, **** = p < 0.0001).   
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4.5.2 VSMC migration is impaired by microtubule destabilisation 

 

The above data shows that microtubule destabilisation increases actomyosin activity 

in VSMCs. Actomyosin activity is essential for the adhesion-based cell migration 255. We, 

therefore, predicted that microtubule destabilisation would reduce the speed at which VSMCs 

migrate. To test this, VSMCs seeded on 12 kPa smooth PAHs were pre-treated with the 

microtubule destabilising agent colchicine and then tracked overnight using time-lapse 

microscopy. Analysis revealed that colchicine treatment reduced the directionality and speed 

(Figure 4.2) of VSMC migration. 

In chapter 3, we showed that by altering the topology of our PAHs, VSMC migration 

could be reduced. We next investigated whether colchicine-driven microtubule destabilisation 

had the same impact on VSMCs seeded on grooved PAHs as it did on smooth. The analysis 

confirmed that colchicine treatment had the same impact on VSMCs migration, with colchicine 

reducing both the directionality and speed of migration on 12 kPa grooved PAHs (Figure 

4.3.1). A look at all four conditions gives a clearer image of what is going on, where smooth C 

is the fastest, C+Co treatment reduced this, grooved C was slower than the smooth C and 

grooved C+Co is the slowest (Figure 4.3.2).  
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Figure 4. 2: Microtubule destabilisation decreases the directionality and speed of VSMC migration. 

VSMCs were seeded onto 12 kPa Smooth PAHs and cell migration was tracked using time-lapse microscopy 
over a 12 hour period. A) Representative rose plots of control- images used are representative only (C) and 

colchicine treated (C +Co) VSMCs migration. Graphs show B) directionality and C) speed of VSMC migration. 

Data is representative of 3 independent experiments, tracking 357 C and 397 C+Co treated VSMCs.  (**** = p < 

0.0001). 
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Figure 4.3.1: Microtubule destabilisation decreases the directionality and speed of VSMC migration 
on grooved PAHs. VSMCs were seeded onto 12 kPa Grooved PAHs and cell migration was tracked using 
time-lapse microscopy over a 12 hour period. A) Representative rose plots of control- images used are 

representative only (C) and colchicine treated (C +Co) VSMCs migration. Graphs show B) directionality 

and C) speed of VSMC migration. Data is representative of 3 independent experiments, tracking of 168 C 

and 134 C+Co treated VSMCs (**** = p < 0.0001). 
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Figure 4.3.2: Microtubule destabilisation decreases the directionality and speed of VSMC migration 
on both smooth and grooved PAHs. VSMCs were seeded onto 12 kPa Grooved PAHs and cell migration 

was tracked using time-lapse microscopy over a 12 hour period. Graphs show A) directionality and B) 
speed of VSMC migration. Data is representative of 3 independent experiments, tracking 357 C, 397 C+Co 

treated on smooth and, 168 C and 134 C+Co treated VSMCs on grooved PAHs (**= p < 0.01). (**** = p < 

0.0001). 
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4.5.3 Microtubule stabilising agents decrease VSMC traction stress generation  

 

The above data shows that microtubule destabilisation increases traction stress 

generation and decreases the migrational capacity of VSMCs. We next speculated that 

microtubule stabilisation would reduce VSMCs traction stress generation and migrational 

capacity. To test this, VSMCs were pre-treated with the microtubule stabilising agent paclitaxel 

before TFM was used to determine the angiotensin II mediated traction stress generated by 

these cells. Analysis revealed that paclitaxel treatment reduced both maximal and integrated 

(Figure 4.4) traction stress generated by VSMCs seeded on smooth 12 kPa PAHs. 
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Figure 4.4: Microtubule stabilisation decreases angiotensin II induced VSMC traction stress generation. 
VSMCs were seeded onto 12 kPa Smooth PAHs and induced into quiescence by serum removal. VSMCs were 

paclitaxel (P) pre-treated for 30 minutes, before being stimulated with the contractile agonist angiotensin II (A). A) 
Representative phase images and bead displacement heat maps. Scale bar = 50 μm. Graphs show B) Maximum 

traction stress and (C) Integrate traction stress generation. Data is representative of 3 independent experiments (n = 
48 in A and n = 27 P+A) VSMCs analysed (* = p < 0.05, ** = p < 0.01)  
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4.5.4 VSMC migration is impaired by microtubule stabilisation 

 

We next looked at the effect of microtubule stabilisation on VSMC migration. To test 

this, VSMCs seeded on smooth 12 kPa PAHs were pre-treated with the microtubule stabilising 

agent paclitaxel and tracked overnight using time-lapse microscopy. Analysis revealed that 

paclitaxel treatment reduced both the directionality and speed (Figure 4.5) of VSMC migration. 

Once again, we wanted to see if the above result would be maintained when matrix topology 

was changed. VSMCs were therefore seeded onto 12 kPa grooved PAHs and subjected to 

the same experimental conditions as before. The analysis confirmed that paclitaxel treatment 

had the same impact on VSMCs migration on grooved as it did on smooth PAHs (Figure 4.6). 

Paclitaxel treatment reduced both the directionality and speed of VSMCs migration on 12 kPa 

grooved PAHs.  
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Figure 4.5: Microtubule stabilisation decreases the directionality and speed of VSMC migration. 
VSMCs were seeded onto 12 kPa smooth PAHs and cell migration was tracked using time-lapse 
microcopy over a 12 hour period. A) Representative rose plots of control- images used are representative 

only (C) and paclitaxel treated (C+P) VSMCs migration. Graphs show B) directionality and C) speed of 

VSMCs migration. Data is representative of 3 independent experiments, tracking 357 C and 494 C+P 

treated VSMCs. (**** = p < 0.0001). 
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Figure 4. 6: Microtubule stabilisation decreases the directionality and speed of VSMC migration on 
grooved PAHs. VSMCs were seeded onto 12 kPa Grooved PAHs and cell migration was tracked using time-

lapse microscopy over a 12 hour period. A) Representative rose plots of control- images used are representative 
only (C) and paclitaxel treated (C+P) VSMCs migration. Graphs show B) directionality and C) speed of VSMC 

migration. Data is representative of 3 independent experiments, tracking 168 C and 185 C+P treated VSMCs. 

(n = 168 control and n = 185 paclitaxel treated VSMCs). (** = p < 0.01, **** = p < 0.0001) 
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4.5.5 Microtubule stability regulates VSMC traction stress generation  

The above data shows that microtubule destabilisation (via colchicine treatment) 

increases VSMC traction stress generation whilst microtubule stabilisation (via paclitaxel 

treatment) decreases traction stress generation. Meanwhile any change to microtubule 

stability and therefore their dynamic instability results in reduced VSMC migration. Having 

observed these effects, we next wanted to know the effect of another microtubule targeting 

agent, demecolcine. Depending on the concentration it is used at, demecolcine can both 

promote microtubule stability and induce microtubule catastrophe. Previous work in our lab 

has shown that our working concentration of demecolcine in VSMCs results in the 

maintenance of the total number of cold-stable microtubules. Following serum withdrawal, 

VSMCs seeded on smooth 12 kPa PAHs were pre-treated with demecolcine prior to 

undergoing angiotensin II stimulation. Traction force microscopy revealed that demecolcine 

treatment resulted in a slight increase in the maximum but no significant difference in the 

integrated traction stress generated by VSMCs (Figure 4.7). 
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Figure 4. 7: Demecolcine induces increased traction stress generation. VSMCs were seeded onto 12 kPa 
smooth PAHs and induced into quiescence by serum removal. VSMCs were demecolcine (D) pre-treated for 30 

minutes, before being stimulated with the contractile agonist angiotensin II (A). A) Representative phase images 

and bead displacement heat maps. Scale bar = 50 μm. Graphs show B) Maximum traction stress and C) Total 

traction stress generation. Data is representative of 3 independent experiments (with n = 47 in A and  n = 34 in 

D+A VSMCs analysed). (n.s. = non-significant, ** = p < 0.01). 
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4.5.6 Demecolcine promotes VSMC migration.  

 

We next wanted to observe the effect of microtubule destabilises on VSMC migration. 

To test this, VSMCs were seeded onto smooth 12 kPa PAHs and their migration was tracked 

over a 12-hour period in the presence or absence of demecolcine. Analysis revealed that 

demecolcine treatment had no impact on the directionality of VSMC migration, but it did 

promote an increase in their migration speed (Figure 4.8).  
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Figure 4. 8: Demecolcine increases the speed of VSMC migration. VSMCs were seeded onto 12 kPa 

smooth PAHs and cell migration was tracked using time-lapse microscopy over a 12-hour period. A) 
Representative rose plots of control- images used are representative only (C) and demecolcine treated (C+D) 

VSMCs migration. Graphs show B) directionality and C) speed of VSMC migration. Data is representative of 3 

independent experiments, tracking 357 C and 213 C+D treated VSMCs. (n = 357 control and n = 213 

demecolcine treated VSMCs tracked). (n.s. = non-significant, ** = p < 0.01) 
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4.5.7 Microtubule acetylation as a regulator of microtubule stability.  

So far, we have investigated the effect of classical microtubule targeting agents, those 

that directly interact with microtubules to promote either growth or catastrophe, in their ability 

to regulate VSMC traction stress generation and migrational capacity. Other cytoskeletal 

organization key for cell motility are regulated by the RhoA activation and via acetylation of 

microtubule 256. Microtubule acetylation has also been shown to regulate both microtubule 

dynamics and actomyosin force generation 150. Two enzymes which regulate microtubule 

acetylation are NAT10 (acetylase) and HDAC6 (deacetylase). We subsequently investigated 

whether inhibition of those enzymes would alter VSMC actomyosin force generation or 

migration using their respective inhibitors, remodelin and tubastatin. 

 

4.5.8 Remodelin treatment decreases VSMC traction stress generation.  

We next investigated the impact of microtubule deacetylation on VSMC actomyosin 

force generation. To test this, VSMCs were seeded onto smooth 12 kPa PAHs and quiescence 

was induced by serum withdrawal. VSMCs were pre-treated with the NAT10 inhibitor, 

remodelin, for 30 minutes prior to angiotensin II treatment. TFM was performed to measure 

VSMC traction stress generation. Analysis revealed that remodelin pre-treatment produced a 

significant reduction in integrated VSMC traction stress generation, with maximal traction 

stress only trending to reduce following remodelin pre-treatment (Figure 4.9).  
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Figure 4. 9: Remodelin treatment reduces angiotensin II induced VSMC traction stress generation. VSMCs were 

seeded onto 12 kPa Smooth PAHs and induced into quiescence by serum removal.  VSMCs were remodelin (R) pre-

treated for 30 minutes, before being stimulated with the contractile agonists angiotensin II (A). A) Representative phase 

images and bead displacement heat maps. Scale bar = 50 μm. Graphs show B) Maximum traction stress 

and C) Integrated traction stress generation. Data is representative of 3 independent experiments, (n=21 in A and n=28 

R+A). (n.s. = non-significant, ** = p < 0.01). 
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4.5.9 Remodelin treatment has no effect on VSMC migration. 

 

The data above demonstrates that NAT10 inhibition decreases actomyosin activity in 

VSMCs. We predicted that inhibiting the activity of NAT10 would reduce VSMC migrational 

capacity. To test this, VSMCs were seeded on to smooth 12 kPa PAHs and their migration 

was imaged over 12 hours, in the presence or absence of remodelin. Analysis revealed that 

remodelin treatment had no impact on either the directionality or speed of VSMC migration 

(Figures 4.10). 

In Chapter 3 we demonstrated that matrix stiffness is a key regulator of VSMCs activity. 

We, therefore, speculated whether remodelin treatment may affect VSMC migration 

selectively in a stiffer environment. VSMCs were subsequently seeded onto smooth 72 kPa 

PAHs to mimic the stiffness of the aged/diseased aortic wall. VSMC migration was imaged for 

12 hours in the presence or absence of remodelin. Analysis revealed that on stiffer matrixes, 

remodelin treatment resulted in increased VSMC migration speed but once again had no effect 

on directionality (Figure 4.11). 
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Figure 4. 10: Remodelin treatment has no effect on VSMC migration on PAHs of physiological stiffness. 

VSMCs were seeded onto 12 kPa smooth PAHs and cell migration was tracked using time-lapse microscopy over 

a 12 hour period. A) Representative rose plots of control- images used are representative only (C) and remodelin 

treated (C+R) VSMC migration. Graphs show B) directionality and C) speed of VSMCs migration. Data is 

representative of 3 independent experiments, tracking 256 C and 246 C+R treated VSMCs. (ns = non-significant) 
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4.5.10 Remodelin treatment minimally increases VSMC migrational capacity on 
aged/diseased stiffness 

Our lab has previously proven that stiffness is a key regulator of VSMCs activity, and 

we have also discussed this in chapter two in great detail. So, we next investigated whether 

remodelin had the same impact on VSMCs seeded on a stiffness reflecting an aged/diseased 

environment. VSMCs were seeded onto smooth 72 kPa PAHs to mimic aged/diseased 

extracellular matrix. VSMC migration was imaged for 12 hours in the presence or absence of 

remodelin. Analysis confirmed that remodelin treatment had the same impact on VSMCs 

migration capacity as on the smooth 12 kPa PAHs. Remodelin treatment didn’t alter 

directionality (Figures 4.12 A and B) while increasing the speed (Figures 4.12 A and C) of 

VSMCs migration on grooved PAHs.  

  

 



 123 

 

 

 

  

Figure 4. 11 VSMC migration speed on stiff PAHs increases following Remodelin treatment. VSMCs  

were seeded onto 72 kPa smooth PAHs and cell migration was tracked using time-lapse microscopy over 

a 12 hour period. A) Representative rose plots of control- images used are representative only (C) and 

remodelin treated (C+R) VSMCs migration. Graphs show B) directionality and C) speed of VSMC 

migration. Data is representative of 3 independent experiments, tracking 384 C and 366 C+R treated 

VSMCs. (ns = non-significant), (* = p < 0.05) 
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4.5.11 Microtubule hyperacetylation has no impact on VSMCs traction stress 
generation 

Histone deacetylase 6 (HDAC6) is known to deacetylate microtubules 257,258. We next 

investigated the impact of HDAC6 inhibition, thereby leading to hyperacetylation of 

microtubules and the effect this would have on VSMC traction force generation. VSMCs were 

seeded onto smooth PAHs of physiological stiffness and quiescence was induced by serum 

withdrawal. VSMCs were pre-treated with the HDAC6 inhibitor, tubastatin, for 30 minutes prior 

to angiotensin II treatment. TFM revealed that inhibition of HDAC6 had no impact on either 

the maximal or integrated traction stresses generated by VSMCs (Figure 4.12). 
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Figure 4. 12: Microtubule hyperacetylation has no effect on angiotensin II induced VSMC traction stress 
generation. VSMCs were seeded onto 12 kPa Smooth PAHs and induced into quiescence by serum removal. 

VSMCs were tubastatin (T) pre-treated for 30 minutes, before being stimulated with the contractile agonist 

angiotensin II (A). A) Representative phase images and bead displacement heat maps. Scale bar = 50 µm. Graphs 

show B) Maximum traction stress and C) integrated traction stress representative of 3 independent experiments 
(n=91 in A and n=56 with 91 control and 56 tubastatin treated VSMCs analysed. (n.s. = non-significant) 
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4.5.12 HDAC6 inhibition has no effect on VSMC migration. 

The above data shows that tubastatin treatment had no impact on the actomyosin force 

generated by VSMCs on physiological matrix stiffness. From this and the other experiments 

performed within this chapter, we predicted that tubastatin wound not alter the migrational 

capacity of VSMCs. To test this, VSMCs were seeded on to smooth 12 kPa PAHs and their 

migration was tracked over a 12-hour period, in the presence or absence of tubustatin. 

Analysis confirmed that tubustatin treatment had no impact on the directionality or speed of 

VSMCs migration (Figure 4.13). 
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Figure 4. 13: HDAC6 inhibition has no impact on VSMC migration. VSMCs were seeded onto 12 kPa smooth 
PAHs and cell migration was tracked using time-lapse microscopy over a 12 hour period. A) Representative rose 

plots of control- images used are representative only (C) and tubustatin treated (C + T) VSMC migration. Graphs 

show B) directionality and C) speed of VSMC migration. Data is representative of 3 independent experiments, 

tracking 357 C and 205 C+T treated VSMCs. (ns = non-significant) 
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4.5.13 VSMCs generate increased traction stress following HDAC6 inhibition 
on aged/diseased matrix stiffness  

In chapter 3 we discussed the importance of matrix stiffness and topology in regulating 

VSMC traction stress generation. Despite inhibition of HDAC6 having no effect on VSMC 

traction stress generation when cells were seeded on PAHs mimicking healthy aortic stiffness, 

we wanted to investigate whether the same mechanism applied to VSMCs seeded on PAHs 

mimicking an aged/diseased stiffness. VSMCs were therefore seeded onto smooth 72 kPa 

PAHs, with quiescence induced following serum withdrawal. TFM revealed that VSMCs which 

had been pre-treated with tubastatin, prior to angiotensin II stimulation, generated enhanced 

maximal and integrated traction stress on rigid PAHs (Figure 4.14). 
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Figure 4. 14:  HDAC6 inhibition increases traction stress generated by VSMCs on 72 kPa PAHs. VSMCs were 

seeded onto 72 kPa smooth PAHs and induced into quiescence by serum removal. VSMCs were tubastatin (T) pre-

treated for 30 minutes, before being stimulated with the contractile agonist angiotensin II (A). A) Representative phase 
images and bead displacement heat map. Scale bar = 50 µm. Graphs show B) Maximum traction stress and 

C) integrated traction stress generation. Data is representative of 3 independent experiments (n = 64 in A and n = 26 

in T+A VSMCs analysed). (* = p < 0.05, ** = p < 0.01). 
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4.5.14 HDAC6 inhibition reduces VSMC migration speed on PAHs mimicking 
aged/diseased aortic stiffness 

The above data shows that tubastatin pre-treated VSMCs on aged/diseased mimicking 

PAHs generated significantly higher traction stress. To test if tubastatin-mediated inhibition of 

HDAC6 would also affect VSMC migration on aged/diseased stiffnesses, cells were seeded 

onto smooth 72 kPa PAHs and tracked over a 12-hour period. Analysis revealed that 

tubastatin treatment had no impact on the directionality of VSMC migration but resulted in a 

slight reduction in migration speed (Figure 4.15). 
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Figure 4.15. HDAC6 inhibition reduces VSMC migration speed on PAHs mimicking aged/diseased aortic 
stiffness. VSMCs were seeded onto 72 kPa smooth PAHs and cell migration was tracked using time-lapse 
microscopy over a 12 hour period. A) Representative rose plots of control- images used are representative only 
(C) and tubustatin treated (C + T) VSMC migration. Graphs show B) directionality and (C) speed of VSMC 
migration. Data is representative of 3 independent experiments, tracking 384 C and 325 C+T treated VSMCs. 
(ns = non-significant, ** = p < 0.01). 
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4.5.15 Comparison the impact of all drugs used on VSMC migrational capacity 
on aged/diseased stiffness 

We next compared the migrational data for all drug treatments we used on both the 

aged/diseased matrix stiffness. Colchicine and paclitaxel significantly reduced the 

directionality of VSMC migration despite their counteracting mechanisms of action. 

Demecolcine, remodelin or tubastatin treatment didn’t influence the directionality of VSMC 

migration. (Figure 4. 16 A). colchicine, paclitaxel and tubastatin reduced the migrational speed 

of VSMCs whilst remodelin and demecolcine had no impact (Figure 4. 16 B).  
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Figure 4. 16: A comparison of microtubule targeting agents we used and their impact on 
migrational capacity. Graphs show (A) directionality (B) and speed on 72 kPa PAHs. Cells were treated 
+/− one of the five agents (discussed in separate sections) in their corresponding concentration 30 minutes 
before a timelapse images were set to capture over 12 hours, on a 10-minute interval.  C-control, Co- 
colchicine, D-demecolcine, P-paclitaxel, R- remodelin and T-tubastatin. Data is representative of 3 
independent experiments with the n numbers VSMCs tracked each condition addressed on the sections 
4.4.2 to 4.4.14 above. (* p = < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 
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4.6 Discussion and conclusion  
 

In this chapter, we investigated the impact of microtubule targeting compounds on 

VSMC traction stress generation and migration. Though many in vitro migration studies have 

been performed previously, most of these studies were carried out on plastic or glass surfaces, 

which are roughly a thousand-fold stiffer than the aortic wall 259. In our recently published work 
146, we validated a PAHs-based assay for screening of VSMCs contractile activity and traction 

stress generation. Our ability to mimic arterial wall stiffness and topology by tailoring PAHs 

has given us a novel way of controlling VSMCs in vitro, where the work we have done can be 

used to assess in vivo situations.  

Apart from maintaining proper cell shape, the cytoskeleton function extends to 

facilitating the physical and mechanical interaction of the VSMCs with their surroundings. This 

functionality of traction stress must be properly regulated for many mechanosensing 

phenomena including the processes of cell migration, differentiation, growth and cell shape 260 
261.  

We have previously demonstrated the impact of cell shape and substrate rigidity and 

topology on VSMCs functionality 51,146. Further studies have suggested that microtubule 

structure and crosstalk with other cytoskeletal systems, such as actin filaments also regulate 

traction stress 262. However, the mechanisms through which this happens remain under 

investigated. Having said that, an investigation by one research team proposed two possible 

pathways through which microtubule depolymerization generates increased traction stress, 

whilst stabilising microtubules decrease traction stress in myosin-II independent setting 263 

Whilst we also have observed that destabilising microtubules generated larger traction 

stress (Figure 4.1), stabilising microtubules blocked VSMCs from generating traction stress. 

(Figure 4.4). The mechanism through which this happens is not fully understood, however, we 

are using a different approach that allows us to mimic in vivo dynamics of VSMCs in vitro and 

our finding so far is a key insight to further studies and utilization of microtubule targeting 

compounds to better understand.  

Microtubule targeting agents colchicine and paclitaxel significantly reduce the 

migration speed of VSMCs. This is due to the microtubule stabilising effect of paclitaxel, which 

shifts the balance of microtubules to assembly, leading to numerous unorganised and 

decentralized microtubules inside the cytoplasm 170. It's worth mentioning that whilst both 

colchicine and paclitaxel inhibit cell division at the M phase, they involve different biological 

mechanisms 264,265. Previous studies using wire myography have reported that microtubule 

destabilisation increased VSMC force generation 266. Another study showed colchicine used 



 135 

to test the contractile performance of hypertrophied  neonatal cardiocytes through its 

microtubule depolymerization effect 267 

   

Furthermore, some studies suggest that microtubule stabilising agents inhibit 

proliferation and migration as a result of some sort of microtubule-mediated sequestering and 

release mechanism 143,173,268.   

Through our experiments in this chapter, we found out that the migratory function of 

VSMCs significantly decreased with the disruption of microtubule instability dynamics 

(colchicine and paclitaxel) (Figures 4.2, 4.3, 4.5 and 4.6), and this suggests that microtubules 

are important components of VSMCs migration.  

Comparing microtubule destabilisers and stabilisers' impact on traction stress 

migration: when pre-treated with colchicine, a microtubule destabilisation following 

angiotensin II stimulated VSMCs generated significantly larger maximum and integrated 

traction stress (Figure 4.7). This impact of microtubules in actomyosin activity agrees with 

previous observations reported as the mechanical borne of the cytoskeleton also known as 

tensegrity model 269,270. However, the paclitaxel showed no influence on maximum traction 

stress and caused angiotensin II stimulated VSMCs to generate significantly smaller 

integrated traction stress (Figure 4.9).    

This observation is different from the interplay between traction stress and the cell 

area, where cells generated increased traction stress show reduced cell area as shown in 

chapter 3. This could be explained by the microtubule agents' uncouple area and traction 

stress relationship, and that was confirmed via confocal microscopy 271.  

Some recent studies are shedding light on the crosstalk between microtubules and 

actin of the cytoskeleton, that microtubule depolymerization activates myosin II-dependent 

mechanisms through FAK-independent pathways. Hence cells can generate more force 

without changing their shape and form. Some studies observed that there were significant 

changes in the focal adhesion driving proteins like focal adhesion kinases 262. 

Demecolcine, a microtubule destabilising agent, depending on the concentration, 

depolymerizes microtubules at higher concentrations and stabilizes microtubule dynamics at 

lower constatation. When colchicine binds to microtubule ends or soluble tubulin for a poorly 

reversible tubulin-colchicine complex 272, which is central to colchicine mechanism of action in 

regulating the cytoskeletal function 273 and it has been reported that colchicine attenuates SMC 
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proliferation and migration 146,273.  

N-acetyltransferase 10 (NAT10) is identified as a regulator of many cellular activities 

such as RNA stability and the translation process 274. Targeting NAT10 promotes cell cycle 

progression through a proposed mechanism of the cyclinD1/CDK2/p21 axis 185 and is also 

shown to prevent DNA damage 186,275.    

NAT10 is a potential therapeutic target to treat different diseases for those reasons. 

Currently NAT10 inhibition via its specific inhibitor remodelin is used as cancer suppression 

prostate cancer276. Remodelin is a small molecule compound, which is the only known potent 

inhibitor of NAT10, shown to have a reverse effect on cell proliferation, cell invasion and 

migration 183. Remodelin interacts with the acetyl-CoA binding pocket of human NAT10 and 

has shown to have a reverse effect on cell proliferation and migration in epithelial-

mesenchymal transition 188.  

We found out that the remodelin pre-treated VSMCs on healthy stiffness PAHs 

generated a trending reduced maximal traction stress (not significant) (Figures 4.9 A and B), 

whilst significantly reduced total traction stress (Figures 4.9 A and C). This was also true on 

the aged/diseased stiffness PAHs.  

When VSMCs were treated with remodelin, their migrational capacity showed no 

change in directionality (Figure 4.10 A and B), or speed (Figure 4.10 A and C) on healthy 

stiffness PAHs. However, that changed when matrix stiffness increased to aged/diseased 

stiffness PAHs, where the migration directionality didn’t alter whilst the speed significantly 

increased (Figure 4.12 A and B), or speed (Figure 4.12 A and C). 

HDAC6 inhibitors have been explored in cancer research for their ability to restore the 

expression of silenced genes and have highly effective treatment benefits along with 

immunotherapies, such as mAbs 277. Four nonselective HDAC6 inhibitors have already been 

registered in monotherapies, romidepsin and SAHA for cutaneous T-Cell lymphoma, 

belinostat for relapsed or refractory peripheral T-cell lymphoma, and Panobinostat for multiple 

myeloma 278. Other HDAC6 inhibitors such as ricolinostat are currently in clinical trials for 

Hodgkin lymphoma 277. 

Inhibition of HDAC6 with tubastatin is reported to enhance the microtubule acetylation 
279, suppress the dynamics of microtubules, and delayed the reassembly of depolymerized 

microtubules. The study also found that tubastatin enhanced the binding of HDAC6 to 

microtubules, and hence increase the microtubule stability in MCF-7 cells 280.  
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We treated VSMCs to with HDAC6 inhibitor to test the impact of altering acetylation of 

microtubules on VSMC's traction force generation and migrational capacity. Their result 

revealed that tubastatin has impact on VSMCs traction stress generation (Figure 4.13 A to C) 

and migration capacity (Figure 4.14 A to C) on healthy stiffness. However, this changed with 

the change in stiffness, that on aged/diseased PAHs, the traction stress generation 

significantly increased (Figure 4.15 A to C) and the migrational capacity (Figure 4.16 A to C). 

Based on the data presented above, we conclude that microtubules play a key role in 

the functionality of VSMCs. Disrupting the microtubule stability alters the actomyosin activity 

and migrational capacity. We still must run more experiments to test aged/diseased matrix 

stiffness and microtubule targeting agents to have a complete picture of the relevance of 

microtubule dynamic stability in different conditions, i.e healthy and aged/diseased matrix 

stiffness and 3-D mimicking topology. 

   



 138 

4.7 Limitation and future direction  
 

4.7.1 VSMCs contractile and synthetic phenotypes  
 

VSMCs exist in quiescent contractile phenotypes and show a significant plasticity 281. 

However, VSMCs also undergo a phenotypic switch to synthetic- increased migratory and 

proliferation rate- due to a change in gene expression of contractile protein markers 282. In our 

experiment, we promote quiescence by serum withdrawal and that is not enough to withdraw 

other plenty factors that VSMCs get subjected to that can alter their true contractile nature.  

4.7.2 Microtubule targeting agents and dose sensitivity   
Another key point worth addressing is the sensitivity of the microtubule agent 

concentration used - demecolcine. At different concentrations, demecolcine has different 

implications and due to time constrain, we didn’t get to validate the effect of the demecolcine 

at higher concentrations.  

4.7.3 Inadequate knowledge of the mechanism of microtubules on traction 
stress  

Microtubule and actomyosin crosstalk are an exciting concept that has yet to be 

investigated substantially. Understanding the mechanisms of this interplay is likely to set a 

new direction of interest to illuminate microtubule engagement in vascular diseases and its 

potential for future therapeutic targets. In the future, we would investigate the proteins involved 

in facilitating the cross-talk of actin-microtubules on traction force generation, such as GEF-

H1 and MACF1 proteins 283. 
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Chapter 5: Novel regulators of 
VSMC function 
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5.1 Background  
Understanding novel regulators of VSMC migration in vitro is key to extrapolating to in 

vivo situations and studying live cells' behaviours. In the previous chapters, we focused on 

addressing how matrix topology and microtubule stability influence VSMC traction force 

generation, migration, and proliferation. In this chapter, we will explore the influence of statins 

as other novel regulators of VSMCs and the influence of stretch activation channels in VSMC’s 

function.   

Though statins are drugs that are primarily used to reduce hyperlipidaemia, they have 

also been shown to have beneficial anti-inflammatory properties, act as antioxidants and 

stabilise atherosclerotic plaques 284,285. Statins are reported to reduce VSMC migration and 

proliferation, and in doing so prevent the development of atherosclerosis 286,287. In this 

experiment we will use the most commonly prescribed - simvastatin, mevastatin and 

atorvastatin- model statins. A study found that simvastatin and atorvastatin inhibit DNA 

synthesis reducing proliferation on VSMCs 288, which implies that statins may be able to 

regulate the phenotypic switch of VSMCs. 

The primary focus of this chapter was to test the reported effects of statins whilst 

VSMCs were cultured on PAHs that mimicked either physiological or aged/diseased aortic 

stiffness. Additionally, we also investigated the effect of statins when VSMCs were cultured 

on PAHs of 2 kPA stiffness which is a representative model of diseased soft arterial wall. In 

this chapter, we compared three different statins, highly lipophilic simvastatin, and less 

lipophilic atorvastatin.  

We also started to investigate the role of mechanosensitive ion channels in regulating 

VSMC migration. One of those families is the piezo (1 and 2) nonselective cation channels. 

Electron microscopy has reviled that piezo1 is expressed with in VSMCs  and endothelial cells 

in the blood vessel development and structural maintenance   289,290. Blocking Piezo1 activity 

altered VSMC morphology and actomyosin force generation. Research has shown that 

treatment with GsMTx-4, a mechanosensitive ion channel blocker, abolishes the induction of 

cell currents within HEK293 cells, including those generated by Piezo1 119. Our lab has 

recently (pending publication) identified that Piezo1 expression is upregulated in VSMCs 

cultured on PAHs of aged/diseased stiffness. Hence, we investigated the effect of GsMTx-4 

treatment on VSMCs migration under different mechanical conditions.  
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5.2 Hypothesis 

We hypothesise that treating VSMCs with statins or the mechanosensitive ion channel 

blocker, GsMTx4, will reduce their migration speed. We also predict that the effect of these 

compounds will be greater when VSMCs are migrating on PAHs mimicking an aged/diseased 

stiffness.  

 

5.3 Aims of the chapter  

The objective of our experiments was:  

1. To validate the impact of statins on VSMC migrational capacity on different 

stiffnesses and topologies of PAHs. 

2. To determine the impact of GsMTx-4 on VSMC migrational capacity.  
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5.4 Results  
 
5.4.1 Simvastatin reduced VSMC migration speed on PAHs of aged/diseased 
stiffness 

In chapter 3, we demonstrated that matrix stiffness can alter VSMCs functionality. 

Building from those foundations, we examined if treatment with statins could alter VSMC 

migration on a range of physiological/pathophysiological matrix stiffnesses. VSMCs were 

seeded on 12 kPa and 72 kPa smooth PAHs and their migration was tracked over a 12-hour 

period, in the presence or absence of simvastatin. Analysis revealed that VSMCs on 72 kPa 

PAHs migrated faster than their counterparts on 12 kPa PAHs. Simvastatin treatment 

prevented the increased VSMC migration speed observed on 72 kPa PAHs but had no effect 

on VSMCs seeded on other stiffnesses. The directionality of VSMC migration was unaffected 

on all PAH stiffnesses (Figure 5.1).  
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Figure 5. 1: Simvastatin treatment reduces VSMC migration speed on 72 kPa PAHs. VSMCs were 
seeded onto  12 kPa (12) or 72 kPa (72) smooth PAHs and cell migration was tracked using time-lapse 

microscopy over a 12 hour period. During this period cells were treated with simvastatin (S) or left untreated 

as a control (C). A) Representative rose plots of VSMC migration. Graphs show B) directionality and C) speed 

of VSMC migration. Data is representative of 5 independent experiments with the following number of VSMCs 

tracked per condition 12C (190), 12S(149), 72C(162) and 72S(145). (ns = non-significant, **** = p < 0.0001 

). 
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5.4.2 Mevastatin treatment promotes increased VSMC migration speed on 
PAHs of physiological stiffness.  

The above data shows that simvastatin treatment prevented an increase in VSMC 

migration speed when cells were cultured on PAHs mimicking aged/diseased aortic stiffness. 

We next compared whether a structurally similar statin, mevastatin, predicting that it would 

have similar effects on VSMC migrational capacity as simvastatin. To test this, VSMCs were 

seeded onto smooth 12 kPa and 72 kPa PAHs and their migration was tracked over 12 hours, 

in the presence or absence of mevastatin. Analysis revealed that mevastatin treatment 

increased both the directionality and speed of VSMC migration on healthy stiffness (12 kPa 

PAHs). However, on the aged/diseased stiffness PAHs (72 kPa), mevastatin treatment 

reduced the directionality of VSMC migration without significant effect on the speed of their 

migration (Figure 5.2).  
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Figure 5. 2: Mevastatin treatment promotes increased VSMC migration speed on 12 kPa PAHs. VSMCs 

were seeded onto 12 kPa (12) or 72 kPa (72) smooth PAHs and cell migration was tracked using time-lapse 

microscopy over a 12 hour period. During this period cells were treated with mevastatin (M) or left untreated as a 

control (C). A) Representative rose plots of VSMC migration. Graphs show B)  directionality and C) speed of 

VSMC migration. Data is representative of 3 independent experiments with the following number of VSMCs 

tracked per condition 12C(227), 12M(408), 72C(449) and 72M(189). (ns = non-significant, * = p < 0.05, *** = p < 
0.001 , **** = p < 0.0001). 
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5.4.3 Atorvastatin treatment promotes increased VSMC migration speed on 
PAHs of physiological stiffness.  

Next, we investigated whether the less lipophilic atorvastatin would also impact VSMC 

migration. To test this, VSMCs were seeded onto 12 kPa and 72 kPa PAHs and their migration 

was tracked over a 12-hour period, in the presence or absence of atorvastatin. Analysis 

revealed that atorvastatin increased both the directionality and speed of VSMC migration on 

PAHs of healthy stiffness (12 kPa). However, whilst atorvastatin increased the directionality of 

VSMC migration on PAHs of aged/diseased stiffness (72 kPa), it had no effect on the speed 

of their migration (Figure 5.3). 
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Figure 5. 3: Atorvastatin treatment promotes increased VSMC migration speed on 12 kPa PAHs. 
VSMCs were seeded onto 12 kPa (12) or 72 kPa (72) smooth PAHs and cell migration was tracked using 

time-lapse microscopy over a 12 hour period. During this period cells were treated with atorvastatin (A) or 

left untreated as a control (C). A) Representative rose plots of VSMC migration. Graphs show B)  
directionality and C) speed of VSMC migration. Data is representative of 4 independent experiments (n = 

371 12C control, n = 393 12A, n= 380 72C and n= 212 72A treated) VSMCs tracked. (n.s. = non-significant, 

* = p < 0.05, **** = p < 0.001 ) 
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5.4.4 Simvastatin reduces the migration speed of VSMCs on grooved PAHs of 
healthy stiffness. 

Having assessed the impact of statins on VSMC migration when seeded on smooth 

PAH, we next investigated whether matrix topology may alter the observed effect statins have 

in regulating VSMC migration. To test this, VSMCs were seeded onto smooth and grooved 12 

kPa PAHs and their migration was tracked over 12 hours, in the presence or absence of 

simvastatin. In agreement with our previous findings in Chapter 3, VSMC migration speed was 

reduced on grooved PAHs compared to their smooth counterparts (Figure 5.4). Additionally, 

simvastatin treatment did not alter the directionality or speed of VSMC migration on smooth 

PAHs of healthy stiffness, as observed earlier in this chapter (Figures 5.1 and 5.4). However, 

when seeded on grooved PAHs of aged/diseased stiffness, simvastatin treatment reduced the 

speed of VSMC migration but continued to have no effect on the directionality of their migration 

(Figure 5.4). Our experiments in this chapter were performed with the most commonly used 

statins that are lipophilic given the literature view featuring the effectiveness of different statins, 

though it lacks solid evidence 291.   
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Figure 5. 4: Simvastatin reduces the speed of VSMC migration on  grooved PAHs of physiological stiffness. 
VSMCs were seeded onto Smooth (SMT) or Grooved (GRV) PAHs of 12 kPa stiffness and cell migration was tracked 

using time-lapse microscopy over a 12 hour period. During this period cells were treated with simvastatin (S) or left 

untreated as a control (C).  A) Representative rose plots of VSMC migration. Graphs show B) directionality and C) speed 

of VSMC migration. Data is representative of 5 independent experiments with the following number of cells tracked per 

condition SMT-C(315), SMT-S(437), GRV-C(282) and GRV-S(394). (n = 315 12 kPa smooth control, n = 437 12 kPa 
smooth simvastatin treated, n = 282 12 kPa grooved control and n= 394 12 kPa simvastatin treated grooved VSMCs 

tracked. (ns = non-significant, * = p < 0.05, ** = p < 0.01, **** = p < 0.0001). 
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5.4.5 Ion channel blockade, via GsMTx-4 treatment had no impact on VSMC 
migration  

VSMCs migration is influenced by mechanical forces, and we explore the involvement 

of SAC on regulating VSMCs migrational capacity. To do that, we investigated the effect that 

blocking mechanosensitive ion channels, using the inhibitor GsMTx-4, had on VSMC 

migration on PAHs of physiological and aged/diseased stiffness. VSMCs were therefore 

seeded onto smooth PAHs of 12 kPa and 72 kPa stiffness and tracked over a 12-hour period, 

in the presence or absence of GsMTx4. Our results show that GsMTx-4 treatment had no 

impact on the migration speed of VSMCs on either stiffness, however, GsMTx-4 treatment did 

increase the directionality of VSMC migration on PAHs of aged/diseases stiffness (Figure 5.5).  
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Figure 5. 5 Ion channel blockade, via GsMTx-4 treatment, had no impact on VSMC migration. VSMCs were 

seeded onto 12 kPa or 72 kPa smooth PAHs and cell migration was tracked using time-lapse microscopy over 

12 hours. During this period cells were treated with GsMTx-4 (G) or left untreated as a control (C). A) 
Representative rose plots of VSMC migration. Graphs show B)  directionality and C) speed of VSMC migration. 

Data is representative of 4 independent experiments with the following number of cells tracked per condition 
12C(629), 12G(654), 72C(630) and 72G(676). (ns = non-significant, ** = p < 0.01).  
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Table 5.1: Summary of the effects of statins and mechanosensitive ion channel 
blockers on VSMC migration 

Treatment  Stiffness   Topology Directionality   Speed  

Atorvastatin 0.5 µM 12 kPa  Smooth  increase  increase 

72 kPa  Smooth  no change  no change  

GsMTx-4  0.5 µM 12 kPa  smooth  no change   no change  

72 kPa  smooth  increase   no change  

Mevastatin 1 µM 12 kPa  Smooth   increase   decrease  

72 kPa  Smooth   decrease   no change  

Simvastatin 1 µM 12 kPa  Smooth   no change   no change  

Simvastatin 1 µM 
12 kPa  Grooved   no change  decrease 

72 kPa  Smooth   no change   decrease  
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5.5 Discussion and conclusion  
In this chapter, we sought to elucidate the impact of statins on VSMC migration. Statins 

are beneficial to cardiovascular health and are used to prevent coronary heart disease 285,292 

through their competitive inhibition of HMG-CoA) reductase  . Besides their primary clinical 

function in lowering the build-up of circulating cholesterol 287, their pleiotropic impact on 

VSMCs has been reported to reduce both their proliferation and migration 287. The primary 

focus of this chapter was to validate the reported effects of statins on VSMC migration when 

cells are cultured on our PAHs whose stiffness can mimic the physiological and aged/disease 

stiffness of the aorta.   

Our results demonstrate that all three of the statins tested affect VSMC migration, 

albeit the effect they have differs depending on the statin used, as summarised in Table 5.1. 

Simvastatin lowers the migrational capacity of VSMCs specifically on aged/disease mimicking 

PAHs, with no effect on cells seeded on our PAHs of physiological stiffness. However, if we 

additionally alter the topology of our PAH as discussed in Chapter 3, we observed that 

simvastatin also lowers the migrational capacity of VSMCs on grooved PAHs of physiological 

stiffness. This is in alignment with previous findings that show a group of statin treatments 

(atorvastatin, Fluvastatin and rosuvastatin) prevented fibrous cap formation in the late stage 

of atherosclerosis 287. 

Potentially, the effect of simvastatin on VSMC migrational capacity is via the inhibition 

of posttranslational modification of Ras or Rho prenylation 284,294. Rho activity is known to 

increase in response to enhanced matrix stiffness. This may explain why simvastatin 

selectively impaired VSMC migrational capacity of PAHs of aged/disease stiffness. 

Furthermore, simvastatin reduced the migration capacity of VSMCs on grooved healthy PAHs, 

which supports our findings from the earlier experiments. This is potentially a consequence of 

VSMCs generating enhanced actomyosin-generated traction stresses on the grooved PAHs. 

This potentially stimulates enhanced RhoA activation. 

Conversely, atorvastatin treated VSMCs migrated faster on PAHs of healthy 

stiffness, with atorvastatin not affecting those seeded on aged/diseased mimicking PAHs. A 

similar observation was reported with Fluvastatin, where at the early onset of 

atherosclerosis, statins act as pro-atherogenic by upregulating the ECM protein and fibrous 

caps production 287. Hence, we speculate that this observation of atorvastatin and 

mevastatin on VSMCs on the healthy stiffness effect might be acting as a pro-atherogenic 

agent.  

Finally, we also explored the effect of inhibiting mechanosensitive ion channels on 
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VSMC migrational capacity by using the GsMTx-4 inhibitor. Our lab has previously elucidated 

that the concentration of GsMTx-4 used within this study is sufficient to alter VSMC 

morphology and actomyosin force generation (publication pending). Whilst they have 

previously shown that GsMTx-4 can have a beneficial effect in preventing VSMCs from 

undergoing a phenotypic switch when seeded on stiffer matrixes, in this present study we find 

that GsMTx-4 had no impact on VSMC migrational capacity. 
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Chapter 6: General discussion 
and conclusions 
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6.1 Arterial compliance and our PAHs models  

Inside the body, under normal physiological conditions, the arterial wall is highly elastic, 

and that dynamicity allows it to adopt flexible constriction and dilation of the blood vessels. 

Those vasoconstriction/dilation involve the contractile function of VSMCs in the medial layer 

of the arterial wall.  

The medial layer of the aortic wall, home to VSMCs, contains elastic and non-elastic 

ECM components 295, that cells interact differently to the change in ECM composition-leading 

to different stiffness- and topology 35, which resulted in the alteration of the cell morphology by 

reorganising the cytoskeleton and internal organelles. This two-way interplay influences 

VSMC's traction stress generation and migrational capacity 229,296. In a healthy artery and 

physiological condition, VSMCs exist as quiescent contractile phenotypes, with spindle 

morphology, which are key features required for their vessel tone regulation. The spindle 

morphology was achieved by seeding VSMCs on grooved PAHs.  

 
6.2 VSMCs morphology and traction stress generation in different 
ECM stiffness and topology 

Our observation of the result is that VSMCs on the smooth PAHs adopt a rounded or 

fried egg-like structure, whilst VSMCs seeded on grooved PAHs showed reduced cell area, 

spindle-shaped and aligned along the micropatterns. This variation in morphology is dictated 

by the contact guidance that VSMCs sense on the grooved PAHs in comparison to the 

classical two-dimensional PAHs environment 229,297,298.  Hence, VSMCs spread better on 

smooth PAHs as opposed to those seeded on grooved PAHs. Our results also showed that 

cell on grooved PAHs deformed their surrounding matrix significantly higher than those on 

smooth PAHs, generating high traction stress, suggestive of their function in performing vessel 

tone.  

We also investigated the VSMCs' actomyosin activity by treating cells with contractile 

agonists- Ang II.  Cells were grown in basal media and treated with Ang II serial dilution ranging 

from 0.01 µM to 100 µM. The results revealed that VSMC seed on 12 kPa of smooth and 

grooved PAHs reduced in the cell area. This is an indication that the VSMCs undergo 

contraction and subsequently reduction in the cell area, increased traction stress leading to 

vasoconstriction. 

Our lab has previously conducted a first-of-its-kind investigation on how a change in 

stiffness increased the number and size of adhesion recruitments 299. We have seen that 
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VSMCs seeded on 72 kPa both smooth and groove PAHs showed an increase in VSMCs 

volume on the VSMCs seeded on grooved over compared to those on the smooth PAHs. That 

finding is being further investigated within our lab. To further understand the result of the 

morphological change acquired from topological alteration, we carried out the contractile 

stimulation of quiescent VSMCs seeded on 72 kPa smooth and groove PAHs. The setting and 

treatment were the same as the 12 kPa, described above. The result showed that there was 

a decreased cell spreading in VSMCs seeded on both smooth and groove PAHs. 

Comparing the change in the cell area of VSMCs seed on the 12 kPa vs 72 kPa 

Smooth and 12 kPa vs 72 kPa showed that the change in morphology has a reverse 

relationship to the ECM stiffness on the 12 kPa PAHs. However, on the 72 kPa, VSMCs spread 

with increased matrix stiffness. Hence, the change in cell area is significantly influenced by 

both the matrix stiffness and topology. 

We also speculate the changes on the 12 kPa PAHs are due to the VSMCs on grooved 

PAHs having concentrated and matured focal adhesions generating a sheer pulling force, that 

is strong enough to deform the PAHs pulling inwards 300. The adhesion points concentration 

and maturation are likely to be very low with VSMCs on smooth PAHs due to the continuous 

effort of the cell protrusion in many directions300.  

VSMCs phenotype switch from contractile to migratory and proliferative during tissue 

repair after injury 35,209. Hence, migration and proliferation are characteristics of synthetic 

phenotypes in VSMCs. Hence, we investigated the migrational and proliferative features of 

VSMCs.  

 
6.3 Change in Matrix topology alters VSMCs migration  

For migration to happen, cells must reorganize their shape in a dynamic and 

orchestrated manner 301. This change in cell shape and its spreading regulates the distribution 

of the focal adhesion between the leading edge and trailing edge of a migrating cell and is 

governed by the biochemical switches of molecules called Rho-family GTPases  . The principal 

regulators of those biochemical switches include Rho guanine nucleotide exchange factors 

(RhoGEFs) and Rho GTPase activating proteins (RhoGAPs) 303. 

Other studies suggested that the cell shape is also dependent on the manner of the 

actin polymerization 297. Spindle-shaped cells show a biophysically stretched elongation state 

and F-acting polymerization arranged on the leading edge of the cell 301,304,305. 

Following our studies on ECM stiffness and VSMCs response 35, we investigated the 
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VSMCs migration response change to their ECM topology. In line with the previous 

observations, the VSMCs on smooth PAHs showed procuration in multiple directions whilst 

the VSMCs on the grooved PAHs aligned in the micropatterns, with spindle-shaped 

morphology, leading to increased directionality. Investigating the speed at which the VSMCs 

moved, those on the 12 kPa smooth PAHs moved at a significantly faster speed than the 

VSMCs on the grooved PAHs.   

Our data shows that the comparison of the speed VSMCs migration between those on 

the smooth and grooved 72 kPa PAHs showed reversed characteristics from what we have 

seen on the 12 kPa PAHs. VSMCs on smooth PAHs migrate significantly faster than their 

counterpart on grooved PAHs.  

Results from our proliferation assay also showed that VSMCs on the smooth 12 kPa 

PAHs have a higher proliferation rate compared to those on the grooved PAHs. This 

observation suggests groove PAHs have helped VSMCs to retain quiescent phenotype. 

   

6.4 Novel regulators of VSMCs function  
Distributing microtubules' dynamic instability of VSMCs can trigger different pathways 

and subsequently alter the characteristics of VSMCs in different settings. Our work 

interrogated the influence of microtubule targeting agents (MTA) on VSMCs traction stress 

generation and migration. We observed the magnitude of traction stress generated and the 

migrational capacity of VSMCs treated with colchicine and paclitaxel significantly reduced. A 

previous study in our lab investigated the morphological changes with those MTAs 146, there 

was an uncoupling of morphology and traction stress generated, suggesting that their 

influence didn’t involve actomyosin pathways 146. Demecolcine needs further characterization 

and finding the optimal working concentration. Colchicine and paclitaxel are both important 

drugs currently used in cancer treatment at a substantially higher dose. Our results suggested 

that both colchicine and paclitaxel could have potential therapeutic benefits in preventing 

major adverse cardiovascular events.  

Statins are also used to investigate their influence on the regulation of the RhoA 

pathway on VSMC migration. Our result shows that statins work differently, a such atorvastatin 

didn’t work at all, and simvastatin best inhibits migration on VSMC but only on the 

aged/diseased PAHs. Statins are currently prescribed to lower cholesterol in the body whereas 

the most used ones are atorvastatin and simvastatin. Statins also have additional use and 

functions of statins, that needs further investigation. Our data show that simvastatin reduces 
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the migrational capacity of VSMCs in aged/diseased stiffness, which suggests that simvastatin 

can be as useful as a tool to prevent further advancement of CVD.  

 

6.5 General conclusion  
The previous technologies to control morphology required expensive specialised 

training equipment. And most of the previous tissue cultures were performed on glass or 

plastic which is 1000s-fold in stiffness.  Lots of work has been done with VSMCs proliferation 

but not so much with VSMCs migration. Not enough was known about VSMC function because 

of the limitations of plastic and glass and the lack of control of morphology.   

Our lab developed a technique that allowed us to tailor the appropriate stiffness in 

healthy (12 kPa) and aged/diseased (72 kPa) arterial walls by using PAHs. We also used a 

3D printed micropattern to develop grooved PAHs, where the micro pattern on the grooved 

PAHs mimics the in vivo features of the tunica media of the aortic walls. 

We have now validated new approaches that we can explore the impact of matrix 

stiffness and topology on VSMC’s morphology and function. We have got consistent results 

that VCMCs adopt the morphology and functions which are more similar to in vivo context. We 

also have shown that novel regulators of VSMC behave differently in different stiffness in terms 

of migration. More work needs to be done to understand how the novel regulators work in 

different stiffness and topology.  
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6.6  Future work  
 

So far, we have shown that changes from mechanical cue- topology and stiffness- 

enhance VSMC contractility and promote VSMC phenotype switch indicative of disease- 

associated changes.  Comprehensive work is required to advance the 3D model of our tissue 

culture to mimic in vivo features of the cardiovascular system and other cell types within the 

structure more accurately. Further research is also required to extend our knowledge of the 

crosstalk of the cytoskeletal components in different conditions.  

 

The results discussed in this thesis are a great starting point to understand and utilise 

microtubule targeting agents beyond their current clinical use. Current models for pre-clinical 

screens are low throughput, time consuming, qualitative, or inconsistent. Our model 

circumvents many of these issues by providing a more disease-relevant model for pre-clinical 

screening of microtubule-targeting drugs. This will be of clinical benefit, as this model allows 

much higher throughput screening which will facilitate the identification of therapeutically 

relevant microtubule-targeting drugs.    

Concurrent with the use of anti-cancer use of microtubule targeting agents, 

understanding their mode of action and the appropriate concentration, there is great potential 

that they could be clinically used for their anti-angiogenic effect, where such effects were 

observed when added to endothelial cells 306.  
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