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Abstract 
Christopher John Cobb 

University of Manchester 

Doctor of Philosophy 

Vascular function prior to the development of overt atherosclerosis 

September 2013 

 

The formation of atherosclerotic plaques is linked to a change in vascular function, with 

evidence of endothelial dysfunction and the proliferation of the underlying vascular smooth 

muscle cells (VSMCs). Prior to plaque development, risk factors are present that are capable 

of altering vascular function and promoting disease progression. These risk factors include 

hypercholesterolaemia, obesity and inflammation. The specific mechanisms of these risk 

factors in the early stages of atherosclerotic disease development have yet to be fully 

explored and are likely to be closely interwoven. The aim of this thesis was to assess the 

effects of these atherosclerotic risk factors, with a primary focus on the direct action of 

hypercholesterolaemia, on vascular function prior to the development of overt 

atherosclerosis. 

After acute ex vivo cholesterol depletion and enrichment, a range of contractile and 

relaxant stimuli were applied to thoracic aortic rings of wildtype C57BL/6 mice. Cholesterol 

depletion significantly reduced contractility to phenylephrine (p<0.05) and serotonin 

(p<0.01). Acute cholesterol enrichment had no effect on vascular contractility, however, 

acetylcholine stimulated endothelial-dependent relaxation was significantly reduced (p<0.05). 

Feeding with either a standard chow or a high fat ‘western’ diet was undertaken for eight 

weeks in both ApoE
-/-

 and C57BL/6 mice. The extent of atherosclerotic disease development 

was measured through en face lipid staining and histological analysis of aortae. 

Atherosclerosis was present in the aortic root and intercostal branches of chow and high fat 

fed ApoE
-/-

 mice but not in diet-matched C57BL/6 mice. No atherosclerotic lesions were 

observed in the thoracic aortae. In addition, to allow the possibility for direct associations to 

be made between the associated risk factors of hypercholesterolaemia, obesity and 

inflammation, and vascular function, a phenotypic assessment of these characteristics was 

conducted.  

Wire myography was employed to assess the vascular function of thoracic aortic rings 

from chow and high fat diet fed ApoE
-/-

 mice and their age and diet matched wildtype 

C57BL/6 controls. It was found that contractility to both phenylephrine and serotonin was 

significantly increased in chow fed ApoE
-/-

 mice (both p<0.05). Further investigation into the 

mechanism, using intracellular calcium imaging and the indo-1 dye, concluded that VSMC 

store-operated calcium entry was not altered. The exact mechanism behind this increase in 

contractility is therefore still unknown and there was no clear relationship to the 

atherosclerotic risk factors assessed. In addition to altered contractility, endothelial-dependent 

relaxation was shown to be significantly enhanced in high fat fed C57BL/6 (p<0.01) and 

ApoE
-/-

 mice (p<0.001). Enhanced endothelial-dependent relaxations were transient and 

sensitive to specific inhibition of cyclooxygenase-2 but not nitric oxide synthase. These 

changes were hypercholesterolaemia-independent but correlated with signs of obesity and 

inflammation. 

In summary, this investigation has demonstrated that vascular function was altered in 

the murine thoracic aorta prior to overt atherosclerotic plaque development. The implications 

for these observations relate to the possibility of masked early signs of vascular dysfunction 

and also the induction of compensatory mechanisms which may have amplified effects over a 

longer time course; possibly promoting the development and advancement of atherosclerotic 

disease. 
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1.1. Overview 

 

Cardiovascular disease (CVD) was responsible for 34% of deaths in the UK in 2007. The 

main cause of mortality is atherosclerosis, particularly in the coronary and carotid arteries, 

leading to myocardial infarction and ischaemic stroke 
1
. Atherosclerosis is strongly associated 

with risk factors including hypercholesterolaemia, hypertension, obesity, inflammation and 

diabetes and is particularly evident in the developed world where the incidence is increasing 

rapidly 
2
. This investigation will focus on the effects of hypercholesterolaemia, in the early 

stages of disease development prior to the development of overt atherosclerotic plaques, on 

vascular function; however, assessment of concomitant risk factors will also be employed. 

The development and progression of atherosclerosis has been studied for many years now 

due to its causative role in coronary artery disease and ischaemic stroke, however, our 

knowledge of the factors which drive these processes is currently limited. Therefore, the aim 

of the current project is to advance the understanding of these mechanisms, hopefully 

enabling the future development of new preventative or regressive treatments for 

atherosclerosis. 

 

1.2. Atherosclerosis 

 

1.2.1. Atherosclerotic disease development and progression 

 

The development and progression of atherosclerotic plaques within arteries is a complex and 

multifaceted process which involves many signalling pathways and cell types (for a review 

see Douglas & Channon (2010) 
3
). At present it is accepted that atherosclerotic lesion 

formation is linked to endothelial dysfunction, defined as a decrease in the bioavailability of 

nitric oxide, causing an increase in oxidative stress; leading to the expression of adhesion 

molecules and subendothelial infiltration of inflammatory monocytes. The integrity of the 

endothelial layer is compromised and monocytes become macrophages capable of scavenging 

oxidised lipids; most commonly oxidised low density lipoprotein (oxLDL), a form of 

cholesterol which is found in increasingly high concentrations in modern diets of the 

developed world 
4
. These cholesterol laden macrophages, known as foam cells, form the first 

presentation of atherosclerosis which occurs at as young as ten years old, and is named a fatty 

streak 
3
.  
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This process occurs primarily in areas of low and oscillatory blood flow, such as the inner 

curve of branches or bifurcations, with areas of blood vessels experiencing high shear stress 

being largely resistant to lesion formation 
5–7

. The progression to the formation of an 

advanced atherosclerotic plaque involves neointimal hyperplasia and the deposition of ECM 

components, such as collagen, dictated by the proliferative vascular smooth muscle cells. 

This forms a fibrous cap intended to stabilise the plaque and prevent rupture.  Plaque rupture 

may lead to thrombosis and occlusion of the vessel lumen, the cause of both ischaemic stroke 

and myocardial infarction depending on the location of the vessel. Plaque rupture is the 

atherosclerotic end-point and is the cause of all atherosclerosis related deaths (Figure 1.1.). 

As described above the function of endothelial and vascular smooth muscle cells play an 

integral role in plaque development. 
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Figure 1.1. Development of an atherosclerotic plaque. A) Endothelial dysfunction is 

initiated by the uptake of excess plasma LDL and its subsequent oxidation (oxLDL); 

eventually stimulating an immune response. Inflammatory monocytes adhere to receptors on 

the endothelial surface and migrate into the intima where they are transformed into 

macrophages. B) The macrophages take up oxidised LDL in an unregulated fashion 

producing foam cells. More macrophages are recruited and are converted to foam cells 

leading to the formation of a fatty streak. C) Factors released by fat laden macrophages 

stimulate smooth muscle cell (SMC) migration and proliferation; this process along with the 

recruitment of other inflammatory cells (T-cells, neutrophils etc.) is the cause of intimal 

hyperplasia and the production of an advanced plaque. A complex plaque is the final stage of 

plaque progression which is characterised by a fibrous cap and a necrotic core. The complex 

plaque may be stable, restricting the lumen but allowing sufficient flow, or may be prone to 

rupture. D) If plaque rupture occurs, platelet aggregation will occur leading to formation of a 

thrombus and total occlusion of the lumen with cessation of flow. This is the cause of all 

atherosclerotic mortality and will lead to myocardial infarction or ischaemic stroke dependent 

on the plaque location (Image produced by E.J. Wright and included with permission). 
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1.2.1.1. The role of the endothelium in atherosclerotic disease progression 

 

Endothelial cells line the lumen of all blood vessels. This one cell thick layer is of vital 

importance primarily as a barrier, regulating the exposure of the underlying medial smooth 

muscle to molecules in the plasma, and also by releasing vasoactive and anti-inflammatory 

factors, such as nitric oxide and prostacyclin 
8
. Dysfunction of the endothelium is thought to 

be a key contributor to the initiation of atherosclerotic disease 
9
. Dysfunction typically 

manifests as a reduction in nitric oxide bioavailability 
10

. In addition to the reduction in 

paracrine signalling the barrier function of the endothelial cells can also be disrupted 
11

. 

 

Endothelial cells have been identified in the regulation of vascular tone and also are known to 

secrete a number of cytokines and growth factors. These factors, including tumor necrosis 

factor-α (TNFα), interleukin-1 (IL-1)  and monocytes chemoattractant protein-1 (MCP1), all 

of which have been implicated in the development and progression of atherosclerotic disease 

9
. One of the most important effects of these inflammatory mediators is the increase in 

production of free radicals and the super oxide ion (O2
-
). This highly unstable ion is capable 

of scavenging nitric oxide and therefore reducing its bioavailabilty 
12

. 

 

In response to an increase in circulating cholesterol low-density lipoprotein (LDL) 

concentrations are increased 
13

, endothelial cells have the capacity to take up LDL through 

scavenger receptors, such as CD36, expressed on the cell surface 
9
. Within the endothelium 

LDL is converted to oxLDL. The endothelial response to oxLDL is to increase the expression 

of vascular adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1) 

14
; these adhesion molecules facilitate the transmigration of monocytes into the intimal space 

where they are transformed into macrophages. Scavenging of oxLDL by macrophages leads 

to the production of foam cells and the development of primary fatty lesions 
9
. In addition, 

oxLDL is able to promote apoptosis of endothelial cells. The disruption of the endothelial 

barrier by apoptotic cell death is thought to increase thrombosis, through platelet activation, 

and also increase medial inflammation, due to the increased movement of inflammatory cells 

into the tissue 
9,11

. 
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1.2.1.2. The role of vascular smooth muscle cells in atherosclerotic disease progression 

 

VSMCs are spindle-shaped cells arranged in concentric layers forming the tunica media of a 

blood vessel; they are responsible for maintaining the integrity of the vasculature and setting 

vascular tone; thus controlling the flow of blood. However, smooth muscle cells unlike 

cardiac or skeletal myocytes are not terminally differentiated and within arterial walls there is 

a heterogeneous population of smooth muscle cells 
15

. In response to stress and injury 

VSMCs are able to adapt and differentiate into a proliferative phenotype stimulating 

extracellular matrix (ECM) deposition and growth as seen in other vascular diseases such as 

restenosis after stenting or hypertension 
16–18

. In the case of atherosclerosis, endothelial 

dysfunction is able to promote the release of mitogens such as vascular endothelial growth 

factor (VEGF) and transforming growth factor-α (TGF-α) 
19

. In addition, macrophages 

accumulated in the subendothelial space during fatty lesion formation are activated when 

taking up oxLDL. Upon activation the macrophages release  growth factors, such as platelet-

derived growth factor (PDGF) and fibroblast growth factor (FGF), directly onto the medial 

smooth muscle layer simulating a response to injury 
19–21

.  

 

In summary, dysfunction of the endothelium, through a reduction in NO bioavailability and a 

breakdown in barrier function, is able to initiate events leading to the stimulation of VSMC 

phenotypic differentiation and the migration of VSMCs into the intimal space. The resultant 

effect is atherosclerotic disease development and progression 
22

. 

 

1.3. Vascular Function 

 

The contribution of both vascular endothelial and smooth muscle cells to the development of 

atherosclerosis has been outlined. The aim of this thesis is to assess the effects of these 

changes through their impact on the contractile and relaxant responses of vessels. In order to 

identify changes in vascular function that may occur in the early stages of atherosclerosis, 

firstly we must consider the mechanisms contributing to these actions in healthy tissue. 
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1.3.1. Endothelial cells and vascular function 

 

The role of the endothelial cells in the vasodilation of blood vessels was first described by 

Furchgott & Zawadzki (1980) 
23

, highlighting the relaxant effects of acetylcholine on aortic 

preparations with rather than without the endothelium present; thought to be produced by a 

relaxing factor released from the endothelium (EDRF) 
24

. This acetylcholine induced 

relaxation was found to be accompanied by a hyperpolarisation of the smooth muscle cells, 

reducing the opening probability of L-type calcium channels, and also a reduction in the 

production of calcium release inducing second messengers.  There have since been defined a 

plethora of endothelial-dependent relaxant and contractile factors mediating vascular smooth 

muscle function 
8
. For the purposes of this investigation only nitric oxide and prostacyclin 

(PGI2) will be considered due to their association with relaxation of large arteries in rodents 

25
 and the forearm and coronary circulation of humans 

26,27
. This has particular relevance due 

to the involvement of these two factors in flow-mediated dilation (FMD) 
28,29

; measurement 

of which, in the forearm, is one of the primary diagnostic tools employed to assess vascular 

function in cardiovascular diseases, including atherosclerosis 
30,31

. 

 

1.3.1.1. Endothelium-mediated vascular relaxation 

 

In addition to flow mediated dilations, endothelial-dependent relaxation can also be produced 

by endogenous ligands, including acetylcholine, bradykinin, substance P and extracellular 

calcium. These ligands all interact with G-protein coupled receptors (GPCRs) which then 

activate heterotrimeric G-proteins. For the purposes of the current investigation the activation 

of muscarinic acetylcholine receptors (mAChR; subtypes M1- M3), by acetylcholine, will be 

considered. 

 

The mAChRs, linked to the the Gαq-subunit, activate phospholipase C (PLC). 

Phosphatidylinositol bisphosphate (PIP2) is then hydrolysed by PLC, specifically by PLCβ 

32,33
, producing inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 interacts with its 

receptors (IP3R) on the closely linked endoplasmic reticulum (ER) to induce the release of 

calcium ions (Ca
2+

) from stores; thus increasing intracellular calcium levels ([Ca
2+

]i) 
34

. The 

increase in [Ca
2+

]I can then activate endothelial nitric oxide synthase (eNOS), which exists in 

caveolae in an inactive state due to interaction with  the scaffold domain of caveolin 
35–37

.  

Intracellular Ca
2+

 binds calmodulin associated with the caveolae 
38

 which then binds to eNOS 
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causing a conformational change and its dissociation from caveolin 
39

. This soluble eNOS is 

then active and produces NO which can induce smooth muscle hyperpolarisations 
10

. 

 

Nitric oxide (NO) was identified as the EDRF by Moncada et al. (1988) 
40

. Its production is 

determined primarily by the activity of the endothelial nitric oxide synthase enzyme (eNOS) 

and the availability of the pre-cursor L-arginine 
41

. Nitric oxide relaxation is associated with 

activation of large conductance calcium-sensitive potassium (maxi-K or BKca) channels, 

through a cyclic guanosine monophophate (cGMP) dependent mechanism, leading directly to 

smooth muscle cell hyperpolarisation 
42

. 

 

The importance of DAG, the second product of PIP2 hydrolysis, with regards to endothelium-

mediated relaxation is through the production of arachidonic acids after its metabolism by 

DAG lipase 
43

. Arachidonic acids (AAs) are subsequently metabolized by Cytochrome P450 

(CYP) epoxygenases, specifically CYP2C 
44,45

. The result of this metabolic process is the 

production of prostaglandins. The relaxant prostaglandin prostacyclin (PGI2) was also first 

identified by Moncada and colleagues in 1976 
46

. This factor is produced through the actions 

of the cyclooxygenase (COX) and prostacyclin synthase enzymatic activity metabolising 

arachidonic acid. Prostacyclin relaxation is mediated through the phosphorylation of targets 

mediating a pro-relaxant response, such as myosin light chain phosphatase, via cyclic 

adenosine monophosphate (cAMP) dependent activation of protein kinase A (PKA) 
47

. 

 

In addition to the relaxant activities of both NO and prostacyclin both factors have been 

shown to be involved in regulation of neutrophil adhesion, platelet aggregation, and smooth 

muscle proliferation. NO also has the capacity to act as an antioxidant, protecting against free 

radical production 
8,48,49

. The contribution of these factors and the impact of atherosclerotic 

disease development will be explored later in this introduction. 

 

1.3.2. Vascular smooth muscle cells and vascular function 

 

The control of flow by the contractile phenotype and the intimal hyperplasia of proliferative 

VSMCs are key processes in the development and progression of atherosclerotic plaques. The 

regulation of intracellular calcium concentration ([Ca
2+

]i) in vascular smooth muscle is 

central to the processes of contraction; initiated through an increase in global [Ca
2+

]i 
50

 and 

the downstream effects on the contractile machinery (Figure 1.2).  
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The ability of a single signalling process to regulate multiple cellular actions will be dictated 

by modulation of the signal strength, duration, the sensitivity of the downstream targets to the 

signal and where the signal is produced and/or compartmentalised. These processes will be 

highlighted below.  

 

Figure 1.2. The mechanism of vascular smooth muscle contraction. An increase in 

intracellular calcium will increase the probability of binding to calmodulin (CaM). Activated 

calmodulin (CaMCa2+) is able to increase the activity of myosin light chain kinase (MLC-

Kinase) promoting the phosphorylation of myosin light chain (MLC) protein. Phosphorylated 

MLC (MLC + Pi) is capable of binding to the actin cytoskeleton and initiating contraction. 

Relaxation is brought about by removal of this phosphorylation via MLC-Phosphatase. The 

balance between the activities of these two enzymes is involved in sensitisation of the 

contractile apparatus to calcium. 

 

1.3.2.1. Vascular smooth muscle excitation-contraction coupling 

 

The primary function of vascular smooth muscle is to contract and relax enabling control of 

blood flow; the initiation of contraction is dictated by [Ca
2+

]i in a process termed excitation-

contraction coupling. An increase in global [Ca
2+

]i in VSMCs, the amplitude of which will 

determine the strength of the signal, can occur through many pathways; within large arteries 

such as the aorta this is primarily via G-protein coupled receptor (GPCR) activation or 

growth factor binding. However, to facilitate illustration of the primary mechanisms involved 

in raising global [Ca
2+

]i in VSMCs, the activation of phospholipase C (PLC) will be 
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highlighted; a pathway which has been proven capable of initiating both contraction and 

proliferation of smooth muscle cells 
50,51

. 

 

Upon binding of a specific ligand, both GPCRs (Gαq-linked) and growth hormone receptors 

(protein tyrosine kinases), activate phospholipase C (isoforms β and γ, respectively 
52–54

) 

enabling hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) to inositol-1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG). The Gβγ subunit of GPCRs is involved in 

transactivation of pro-proliferative signalling pathways, such as the mitogen-activated protein 

kinase (MAPK) pathway 
55

. 

 

Upon generation, IP3 will quickly bind to its receptor (IP3R) on the sarcoplasmic reticulum 

(SR), the intracellular calcium store, causing a release of calcium into the cytoplasm. This 

calcium release may be augmented by a process termed calcium-induced calcium release 

(CICR) in which a second sarcoplasmic calcium release channel, the ryanodine receptor 

(RyR), is activated by the calcium from closely associated IP3Rs; however, the involvement 

of this mechanism in vascular smooth muscle is currently unclear 
56

. Activation of Ca
2+

-

sensitive chloride channels depolarises the cell further reaching the threshold for activation of 

voltage-sensitive Ca
2+

 channels 
50

, predominantly L-type calcium channels which are 

facilitated by the presence of Ca
2+

.  

 

The second metabolite of PIP2 hydrolysis, DAG, acts to maintain the [Ca
2+

]i rise in two ways. 

Firstly, via an indirect manner; protein kinase C (PKCδ) translocates to the plasma membrane 

in response to Ca
2+

 where it can be activated by DAG. Activated PKC is able to 

phosphorylate L-type Ca
2+

 channels and modulate their activity; mixed results have been 

described as to the effect of this phosphorylation, although in the case of muscarinic 

acetylcholine signalling, inhibition of PKC reduced carbachol induced contractions of 

bladder smooth muscle 
57

. This positive effect of L-type Ca
2+

 channel phosphorylation on 

Ca
2+

 influx is supported as Ca
2+

/calmodulin-dependent kinase (CaMKIIδ) is able to increase 

the calcium facilitation of L-type Ca
2+

 channels via phosphorylation 
58

. 

 

The second and direct activity of DAG is as a ligand for receptor operated Ca
2+

 channels 

(ROCs). These channels have now been highlighted as members of the transient receptor 

potential (TRP) family of ion channels (for review see Clapham et al.(2001) 
59

). The TRPC 

subgroup of this family (TRPC1-7), are all expressed in the vasculature 
60,61

, with TRPC3, 
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TRPC6 and TRPC7  having shown evidence of receptor activated opening in response to 

DAG 
62–64

. It was then shown specifically that TRPC6 channels are activated by DAG 

allowing the influx of extracellular Ca
2+

 during agonist induced contraction of smooth muscle 

65
.  

 

There is contention based around the principle of store-operated Ca
2+

 entry, a process which 

in non-excitable cells was shown to be driven by a complex of stromal interacting molecule 1 

(STIM1) and Orai1 
66

, however, in contractile vascular smooth muscle STIM1 and Orai1 

were shown not to be expressed 
67

. At present TRPC1, TRPC4 and TRPC5 are have all been 

suggested as putative mediators of SOCE in smooth muscle 
68–70

 but the true picture is far 

from clear. 

 

1.3.2.2. [Ca
2+

]i-dependent vascular smooth muscle relaxation 

 

There are four main mechanisms through which the Ca
2+

 is removed from the cytoplasm; 

these involve extrusion out of the cell via the sodium calcium exchanger (NCX) and the 

plasma membrane calcium ATPase (PMCA) as well as sequestration into intracellular stores 

through the sarco-endoplasmic reticular calcium ATPase (SERCA) and the mitochondrial 

uniporter. The goal of these mechanisms is to reduce the [Ca
2+

]i down towards the resting 

level of around 200nM 
71,72

 and to load the intracellular stores ready for another activation; 

[Ca
2+

] in the SR of smooth muscle cell is approximately 160µM 
73

. The accuracy of the stated 

[Ca
2+

] may be limited by the fact that both were calculated in cultured smooth muscle cells, 

the reasons for which will be discussed later. The majority of Ca
2+

, around 60%, is removed 

out of the cell via the NCX (mainly NCX1.3) 
74

. This is a high capacitance exchanger with 

relatively low affinity for Ca
2+

 (Kd ≈ 1µM); it passively transports three sodium ions (Na
+
) in 

for every Ca
2+

 extruded 
75,76

 and therefore relies on the activity of sodium potassium ATPases 

(Na
+
K

+
ATPases) to maintain the Na

+
 gradient (specifically the α2 isoform) 

77,78
.  

 

The remaining Ca
2+

 is extruded out of the cell in an active process by PMCAs, isoforms 

PMCA1 and PMCA4 being present on smooth muscle, or into intracellular stores via 

SERCA2b. These P-type ATPases have a higher affinity for Ca
2+

 (Kd ≈ 0.1-0.3µM) but have 

a lower capacity for transport 
79–81

. There is thought to be a contribution of the mitochondria 

in calcium handling particularly through the mitochondrial uniporter, however, this low 

affinity Ca
2+

 pump (Kd ≈ 10-20µM) 
82

 is less well characterised. The role of mitochondria in 
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smooth muscle calcium handling is not clearly defined at the present time, the mitochondrial 

uniporter along with the mitochondrial NCX have been implicated in calcium buffering as 

well as calcium removal (for review see Szabadkai & Duchen (2008) 
83

). 

 

1.3.2.3. Calcium sensitivity 

 

The concept of smooth muscle contractile machinery being sensitised to calcium was initially 

described in relation to the differential [Ca
2+

]i-force curves yielded by depolarisation and 

GPCR activation, observed in rat aortic smooth muscle 
72,84,85

.  These observations were 

developed further in permeabilised cells in which [Ca
2+

]i was maintained at a fixed level. The 

addition of cyclic nucleotides produced relaxation which was found to be linked to reduced 

phosphorylation of the myosin light chain (MLC; Figure 1.2) 
84,86

. Activation of GPCRs 

using the same permeabilised cell system showed an increase in force and MLC 

phosphorylation 
87,88

.  

 

The mechanism at work in this process relies on the activity and phosphorylation status of a 

number of key proteins. Activation of GPCRs results in the inhibition of MLC phosphatase 

activity, responsible for dephosphorylating MLC, therefore promoting contraction (Figure 

1.2); this occurs directly via phosphorylation of MLC phosphatase’s regulatory subunit 

MYPT1 via RhoA kinase and indirectly through the PKC activated phosphatase inhibitor 

CPI-17 
89–93

. The contrasting effect promoting relaxation can be brought about by the activity 

of CamKII. Phosphorylation of MLC kinase by CaMKII reduces its affinity for 

calcium/calmodulin therefore reducing the phosphorylation of MLC 
94

. The role of vascular 

smooth muscle cell [Ca
2+

]i sensitisation in atherosclerosis has yet to be investigated, however, 

there is evidence of RhoA and Rho-associated kinase stimulating proliferation of rat aortic 

smooth muscle cells 
95

. 

 

The mechanisms of calcium handling described above are set in the classical context of Ca
2+

 

regulation on a global intracellular scale; however, this seems to be a simplification of the 

true nature of calcium signalling. Advancements in cellular imaging, fluorescent probes and 

molecular biology have highlighted the concept of signalling compartmentalisation and 

microdomains. These areas are now the focus of intense research and have been shown to be 

particularly important in Ca
2+

 signalling. 
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1.3.3. Vascular signalling compartmentalisation 

 

Small omega (Ω) shaped, 50 – 100nm invaginations of the plasmalemma were first described 

in epithelial cells by Yamada in 1955 using electron microscopy 
96

. It was he who named 

them “caveolae intracellulares” which translated from latin means intracellular caves. 

Further investigation led to the discovery that the level of invagination and density of 

caveolae was variable 
97

, and that they existed in a diverse range of tissues including 

endothelial cells; adipocytes; cardiac, smooth and skeletal myocytes; and epithelial cells 
97,98

. 

The functional role of caveolae was explored further after the discovery of the proteins which 

coat them, namely the caveolins. As a result the functional significance of these 

morphologically unique structures has been recognised and subsequently investigated. The 

roles attributed to caveolae thus far include endocytosis, potocytosis, transcytosis, cholesterol 

homeostasis, signal transduction and the scaffolding of channels and receptors into micro-

domains 
99–102

. The compartmentalisation of signalling molecules into localised domains is 

thought to be of importance in both vascular endothelial and smooth muscle cell signalling 

and the subsequent vasoconstriction or vasodilation. The importance of this process is not 

completely understood as yet, although the possibility of its involvement in atherosclerosis 

and other vascular diseases is thought to be likely 
103,104

. 

 

1.3.3.1. Caveolae and caveolins 

 

Caveolae are a form of lipid raft and thus are enriched with cholesterol, sphingomyelin and 

glycosphingolipids. The ability to discern between the caveolae and lipid rafts is down to the 

protein coat which lines caveolae; this is a specialised coat protein known as caveolin 
105

. 

This protein was subsequently found to be part of a larger family containing three genes 

encoding for caveolins including several isoforms. The three genes were named Cav- 1, 2 and 

3 and the proteins they encoded identified as Caveolin-1 (α and β), Caveolin-2 (α, β and γ) 

and Caveolin-3. Caveolin-1 and caveolin-2 exhibit ubiquitous expression in comparison to 

caveolin-3 which is expressed exclusively on myocytes 
103,106–108

. Recombinant expression of 

caveolin-1 or caveolin-3, but not caveolin-2, is sufficient to promote the formation of 

caveolae 
109–111

. 
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1.3.3.2. Endothelial signalling compartmentalisation 

 

The muscarinic acetylcholine receptors (mAChR; subtypes M1- M3) have been shown to 

contain the caveolin binding motif but are not thought to be constitutively present in caveolae 

112
. Both M2 and M3 subtypes have been shown to play a role in the production of 

endothelium-dependent smooth muscle relaxation 
113,114

 but there is no evidence as yet 

proving their localization to vascular endothelial caveolae. However, in studies using cardiac 

myocytes and airway smooth muscle both M2 and M3 receptors, respectively, have been 

proven to interact with caveolin after activation with an agonist 
115,116

. The muscarinic 

pathways of the bladder have also been shown to be functionally affected by cav-1 knock-out 

mice; this evidence reinforces the mAChR link to caveolae. The mechanism of GPCR/G-

protein interaction is suggested to be dynamic through a post-activation translocation of the 

receptor to caveolae 
117

. This same mechanism has been shown to be used by other GPCRs 

involved in endothelial-dependent relaxation.  

 

In addition to the receptor localization, interaction of the Gα-subunit with the caveolin 

scaffolding site was shown to have activity similar to a GDP dissociation inhibitor 
118

 and 

thus the localization of Gαq to caveolae maintains it in a GDP-bound inactive state. It will 

remain in this state until activation by a GPCR; causing dissociation from the scaffolding site 

and enabling GTP binding. 

 

The stimulation of vascular relaxation in response to the increase in endothelial [Ca
2+

]i is also 

coordinated by localization to caveolae. eNOS is targeted to caveolae and is held in an 

inactive state due to interaction with  the scaffold domain of caveolin-1 
35–37

.  A rise  in 

[Ca
2+

]i causes an activation of calmodulin, also shown to be associated with the caveolae 
38

. 

Activated calmodulin binds to eNOS causing a conformational change and its dissociation 

from caveolin 
39

. Thus the efficiency of this activation is enhanced through spatial 

association. 

 

1.3.3.3. Vascular smooth muscle signalling compartmentalisation 

 

The importance of lipid rafts and caveolae in the regulation of calcium microdomains is 

thought to derive from the nature of their shape. The flask-like invagination enables the 

immediate extracellular environment to be controlled with much more precision, the ranges 
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of [Ca
2+

] able to be produced in this microdomain are able to modulate smooth muscle 

function 
119

. With specific reference to vascular contractility it has been demonstrated that  

Gαq and Gα11 linked GPCRs, including the α1-adrenergic receptor and the 5-HT2A receptor, 

as well as TRPC channels associate with cholesterol-rich caveolae or the caveolins 
120–123

. 

 

In addition to organisation of contractile signalling, caveolar compartmentalisation is 

involved in the activation of a vascular smooth muscle cell relaxation mechanism. A Ca
2+

 

spark is a spontaneous calcium release event from the RyR in response to SR overload and 

was first observed and characterised in cardiac myocytes by Cheng et al. (1993) 
124

. In the 

cardiac myocyte, calcium sparks are seen to summate and form waves of calcium leading to 

an increase in global [Ca
2+

]i integral to excitation-contraction coupling. The involvement of 

calcium sparks in smooth muscle excitation-contraction coupling has been a matter of great 

debate; Ca
2+

 sparks have been recorded in vascular smooth muscle cells 
125

; however, their 

activity promotes relaxation rather than contraction as seen in the cardiac myocyte.  

 

Sparks are released from clusters of RyRs on the SR, known as frequent discharge sites 

(FDS) 
126,127

. The FDSs are thought to be spatially aligned with large-conductance Ca
2+

-

activated potassium channels (BKCa); evidence for the localisation of BKCa channels to 

caveolae in the myometrium support this suggestion 
128,129

. The short burst of Ca
2+

 release 

into the low volume of the PM-SR microdomain is sufficient to raise the [Ca
2+

] in the 

microdomain by 10-100µM. The change in global [Ca
2+

]i is very low at around 2nM due to 

the effects of calcium buffers, such as calreticulin, preventing diffusion out of the junctional 

space 
130,131

.  The rapid increase in [Ca
2+

] activates BKCa channels leading to a spontaneous 

transient outward current (STOC). The STOC hyperpolarises the smooth muscle cell leading 

to relaxation 
132,133

. However, the role of this mechanism in larger arteries such as the aorta is 

currently unknown. 

 

1.4. Studying vascular function during atherosclerotic disease development 

 

Having outlined vascular function in health, the effects of atherosclerotic disease will now be 

explored. It is the aim of the present investigation to assess the effects on vascular function of 

atherosclerotic risk factors, predominantly hypercholesterolaemia, during early 

atherosclerotic development. Investigation into the molecular development and progression 

of atherosclerosis within the coronary arteries of humans is all but impossible at this time due 
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to the late stage at which the disease is currently identified and the limited availability of 

tissue. Human samples available are usually obtained post-mortem from patients who have 

undergone various diets and drug treatments. Therefore, the use of an animal model of 

atherosclerosis is an attractive alternative as age and diet can be carefully controlled allowing 

investigation into the early progression of the disease. 

 

1.4.1. Animal models of atherosclerosis 

 

The most effective way of producing an animal model of atherosclerosis is through genetic 

modification of lipid metabolism; due to hypercholesterolaemia being the only risk factor 

directly associated with development of atherosclerotic plaques 
134

. There are two models of 

atherosclerosis used in the majority of investigations at present; the low density lipoprotein 

receptor knockout mouse (LDLR
-/-

) and the apolipoprotein E knockout mouse (ApoE
-/-

).  

 

The LDLR is responsible for export of low density lipoproteins out of the blood stream into 

the liver where they are broken down and excreted 
135

. The LDLR
-/-

 mouse was created via 

targeting of the LDLR gene in embryonic stem cells. The subsequent mice were found to 

develop a serum-cholesterol concentration two-fold greater than wild type mice when both 

were fed a high fat diet. The lipid levels in the plasma were found to be similar to those found 

in human hyperlipidaemia and fatty streaks were observed in the aorta, coronary arteries and 

around the aortic valve 
136

.  

 

ApoE is a high affinity ligand for the LDLRs; it is produced by the liver and macrophages 

and is integral for the efficient removal of lipids from the plasma. The ApoE
-/-

 mouse, first 

created in 1992 
137

, is now widely used in the study of atherosclerosis. These mice are 

spontaneously hypercholesterolaemic and develop atherosclerotic lesions, a process which 

can be accelerated by feeding with a high fat ‘Western’ diet 
138

 . Lesions within the coronary 

arteries, which are often the cause of mortality in humans, cannot be studied in these mice as 

they do not tend to develop 
139

; however, lesions within the aortae of ApoE
-/-

 mice are 

regularly used in the study of atherosclerosis as they have been shown to have a similar 

composition to those seen in human coronary arteries 
140

. Lesions initially form in the aortic 

arch and subsequently along the thoracic aorta with enhanced distribution at branch points 
138

. 

Fatty streaks are observed in these mice at around 10 weeks after feeding with normal chow; 

advanced plaques form at around 15 weeks and complex fibrous plaques are observed after 
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approximately 20 weeks. When a high fat diet is administered this process is accelerated with 

visible lesions being formed at around eight weeks 
141

. 

 

At present there are few known advantages for choosing either model over the other. Initially 

the question being addressed needs to be considered as the lipid profiles of the two models 

differ; in ApoE
-/-

 mice the main cholesterol carrier is very low density lipoprotein (VLDL) 

rather than LDL as seen in humans and LDLR
-/-

 mice 
142

. Quantification of the lesion size 

produced in each model was found to be very similar 
143

. The main differences between the 

two models are, firstly, the speed at which lesions develop. ApoE
-/-

 mice produce lesions of 

all types at a faster rate and to a greater extent 
144

. Secondly, ApoE
-/-

 mice appear to be more 

resistant to the development of obesity and diabetes when compared to LDLR
-/-

 mice 
145,146

; 

this may therefore suggest that the ApoE
-/-

 model of atherosclerosis is the most favourable 

choice for the assessment of the specific changes induced by hypercholesterolaemia. 

 

1.4.2. Apolipoprotein function 

 

The role of apolipoproteins is to maintain the structure of cholesterol carrying particles; the 

combination of lipids and apolipoprotein create particles of different densities including 

chylomicrons, very low density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-

density lipoprotein (HDL). In addition, apolipoproteins also contribute to the activation of 

lipid metabolising enzymes and can act as ligands for cell surface receptors in the process of 

cellular cholesterol homeostasis which will be discussed later. There are four main classes of 

apolipoprotein that have been observed in mammals, ApoA, ApoB, ApoC and ApoE. Within 

these classes there are a number of isoforms, the function of these apolipoproteins in human 

lipid transport will now be discussed. 

 

1.4.2.1. ApoA 

 

ApoA proteins are primarily associated with the formation of HDL particles and are 

synthesised in the liver. The interaction of lipid laden ApoA-I with the scavenger receptor 

class B member 1 on the surface of cells promotes internalisation 
147

. In contrast, when 

ApoA-I lipid content is low its conformation is changed and its function appears to be that of 

a lipid acceptor through close association with the ATP-binding cassette transporter A1 

(ABCA1) 
148

. In addition to the transport of cholesterol ApoA-I is able to activate the 
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cholesterol esterifying enzyme lecithin cholesterol acyltransferase (LCAT) enabling the 

conversion of free cholesterol into a more hydrophobic form 
149

. ApoA-II is the second most 

common contributor towards the formation of HDL particles and is able to displace ApoA-I. 

The presence of ApoA-II has been shown to reduce the ability of cholesterol to be removed 

from cells 
150

. 

 

1.4.2.2 ApoB 

 

ApoB is responsible for the formation of chylomicrons and VLDL particles. There are two 

isoforms of ApoB; ApoB-48 is generated by intestinal cells and is required for the creation of 

chylomicrons. These particles are necessary for the transport of triglycerides after absorption 

in the intestines to the necessary targets such as the liver, adipose tissue and muscles . ApoB-

100 is released from hepatocytes into the plasma and is involved in the formation of VLDL 

particles capable of transporting triglycerides stored in the liver to peripheral tissues where 

they can be hydrolysed to provide free fatty acids. ApoB-100 is also a ligand for the LDL 

receptor promoting the internalisation of lipoproteins through endocytosis. The primary role 

of ApoB derived particles is to promote absorption and transport of fats and fat soluble 

vitamins 
151,152

. 

 

1.4.2.3. ApoC 

 

There are three isoforms within this class of apolipoprotein, ApoC-I, ApoC-II and ApoC-III, 

which are capable of inhibitive or catalytic activity on several of the key lipid modifying 

enzymes. ApoC-I is thought to increase the activity of LCAT leading to a greater level of 

cholesterol esters 
149

. ApoC-II is able to increase the activity of lipoprotein lipase (LPL), a 

critical enzyme in the metabolism of chylomicrons and VLDL particles; promoting the 

availability of free fatty acids 
153

. In contrast, ApoC-III appears to reduce the activity of LPL, 

possibly by direct inhibition of ApoC-II activity 
154

 and also has been shown to block 

hepatocyte uptake of ApoE-containing lipoproteins 
155

, which will be outlined next. 
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1.4.2.4. ApoE 

 

The ApoE class of apolipoproteins has three isoforms, E2, E3 and E4. ApoE3 is the most 

important of this class of proteins as it acts as a ligand for the LDL receptor and the ApoE 

receptor enabling the hepatic internalisation of ApoE3-containing lipoprotein particles; 

ApoE3 is not specific to a certain type of lipoprotein and can be found on VLDL, LDL and 

HDL particles. Therefore, ApoE3 is one of the key proteins in the maintenance of cholesterol 

homeostasis 
156,157

. In addition to its role in lipid metabolism ApoE apolipoproteins are 

known to act as antioxidants 
158

, modulate inflammatory responses 
159

 and inhibit cellular 

proliferation 
160

, factors which are all involved in the development and progression of 

atherosclerotic disease. It is for these reasons that the ApoE
-/-

 mouse has become a prevalent 

model for the study of atherosclerotic disease. 

 

1.5. Modifications of vascular function during atherosclerotic disease development 

 

The development of atherosclerotic disease involves the actions of closely associated risk 

factors, including hypercholesterolaemia, obesity and inflammation. Investigations into the 

direct relationship between individual risk factors and vascular function, in the context of 

atherosclerotic disease development, are limited at present due to their inter-relatedness. 

However, the current knowledge around this topic will now be explored.  

 

1.5.1. Hypercholesterolaemia and vascular function 

 

1.5.1.1. Cholesterol homeostasis 

 

Cholesterol is a key component of all cell membranes involved in the maintenance of 

biological membranes. Cellular cholesterol homeostasis is regulated tightly. There are two 

predominant mechanisms through which cholesterol can be made available for the production 

of substrates able to be employed by the body’s cells, such as components for membrane 

formation, steroid hormones. The first mechanism is through the de novo synthesis of 

cholesterol; this is a multi-step process of which the rate limiting step is catalyzed by HMG-

CoA reductase. This enzyme is the target for cholesterol reducing statin therapies 
161

. The 

second mechanism is through endocytosis of cell surface receptors, including LDL receptors 

(LDL and VLDL uptake) and scavenger receptor class B member 1 (HDL uptake). Inside the 
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cell the esterified cholesterol is hydrolyzed so that it is able to be used to create and maintain 

plasma, nuclear, reticular and mitochondrial membranes and in the formation of steroid 

hormones 
162,163

. Cholesterol is able to be removed from cells through a process known as 

reverse cholesterol efflux. This process involves cholesterol being removed from cells via the 

ATP-binding cassette transporter A1 (ABCA1) 
164

 to be carried to the liver via HDL particles 

for excretion as bile salts 
165

 (Figure 1.3.) 

 

 

Figure 1.3. Cellular cholesterol handling. Cholesterol homeostasis is maintained by a 

balance between intracellular synthesis, influx of cholesterol from lipoprotein particles and 

efflux to the liver for excretion. De novo synthesis of cholesterol is performed from the pre-

cursor acetate and is limited by the activity of the enzyme HMG-CoA reductase. Esterified 

cholesterol is carried in the plasma by lipoproteins which are then able bind to cell surface 

receptors. Very low and low density lipoproteins (VLDL and LDL) bind to the LDL receptor 

(LDLR) and high density lipoproteins (HDL) bind to the scavenger receptor class B member 

1 (SR-B1). After hydrolysis, intracellular cholesterol can be employed to create membranes 

and steroid hormones. Efflux of excess cholesterol is performed by the ATP-binding cassette 

transporter A1 (ABCA1), it is transferred primarily to HDL particles and transported to the 

liver for excretion. 
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1.5.1.2. The role of cholesterol in vascular function 

 

In vascular endothelial and smooth muscle cells function is linked to membrane cholesterol, 

firstly through regulation of the plasma membrane lipid bilayer width 
166

. In response to 

hypercholesterolaemia the plasma membrane cholesterol content of arterial smooth muscle, 

isolated from high fat diet fed rabbits, was demonstrated to increase over time up to 13 weeks 

166
. After eight weeks of high fat feeding the free cholesterol content of the rabbit thoracic 

aorta was shown to increase by 67% 
167

. Cholesterol enrichment of plasma membranes 

increases the width of the phospholipid bilayer 
166,167

, a process which is capable of 

modifying the function of ion channels and receptors through the physical interactions with 

the protein structure 
168,169

. Secondly, cholesterol is a key component of lipid rafts and 

caveolae, discrete domains within the lipid bilayer which are involved in the organisation of 

signalling domains. The importance of these domains in the compartmentalisation of vascular 

signalling has been highlighted previously. Exposure to hypercholesterolaemia has been 

shown to increase the number of caveolae and the expression of caveolin-1 in saphenous 

arteries of rats; this was observed on both endothelial and smooth muscle cells after high fat 

feeding for 16 weeks 
170

.  

 

1.5.1.3. The effect of hypercholesterolaemia on endothelial dysfunction 

 

Endothelial dysfunction, defined as the reduction in the relaxant response to acetylcholine, 

has been observed in response to hypercholesterolaemia in the rabbit corpus cavernosum 
171

, 

pulmonary artery 
172

 and thoracic aorta 
173

 and also in the thoracic aorta of chow 
174

 and high 

fat ‘western’ diet fed ApoE
-/-

 mice
175,176

 ApoE
-/-

. Each of these studies highlighted a reduction 

in the response to nitric oxide signalling as the cause for the decrease in relaxation; Azadzoi 

et al. (1991) also noted that cyclooxygenase products e.g. prostacyclin were not affected by 

hypercholesterolaemia 
171

. However, whether the development of endothelial dysfunction can 

be linked directly to the actions of hypercholesterolaemia is currently unclear. In 

hypercholesterolaemic rabbits and chow diet fed ApoE
-/-

 mice the appearance of endothelial 

dysfunction appears to be correlated to the presence of atherosclerotic plaques 
172,174

. This 

association is supported by the fact that endothelial-dependent relaxations in ApoE
-/-

 mice, 

after exposure to acetylcholine, have been shown to be unchanged prior to plaque 

development; although basal nitric oxide was shown to be reduced, possibly signalling a very 

early trend towards dysfunction 
177,178

. Acute exposure to high cholesterol for three hours also 
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had no effect on endothelial-dependent relaxation in rabbit femoral arteries 
179

. In contrast to 

this, D’Uscio et al. (2001) 
180

 observed no plaque formation in the carotid arteries of ApoE
-/-

 

mice fed a high fat ‘western’ diet for 26 weeks but did observe endothelial dysfunction 

derived from the reduced activation of eNOS and an increase in superoxide ion production.  

 

1.5.1.4. The effect of hypercholesterolaemia on contractility and smooth muscle calcium 

handling 

 

The responses to contractile stimuli in a range of hypercholesterolaemic models, similarly to 

the above described endothelial responses, demonstrate some variability. In response to three 

hours exposure to high cholesterol, rabbit femoral arteries exhibited an increase in sensitivity 

to α-adrenergic stimulation 
179

. Fransen et al. (2008) 
178

 demonstrated an increase in 

contractility to phenylephrine in the chow fed ApoE
-/-

 mouse thoracic aorta and augmented 

contractility to serotonin was observed in the aortae of chronic hypercholesterolaemic 

monkeys 
181

. However, after chronic exposure to hypercholesterolaemia, contractions to α-

adrenergic stimulation in the rabbit thoracic aorta were observed to be reduced but 

contractions to serotonergic stimulation were increased 
172,182

. The alterations in contractility 

have been associated with smooth muscle calcium handling.  

 

Enrichment of vascular smooth muscle membranes has been shown to increase the 

permeability of cells to extracellular calcium upon agonist stimulation and under basal 

conditions 
183–185

. Van Assche et al.(2007) 
186

 observed raised resting global [Ca
2+

]i and 

increased IP3-mediated Ca
2+

 release, linked to augmented SOCE, in the thoracic aortae of 

hypercholesterolaemic ApoE
-/-

 mice prior to lesion formation. A role for hyperactive IP3-

mediated signalling and SOCE in alteration of calcium handling in response to 

hypercholesterolemia is supported by evidence that cholesterol depletion reduces the effects 

of endothelin-1 (IP3-mediated) and SOCE (via TRPC1) on endothelium-denuded rat caudal 

arteries 
187

. 

 

1.5.1.5. Hypercholesterolaemia, vascular function and atherosclerotic disease 

pathogenesis 

 

There are a number of variants that may explain the variation observed in endothelial 

dysfunction and the modification of contractility across the models of hypercholesterolaemia. 
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The diets employed and the feeding durations are likely to be important due to their 

relationship to the stage of atherosclerotic disease development. Hypercholesterolaemia in 

humans is able to promote atherosclerotic plaque development through upregulation of 

adhesion molecule expression on endothelial cells 
14

. In addition, an increase in the 

expression of caveolin-1 and the formation of caveolae has been linked to increased 

inactivation of nitric oxide by caveolin-1 binding; therefore promoting reduced NO 

bioavailability and increased super oxide ion formation 
188,189

. A final consideration is that a 

mechanism of promoting atherosclerotic disease progression by hypercholesterolaemia may 

involve the stimulation of smooth muscle proliferation. Enhanced basal [Ca
2+

]i and an 

increase in SOCE, in agreement with evidence from an animal model of early atherosclerosis 

186
, is closely associated with smooth muscle proliferation in culture 

190
. The prevalence of 

proliferative smooth muscle cells early in the development of atherosclerosis is also shown 

by Agianniotis & Stergiopulos (2012) who observed an increase in the number of smooth 

muscle cells in hypercholesterolaemic ApoE
-/-

 mice 
191

. 

 

1.5.1.5.1. Modulation of calcium handling during smooth muscle proliferation 

 

There is much evidence that Ca
2+

 signalling is able to drive proliferation of smooth muscle 

cells (reviewed by Berridge (2012) 
192

. Changes in calcium handling protein expression have 

been catalogued in a series of models such as cultured VSMCs or isolated VSMCs from 

models of vascular injury (reviewed by Owens et al. (2004) 
21

 and House et al. (2008) 
193

); 

however, translation of these findings to the context of atherosclerosis has been limited. The 

specific changes in some of the proteins associated with vascular function will now be 

described. 

 

1.5.1.5.2. Voltage-gated Ca
2+

 channels 

 

L-type Ca
2+

 channels are highly expressed in the differentiated contractile phenotype 
194

. 

Their activation is linked with the expression of smooth muscle specific genes such as 

smooth muscle α-actin and smooth muscle myosin heavy chain (SM-MHC) 
195

. However, 

another voltage-sensitive Ca
2+

 channel is also expressed; known as the T-type. The role of 

this channel in smooth muscle excitation-contraction coupling is currently unknown, 

however, it is suggested to be involved in VSMC proliferation 
196

. The low-voltage activation 
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of T-type Ca
2+

 channels is thought to facilitate calcium entry in proliferative VSMCs which 

exhibit hyperpolarised membrane potentials (-45 to -70mV); around 20-40mV lower than 

those recorded in differentiated VSMCs 
197,198

. In evidence from both culture induced 

proliferative VSMCs and those derived after balloon injury the ratio between L- and T-type 

Ca
2+

 channels is modified with expression being reduced and increased respectively 
198–202

. 

 

1.5.1.5.3. TRPC1 

 

It is suggested that store operated or capacitative Ca
2+

 entry (SOCE) plays a role in 

stimulating VSMC proliferation 
190

 a process that, as earlier described, is thought to involve 

TRPC1 channels 
69

. The expression of this channel has been studied in many models with 

protein expression being increased in proliferative VSMCs in culture 
67,203

 and also after 

balloon injury in rat cerebral arteries 
204

. The upregulation of TRPC1 is linked to increased 

Ca
2+

 entry in response to store depletion. The involvement of this process in stimulating 

proliferation is supported by the work of Kumar et al. (2006) 
205

 in which pharmacological 

blockade of TRPC1 reduced neointimal hyperplasia in human saphenous vein after balloon 

injury. The process of SOCE in non-excitable cells is regulated by the Orai and STIM protein 

complex; it is therefore interesting that VSMCs express Orai2 and 3 only after being cultured 

67
. 

 

1.5.1.5.4. Ryanodine receptors 

 

There are three known isoforms of RyR (RyR1-3) 
206

, however, the expression pattern of 

RyRs in VSMCs is currently unclear although there is evidence of both RyR2 and RyR3 

67,200,207
. When VSMCs are cultured and undergo phenotypic change RyR2 protein expression 

decreases 
67

. The change in RyR3 expression is more complex, Vallot et al. (2000) 
200

 

describe a decrease in RyR3 mRNA after having presented a high protein expression in 

differentiated VSMCs. Contrastingly, Berra-Romani et al. (2008) 
67

 demonstrate no RyR3 

protein in freshly isolated aortic VSMCs but an increase in RyR3 protein expression when 

VSMCs are cultured.  

 

The two studies are in agreement with the observation that caffeine sensitivity is reduced in 

proliferative VSMCs; a fact that may clarify the previous contradiction. The RyR3 gene has 

two splice variants (RyR3-I and RyR3-II) 
208

. It is possible that the increase in protein 
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expression detected by Berra-Romani et al. (2008) 
67

 is linked to an increase in the caffeine 

insensitive RyR3-I splice variant. This is supported by the reduction in RyR3-II mRNA 

detected by Vallot et al. (2000) 
200

. The true picture of RyR expression and its role in VSMC 

proliferation remains unclear, however, due to the role RyRs play in the regulation of 

excitability through BKCa activation any changes in the channel activity is likely to have 

downstream effects on vascular relaxation and Ca
2+

 handling in general. 

 

1.5.1.5.5. IP3 Receptors 

 

There are three isoforms of IP3R with IP3R1 being expressed in the highest abundance in 

VSMCs 
34

. IP3Rs have been indicated in vascular proliferation as their stimulation leads to 

outgrowth of cultured cerebral arteries; in addition, pharmacological blockade of IP3Rs can 

prevent this outgrowth 
209

. However, it must be considered that the selection of 

pharmacological agents in this study has come under some criticism due to the potential 

effects on TRP channels 
210

. Expression and activation of IP3R1 is increased in association 

with growth 
211,212

, and has been demonstrated in cultured VSMCs along with an increase in 

expression of IP3R2 and IP3R3 
67

. Increased expression of IP3Rs is thought to contribute to 

the maintenance of high [Ca
2+

]i perpetuating the transcriptional effects of GPCR signalling 

211
. 

 

1.5.1.5.6. SERCA 

 

There are three SERCA genes all of which undergo alternative splicing producing isoforms 

that have different affinities for Ca
2+

. Contractile VSMCs predominantly express SERCA2a; 

the expression of which is reduced in culture 
67,200,213

. Refilling of the SR is suggested to be 

maintained through increased expression of the lower Ca
2+

 affinity pump SERCA2b 
81

, 

although, this effect has not been observed in all studies 
213

. Despite the lack of consensus on 

SERCA2b expression the importance of SERCA2a on the maintenance of a contractile 

phenotype has been well supported. Lipskaia et al. (2005) 
213

 provide evidence of neointimal 

hyperplasia inhibition after adenoviral overexpression of SERCA2a in rat carotid arteries and 

re-expression of SERCA2a when cell arrest their growth upon achieving confluence in 

culture. The loss of a Ca
2+

 efflux mechanism would prolong the rise in [Ca
2+

]i after 

stimulation, however, the functional effects of replacing SERCA2a with the higher Ca
2+

 

affinity SERCA2b are currently unknown. 
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1.5.1.5.7. PMCA 

 

VSMCs express multiple splice variants of PMCA; predominantly PMCA1b, PMCA4a and 

PMCA4b. Culture of rat carotid artery cells provokes an increase in PMCA4a expression 

which has been linked to proliferation 
214

. PMCA4a has a lower affinity for Ca
2+

 and 

therefore increased expression will facilitate maintenance of a higher [Ca
2+

]i 
74

. 

 

1.5.1.5.8. Ca
2+

-activated potassium channels (KCa) 

 

BKCa is the main ‘off switch’ for Ca
2+

 influx via its ability to hyperpolarise VSMCs and 

inactivate amongst others L-type Ca
2+

 channels. In VSMCs in culture and after balloon injury 

BKCa expression is reduced, a process which coincides with an increase in expression of the 

intermediate-conductance Ca
2+

-activated K
+
 channel (IKCa) 

215,216
. The expression of IKCa is 

proposed to be linked to the more hyperpolarised membrane potentials observed in 

proliferative VSMCs. Like the BKCa channel IKCa is voltage-sensitive; however, it is opened 

at lower membrane potentials. Its involvement in VSMC proliferation has been demonstrated 

through the effects of the specific inhibitor TRAM-34 which reduced neointimal hyperplasia 

after balloon injury in rats 
217

. 

 

1.5.1.5.9. Ca
2+

/Calmodulin-dependent protein kinase II (CaMKII) 

 

Contractile VSMCs express both CaMKIIδ and CaMKIIγ, which are used to regulate the 

activity of a number of Ca
2+

 handling proteins such as L-type Ca
2+

 channels and SERCA via 

phospholamban 
218

. In culture derived proliferative VSMCs CaMKIIγ expression is reduced 

with a concomitant rise in δ splice variants, specifically CaMKIIδ2; a pattern that has also 

been observed in VSMCs after balloon injury 
210,219

. The specific effects of this particular 

isoforms are currently unknown, however, its association with growth initiation is well 

supported 
220,221

. 

 

As stated, the consequences of these changes on vascular function have not yet been 

demonstrated. However, they represent possible areas of exploration when assessing the 

effects of hypercholesterolaemia during atherosclerotic disease development. It is difficult to 

associate individual risk factors, such as hypercholesterolaemia, with function during the 
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atherosclerotic disease development. One of the main reasons for this is that there are several 

concomitant risk factors linked to atherosclerosis that are also able to modulate vascular 

function; the most relevant of these risk factors in association with hypercholesterolaemia is 

obesity and its subsequent role in the generation of inflammation. 

 

1.5.2. Obesity and inflammation 

 

Obesity is closely associated with a high fat, high cholesterol diet and has been shown to 

accelerate atherosclerotic disease development in adolescent male patients 
222

; demonstrating 

its ability to have an impact in the early stages of disease development. Obesity is 

characterised by an excessive increase in deposited adipose tissue 
223

. Central obesity and a 

high body mass index correlate highly with an increase in the levels of inflammatory 

biomarkers observed in the presence of cardiovascular disease 
224

. The measurement of these 

biomarkers has been used to predict the risk of future cardiovascular events, even in 

relatively healthy patients. Increased basal levels of interleukin-6 (IL-6)
225

, tumor necrosis 

factor α (TNFα)
226

 and C-reactive protein (CRP) 
227,228

 have been shown to exist in patients 

that went on to suffer from cardiovascular disease. 

  

1.5.2.1. Adipose tissue 

 

Adipose tissue is generally divided into two types; white adipose tissue (WAT) and brown 

adipose tissue (BAT). Definition between the two types of fat is based on the size of the lipid 

droplets within the tissue and the number of mitochondria 
229

; WAT is comprised of a single, 

large lipid droplet whereas BAT is made up of a number of smaller deposits.  The different 

morphology and mitochondrial density correlate to the function of the adipose tissue; the 

primary role of WAT is in the storage of lipids whereas BAT is more metabolically active 

and is associated with thermogenesis. WAT is also less vascularised and innervated than 

BAT 
230,231

. 

 

1.5.2.2. Perivascular adipose tissue 

 

Perivascular adipose tissue (PVAT) surrounds most blood vessels in close association to the 

adventitia. Previously considered to solely offer structural support it has recently been 

described as a paracrine organ capable of modulating vascular function and has been 
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suggested to contribute to the development of cardiovascular disease, including 

atherosclerosis 
230,232

. The amount of PVAT surrounding blood vessels has been shown to 

correlate closely with overall adiposity and can therefore be used as an indicator of obesity 

233
. PVAT has been shown to vary in its morphology and function with characteristics of both 

WAT and BAT being observed from different vascular beds. Gene expression analysis of the 

PVAT around the thoracic aorta of mice identified specific BAT markers 
234

 wheras 

morphological characterisation of human mesenteric 
235

 and internal thoracic artery 
236

 

identified the presence of WAT. However, full characterisation of the prevalence of WAT 

and BAT in human PVAT of different vascular beds has not been conducted. 

 

1.5.2.3. PVAT and atherosclerosis 

 

A link between atherosclerosis and PVAT was first suggested due to the ability of PVAT to 

modulate vascular function; the presence of PVAT around the human internal thoracic artery 

was demonstrated to reduce vascular contractility 
236

. The factors released from PVAT have 

been termed adipokines and can act via both endothelial-dependent and independent 

mechanisms to alter vascular function 
236–238

. The vasoactive activity of PVAT will not form 

part of the present investigations; however, the role of PVAT in oxidative stress and 

inflammation associated with several disease states, including atherosclerosis,  will be 

examined 
229,239

.  

 

The most prevalent adipokine is adiponectin; demonstrated to act as a vasodilator but also as 

an anti-inflammatory mediator 
230

 the release of adiponectin is thought to protect against 

inflammation, insulin resistance and atherosclerotic plaque formation 
240

. In response to the 

increase in adipose tissue observed in obesity, the size of individual adipocytes is increased 

as more lipids are stored. This increase in size of adipocytes is associated with a reduction in 

the release of adiponectin and an increase in the release of inflammatory cytokines; thought 

to be due to a hypoxic response within the centre of the cell 
241

. An increase in adipocyte size 

has been observed in the aortic and mesenteric perivascular adipose tissue (PVAT) of high fat 

diet-induced obese rats and mice 
242,243

. The local release of inflammatory cytokines from 

enlarged, hypoxic adipocytes have been linked with endothelial and overall vascular 

dysfunction through the increased production of superoxide ions 
244

; leading to accelerated 

atherosclerotic plaque formation 
229,243,245,246

. 
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1.5.3. Vascular function and inflammation 

 

Associated with an increase in local inflammation and the development of obesity is an 

increase in cyclooxygenase enzyme expression within the vascular wall 
247

. The products of 

cyclooxygenase isoforms 1 and 2, thromboxane A2 and prostacyclin, respectively, have been 

described to influence the process of atherosclerotic disease development and alteration of 

vascular function 
248

. Cyclooxygenase isoform 1 (COX-1) is constitutively expressed; its 

activity has been shown to accelerate atherosclerosis in the LDLR
-/-

 mouse model 
249

 and 

genetic ablation of the thromboxane A2 receptor has been linked to retardation of disease 

development 
250

. Cyclooxygenase isoform 2 (COX-2) is not expressed in healthy vascular 

tissues. There is a clear link between inflammation, inflammatory cytokines and an 

inducement of COX-2 expression 
251,252

, however evidence for the role of cyclooxygenase-2 

(COX-2) and prostacyclin in atherosclerosis is a little less clear. Specific inhibition of the 

COX-2 enzyme has been demonstrated to inhibit early atherogenesis in mice 
253–255

, however, 

in female mice COX-2 activity has been described as atheroprotective 
256

 and genetic ablation 

of the prostacyclin receptor was shown to enhance atherosclerosis 
250

. An increase in the 

number of cardiovascular events and the subsequent market withdrawal of the selective 

inhibitor Rofecoxib (Vioxx, Merck) 
257

 suggests that in humans COX-2 activity is anti-

atherogenic. Obesity and the associated inflammation are therefore able to modulate vascular 

function, however, the highlighted studies have all assessed this parameter at advanced time 

points; the early actions of possible changes in perivascular adipocyte morphology, 

inflammation and cyclooxygenase activity are less well understood at this time. 
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Table 1. A summary of relevant literature relating to the assessment of lipidaemic 

profiles and obesity in C57BL/6 and ApoE
-/-

 mice after feeding on a chow or high fat 

(HF) diet. 

Strain and diet Duration 

(weeks) 

Cholesterol 

(mmol/L) 

Triglycerides 

(mmol/L) 

Body weight 

(g) 

References 

 

 

C57BL/6 

Chow 

2.5 

12 

12 

16 

78 

1.6 

- 

2.2 

- 

1.6 

1.7 

- 

- 

- 

- 

- 

24.7 

- 

30.0 

- 

Plump et al. (1992)
138

 

Fransen et al. (2008)
178

 

Shimano et al. (1995)
258

 

Schreyer et al. (2002)
145

 

Crauwels et al. (2003)
174

 

 

C57BL/6 HF 

2.5 

12 

16 

28 

3.4 

3.7 

- 

2.8 

2.1 

- 

- 

1.1 

- 

- 

44.9 

 

Plump et al. (1992)
138

 

Shimano et al. (1995)
258

 

Schreyer et al. (2002)
145

 

Jiang et al. (2001)
259

 

 

 

ApoE
-/-

 Chow 

2.5 

8 

8 

12 

78 

12.8 

11.5 

15.2 

- 

11.8 

2.8 

1.9 

- 

- 

- 

- 

- 

- 

22.5 

- 

Plump et al. (1992)
138

 

Burleigh et al. (2002)
254

 

Ali et al. (2005)
260

 

Fransen et al. (2007)
178

 

Crauwels et al. (2003)
174

 

 

 

ApoE
-/-

 HF 

2.5 

8 

10 

16 

28 

47.1 

23.3 

27.1 

- 

27 

2.8 

- 

- 

- 

3.8 

- 

- 

- 

35.2 

- 

Plump et al. (1992)
138

 

Bjorkbacka et al. (2004)
261

 

Bjorkbacka et al. (2004)
261

 

Schreyer et al. (2002)
145

 

Jiang et al. (2001)
259
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1.6. Hypothesis and aims 

 

The hypothesis of this study is that vascular function is modified by the presence of 

atherosclerotic risk factors, prior to the development of overt atherosclerosis. 

 

The specific aims and objectives of this project are as follows: 

 

1. To assess the effects of acute cholesterol modulation on ex vivo murine thoracic 

aortic function. 

 

The direct effects of membrane cholesterol modulation will be assessed in the thoracic 

aortae of wildtype C57BL/6 mice. Methyl-β-cyclodextrin will be employed to deplete 

membranes of cholesterol and water-soluble cholesterol will be employed to increase 

extracellular cholesterol and promote enrichment of vascular membranes. Both 

removal and enrichment of membrane cholesterol will be carried out. Vascular 

function including contractility to depolarisation, contractility to pharmacological 

agonists and endothelial-dependent and independent relaxation will be assessed using 

wire myography.  

 

2. To assess the effect of high fat feeding and/or ApoE gene deletion on the 

phenotype of mice in the early stages of atherosclerosis. 

 

C57BL/6 and ApoE
-/-

 mice will be fed on either a standard chow or a high fat diet for 

eight weeks post-weaning. As the focus of the present investigation is vascular 

function prior to the development of atherosclerotic plaques the extent of plaque 

formation will be assessed in the aorta as a whole and specifically within the thoracic 

aorta. The aim of the four described experimental groups is to generate a gradient of 

cholesterol concentrations, as shown previously by Plump et al. (1992) 
262

,   allowing 

concentration-dependent effects and a direct link to serum cholesterol to be made in 

relation to vascular function. In addition, the specific effects of high fat feeding and 

ApoE gene deletion will be able to be defined. Assessing the lipidaemic profile to 

confirm the gradient of serum cholesterol concentrations is of great importance. 

However, as described previously, there is a need to explore the effects of other 
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atherosclerotic risk factors. To this end, total weight characteristics and visceral and 

perivascular adiposity will be measured to assess the development of obesity. Markers 

of systemic and local inflammation, namely spleen weight and perivascular adipocyte 

size, will also be investigated. Finally, fasting blood glucose will be measured to 

deduce the existence of diabetes and markers of smooth muscle proliferation will be 

assessed via immunohistochemistry as further evidence of the stage of disease 

development. 

 

3. To investigate alterations in vascular function prior to the development of 

atherosclerosis. 

 

Using the same approach to the assessment of vascular function as in the first 

objective, the responses of thoracic aortic rings from the previously described four 

experimental groups will be determined. Alterations in vascular function will be 

highlighted and further examined mechanistically through the use of pharmacological 

antagonists of selected contributors, such as eNOS or COX activity. In addition, 

intracellular calcium imaging with the calcium-sensitive dye indo-1 will be used to 

assess smooth muscle calcium handling; in particular SOCE enabling a correlation to 

be made between possible changes in proliferation and contraction in vascular tissues. 

In order to achieve this aim a calcium imaging system will have to be set up and 

optimised prior to data generation. 

 

Overall, through the achievement of these aims and objectives, and collation of the results as 

a whole, this study hopes to identify and explore the source of early changes in vascular 

function and how this may contribute to atherosclerotic disease development. 
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2. Materials and Methods 
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Suppliers of materials and reagents are listed in Appendix I. Recipes for solutions and buffers 

are listed in Appendix II. 

 

2.1. Animals 

 

All experiments were conducted in accordance with the Animals (Scientific Procedures) Act 

1986, within the constraints of the relevant Home Office project and personal licences. 

Control wild type mice, C57BL/6 strain, were obtained from Harlan laboratories at a range of 

ages dependent on the experimental requirements. ApoE
-/-

 mice were originally produced by 

Jackson Laboratories through backcrossing with C57BL/6 mice after homologous 

recombination in embryonic stem cells creating a mutation in the ApoE gene (ApoE
tm1Unc

). 

The colony of ApoE
-/-

 mice was maintained in the University of Manchester Biological 

Services Unit and they were provided with food and water ad libitum. 

 

2.1.1. Diet modulation 

 

ApoE
-/-

 mice were weaned at 3-4 weeks dependent on their level of development, only male 

offspring were taken forward for experimentation with the females either being maintained 

for breeding purposes or sacrificed at this time. The males of each litter were housed  

together and either transferred onto a high fat ‘western’ diet containing 21% milk fat and 

0.15% cholesterol or were designated as a non-high fat group and maintained on rat and 

mouse standard diet No.1 (Chow; 0.5% milk fat, 0.022% cholesterol). 

 

Control C57BL/6 mice designated to be fed on the high fat ‘western’ diet were brought in at 

three weeks of age and maintained for at least eight weeks before experimentation. Control 

mice designated as being in a non-high fat group were brought in at 11 weeks of age and 

maintained for at least 1 week before experimentation to allow for acclimatisation. 

 

2.1.2. Experimental groups 

 

For the purposes of this investigation four primary experimental groups were generated as 

shown in Figure 2.1. below. At times during the investigation feeding of either C57BL/6 wild 

type or ApoE
-/-

 mice for longer time periods was conducted. The use of these additional 

groups will be stated explicitly in the analysis. 
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Figure 2.1. Generation of the experimental groups. All mice were fed either a standard 

chow diet (0.5% fat, 0.022% cholesterol) or high fat ‘western’ diet (21% fat, 0.15% 

cholesterol) and were experimented on after eight weeks feeding (post-weaning). 

 

2.2. PCR genotyping of ApoE
-/-

 mice 

 

2.2.1. DNA isolation 

 

Ear snips were obtained from ApoE
-/-

 mice and stored at -20
o
C prior to analyses. To each 

sample was added 200µl lysis buffer along with 10 µl proteinase K (1mg/ml). Samples were 

incubated overnight at 56
o
C; the following morning they were centrifuged at 18,894g 

(13,00rpm) for 10 minutes. Supernatants were transferred to fresh tubes to which was added 

an equal amount of isopropanol (approximately 200 µl). After inverting 30 times, the samples 

were left on ice for 30 minutes. Samples were then centrifuged at 13,000rpm for five minutes 

before the supernatants were removed carefully and discarded without disturbing the pellets. 

The pellets were washed in 100 µl 70% ethanol by pipetting up and down prior to another 

centrifugation at 13,000rpm for 5 minutes. Pellets were air dried for approximately 10 

minutes before being re-suspended in 25µl to 50µl of Tris-EDTA (TE) buffer. 
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2.2.2. PCR 

 

A 25 µl PCR reaction was prepared by making a master mix with the following amounts of 

reagents: 3 µl 10X Buffer, 2.4 µl MgCl2 (25mM), 2.4 µl dNTPs (2.5mM), 0.15 µl Taq 

Polymerase (5U/µl), 0.75 µl of each ApoE primer (20 µM): 

 

oIMR180 (forward – 5’-GCCTAGCCGAGGGAGAGCCG); 

 

oIMR181 (reverse – 5’ TGTGACTTGGGAGTCTGCAGC); 

 

oIMR182 (forward – 5’-GCCGCCCCGACTGCATCT). 

 

Primer pair oIMR180 and oIMR181 were used to amplify the 155-bp wild type ApoE 

amplicon while the primer pair oIMR180 and oIMR182 were used to amplify a 243-bp 

vector-containing ApoE amplicon. Finally, 5 µl of DNA (or water for the negative control) 

was added.  

 

The remainder of the reaction volume was made up using water before being subjected to the 

following cycling conditions in a Peltier PTC-2000 Thermal Cycler: 94
o
C for 3 minutes, 

94
o
C for 20 seconds, 68

o
C for 40 seconds, 72

o
C for 2 minutes, 72

o
C for 10 minutes, held at 

4
o
C. 

 

Samples were loaded onto a 1.5% agarose gel containing 4 µl ethidium bromide (1mg/ml) 

with a DNA marker, Hyperladder V (5 µl). The samples were then run in 0.5X TAE buffer at 

60 – 70mV for approximately two hours. The gel was observed using a Uvitech 

transilluminator and the image captured using Uvipro platinum software (Version 1.1). 

 

2.3. ApoE
-/-

 mouse phenotyping  

 

2.3.1. Tissue sampling 

 

Mice were weighed and then anaesthetised with an intraperitoneal injection of sodium 

pentobarbitone (Pentoject; 40mg per 30g body weight, overdose to induce death). Once fully 

anaesthetised, determined by the lack of reflex withdrawal to toe pinching, the animals were 
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pinned out and a midline incision was made followed by blunt dissection to expose the 

peritoneum. The peritoneum was cut down the midline, exposing the inner organs, and the rib 

cage was cut either side of the sternum. After cutting the diaphragm the ribs were opened out 

laterally, held by surgical grips, exposing the heart. The left ventricle was cannulated and 

perfused with Hepes-PSS for five  minutes at a rate of approximately 3mls per minute using a 

peristaltic pump (Minipuls 3, Gilson, UK) connected to a needle (23G Microlance3; BD 

Medical, NJ, USA) (Figure 2.2) 

 

 

Figure 2.2. Dissection of the murine aorta. The heavily anaesthetised animal was  secured 

on its back (A) before the peritoneum was exposed with an incision down the midline using 

blunt dissection to remove the skin (B). The peritoneum and the rib cage were then opened up 

to reveal the internal organs of the abdomen and expose the heart (C). The heart was 

cannulated and perfused at a rate of 3ml/min with ice cold HEPES-PSS for five  minutes (D). 

The organs of the abdomen were removed; liver, stomach, pancreas, spleen, intestines (E). 

The aortic arch and its branches (dashed lines) were visualised, and along with the rest of the 

aorta, dissected out (F). The dissected aorta, still attached to the heart was then removed from 

the animal and placed in a petri-dish containing ice cold HEPES-PSS for isolation of the 

thoracic aorta and depending on the necessary preparation, removal of the remaining 

adventitial tissue (G). 
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The aortic arch and thoracic aorta, still attached to the heart, were then dissected away from 

the rear of the thoracic cavity, removed, and placed in ice-cold phosphate-buffered saline 

(PBS). This preparation was later pinned out on a silicone coated petri dish to allow for 

isolation of the thoracic aorta, the perivascular adipose tissue was left intact. In addition to 

the heart and thoracic aorta, the spleen and epididymal fat pads were also removed from each 

animal. The thoracic aorta was taken for further processing, dependent on the technique to be 

employed, the details of which will be outlined later in Section 2.3.2. The heart, spleen and 

epididymal or peri-gonadal fat pads were weighed, wet weight after removal of excess fluid 

from transport, for future comparisons. 

 

2.3.2. Histology 

 

2.3.2.1. Preparation of thoracic aortic tissue for histology 

 

Thoracic aortae were stored in 4% PFA at 4
o
C for 48hrs. These aortae were then placed into 

plastic histology cartridges; the tissue was wrapped in thin rolling paper to prevent it being 

washed out of the cartridge, and suspended in 50% industrial methylated spirits (IMS). The 

samples were subjected to a process of dehydration followed by infiltration of paraffin wax in 

a 60
o
C vacuum oven using a Shandon Citadel 2000 tissue processor. Samples were then 

removed from the rolling paper and embedded vertically, to allow transverse cross-sections 

of the vessel to be taken, in a mould filled with molten paraffin wax. The wax was allowed to 

cool slightly before the labelled cassette lid was placed on top and the molten wax topped up. 

Once the wax had set hard, the blocks were removed from the moulds and stored at room 

temperature. 

 

Wax blocks were sectioned using a Leica RM2145 microtome. Sections, 5µm in thickness, 

were floated onto the surface of a water bath at 45
o
C before being placed onto poly-l-lysine 

coated microscope slides. These slides were dried vertically overnight at 37
o
C to allow any 

water to run off and then were melted at 60
o
C and allowed to cool prior to storage at room 

temperature. 
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2.3.2.2. Haematoxylin and Eosin (H&E) staining for identification of atherosclerotic 

plaque development 

 

Sections, prepared as above, were de-waxed in xylene and rehydrated through a series of 

graded alcohols (100%, 90%, 75%, 50%; diluted in distilled water), before being washed in 

distilled water for five minutes. Mayer’s haematoxylin, diluted 2:3 with distilled water, was 

applied for two minutes and then sections were washed for five minutes in warm tap water. 

The slides were then placed in 1% eosin Y solution for 30 seconds, dipped in distilled water 

two to three times, and dehydrated back through the graded alcohols (50%, 75%, 90%, 

100%). The sections were mounted under glass coverslips using DPX mounting medium and 

left overnight to dry before observation. Sections were visualised using bright-field 

microscopy under a Leica DM 5000 B microscope; images were captured using a Leica DFC 

320 camera and Leica Imaging software. 

 

2.3.2.3. Quantification of atherosclerotic plaque development 

 

As defined previously in our lab, quantification of lesion development was carried out using 

five sections at 25µm intervals (Kelly Farrell, PhD Thesis, 2009) from the proximal end of 

the thoracic aortae, defined by the first intercostal artery branch. After staining with Millers 

Elastin van Gieson to stain the elastic laminae images were taken for quantification. Using 

Image J software the internal lumen area was defined. The internal elastic lamina was then 

traced and the previous lumen area was subtracted to leave only the area of the intima. The 

intimal area was used as a measure of atherosclerotic plaque development 
263

. 

 

2.3.2.4. en face Oil Red O staining for visualising intravascular fat deposition 

 

Thoracic aortae were dissected as previously described. Extra care was taken to remove the 

adventitia completely; the adventitia is stained by Oil Red O and would result in background 

noise. The entire aorta was then cut longitudinally between the intercostal arteries. The tissue 

was dipped into 60% (v/v) aqueous triethyl phosphate for 2 – 3 seconds before being treated 

with the Oil Red O working solution for 20 minutes on a shaking platform. After incubation 

the vessel was removed from the Oil Red O and dipped once again in 60% (v/v) triethyl 

phosphate for two to three seconds. The tissue was then washed in distilled water before 

being pinned down flat on a silicone coated petri dish. This enabled visualisation of the inner 
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surface of the aorta and in this position it was photographed using an Olympus Camedia c-

7070 wide zoom camera attached to a dissection microscope. Only a visual assessment was 

conducted with no formal measurement being applied. 

 

2.3.3. Immunohistochemistry for the assessment of smooth muscle phenotype 

 

Immunohistochemistry was used to assess the localisation of specific markers of contractile 

smooth muscle cells, namely α-smooth muscle actin (α-SMA), smooth muscle myosin heavy 

chain II (smMHCII) and smoothelin, within the thoracic aorta. The presence of both α-SMA 

and either smMHCII or smoothelin is indicative of a contractile phenotype. Proliferative 

smooth muscle cells will not express only α-SMA. Thoracic aortic samples were prepared as 

described previously in Section 2.3.2.1. 

 

After de-waxing through xylene and rehydration through alcohols down to distilled water, as 

described previously (Section 2.3.2.2), endogenous peroxidase activity was inhibited by 

incubation for five minutes with 3% (v/v) hydrogen peroxide (H2O2). The tissue was then 

washed in PBS (3 x 5 minutes) and the sections were drawn around with a wax pen to allow 

individual sections on the same slide to be incubated with different solutions, if necessary. 

Non-specific binding of immunoglobulins was blocked by incubating sections with the 

appropriate serum for one hour at room temperature; 50µl of a 10% serum, 1% bovine serum 

albumin (BSA) solution was applied to each section. 

 

The blocking solution was removed and without washing, the appropriate concentration of 

primary antibody, diluted in 1% BSA PBS, was applied for one hour at room temperature or 

4
o
C overnight. Negative control sections were produced by omitting the primary antibody 

and incubating with 1% BSA PBS alone. After washing with PBS (3 x 5 minutes) the 

appropriate secondary antibody was applied (50µl, diluted in 1% BSA PBS) for one hour (in 

the case of α-SMA no secondary antibody was necessary as a conjugated primary antibody 

was used). When using non-fluorescent secondary antibodies the slides were washed in PBS 

(3 x 5 minutes) before being incubated with Vectastain ABC (avidin-biotin conjugate) 

solution for 30 minutes at room temperature. After washing in PBS (3 x 5 minutes) a DAB 

(3,3’-diaminobenzedine) kit was applied, made up to the manufacturer’s instructions, until a 

brown colour developed (5 – 10 minutes); the reaction was stopped by immersing the slides 

in distilled water. Slides were counterstained with Mayer’s haematoxylin for one minute, 
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washed in warm tap water, dehydrated through graded alcohols and then mounted using DPX 

mounting medium. When using fluorescent secondary antibodies, the slides were washed in 

PBS (3 x 5 minutes) after incubation and mounted immediately using a mounting medium 

containing DAPI (4’,6-diamidino-2-phenylindole) nucleic acid stain (Vectashield). Sections 

were again visualised using a Leica DM 5000 B microscope; images were captured using a 

Leica DFC 320/350FX camera (brightfield and fluorescence, respectively). See Appendix III 

for a full details of antibody optimisation. 

 

2.3.4. Measurement of plasma glucose and lipids 

Blood samples, 0.3 -0.5ml, were taken at sacrifice via cardiac puncture from animals that had 

been fasted overnight. Glucose measurements were made immediately whereas all lipid 

analyses were performed after the blood had been spun at 1700g (3000rpm), maintained at 

4
o
C, for 10 minutes to separate the plasma. Plasma was stored at -80

o
C prior to use. 

Lipidemic profile analysis was performed by Yifen Liu of the Lipid Biology Research Group, 

Manchester University, UK. 

 

2.3.4.1. Fasting blood glucose 

 

Fasted blood glucose levels were measured via the glucose oxidase method. Glucose oxidase 

is combined with a peroxidase to colorimetrically assess the production of H2O2. This was 

achieved using the hand-held Contour® blood glucose monitoring system (Bayer, Germany). 

After installation of the test strip into the reader, it was placed into the blood sample for five 

seconds and the reading, expressed in mmol/L, on the monitoring system was recorded. A 

new strip was used for each sample 
264

. 

 

2.3.4.2. Triglycerides 

 

Plasma triglyceride measurements were performed using an automated colorimetric glycerol-

3-phosphate Oxidase-PAP. Triglycerides are hydrolysed with lipases to produce glycerol and 

fatty acids. The activity of glycerol kinase produces glycerol-3-phosphate. Oxidation of 

glycerol-3-phosphate produces H2O2 which through the action of peroxidase can be measured 

through the formation of a quinoneimine based indicator 
265

. The analysis was carried out 

using a bench top clinical chemistry analyzer (Cobas Mira, Roche). Plasma triglyceride 

concentrations are expressed in mmol/L. 
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2.3.4.3. Cholesterol 

 

Total fasting plasma cholesterol concentrations were measured using an automated enzymatic 

end point assay (Randox Laboratories Ltd.). Cholesterol esters are enzymatically cleaved by 

cholesterol esterases to produce free cholesterol. The action of cholesterol oxidase on 

cholesterol produces H2O2 which can again be measured through the action of peroxidase and 

the formation of a quinoneimine based indicator 
266

. Plasma HDL-cholesterol concentrations 

were measured using an enzymatic clearance assay (Randox Laboratories Ltd.). In an initial 

reaction other cholesterol components (LDL-, VLDL-cholestrol and chylomicrons) are 

removed through the actions of cholesterolase, cholesterol oxidase and catalase. A second 

treatment with cholesterolase and cholesterol oxidase allowed detection of the HDL 

concentration through the peroxidation of H2O2 to produce the quinoneimine indicator. Both 

analyses were performed on a Cobas Mira automated bench top biochemical analyzer 

(Roche) 
267,268

. 

 

2.3.5. Quantification of perivascular adipocyte size and number as a marker of obesity 

 

Paraformaldehyde fixed, paraffin embedded mouse thoracic aortae with the perivascular 

adipose tissue (PVAT) intact were cut into 5μm sections and mounted onto poly-l-lysine 

coated microscope slides; whereupon they were stained with  Mayer’s haematoxylin and 

eosin Y (H&E) stain, as previously described (Sections 2.3.2.1 - 2.3.2.2)  for the detection of 

adipocyte membranes. 

 

Images were captured using a Leica DFC 320 camera attached to a Leica DM 5000 B 

microscope. PVAT was defined as being within 150µm of the vessel wall and the population 

was subdivided into small (<5µm
2
) and large (>5µm

2
) adipocytes. The area was calculated by 

drawing round the “adipocyte ghost”, the membrane that remains after processing of the 

tissue through xylene and alcohols. This was performed using Image J software that was 

calibrated prior to taking measurements. The counting of adipocyte populations were also 

performed on Image J. All measurements were performed by an operator blinded to the 

experimental groups in order to reduce bias.  

 

In order to produce results that were representative of the population, an initial analysis was 

conducted. Within a field of view (FOV) measuring 260x193µm a region of interest (ROI), 
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50x50µm, was randomly chosen and the small and large adipocyte area and number was 

calculated. Progressive mean values were obtained for each individual ROI, both cell number 

and area (e.g. mean of ROIs 1 + 2, mean of ROIs 1 + 2 + 3, etc.), to assess after which point 

the standard error of the mean became consistent. From this it was determined that all further 

sections were to be analysed using 3 separate FOVs. For quantification of adipocyte area it 

was determined that 4 ROIs per FOV were required and for quantification of adipocyte 

number 6 ROIs per FOV were required. 

 

Data were represented as the mean ± standard error of the mean (SEM) for all measurements. 

Differences in mean adipocyte area and mean adipocyte number were assessed using a one 

way ANOVA with a post-hoc Tukey’s multiple comparison test. All analyses used Prism 

software (GraphPad, USA). Probability values of p<0.05 were deemed significant. 

 

2.4. Wire myography 

 

2.4.1. Preparation of thoracic aortae 

 

The aorta was removed as previously described in Section 2.3.1. It was then transported in ice 

cold HEPES-PSS and pinned down in a silicone lined dissection plate. Using a stereoscopic 

dissection microscope along with fine forceps and scissors the adventitial tissue, including 

connective and perivascular adipose tissue, was carefully removed. The thoracic aorta was 

separated from the aortic arch and four 3mm rings were cut from the proximal end starting 

from the origin first intercostal artery. 

 

2.4.2. Mounting and normalisation 

 

The thoracic aortic rings were placed into separate baths of a multi-chamber myograph 

(Danish Myo Technology, Arhaus N, Denmark), each containing 6ml of ice-cold HEPES-

PSS. HEPES buffered solutions were employed due to their ability to maintain a stable pH; 

this was of great importance to the imaging of intracellular calcium (Section 2.5) due to the 

sensitivity of the indo-1 dye to pH. The rings were mounted into the jaws of the individual 

baths using two 40µm diameter tungsten wires. Upon completion of this mounting procedure, 

the bath solutions were immediately gassed with 100% oxygen and allowed to warm to 37
o
C 

over the course of 20 minutes. During this time, no tension was applied to the vessel 
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segments. After this initial acclimatisation period, the tension on the aortic rings was 

increased incrementally over a 30 minute period until the tension was stable at 5mN, as 

described previously 
269

.  

 

2.4.3. Assessment of viability and contractility 

 

When stable at 5mN resting tension the HEPES-PSS was aspirated and replaced with 

HEPES-KPSS (100mM KCl isosmotically substituted for NaCl) to elicit contraction. Once a 

stable contraction was produced (3 – 5 minutes), the bath solution was aspirated and replaced 

three times with HEPES-PSS to remove the contractile stimulus completely and allow the 

vessel to relax to its resting tension. This process was repeated twice on every vessel segment 

prior to the addition of any other stimuli. This allowed for confirmation of vessel viability but 

also represented a standard contraction that all further contractions would be normalised 

against. Using this method of standardisation to compare across different vessels, the data in 

this thesis relating to agonist induced contractions will be presented as a percentage of the 

final HEPES-KPSS induced contraction, as used by studies on other large vessel preparations 

270–272
.  

 

2.4.3.1. Agonist-induced contractions 

 

Initial cumulative dose-response curves were constructed for phenylephrine and serotonin (5-

HT) using a 1nM – 30µM range of concentrations (Figure 2.3.). From these data it was 

decided that a maximal dose for both agonists, to be used in future experiments, was 10µM. 

For both agonists, a 10mM stock solution was produced fresh at the start of each week and 

stored on ice during experiments and at 4
o
C overnight to maintain the stability of the 

compounds. To achieve the desired final bath concentration, 10µM, 6µl of the stock solution 

was added into the 6ml bath volume. 
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Figure 2.3. Cumulative dose-response curves in the presence of phenylephrine and 

serotonin to assess maximal contractile response. Thoracic aortic rings, mounted on a wire 

myograph and set to a resting tension of 5mN, were exposed to increasing concentrations of 

phenylephrine (A) and serotonin (5-HT; B). The concentration range employed was 1nM – 

30µM. The contractile data were normalised to the relevant contraction to HEPES-KPSS and 

are expressed as mean ± SEM (n = 4 for each treatment). The maximal contractile response 

was defined on the plateau phase of the sigmoidal curve. For both agonists 10µM was taken 

forward as the concentration to be used in subsequent experiments.  

 

2.4.4. Stimulating endothelium-dependent and independent relaxations 

 

Aortic rings were firstly pre-constricted with 10µM phenylephrine until a steady contraction 

was produced. Maximal concentrations, 10µM, of both acetylcholine and sodium 

nitroprusside were used to induce endothelium-dependent and independent relaxation, 

respectively. A 10mM stock was made at the start of each week for both compounds and 

maintained on ice during the experimental protocol and at 4
o
C overnight. After each exposure 

to both compounds the baths were aspirated three times and the bath fluid replaced with fresh 

HEPES-PSS before leaving the aortic rings to return to their baseline tension for at least 10 

minutes. 

 

2.4.5. Ex vivo modulation of cholesterol 

 

2.4.5.1. Cholesterol removal 

 

Methyl-β-cyclodextrin (MβCD) was employed to remove cholesterol from thoracic aortic 

rings, as previously described 
128,187,273

. The entire bath volume was aspirated and replaced 

with HEPES-PSS containing 10mM MβCD. This solution was left to incubate for one hour. 

The same MβCD-containing solution was used for all subsequent washes and remained 
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present throughout the experiment. The total exposure time to MβCD-containing solution 

was approximately 120 minutes. 

 

2.4.5.2. Cholesterol addition 

 

Water-soluble cholesterol (≈40-45mg cholesterol/g of MβCD), as used in previous studies to 

increase membrane cholesterol 
168

, was dissolved in HEPES-PSS to a concentration of 5mM. 

Once again the bath was aspirated and the cholesterol-containing solution was used to replace 

it. The aortic rings were incubated with the raised level of extracellular cholesterol for one 

hour. Again this solution was used for all subsequent washes and was present for the 

remainder of the experimental protocol. 

 

2.4.6. Pharmacological inhibitors of nitric oxide and prostaglandin signalling 

 

Pharmacological inhibitors were used to assess the impact of several components on 

endothelium-dependent relaxation. Nitric oxide synthase was inhibited through the use of the 

Nω-nitro-L-arginine (L-NNA; 50µM 
274

). Total cyclooxygenase activity was blocked through 

the use of indomethacin (10µM; dissolved in DMSO, final bath concentration 0.05% 
275,276

). 

Specific activity of cyclooxygenase-2 was inhibited through the addition of celecoxib (5µM; 

dissolved in DMSO, final bath concentration 0.1% 
277

). All inhibitors were made up to larger 

volumes in HEPES-PSS allowing for total exchange of the bath solution to promote even 

distribution across the tissue. Tissues exposed to the inhibitors were incubated for one hour.  

The inhibitor-containing solutions were used after incubation for all washes so as to be 

present throughout the experimental protocol. 

 

2.4.7. De-endothelialisation thoracic aortic rings 

 

In some experiments the endothelium was removed to enable its contribution to vascular 

function to be assessed. To achieve this, after checking the initial viability of the tissue with 

HEPES-KPSS at 5mN resting tension, the myographs were removed and placed under a 

stereoscopic dissection microscope. The tension on the aortic ring was reduced slightly and a 

single horse hair, due to its coarse exterior, was passed through the lumen. The horse hair was 

then rotated gently around the internal surface of the vessel segment for approximately one 
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minute. The tension was then completely removed and the bath solution replaced three times 

with fresh HEPES-PSS. The aortic rings were left, gassed with 100% oxygen and maintained 

at 37
o
C, for 20 minutes. After this time the tension was again incrementally increased back to 

5mN over the course of 20 minutes. When a stable baseline tension of 5mN had been 

achieved the aortic rings were exposed to HEPES-KPSS twice to check for damage to the 

contractile tissue. This was achieved through comparison to the initial viability testing; aortic 

rings which showed >20% reduction in HEPES-KPSS contractility were discarded from 

analyses. In the presence of an intact endothelium the response to acetylcholine after pre-

constriction with 10µM phenylephrine is approximately 50% relaxation; therefore, 

endothelium removal was confirmed by the lack of response (<20% relaxation) to 

acetylcholine. 

 

2.4.8. Inducing store-operated calcium entry in the thoracic aorta 

 

In order to investigate the effect of store-operated calcium entry on thoracic aortic 

contractility, tissues were incubated in calcium free HEPES-PSS for 30 minutes; after the 

fore mentioned normalisation and viability assessment. After this time the bath solution was 

replaced with HEPES-PSS containing 10µM cyclopiazonic acid (CPA; dissolved in DMSO, 

final bath concentration 0.05% 
186

). After 30 minutes incubation, the extracellular calcium 

was returned with CPA still present in the bath solution. After 20 minutes the tissues were 

washed with HEPES-PSS to remove the CPA. When a stable baseline had been achieved, the 

viability of the tissue was again assessed through exposure to HEPES-KPSS. 

 

2.4.9. Data analysis and statistics 

 

All recordings were made using LabChart (Version 7.; ADInstruments, Oxford, UK). All 

measurements were taken at the maximal stable level of contraction/relaxation. Contractions 

to HEPES-KPSS are represented as actual changes in tension (mN). Agonist induced 

contractions are normalised to the relevant HEPES-KPSS contraction and expressed as a % 

change in tension. Stimulations performed after exposure to pharmacological inhibitors are 

normalised to the post-incubation HEPES-KPSS. All relaxations are represented as a 

percentage reduction in tension from the peak tension prior to exposure (% relaxation).  

All data are expressed as means ± standard error of the mean (SEM). All data were analysed 

using Prism analysis software (Version 6.; GraphPad, California, USA). Comparisons 
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between the experimental groups were made using a one-way analysis of variance (ANOVA) 

with a post-hoc Tukey’s multiple comparisons test. A p<0.05 was considered significantly 

different 

 

2.5. Intracellular calcium imaging for the assessment of store-operated calcium entry in 

the thoracic aorta 

 

2.5.1. Tissue preparation and mounting 

 

Thoracic aortae were dissected and the adventitia removed as previously described. Two to 

three aortic rings were taken and then cut longitudinally in between the intercostal arteries. 

The strips were incubated in HEPES-PSS containing the acetoxymethylester form of the 

calcium-sensitive fluorescent dye indo-1 (20µM; 1mM stock solution made up in DMSO 

containing 20% pluronic acid 
278

) for three  hours in the dark at room temperature. Following 

incubation with indo-1, a strip was mounted into a bespoke imaging chamber. The imaging 

chamber for mounting and visualising strips of mouse aortae was created in-house 

(Chemistry department workshop, Manchester University) to specifications allowing it to be 

fitted securely onto the existing Nikon Diaphot-TMD microscope. The imaging chamber was 

designed to have a bath volume of 1mL when a cover slip was secured to the underside, using 

high vacuum grease (Dow Corning, USA), enabling a fast bath volume exchange time. Glass 

capillary tubes were bent and cut to serve as inflow and outflow tubes before being secured to 

the imaging chamber with silicone rubber compound; these were then able to be connected to 

the existing inflow and outflow tubing of the pressure myograph. Insect pins were bent and 

secured to either side of the imaging chamber to create hooks on to which the tissue could be 

mounted; the smooth muscle layer was placed in the path of excitation as this was the tissue 

of interest (Figure 2.4).  
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Figure 2.4. Imaging intracellular calcium. An inverted microscope was used to image an 

opened out section of thoracic aorta, pre-loaded with the calcium-sensitive fluorescent dye 

Indo-1 (20μM) for three hours  at room temperature and mounted to allow imaging of the 

smooth muscle. UV light from the xenon lamp was filtered and directed towards the indo-1 

loaded tissue by the excitation cube within the microscope. The tissue was excited at 340nm 

and the emitted light then filtered by a dichroic mirror, allowing only light >360nm to pass 

through towards the photomultiplier tubes (PMTs). A second dichroic mirror was used to 

direct light <480nm up, through a 405nm emission filter, to the PMT. Similarly, a third 

dichroic mirror was employed to reflect light <600nm up, through a 500nm emission filter, 

into another PMT. The remaining light >600nm was detected by a charge-coupled device 

(CCD) camera, allowing visualisation of the vessel on a monitor. The signals from PMTs 

were then transmitted to the pre-amplifiers and recorded via Lab Chart software on a PC.  

 

2.5.2. Calcium imaging apparatus 

 

Due to the light-sensitivity of indo-1 and the photo-recording instruments, all incubations and 

recordings of [Ca
2+

]i were conducted in the dark using only the minimum amount of light 

necessary for mounting and adjustment of the system. The mounted and loaded tissue was 

visualised on a Diaphot-TMD microscope (Nikon, Japan) with a 10x Fluor objective (via a 

600nm filter; 25nm bandpass, Cairn research, Kent, UK). Tissues were excited at 340nm 

using a high-intensity xenon light source (XPS-100; Nikon). Background fluorescence, 

observed when the tissue is removed from the field of view (FOV), was reduced by closing 

FOV to highlight only the section of vessel; this dramatically reduced the emitted signal 

intensity but enabled a true assessment of the fluorescence in the tissue. The emitted light was 

filtered using two dichroic mirrors deflecting the relevant wavelengths of light to two 

photomultiplier tubes (PMTs) with 405nm and 505nm bandpass filters in front of them, 

respectively (15nm bandpass, Cairn Research). The PMTs were powered by a variable power 

supply units (Cairn Research) set at 1000V for each PMT.  The signals from these PMTs 
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were passed through pre-amplifiers (Cairn Research) and recorded on a PC running WinDaq 

acquisition software (Version 3.28; Dataq Instruments, USA) via a DI-720 data acquisition 

system (Dataq Instruments) (Figure 2.2). The calcium imaging apparatus was validated 

through the use of the free acid form of the indo-1 dye, pentopotassium salt, which is able to 

bind calcium without the need for enzymatic cleavage. Excitation was measured in calcium 

free HEPES-PSS and then in the presence of 5mM CaCl with both solutions containing 2µM 

indo-1 pentopotassium salt (Figure 2.4) 

 

 

 

Figure 2.5. Validation of calcium imaging equipment. In the presence of 2μM Indo-1 

pentopotassium salt, calcium free (2mM EGTA) and 5mM CaCl solutions were imaged on 

the calcium imaging setup. The above representative trace shows the signals recorded from 

the 405nm and 500nm photomultiplier tubes, representing the calcium bound and un-bound 

fluorescence, respectively. When imaging calcium free solution, the signal from the 500nm 

PMT is much higher than that of the 405nm PMT. Upon changing [Ca
2+

] to 5mM the 

proportion of calcium-bound to unbound increases; reflected in the fall in 500nm PMT signal 

and increase in 405nm PMT signal. The detection of these changing signals highlights the 

ability of the system to generate a usable ratio as a measure of [Ca
2+

]i change.  

 

2.5.3. Experimental protocol for inducing store operated calcium entry 

 

Intracellular calcium imaging was employed to assess store-operated calcium entry in the 

thoracic aorta. All solutions were continuously superfused, maintained at 37
o
C in a waterbath 
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and gassed with 100% oxygen. After an initial 15 minutes superfusion with HEPES-PSS to 

remove any excess or uncleaved indo-1 dye the tissue was excited. The following protocol 

was then applied; timings represent the superfusion time of each solution: 

 

Calcium Free HEPES-PSS    5 minutes 

HEPES-PSS      Allow to return to baseline 

Calcium Free HEPES-PSS    10 minutes 

Calcium Free HEPES-PSS + 10µM CPA  30 minutes 

HEPES-PSS + 10µM CPA    15 minutes 

 

At the end of each experiment the tissue was superfused with calcium free HEPES-PSS 

containing 20mM manganese chloride (MnCl2; Mn-HEPES-PSS) for 30 minutes to quench 

the indo-1 dye. Through quenching of the indo-1 dye the calcium-dependent fluorescence is 

removed, the remaining signal is the intrinsic auto-fluorescence of the tissue. This auto-

fluorescence is a product of the excitation and emission peaks, 240 and 470-490nm 

respectively, of pyridine nucleotides (NADH, NADP) which exist within the tissue. Their 

excitation and emission peaks overlap with the indo-1 spectrum 
279,280

. 

 

2.5.4. Calcium imaging data analysis and statistics 

 

Analysis of these data was performed by exporting the raw values from the 405nm and 

500nm PMTs into a Microsoft Excel spreadsheet. The mean value of autofluorescence, taken 

from the plateau phase of quenching, was subtracted from the raw 405nm and 500nm signal 

data; a previous study in myometrium has shown that loading with indo-1 dye has no effect 

on autofluorescence 
281

. The auto-fluorescence corrected values were then plotted against 

time and showed a rise in 405nm emission and a fall in 500nm emission. This allowed a ratio 

of 405:500nm emitted wavelengths to be calculated that would rise and fall in proportion to 

the level of [Ca
2+

]i in a semi-quantitative manner. The use of a ratiometric [Ca
2+

] indicator 

reduced the effects of non-uniform dye distribution and the concentration of signal density, 

brought about during contraction, due to the equal effects on the individual 405nm and 

500nm emitted wavelengths. 

 

After analysis of these data, a 405:500nm emission ratio was calculated. This has been shown 

in a previous study, in which indo-1 signals were calibrated to absolute [Ca
2+

], to be an 
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appropriate indicator of [Ca
2+

]i 
282

. No calibration of indo-1 405:500nm emission ratio to 

absolute [Ca
2+

] was attempted during this study due to the uncertainty surrounding this 

practice 
283,284

. 

 

Data are expressed as either the raw 405nm:500nm fluorescence ratio (F405:F500) or as the 

change in ratio (ΔF405:F500) represented as the mean ± standard error of the mean (SEM). 

Statistical analysis was carried out using Prism analysis software (Version 6; GraphPad). 

Comparisons were made using the Student’s t-test with a p<0.05 being deemed to indicate a 

significant difference. 
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3.   Can vascular function be altered by ex 

vivo cholesterol modulation? 
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3.1. Overview 

 

Free cholesterol is a vital component of plasma membranes with an ability to alter their 

rigidity, permeability and organisation of signalling 
285,286

. The functional levels of 

cholesterol required to balance degradation are met by cellular synthesis but are added to by 

dietary intake. Prolonged exposure to a high cholesterol diet can lead to an excess being 

carried in the blood stream. Hypercholesterolaemia is a well known key risk factor in the 

development of atherosclerotic disease 
287

. 

 

The control of fluid dynamics within blood vessels is directly linked to the function of both 

the endothelial and smooth muscle cells and has been associated with increased susceptibility 

to atherosclerotic plaque formation 
288,289

. Hypercholesterolaemia is associated with 

modification of caveolar compartmentalisation and has been shown to impact on calcium 

handling in vascular endothelial and smooth muscle cells 
170,183

. Alterations in vascular 

function induced by such changes in vascular signalling will impact on the control of vascular 

tone and flow dynamics, therefore, cholesterol induced alterations in vascular function may 

be pro-atherogenic. Cholesterol depletion in rat tail arteries has been demonstrated to produce 

a reduction  in vascular contractility 
290

, highlighting the necessity for cholesterol in normal 

vascular function. However, the acute effects of cholesterol depletion have not previously 

been observed in mouse aortae. Similarly, the effects of excess cholesterol have been studied 

on cultured vascular smooth  muscle and endothelial cells and ex vivo smooth muscle 

membranes in several models 
14,167,291,292

, however, there is little literature highlighting the 

effects on overall vascular function in the murine aorta. The aim of this section of work was 

to assess the direct impact on vascular function of the atherosclerotic disease associated  risk 

factor, cholesterol. 

 

3.1.1. Methods  

 

Male wild type mice (C57BL/6) at 12 weeks of age, fed ad libitum on a standard chow diet, 

were sacrificed with an anaesthetic overdose. The heart and aorta were removed and placed 

into a silicone coated petri dish containing ice-cold HEPES-PSS for isolation of the thoracic 

aorta. The vessel was cleaned of the perivascular adipose tissue and four aortic rings, 

approximately 3mm diameter, were cut from the proximal end of the isolated thoracic aorta. 
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Aortic rings were placed separately into the baths of a wire myograph (Danish 

MyoTechnology). Two 40µm wires were passed through the lumen of each ring before being 

secured tightly onto the myographs, taking care not to damage the endothelium. After an 

initial equilibration period the tension was increased incrementally over 30 minutes until a 

steady resting tension of 5mN was achieved.  

 

The tissues were assessed for viability by exposure to HEPES-KPSS. This was repeated and 

the steady contractile response produced upon the second exposure was used as a reference 

for normalisation of future contractile data. Tissues were exposed to single maximal doses of 

the contractile agonists, phenylephrine (10µM) and serotonin (5-HT; 10µM; as determined by 

results described in Chapter 2.). The contributions of endothelial-dependent and –independent 

relaxations were assessed through the use of acetylcholine (10µM) and sodium nitroprusside 

(10µM), respectively. 

 

Ex vivo modulation of cholesterol was achieved through the use of the cholesterol chelator 

methyl-β-cyclodextrin (MCD) and water soluble cholesterol. The contractile and relaxant 

function of the aortic rings was assessed after one hour incubation with the respective 

treatments, where possible. Statistical analysis was performed using Prism software (Version 

6.) using a one-way ANOVA with a post-hoc Tukey’s multiple comparisons test. Probability 

values of p<0.05 were considered significant. Full details of the experimental procedures can 

be found in sections 2.4.1 – 2.4.5 of Chapter 2. 

 

3.2. Results 

 

3.2.1. The effect of ex vivo cholesterol removal on vascular function 

 

Cholesterol is an integral part of all plasma membranes and in particular is associated with 

the signalling domains, caveolae and lipid rafts. In order to demonstrate a role for membrane 

cholesterol in the function of vascular tissue we used the cholesterol chelator methyl-β-

cyclodextrin (MCD) to remove it in an ex vivo setting. A range of MCD concentrations were 

employed to assess both maximal and submaximal effects. 
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3.2.1.1. The effect of ex vivo cholesterol removal on thoracic aorta contractility 

 

Contractility was assessed by exposure of the aortic rings to three stimuli. The first was 

HEPES-PSS containing 100mM potassium chloride (KCl) to induce depolarisation; through 

manipulation of the smooth muscle electro-chemical gradients. The two other stimuli were 

pharmacological agonists dependent on membrane receptor binding to induce contraction. 

Phenylephrine and serotonin were employed as they act at different receptors; α1-

adrenoreceptors and 5-HT receptors, respectively. However, after binding to their individual 

receptor, the agonists activate the same downstream intracellular signalling pathway. 

Comparison responses to these three stimuli allowed identification of whether the removal of 

cholesterol had a global effect on the tissue or whether the receptors and/or their downstream 

mechanisms were affected disproportionately. 

 

 

Figure 3.1. The effect of increasing methyl-β-cyclodextrin concentration on ex vivo 

murine thoracic aorta contractility. The contractility of murine thoracic aortic rings was 

measured after incubation (60 mins) with increasing concentrations of methyl-β-cyclodextrin 

(MCD; 3, 6, 10mM). A) Contractility to depolarisation (100mM KCl) was unaffected by 

removal of cholesterol by MCD. B) Contractility to the α1-adrenoceptor agonist 

phenylephrine was significantly reduced at 10mM MCD only. C) Contractility to the 5-HT 

receptor agonist serotonin was significantly reduced at both 6 and 10mM MCD (n = 4,3,3,4 

respectively; one-way ANOVA with post hoc Dunnett’s multiple comparison test, * p<0.05, 

** p<0.01).  

 

Contraction to a depolarising stimulus was not significantly different from control after 

incubation with 3, 6 or 10 mM MCD (Figure 3.1 A; 2.8±0.5mN vs. 3.0±0.9mN, 3.0±0.4mN, 

2.9±0.5mN, respectively p=ns). In contrast, contractions induced using phenylephrine 

produced a slight concentration dependent trend towards reduced contractility in the presence 

of MCD (Figure 3.1 B.). When compared to control (85.9±6.9%) mean contractility was 

reduced at 3mM MCD (73.8±22.1%) and 6mM MCD (33.7±23.5%). The reduction in 
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contractility was shown to be significant only after incubation with 10mM MCD (6.7±5.3%; 

p<0.05; Figure 3.1. and 3.2). There was a high degree of variability observed in the mean 

data. When looking at the individual data for contractility to phenylephrine after treatment 

with 3mM MCD (117.4%, 58.0%, 45.9%), 6mM MCD (80.6%, 12.9%, 7.7%) and 10mM 

MCD (17.2%, 0.1%, 3.0%), it can be seen that there is a pattern of one larger contractile 

response. The large contractile response was generated in aortic rings from the same animal. 

The large effect on the standard error of the mean is due to the small number of repeats. 

Contractions produced by exposure to serotonin also showed a concentration dependent trend 

(Figure 3.1 C.). When compared to control (163.8±15.9%) the mean contraction was reduced 

after treatment with 3mM MCD (139.8±7.0%) and was found to be significantly reduced at 

both 6mM (101.5±18.8%; p<0.05)  and 10mM MCD (50.2±16.6%; p<0.01). 

 

 

Figure 3.2. Representative traces showing the effect of methyl-β-cyclodextrin treatment 

on ex vivo murine thoracic aorta contractility. After incubation with increasing 

concentrations of MCD, the plateau phase of contractility to 10µM phenylephrine in thoracic 

aortic rings was measured. The response to stimuli inducing relaxation, such as acetylcholine 

(ACh), was unable to be measured after treatment with 10mM MCD due to its impact on 

contractility. At lower concentrations of MCD, although contractility appeared to be reduced, 

a relaxant response was able to be measured.  
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3.2.1.2. The effects of ex vivo cholesterol removal on thoracic aorta relaxation 

 

The effects of cholesterol removal on endothelium-dependent and independent relaxation 

were assessed through the use of acetylcholine (ACh) and the nitric oxide donor sodium 

nitroprusside (SNP), respectively, after pre-constriction with phenylephrine. Due to the 

significant reduction in contractility seen following incubation with 10mM MCD relaxation 

data was not reliable (Figure 3.2). 

 

When considering the mean data, exposure to increasing concentrations of MCD showed no 

significant effect on endothelium-dependent relaxation (Figure 3.3 A.; Control (74.2±3.6%) 

vs. 3mM MCD (84.6±3.5%) and 6mM MCD (78.0±13.0%)). These data must be considered 

in the context of the previously described variance in contractility to phenylephrine. If the 

raw data is considered after treatment with 6mM MCD (52.1%, 90.4%, 91.6%) it can be seen 

that in the animal previously described to show a greater contractility that the relaxation is 

lower, therefore, the relaxant effect observed is unlikely to be relative to the contractile 

response. However, when assessing the raw data after treatment with 3mM MCD (81.7%, 

80.6%, 91.5%) there appears to exist relaxant responses relative to the contractility. Based on 

this observation we can suggest there is a trend towards increased endothelial-dependent 

relaxation after treatment with 3mM MCD. After consideration of the contractile variability it 

was concluded that no significant effect was seen after treatment with SNP to induce 

endothelium-independent relaxation (Figure 3.3 B.; Control (94.2±2.3%) vs. 3mM MCD 

(101.0±5.7%) and 6mM MCD (115.1±12.3%).  

 

In summary, the removal of cholesterol using MCD was able to reduce contractility in 

response to receptor mediated pharmacological agonists but not a depolarising stimulus. 

Removal of cholesterol using a low concentration of MCD showed a trend towards increasing 

endothelial-dependent relaxation, however, no significant effect was observed. Endothelial-

independent relaxation was shown to be unaffected after treatment with MCD. 
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Figure 3.3. The effect of ex vivo cholesterol removal on endothelium-dependent and 

independent relaxation in the murine thoracic aorta. Thoracic aortic rings from C57BL/6 

wild type mice were mounted onto a wire myograph and incubated with sub-maximal 

concentrations of MCD (3 and 6mM) for one hour. They were pre-constricted with 

phenylephrine (10µM) and then exposed to relaxant stimuli. Relaxation was measured as a 

percentage decrease from the level of stable contraction. A) Induction of endothelial-

dependent relaxation was achieved by exposure to acetylcholine (10µM). There was no 

observed effect of 3 or 6mM MCD incubation when compared to time-matched HEPES-

incubated controls (n = 4,3,3, respectively). B) Endothelial-independent relaxation was 

stimulated with SNP (10µM). There was no significant effect of incubation in either 3 or 

6mM MCD when compared to control (n = 4,3,3, respectively). 

 

3.2.2. The effects of ex vivo cholesterol addition on vascular function 

 

Vascular tissues are able to take up cholesterol in the extracellular environment for a variety 

of uses. One of the destinations for this cholesterol is to be incorporated into the plasma 

membrane. Extracellular free cholesterol was increased to 5mM (194mg/dl) to assess the 

impact this might have on vascular function.  

 

3.2.2.1. The effects of ex vivo cholesterol addition on thoracic aorta contractility 

 

As described above in Section 3.2.1.1, contraction was induced using both a depolarising 

stimulus and pharmacological agonists; allowing an insight into the impact of cholesterol 

addition on the membrane as a whole, and then specifically on signalling domain-associated 

receptors and/or downstream messengers (Figure 3.4) 
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Figure 3.4. The effect of ex vivo cholesterol addition on contractility. The contractility of 

murine thoracic aortic rings was measured after incubation (60 mins) with cholesterol 

(5mM). Contraction was stimulated with (A) 100mM KCl, (B) 10μM phenylephrine and (C) 

10μM serotonin. No significant effect of cholesterol incubation was observed in response to 

any of the stimuli (n = 4 in each group; unpaired Student’s t-test).  

 

After incubation for one hour with an extracellular free cholesterol concentration of 5mM, 

there was no change in contractility in response to a depolarising stimulus, when compared to 

control (Figure 3.4 A.; 2.9±0.8mN vs. 2.7±0.8mN, p=ns). The contractility to the 

pharmacological agonists phenylephrine (Figure 3.4 B.)  and serotonin (Figure 3.4 C.) was 

also seen to be unchanged from control after incubation with 5mM cholesterol (56.0±12.3% 

vs. 39.8±15.8% and 153.8±16.0% vs. 134.1±17.9%, respectively p=ns). 

 

3.2.2.2. The effects of ex vivo cholesterol addition on thoracic aorta relaxation 

 

The effects of incubation with 5mM extracellular free cholesterol on the endothelial-

dependent and independent components of thoracic aorta relaxation were again measured 

after pre-constriction with phenylephrine. The endothelium-dependent relaxation response 

induced by acetylcholine was shown to be significantly reduced after incubation with 

cholesterol, when compared to control (Figure 3.5 A.; 73.0±5.2% vs. 51.4±5.7%; p<0.05), 

however, there was no significant difference observed after stimulation of endothelium-

independent relaxation (Figure 3.5 B.; 93.3±1.8% vs. 86.8±7.7%). 
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Figure 3.5. The effect of ex vivo cholesterol addition on endothelial-dependent and 

independent relaxation in the murine thoracic aorta. After incubation with 5mM 

cholesterol (60 minutes) thoracic aortic rings, pre-constricted with 10μM phenylephrine, were 

exposed to either 10μM acetylcholine (A) or 10μM sodium nitroprusside (B) to assess any 

effects on endothelial-dependent and independent relaxations, respectively. The acute 

addition of 5 mM cholesterol significantly reduced endothelial-dependent but not 

independent relaxation in the murine thoracic aorta (n = 4 in each group; Unpaired Student’s 

t-test; * p<0.05).   

 

In summary, incubation in 5mM extracellular free cholesterol for one hour had no significant 

effect on contractility, in response to both a depolarising stimulus and pharmacological 

agonists, or endothelium-independent relaxation to SNP. There was however, a significant 

reduction in endothelial-dependent relaxation as observed by the significant reduction in 

relaxation after exposure to acetylcholine. 
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3.3. Discussion 

 

The aim of this chapter was to investigate the effects of ex vivo manipulation of extracellular 

cholesterol on vascular function in the murine thoracic aorta. Studies were conducted in 

which cholesterol was removed from intact vascular tissue or added into the extracellular 

media, to promote incorporation into the tissue; the contractility and relaxation of the vessel 

was then measured in response to a number of different agonists. These investigations have 

shown that in the murine thoracic aorta cholesterol extraction significantly reduced 

contractility to pharmacological agonists, phenylephrine and serotonin, but not to a non-

receptor mediated depolarising stimulus. Depletion of cholesterol also had no significant 

effect on relaxation. In contrast, excess extracellular free cholesterol had no significant effect 

on contractility but was shown to reduce endothelial-dependent but not independent 

relaxation. The direct effects of cholesterol are linked to its importance in membrane 

organisation; specifically the maintenance of signalling domains, including caveolae and lipid 

rafts, which are abundant in vascular tissues 
290,293,294

. The localisation of effectors of the 

contractile and relaxant stimuli within or distinct from these cholesterol rich domains is likely 

to be the reason for the observation of differing responses; the effects of both cholesterol 

depletion and addition on these effectors will be discussed below. The most recognisable 

limitation to the present investigation was the limited number of animals employed. This has 

restricted the strength of the conclusions able to be drawn from the subsequent data. In light 

of this, the data will be discussed within a broad context taking the limitations into 

consideration. 

 

3.3.1.  Cholesterol depletion 

 

The use of MCD as a cholesterol extracting agent capable of disrupting caveolae has been 

validated in previous models using electron microscopy of rat ureter and tail arterial smooth 

muscle 
290,295

. The expression of the caveolin-1 protein and the flask like shape of caveolae 

allow for the effects of cholesterol depletion to be directly measured, however, non-caveolin-

1 expressing cholesterol rich domains known as lipid rafts have also been identified in plasma 

membranes and extraction of membrane cholesterol is thought to affect their structure equally 

296,297
. The present investigation did not attempt to separate between the two types of 

signalling domain; therefore, to simplify the discussion reference will be made only to 

cholesterol-rich signalling domains. Although the effect of ex vivo cholesterol depletion of 
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these signalling domains has been shown to reduce smooth muscle contraction in other 

animal models, including vascular smooth muscle 
187,290,298–301

, there has been only a limited 

amount of research conducted on the murine thoracic aorta. This is an important factor due to 

the increase in the prevalence of murine models of vascular diseases, including 

atherosclerosis, in which cholesterol modulation is a key factor 
144

. 

 

The present investigation has shown that contractions evoked by non-receptor mediated 

depolarisation were unaffected by cholesterol depletion, consistent with previous findings 

observed in the rat coronary artery. Contraction, after exposure to the depolarising stimulus, 

is elicited via a rise in [Ca
2+

]i through opening of voltage-gated L-type calcium channels, this 

rise in [Ca
2+

]i was also shown to be unaffected after cholesterol depletion by Prendergast et 

al. (2010)
302

 and others previously 
303

. Thus, the present data suggest that the L-type calcium 

channel is not associated with cholesterol-enriched signalling domains in murine aortic 

smooth muscle cells; this appears to be a tissue specific finding as functional evidence for 

caveolar localisation of the L-type calcium channel has been shown in cardiac myocytes 
304

.  

 

Upon stimulation of tissues with receptor-mediated pharmacological agonists, it was shown 

in this investigation that contractility to both phenylephrine and serotonin was significantly 

reduced after cholesterol depletion with 10mM methyl-β-cyclodextrin. Mean contractility to 

phenylephrine was found to be variable. However, when the raw data was observed it was 

shown that the contractility in aortic rings from one individual was higher at all three 

concentrations of methyl-β-cyclodextrin. The high standard error is a product of the small n 

numbers and therefore it is hypothesised that if the number of animals was to be increased the 

concentration dependent reduction in contractility after methyl-β-cyclodextrin would be 

drawn out. However, the current data do not allow for firm conclusions to be made and this 

must be taken into consideration when discussing inferences. 

 

Phenylephrine and serotonin bind to the α1-adrenoreceptor and 5-HT2A receptor, respectively, 

which are transmembrane receptors expressed in the vascular smooth muscle and both linked 

to the Gαq protein 
305–309

. Contraction and the prerequisite rise in [Ca
2+

]i  is produced via the 

PLC-IP3 signalling pathway 
310,311

. The trend observed in the current data therefore suggests 

that both receptors are localised to cholesterol-enriched signalling domains and that 

extraction of cholesterol from the vascular smooth muscle membrane produces a disconnect 
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between the receptor and the intracellular signalling effectors. This is consistent with 

previous investigations in other animal models with respect to the 5-HT2A receptor 

localisation, shown in glioma cells 
121

 and vascular smooth muscle cells 
290

, as well as the 

contractile response to serotonin stimulation in both the rat caudal and coronary arteries 

290,302
. However, previous literature suggests a degree of tissue specific effectiveness of 

cholesterol with regards to the α1-adrenoreceptor. In the rat coronary artery, cholesterol 

depletion was shown to have no effect on contraction or [Ca
2+

]i signalling in response to 

phenylephrine 
302

; whereas, in rat bladder and caudal artery smooth muscle, respectively, an 

increase in contractility 
301

 and the [Ca
2+

]i response 
290

 to  α1-adrenoreceptor agonists  was 

observed after treatment with MCD. The present data, as discussed previously, showed a 

trend towards a concentration dependent reduction in contractility to phenylephrine after 

treatment with MCD; although the small number of animals and a large standard error must 

be taken into account. 

 

The differing responses between vascular beds observed in the same rat model, outlined 

above, allow only for the hypothesis that responses to agonists at α1-adrenoreceptors and 5-

HT2A receptors are dependent on cholesterol-enriched signalling domains specifically in the 

murine thoracic aorta. The mechanism involved in cholesterol-dependency of receptor-

mediated contractility is hypothesised to involve breakdown in the post-receptor signalling of 

the downstream PLC-IP3 pathway. Further evidence for this hypothesis is shown by the 

reduced contractility to both angiotensin II 
301

 and endothelin-1 
187,290,302

, agonists activating 

Gαq-PLC-IP3 linked receptors, after MCD treatment. Although identification of the exact 

intracellular mechanism is yet to fully elucidated, cholesterol depletion is able to alter store-

operated calcium entry 
187

 and the pharmacology of vascular calcium-activated chloride 

channels 
298

; shown to be components of vascular smooth muscle contractility in their 

respective models. 

 

Investigation of the effects of cholesterol depletion on relaxant mechanisms in the murine 

thoracic aorta has provided evidence to show that endothelial-independent relaxation, 

induced by stimulation with SNP, is not dependent on membrane cholesterol; in agreement 

with previous literature in the rabbit aorta 
312

. Endothelial-dependent relaxation of vascular 

smooth muscle has three main components; the release of nitric oxide, prostacyclin or the 

endothelial-derived hyperpolarizing factor (EDHF) 
47,313,314

, each of which are altered in their 

relative contributions to the overall relaxant effect, when stimulated by agonists such as 
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acetylcholine, in different vascular beds. Within the thoracic aorta nitric oxide signalling is 

the primary contributor and its production, constitutively by endothelial nitric oxide synthase 

(eNOS), has been shown to be regulated by localisation to caveolae 
189,315

. The present study 

has shown that in the murine thoracic aorta, cholesterol depletion with a low concentration of 

MCD (3mM) showed a trend towards increased endothelial-dependent relaxation; however, 

this was not shown to be a significant effect and may be limited by the small number of 

animals (n = 3). Previous discussions on the variance of contractile responses to 

phenylephrine must also be considered, but the raw data suggest that at this concentration the 

relaxant response is relative to the level of contraction, although once again confirmation of 

this relationship is limited by the small number of animals. If upon further examination of 

this response the trend was found to develop into a significant difference this may reflect a 

reduction in the number of caveolae and in turn dissociate nitric oxide synthase from 

caveolin-1 leading to an increase in the release of nitric oxide. This hypothesis is in contrast 

to the results of Darblade et al. (2001), who observed a reduction in endothelial-dependent 

relaxation in the rabbit aorta 
312

; in addition, Blair et al. (1999) showed that treatment with 

MCD causes a translocation of eNOS from the plasmalemma to intracellular membranes in 

cultured porcine pulmonary artery cells 
316

, thought to reduce nitric oxide production.  It is 

possible that there exists a degree of inter-vascular bed and inter-species heterogeneity in the 

endothelial-dependent relaxation response to cholesterol depletion. In addition, other 

methodological differences must also be considered, such as the use of a different cholesterol 

chelating agent, 2-hydroxypropyl-β-cyclodextrin (hp-β-CD), in the study of Darblade et al 

(2001). 

 

3.3.2. Cholesterol addition 

 

The addition of extracellular free cholesterol is capable of reversing the effects of MCD by 

promoting the reformation of cholesterol-rich signalling domains 
290,312

, in addition, 

incubation of cultured cells and ex vivo tissues with increased extracellular free cholesterol 

has been shown to alter smooth muscle function 
185,292,317

. The present investigation 

employed the use of water-soluble cholesterol which has been previously described 
290,317

; 

however, other methods of enriching membranes with free cholesterol are available, such as 

the use of free cholesterol and phospholipid containing liposomes or human low density 

lipoprotein (LDL) 
183,185,259,292

. The results of the present study will be compared to these 
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methods to highlight the effects of cholesterol enrichment and possible methodological-

dependent differences. 

 

The present investigation has shown that acute incubation (one hour) with an excess of 

extracellular free cholesterol in an ex vivo tissue preparation has no effect on contractility in 

response to KCl or serotonin in agreement with previous literature employing a different 

methodology 
259

. The present investigation also observed no change in the contractility to 

phenylephrine stimulation, however, after perfusion of pressurised rabbit femoral arteries 

with cholesterol and phospholipid containing liposomes Broderick et al. (1989) show 

evidence of increased contractility to the same stimulus 
179

. This may be evidence of species 

or vascular bed differences, in agreement with the effects of cholesterol depletion, but there is 

also a temporal difference in the methodology of two investigations. The three hour 

incubation employed in the highlighted investigation, compared to one hour in the present 

study, suggests the need for longer incubation times to observe an effect of membrane 

cholesterol enrichment. 

 

Observation of the effects of free cholesterol enrichment on endothelium-independent 

mechanisms of vascular relaxation produced results consistent with those observed after 

cholesterol depletion, namely no significant change; there was however, no supporting 

literature showing the effects of SNP after ex vivo cholesterol enrichment. In contrast, 

endothelial-dependent relaxation after stimulation with acetylcholine was significantly lower 

in mouse aortae after incubation with 5mM water-soluble cholesterol. Once again, there is 

scant literature outlining the effects of ex vivo cholesterol enrichment on endothelial-

dependent relaxation. However, an investigation conducted by Jiang et al. (2001), in the same 

animal model employed in the present study, showed that overnight incubation with native 

human-LDL did not significantly change acetylcholine induced relaxation 
259

. This may 

represent a concentration dependent effect of cholesterol as Jiang et al. (2001) employed 

LDL at a concentration of 5mg protein/ml, which, although the exact concentrations of free 

cholesterol were not quantified, will make available less free cholesterol than the 5mM 

concentration employed in the present investigation. 
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3.4. Conclusions 

 

This chapter aimed to assess the effects of modulating cholesterol, an excess of which in the 

blood is a key risk factor for the development of atherosclerosis, on the vascular function in 

the murine thoracic aorta. It has been demonstrated that contractility to phenylephrine and 

serotonin is dependent on their receptor’s localisation to cholesterol-rich signalling domains, 

most likely due to their organisational role in linking the receptor to the downstream 

intracellular signalling molecules. Cholesterol enrichment may be able to modulate receptor 

mediated contractions, however, this was not observed in the present study; possibly due to 

the concentration and temporal dependence of cholesterol incubations. Significant alterations 

in vascular relaxation were not observed after sub-maximal cholesterol depletion; however, 

cholesterol enrichment was able to reduce endothelial-dependent relaxations, simulating 

dysfunction, a widely reported early stage in the development of advanced atherosclerosis. 

 

3.4.1. Summary of conclusions 

 

 Acute depletion of membrane cholesterol produced a significant reduction in 

contractility to phenylephrine and serotonin in the murine thoracic aorta. 

 

 Acute enrichment of membrane cholesterol content did not alter vascular 

contractility in the murine thoracic aorta. 

 

 Acute enrichment of membrane cholesterol produced a significant reduction in 

endothelial-dependent relaxation to acetylcholine. 
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3.4.2. Limitations 

 

As previously outlined, the primary limitation to the conclusions drawn from the above data 

is the low experimental numbers. This factor has been taken into consideration where 

necessary, with justifications from the raw data; however, to allow for firmer conclusions to 

be made and to draw out some of the observed trends an increase in the number of animals 

would be necessary. However, in addition to this there are further methodological limitations 

to the present conclusions; one of which is evidenced by the large degree of conflicting data 

available in previous literature; a product of differences between species and even between 

vascular beds within the same species. Therefore, the above conclusions are only applicable 

to the murine thoracic aorta and care should be taken when trying to extrapolate the present 

findings to other models. The basis of this investigation was based around the modulation of 

membrane cholesterol content. The present study was limited in the fact that no direct 

measure of membrane cholesterol was made to confirm the removal or addition of cholesterol 

from or into the membranes of vascular endothelial and smooth muscle cells.  

 

Another limitation is the acute nature of the exposure to cholesterol and that only the effects 

of free cholesterol incorporation into membranes were investigated. In the setting of 

developmental atherosclerosis, hypercholesterolaemia is a chronic condition and the 

cholesterol is able to be modified, most relevantly by oxidation. Therefore, acute ex vivo 

modulation of cholesterol is unlikely to show the true effects of hypercholesterolaemia on 

vascular function due to the lack of the additional complementary and possibly detrimental 

systems. For further investigations an animal model is required, and it is this that will be 

addressed in the following chapter. 
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4. How does high fat feeding and ApoE
 
gene 

deletion affect the phenotype of mice in the 

early stages of atherosclerotic disease 

development? 
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4.1. Overview 

 

The study of atherosclerotic disease development has in the past been conducted on a wide 

variety of animal models including rabbits, pigs and monkeys 
167,181,318

 due to the difficulty in 

attaining relevant human tissue samples. However, over the last 20 years the use of 

genetically modified mouse models has increased dramatically. These models have centred 

on reducing or completely ablating the expression of key proteins in the lipid metabolism 

process.  Although there are other mouse models available, including the LDL receptor 

knockout (LDLR
-/-

), the most widely employed is the apolipoprotein E knockout mouse 

(ApoE
-/-

) 
144,319

. Apolipoprotein E (ApoE) is produced primarily by the liver, although extra-

hepatic sources include the brain and macrophages, and plays an anti-atherogenic role by 

promoting absorption and excretion of dietary cholesterol 
320

. Developed simultaneously by 

two research groups the ApoE knockout mouse develops hypercholesterolaemia when fed a 

standard chow diet; this can then be exacerbated by feeding with a high fat ‘western’ diet 

138,140
. After high fat feeding ApoE

-/-
 mice have been shown to develop advanced 

atherosclerotic plaques that express similar characteristics, in their constitution, to those 

found in humans 
321

. However, the phenotype of the ApoE
-/-

 mouse prior to the development 

of advanced plaques has not been extensively investigated. 

 

This study aimed to identify phenotypical changes in mice attributable to high fat feeding 

and/or the deletion of the ApoE gene prior to the development of overt atherosclerosis. The 

stage of atherosclerotic disease development was assessed through histological analysis and 

through immunohistochemical staining to assess the prevalence of proliferative smooth 

muscle. The involvement of smooth muscle proliferation is well characterised in advanced 

atherosclerotic plaques 
322

, however, their contribution to the early stages of atherosclerotic 

disease development is currently unclear. Characteristics such as bodyweight and 

perivascular adipose tissue morphology will be measured in addition to serum lipid and 

glucose concentrations. The aim of these measurements is to build up a picture of the 

phenotype that exists in each of the experimental groups. Investigation into the presence of 

underlying atherosclerotic risk factors such as hypercholesterolaemia, obesity, inflammation 

and metabolic syndrome will allow for clearer interpretation of future investigations into 

vascular function. 
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4.1.1. Methods 

 

Full details of the following procedures can be found in section 2.3 of Chapter 2. Male 

C57BL/6J and ApoE
-/-

 mice (on a C57BL/6J background; bred in the University of 

Manchester Biological Sciences Facility) were fed on either a standard chow diet or a high fat 

‘western’ diet for eight weeks. Processed aortic tissue, with the perivascular adipose tissue 

and adventia still intact, was sectioned and stained with haematoxylin and eosin to allow for 

analysis of the perivascular adipocytes and atherosclerotic lesion development. 

 

Atherosclerotic lesion development in the thoracic aorta was quantified using Image J 

software analysis of H&E stained sections. There were five animals in each group; for lesion 

quantification 5 sections of thoracic aorta were measured from each animal (the sample size 

was defined by prior investigations highlighted in Chapter 2). The internal elastic lamina was 

identified and traced using the image analysis software. The internal lumen diameter was then 

measured in the same way. By subtracting the latter from the former we were left with a 

measure of the intimal thickness that would allow for comparison of atherosclerotic 

development. 

 

Identification of the phenotype of smooth muscle cells within 5 µm sections of thoracic aortic 

tissue, from chow fed control mice only, was undertaken through immunohistochemical 

staining with antibodies targeted to α-smooth muscle actin (α-SMA; present in all smooth 

muscle cells), smooth muscle myosin heavy chain II (smMHCII; present only in contractile 

smooth muscle cells) and smoothelin (present only in contractile smooth muscle cells). 

During IHC optimisation, a number of different approaches were taken including alternative 

antigen retrieval and fluorescent and non-fluorescent detection methods. For each antibody a 

titration was performed to optimise the staining. Specific experimental conditions for each 

antibody are outlined in Appendix III. 

 

Animals were fasted overnight and blood glucose concentrations were measured at sacrifice. 

Blood samples were taken via cardiac puncture and the serum isolated, using centrifugation, 

for measurement of cholesterol and triglyceride levels. At this point the aortae were dissected 

out, after perfusion with PBS, and fixed in 4% PFA before histological processing. In 

addition, fresh tissue was used for en face Oil Red O staining. The hearts, spleens and 

epididymal fat pads were taken to be weighed. 
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Analysis of the size and number of perivascular adipocytes was carried out under blinded 

conditions, once again using Image J software. Adipocyte ghosts where outlined in 3 fields of 

view from one section from each animal (the sample size was defined after prior investigation 

as described in Chapter 2). Within each field of view adipocytes from 4 and 6 random regions 

of interests were measured to assess adipocyte area and adipocyte number, respectively. 

 

Mice were separated into four separate groups: C57BL/6J mice fed a standard chow diet 

(Control Chow) or a high fat ‘western’ diet (Control HF) and ApoE null mice fed a standard 

chow diet (ApoE
-/-

 Chow) or a high fat ‘western’ diet (ApoE
-/-

 HF). Statistical analysis was 

conducted using Prism software (Version 6) employing a one-way ANOVA with a post hoc 

Tukey’s multiple comparisons test, unless otherwise stated. A probability value of p<0.05 

was considered statistically significant. 

 

4.2. Results 

 

4.2.1. Genetic screening of ApoE
-/-

 mice 

 

Animals were routinely genotyped to confirm the deletion of the ApoE allele; litters were 

randomly selected. Control DNA for comparison was obtained from wildtype C57BL/6 mice. 

The genotyping protocol was performed in accordance with that from the Jackson 

Laboratory, where the ApoE
-/-

 mice are reposited. The ApoE allele was amplified to 245bp 

corresponding to the, vector containing, exon 3. The wildtype DNA was amplified to 155bp, 

corresponding to the naive exon 3 containing the ApoE allele. DNA from a previously 

confirmed ApoE
-/-

 mouse was used as a positive control. All the animals genotyped showed 

amplification to 245bp aligning well with the positive control. The negative control, water 

only, showed no bands (Figure 4.1). 
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Figure 4.1. Genotyping of ApoE
-/-

 mice.  Lanes 1 – 5 show the DNA extracted from the 

current colony of ApoE
-/-

 mice after amplification with primers oIMR0180, oIMR0181 and 

oIMR0182. The test DNA aligns well with the positive control DNA sample (Pos; lane 8) at 

around 245bp, the expected size of the ApoE allele containing the disruptive vector. There is 

no observable band at the same size as the WT ApoE allele (WT; lane 9) and the negative 

control (water only; Neg; lane 10) was clear. 

 

4.2.2. The assessment of atherosclerotic disease development in the thoracic aorta 

 

The focus of this investigation was on the phenotypical changes occurring prior to the 

development of overt atherosclerosis. C57BL/6 mice have been shown to be susceptible and 

ApoE
-/-

 mice are known to develop complex lesions in the aortic root after 10-12 weeks of 

feeding on a standard chow diet; the speed of development can be increased through feeding 

with a high fat diet. Therefore assessment of atherosclerotic disease development was carried 

out, in the thoracic aortic region of interest, to confirm the extent of atherosclerotic plaque 

development in C57BL/6 (control) and ApoE
-/-

 mice after eight weeks feeding on either a 

standard chow or a high fat ‘western’ diet. This was achieved firstly in a qualititative manner, 

using en face Oil Red O staining, to identify lipids within the entire aortic lumen (Figure 4.2). 

There was some staining of fatty deposits identified in the aortic arch and in the intercostal 

branches, however, there was no visible evidence of staining in the thoracic aortae of control 

mice after feeding with either a chow or a high fat diet for eight weeks. Some small areas of 

intravascular fat deposition were observed in the thoracic aortae of ApoE
-/-

 mice, however, 

histological quantification did not confirm this as a population wide trend.  Quantification of 
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atherosclerotic disease progression was attempted by measuring the intimal thickness from 

haematoxylin and eosin stained tissue sections. Quantitative data is not shown as there was 

no evidence of thoracic aortic intimal thickening observed in control or ApoE
-/-

 mice after 

feeding on either diet (Figure 4.3). For comparison, images of en face Oil red O stained aorta 

and haematoxylin and eosin stained aortic sections from a 26 week old ApoE
-/-

 mouse can be 

seen in Appendix IIII. 

 

 

Figure 4.2. Qualitative assessment of atherosclerotic disease development. Aortae from 

ApoE
-/-

 mice and their age and strain matched controls, fed either a chow or high fat diet for 

eight weeks were assessed for the presence of atherosclerotic plaques using en face Oil-red O 

staining. Control mice demonstrated no visible signs of fatty streak development. Positive 

staining of fatty streak development was observed in the aortic arch and intercostal arteries 

after eight weeks feeding in ApoE
-/- 

mice (arrows), however, within the thoracic aorta there 

was very little staining observed. The extent of lesion coverage was not assessed, however, 

high fat feeding in ApoE
-/-

 mice appears to increase the development of intravascular fat 

deposits. 
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Figure 4.3. Representative images showing no intimal thickening present in chow or 

high fat fed control and ApoE
-/-

 mice. Histological sections from the descending thoracic 

aorta were stained with haematoxylin and eosin. This enabled visualisation of the internal 

elastic lamina (indicated by the arrows). The distance from the internal elastic lamina to the 

lumen of the vessel (inclusive of the endothelial layer) is defined as the intima. No thickening 

was observed in chow or high fat ‘western’ diet fed control and ApoE
-/-

 mice (Scale bar 

represents 100µm). 

 

4.2.2.1. Immunohistochemical identification of proliferative vascular smooth muscle 

cells 

 

The prevalence of proliferative smooth muscle cells is usually associated with the presence of 

atherosclerotic plaques, however, their involvement in the earlier stages of atherosclerotic 

disease development is currently unknown. Modifications in calcium handling proteins and a 

loss of expression of contractile proteins, such as smooth muscle myosin heavy chain II 

(smMHCII) and smoothelin, suggest that an increase in proliferative smooth  muscle cells is 

able to alter vascular function. Firstly, immunostaining with an alkaline phosphatase-



- 90 - 
 

conjugated primary antibody to α-SMA, present in all smooth muscle cells, was performed. 

This resulted in clear, bright staining of the smooth muscle cells within the aortic wall with 

no observable non-specific staining of the endothelium or adventitia (Figure 4.4). Secondly, 

identification of smooth muscle cells expressing smMHCII was attempted. An extensive 

optimisation of the smMHCII antibody was undertaken using both fluorescent and non-

fluorescent secondary antibodies (Appendix III); however, no signal could be detected. 

Finally, the expression of smoothelin in the thoracic aorta was assessed. Smooth muscle 

specific staining was observed (Figure 4.4), however, the resolution of the staining appeared 

too diffuse; identification of individual smooth muscle cells was unreliable, therefore no 

further analysis was carried out. 
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Figure 4.4. Immunohistochemical staining of contractile smooth muscle markers. 

Staining was undertaken to assess the prevalence of proliferative smooth muscle cells in the 

descending thoracic aorta of chow fed control mice. All smooth muscle cells express α-

smooth muscle actin (α-SMA; Top), however, when smooth muscle cells start to proliferate 

the constitutive expression of smoothelin (Bottom) is lost. Medial staining correlating to 

smooth muscle cells was observed for both α-SMA and smoothelin when compared to their 

respective negative controls (primary antibody omitted). Expression within individual cells 

was unable to be identified due to the diffuse nature of the staining (scale bars represent 

200µm). 

 

4.2.3. The effect of high fat feeding and ApoE gene deletion on the phenotype of mice 

 

High fat feeding with a ‘western’ diet is often used in studies to promote atherosclerosis in 

mice. This method is often combined with deletion of the ApoE gene to speed up and 

exacerbate the extent of hypercholesterolaemia and development of atherosclerotic disease. 

Here, mice were phenotyped to allow for an understanding of the effects of a high fat diet, 

and also the direct effects of ApoE gene deletion, on the phenotype of mice. 
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4.2.3.1. The effect of high fat feeding and ApoE gene deletion on the bodyweight of mice 

 

All animals were weighed prior to sacrifice to determine their total bodyweight (Figure 4.5 

A), in addition, the heart weight, after removal of the epicardial fat, was taken and its ratio to 

the bodyweight of each animal was calculated to ascertain if changes in body weight were 

due to a change in the overall size of the animal rather than just weight (Figure 4.5 B). 

Adipose or fat tissue, as a contributor towards bodyweight, was of interest in this 

investigation and so the epididymal fat pads were weighed as a representation of overall body 

fat content (Figure 4.6). 

 

 

Figure 4.5. The effect of high fat feeding and ApoE gene deletion on the weight 

characteristics of mice. A) Feeding with a high fat diet caused a significant increase in body 

weight in both control and ApoE
-/-

 mice compared to the respective chow-fed controls, 

however, ApoE
-/-

 mice gained significantly less weight than their age, strain and ‘western’ 

diet matched controls (n = 30,35,19,20 respectively; one-way ANOVA with post hoc Tukey’s 

multiple comparisons test, ****p<0.001). B) The heart weight to body weight ratio 

(HW:BW) was significantly increased in ApoE
-/-

 mice fed a control diet when compared to 

their diet matched controls. After feeding for eight weeks on a high fat ‘western’ diet the 

HW:BW was significantly reduced in both control and ApoE
-/-

 mice, although to a 

significantly greater extent in control mice (n = 13,15,5,9, respectively; one-way ANOVA 

with post hoc Tukey’s multiple comparisons test, *** p<0.005, **** p<0.001).  
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After eight weeks feeding there was no significant difference in bodyweight observed 

between control and ApoE
-/-

 mice when fed a standard chow diet (26.26±0.40g vs. 

25.31±0.70g). Feeding of control C57BL/6 mice with a high fat diet led to a significant 

increase in body weight (26.26±0.40g vs. 36.16±0.47g; p<0.001). The same trend was seen 

when ApoE
-/-

 mice were fed a high fat diet, when compared to chow fed ApoE
-/-

 mice 

(25.31±0.70g vs. 30.12±0.65g; p<0.001). However, the overall bodyweight of high fat fed 

control mice was significantly greater than diet matched ApoE
-/-

 mice (36.16±0.47g vs. 

30.12±0.65g; p<0.001). 

 

ApoE
-/-

 mice fed a standard chow diet for eight weeks were shown to have a higher heart 

weight to bodyweight ratio (HW:BW) when compared to diet matched control mice 

(6.02±0.06mg/g vs. 7.22±0.48mg/g; p<0.005). High fat feeding in both control and ApoE
-/-

 

mice produced a significant decrease in the HW:BW when compared to their chow fed 

counterparts (Control chow vs. HF: 6.02±0.06mg/g vs. 4.29±0.10mg/g; p<0.001. ApoE chow 

vs. HF: 7.22±0.48mg/g vs. 5.67±0.17mg/g; p<0.001). The HW:BW was significantly smaller 

in control high fat fed mice when compared to diet matched ApoE
-/-

 mice (4.29±0.10mg/g vs. 

5.67±0.17mg/g; p<0.001), however, the average decrease in HW:BW induced by high fat 

feeding was not significantly different between control and ApoE
-/-

 mice (1.69±0.10mg/g vs. 

1.42±0.50mg/g). 
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Figure 4.6. The effect of high fat diet and ApoE gene deletion on epididymal fat pad 

weight. Both epididymal fat pads were removed and weighed together. There was no 

observed difference between the control and ApoE
-/-

 chow fed mice. After eight weeks high 

fat feeding control animals showed a significant increase in the weight of epididymal fat 

pads, however, this increase was not observed in the diet matched ApoE
-/-

 mice (n= 

13,15,5,9, respectively;  one-way ANOVA with post hoc Tukey’s multiple comparisons test, 

**** p<0.001).  

 

After eight weeks of feeding on a standard chow diet the weight of the epididymal fat pads 

from control mice and ApoE
-/-

 mice was not significantly different (0.47±0.01g vs. 

0.38±0.07g). The feeding of a high fat diet for the same period produced a significant 

increase in epididymal fat pad weight in control animals (0.47±0.01g vs. 2.13±0.07g; 

p<0.001), however, there was no significant increase in weight observed in ApoE
-/-

 mice 

(0.38±0.07g vs. 0.50±0.04g). 

 

In summary, high fat feeding significantly increases body weight in both control and ApoE
-/-

 

mice, but the increase is to a lesser extent in ApoE
-/-

 mice. The HW:BW is significantly 

larger in chow fed ApoE
-/-

 mice when compared to diet matched controls. High fat feeding 

produces a reduction in HW:BW ratio in both control and ApoE mice. A significantly lower 

HW:BW is seen in ApoE
-/-

 mice, however, the mean change in HW:BW is not significantly 

different. Finally, high fat feeding causes a significant increase in epididymal fat pad weight 

in control mice that is not seen in diet matched ApoE
-/-

 mice. 
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4.2.3.2. The effect of high fat feeding and ApoE gene deletion on the lipidemic and 

glycemic profiles of mice 

 

The high fat ‘western’ diet has a higher cholesterol content than the standard chow diet 

(0.15% vs. 0.022%) and one of the main activities of the ApoE lipoprotein is to facilitate the 

removal of cholesterol from the blood in the liver. It is for this reason that the lipidemic 

profile, including total cholesterol, HDL-cholesterol and triglycerides, was measured in 

serum samples obtained from cardiac puncture blood samples after overnight fasting (Figure 

4.7 A – C). The fasted blood glucose concentrations of these samples were measured 

immediately. This was carried out to assess whether high fat feeding or the ApoE gene 

deletion would lead to the development of a glucose homeostasis disruption (Figure 4.7 D). 

 

 

 

 



- 96 - 
 

 

Figure 4.7. The effect of high fat feeding and ApoE gene deletion on the plasma 

lipidaemic and glycemic profile. Measurement of total cholesterol, HDL-cholesterol, 

triglycerides and blood glucose in ApoE
-/-

 mice and their age and background strain matched 

controls after feeding with chow (1% fat) and high fat (21% fat) diets. A) Total serum 

cholesterol was significantly increased in ApoE
-/-

 mice fed a chow diet and further increased 

through feeding with a high fat diet. B) The concentration of HDL increased significantly in 

response to high fat feeding in control mice. This response to high fat feeding was not 

observed in ApoE
-/-

 mice, however, it was observed that when fed a normal chow diet ApoE
-/-

 

mice have a significantly lower HDL concentration. C) There was no significant change in 

triglyceride concentration between the groups. D) Fasting blood glucose levels were not 

significantly changed by high fat feeding in either control or ApoE
-/-

 mice. However, it was 

observed that ApoE
-/-

 mice did have a significantly lower blood glucose concentration when 

compared to chow fed controls (n = 5 per group; one-way ANOVA with a post hoc Tukey’s 

multiple comparisons test, * p<0.05, ** p<0.01, **** p<0.001). 
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After eight weeks feeding with a high fat diet, fasting total cholesterol was not significantly 

increased in control mice (2.62±0.34mmol/l vs. 3.91±0.21mmol/l). However, in ApoE
-/-

 mice 

fed a standard chow diet for eight weeks there was a significant increase when compared to 

both chow (2.62±0.34mmol/l vs. 8.67±0.36mmol/l; p<0.01) and high fat diet fed control mice 

(3.91±0.21mmol/l vs. 8.67±0.36mmol/l; p<0.01). Feeding of ApoE
-/-

 mice with a high fat diet 

significantly increased the total cholesterol level further (8.67±0.36mmol/l vs. 

18.53±1.72mmol/l; p<0.001) 

 

The high-density lipoprotein component of total cholesterol (HDL-cholesterol) after eight 

weeks feeding on a chow diet was found to be significantly lower in ApoE
-/-

 mice compared 

to diet matched control mice (1.29±0.17mmol/l vs. 0.37±0.08mmol/l; p<0.001). When fed on 

a high fat diet a significant increase in HDL-cholesterol was observed in control mice 

(1.29±0.17mmol/l vs. 1.82±0.09mmol/l; p<0.05) but not in ApoE
-/-

 mice. There was a trend 

towards a reduction in the level of HDL-cholesterol in these mice; however, it was not 

significant (0.37±0.08mmol/l vs. 0.16±0.02mmol/l p=ns). 

 

Fasting triglyceride levels were not significantly different between control and ApoE
-/-

 mice 

when fed on a standard chow diet for eight weeks (4.25±0.73mmol/l vs. 3.72±0.92mmol/l). 

The feeding of a high fat diet showed a trend towards reduced levels of triglycerides in 

control (4.25±0.73mmol/l vs. 2.87±0.64mmol/l p=ns) and ApoE
-/-

 mice (3.72±0.92mmol/l vs. 

1.73±0.40mmol/l p=ns), however, the reduction in both groups was found to not be 

significantly different. 

 

Analysis of the fasting blood glucose concentrations highlighted that ApoE
-/-

 mice have 

significantly lower blood glucose levels than control mice after feeding for eight weeks on a 

standard chow diet (4.30±0.19mmol/l vs. 9.17±2.88mmol/l, p<0.05). Feeding with a high fat 

diet for the same period did not induce any significant changes in blood glucose 

concentration in either control (9.17±2.88mmol/l vs. 8.05±0.96mmol/l) or ApoE
-/-

 mice 

(4.30±0.19mmol/l vs. 3.76±0.35mmol/l). 

 

In summary, total cholesterol is not significantly increased after high fat feeding for eight 

weeks in control mice but is increased significantly in ApoE
-/-

 mice fed on a standard chow 

diet for the same time period. Feeding ApoE
-/-

 mice on a high fat diet causes a further 

significant increase in total cholesterol. HDL-cholesterol increases after high fat feeding in 
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control mice, however, this trend is not seen in ApoE
-/-

 mice which have significantly lower 

HDL-cholesterol serum concentrations when fed either the standard chow or high fat diets. 

Triglyceride levels are not significantly different between control and ApoE
-/-

 mice but show 

a trend towards being reduced after high fat feeding. Finally, fasting blood glucose is 

significantly lower in chow fed ApoE
-/-

 mice when compared to diet matched controls but 

feeding with a high fat diet has no significant effect in either group. 

 

4.2.3.3. The effect of high fat feeding and ApoE gene deletion on spleen weight 

 

Atherosclerosis is closely correlated with inflammation and therefore the spleen weights of 

C57BL/6 (control) and ApoE
-/-

 mice were measured, after eight weeks feeding on either a 

standard chow diet or a high fat ‘western’ diet, as an indirect indicator 
323

. There was no 

significant difference in spleen weight when control chow fed mice were compared to diet 

matched ApoE
-/-

 mice (72.37±3.28mg vs. 84.97±6.01mg p=ns). After feeding with a high fat 

diet, however, there was a significant increase in spleen weight in both control 

(72.37±3.28mg vs. 102.6±2.55mg; p<0.001) and ApoE
-/-

 mice (84.97±6.01mg vs. 

115.8±6.26mg; p<0.005). The increase in spleen weight was not significantly different 

between high fat diet fed control and ApoE
-/-

 mice. 
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Figure 4.8. The effect of high fat feeding and ApoE gene deletion on spleen weight. There 

was no difference in spleen weight between control and ApoE
-/-

 mice when fed on a chow 

diet. Feeding with a high fat diet for eight weeks showed a significant increase in spleen 

weight in both control and ApoE
-/-

 mice. The increase in spleen weight was not significantly 

different between the control and ApoE
-/-

 mice (n= 13, 15, 9, 12, respectively; one-way 

ANOVA with post hoc Tukey’s multiple comparisons test, *** p<0.005, **** p<0.001).  

 

4.2.3.4. The effect of high fat feeding and ApoE gene deletion on perivascular adipocyte 

morphology 

 

PVAT has been identified as a source of anti-inflammatory and vasoactive factors, called 

adipokines. During the development of obesity, adipocytes increase their lipid deposits and 

become enlarged. These enlarged adipocytes then release less of the anti-atherogenic 

adipokines and start to produce inflammatory cytokines 
324

. It is for this reason that the 

morphology of the perivascular adipocytes was measured, to assess the effects of high fat 

feeding and ApoE gene deletion on the signs of developing obesity. Initial qualitative 

assessment of the adipocyte morphology identified two distinct populations; small adipocytes 

(< 5µm
2
) and large adipocytes (> 5µm

2
) (Figure 4.9). These two populations were assessed 

individually for changes in their size (Figure 4.10 A and B) and number (Figure 4.10 C and 

D). 
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Figure 4.9. Representative images of murine thoracic aortic perivascular adipose tissue 

showing the effects of high fat feeding and ApoE deletion. Qualitative analysis of 

histological sections of thoracic aortic PVAT identified the presence of small (red arrows) 

and large (black arrows) adipocytes (Scale bar represents 50µm). 
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Figure 4.10. The effect of high fat feeding and ApoE gene deletion on perivascular 

adipocyte morphology. The area and number of adipocytes was measured in murine thoracic 

aortic PVAT as an indicator of early obesity. Two distinct populations of adipocytes were 

identified; according to their size these were defined as small (< 5 µm
2
) and large (> 5µm

2
) 

adipocytes. Analysis of the area of small (A) and large adipocytes (B) demonstrated that high 

fat feeding in control mice lead to hypertrophy of both adipocyte populations. No change was 

observed in ApoE
-/-

 chow fed mice. However, ApoE
 
gene deletion does appear to protect 

against high fat diet induced adipocyte hypertrophy as no change in adipocyte area was 

observed in high fat fed ApoE
-/-

 mice. Assessment of the number of small (C) and large (D) 

adipocytes demonstrated that ApoE
-/-

 mice have a lower overall level of adiposity; numbers 

of small and large adipocytes were significantly lower in chow fed ApoE
-/-

 mice. In response 

to high fat feeding control mice demonstrated a significant increase in the number of large 

adipocytes and a reduction in the number of small adipocytes. The inverse of this relationship 

was observed in ApoE
-/-

 mice (n=5 per group, one-way ANOVA with post hoc Tukey’s 

multiple comparisons test, * p<0.05, *** p<0.005, **** p<0.001). 
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Upon analysis of the size of small adipocytes (< 5 µm
2
) it was found that there was no 

significant difference between control or ApoE
-/-

 mice when fed on a standard chow diet for 

eight weeks (2.79±0.14µm
2
 vs. 2.60±0.32µm

2
). After high fat feeding, for the same period, 

control animals exhibited a significant increase in small adipocyte area (2.79±0.14µm
2
 vs. 

3.59±0.16µm
2
; p<0.05). This increase was not observed in ApoE

-/-
 mice after eight weeks 

high fat feeding (2.60±0.32µm
2
 vs. 2.42±0.06µm

2
 p=ns). The same trend was observed when 

the area of large adipocytes (>5µm
2
) was assessed. There was no difference between control 

and ApoE
-/-

 mice on a standard chow diet (9.23±0.32µm
2
 vs. 9.36±0.72µm

2
) but after high fat 

feeding the size of the large adipocytes was significantly increased in control (9.23±0.32µm
2
 

vs. 12.63±0.23µm
2
; p<0.001) but not in ApoE

-/-
 mice (9.36±0.72µm

2
 vs. 9.62±0.30µm

2
). 

 

The number of adipocytes was measured and revealed that, after feeding on a standard chow 

diet, control mice have a significantly higher number of small and large adipocytes compared 

to diet matched ApoE
-/-

 mice (Small adipocytes: 98.73±3.2cells/50µm
2
 vs. 79.74 ±3.78 

cells/50µm
2
; p<0.001. Large adipocytes: 3.88 ±0.18 cells/50µm

2
 vs. 2.88 ±0.35 cells/50µm

2
; 

p<0.05). After eight weeks on a high fat diet control mice showed a significant decrease in 

the number of small adipocytes (98.73 ±3.22 cells/50µm
2
 vs. 56.08 ±1.61 cells/50µm

2
; 

p<0.001) and a significant increase in the number of large adipocytes (3.88 ±0.18 

cells/50µm
2
 vs. 5.67 ±0.54 cells/50µm

2
; p<0.005). The opposite trend was observed in high 

fat diet fed ApoE
-/-

 mice with a significant increase in the number of small adipocytes (79.74 

±3.78 cells/50µm
2
 vs. 131.50 ±1.94 cells/50µm

2
; p<0.001) and a significant decrease in the 

number of large adipocytes (2.88 ±0.35 cells/50µm
2
 vs. 1.01 ±0.09 cells/50µm

2
; p<0.005). 

 

In summary, after eight weeks feeding on a chow diet control mice have a larger number of 

small and large adipocytes compared to diet matched ApoE
-/-

 mice. After high fat feeding, 

hypertrophy of small and large adipocytes was observed in control mice, however, this was 

not observed in ApoE
-/-

 mice. High fat feeding induced an increase in the number of large 

adipocytes with a concomitant reduction in the number of small adipocytes in control mice. 

The opposite trend was observed in ApoE
-/-

 mice. 
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4.3. Discussion 

 

The aim of this chapter was to assess the phenotype of C57BL/6 (control) and ApoE
-/-

 mice 

after feeding on either a standard chow diet or a high fat ‘western’ diet for eight weeks. To 

this end a number of parameters, associated with increased risk of atherosclerotic disease, 

were measured along with an assessment of the stage of development. It was noted by 

Nakashima et al. (2004) that ApoE
-/-

 mice fed a high fat diet demonstrated foam cell 

deposition, an early stage of atherosclerotic plaque development, in the aortic root and 

pulmonary arteries after 10 weeks feeding 
141

. However, in the present investigation it was 

found that after eight weeks of high fat feeding, although there was some evidence of fatty 

depositions in the aortic arch and intercostal branches of ApoE
-/-

 mice, no fatty lesions were 

observed in the thoracic aorta itself. This was also confirmed in control mice after feeding on 

either diet. Plaque formation in the thoracic aorta occurs in both ApoE
-/-

 mice and humans but 

is considered as a late-stage development 
143,325,326

 which increases the prevalence of strokes 

in human patients 
327

. Our data are in agreement with these findings and confirm that after 

eight weeks feeding with a high fat ‘western’ diet there is no evidence of overt atherosclerotic 

disease in the descending thoracic aorta. 

 

Obesity has been characterised as a risk factor for the development of cardiovascular diseases 

associated with atherosclerotic disease 
328

. To assess the effects of high fat feeding and ApoE
 

gene deletion on overall body weight, heart weight to body weight ratio (HW:BW; an 

indicator of growth rather than obesity), as well as sites of obesity associated fat deposition 

(epididymal fat pads and aortic perivascular adipose tissue), were compared between control 

and ApoE
-/-

 mice. The present study has identified two major differences attributable to the 

effects of ApoE gene deletion. A larger HW:BW ratio was observed in ApoE
-/-

 mice after 

eight weeks feeding on standard chow and high fat diet which is likely due to the presence of 

right ventricular hypertrophy 
329

, a previously identified phenomenon in these mice. In 

addition, using aortic PVAT adipocyte numbers as an indicator suggested an overall lower 

level of adiposity in ApoE
-/-

 mice which is supported by previous evidence 
330

. 

 

Following high fat feeding, there was a significant increase in the body weight of control and 

ApoE
-/-

 mice, which when taken in conjunction with the lack of relative change in the 

HW:BW ratio, suggests an increase in fat deposition as the cause.  However, in accordance 

with previous literature, there appeared to be a level of protection afforded by the deletion of 
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the ApoE gene against weight gain in response to feeding with a high fat diet 
146,330

. This was 

additionally evidenced by the lack of increased epididymal fat pad weight and thoracic aorta 

PVAT adipocyte hypertrophy in ApoE
-/-

 mice after high fat feeding. It has been suggested by 

Schreyer et al. (2002) that this protective role of ApoE deletion is conferred in its ability to 

promote lipoprotein secretion rather than fatty acid oxidation, which leads to adipose tissue 

deposition, from hepatic triglyceride stores 
330

. 

 

The lipidaemic profiles of ApoE
-/-

 mice have been recorded at a number of time points since 

their creation, however, a large proportion of the literature has focused on feeding for longer 

than 3 months 
258,259,319,331

 to allow the development of advanced atherosclerotic plaques. The 

present study was designed to assess the lipidemic phenotype prior to this level of disease 

development; therefore, feeding for only eight weeks was undertaken. Plump et al. (1992) 

showed that after just 2.5 weeks feeding on either a standard chow or a high fat ‘western’ diet 

total serum cholesterol levels were significantly increased in ApoE
-/-

 mice, however, high fat 

feeding did not significantly increase total plasma cholesterol concentration in wildtype 

C57BL/6 mice; a pattern of results which correlates directly with those observed after eight 

weeks feeding in the present investigation. The levels of total cholesterol were also not 

significantly different between 2.5 and eight weeks feeding in any group (data not shown); 

suggesting that total cholesterol is raised quickly and plateaus within 2.5 weeks of feeding. 

The observed hypercholesterolaemia is due to the previously mentioned role of ApoE in the 

preferential production of lipoproteins from hepatic triglyceride stores 
330

 as well as its role in 

extra-hepatic tissues in promoting reverse cholesterol transport, demonstrated in a model of 

ApoE overexpression 
258

. In addition to ApoE, high density lipoproteins are also linked to 

reverse cholesterol transport 
332,333

. 

 

In human and murine models, the concentration of HDL is inversely correlated with 

atherosclerotic disease risk and HDL-mimetics are being assessed as possible future 

treatments for hypercholesterolaemia 
334–337

. After high fat feeding the level of HDL 

cholesterol in C57BL/6 mice was increased. In contrast, the levels of HDL cholesterol 

observed in ApoE
-/-

 mice were significantly lower after feeding on a standard chow diet and 

were not significantly altered in response to high fat feeding. These findings again are in 

accordance with those observed by Plump et al. (1992) after 2.5 weeks feeding 
138

 and 

suggests that the lipidemic profile responds rapidly to dietary modulation and subsequently  

plateaus. Laboratory mice are typically resistant to atherosclerotic disease due to the majority 
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of cholesterol being transported by anti-atherogenic HDL, however, Paigen et al. (1985) 

examined several inbred strains of mice and found that C57BL/6 mice typically have a lower 

concentration of HDL cholesterol, thus they are susceptible to developing atherosclerosis, 

although only after extended feeding 
338,339

. The further reduction of HDL cholesterol 

concentration in ApoE
-/-

 mice suggests that murine HDL is rich in ApoE rather than ApoA-I 

and ApoA-II observed in human HDL 
337,340

. This reduction in the ability to carry cholesterol 

on HDL in the presence of an increased cholesterol burden will increase the prevalence of 

very low and low density lipoproteins (VLDL and LDL, respectively) which are pro- rather 

than anti-atherogenic and explain the exacerbated susceptibility of ApoE
-/-

 mice to 

atherosclerotic disease.  

 

Other atherosclerotic risk factors borne within the serum were then considered. The first 

being the concentration of plasma triglycerides. The results of the present investigation were 

inconclusive showing no significant alterations in the level of plasma triglycerides even in 

response to high fat feeding. This was surprising as in the same mouse model triglyceride 

concentrations were increased in both short- and long-term feeding with the high fat 

‘western’ diet 
138,259

. The present data show a trend towards a reduced triglyceride 

concentration after high fat feeding which is counter-intuitive, the method of measurement 

was therefore examined. One contributing factor may be that the assay employed was unable 

to measure free glycerol therefore producing an artificially lower concentration, in addition, a 

similar Cobas analyser was shown to be unable to accurately determine triglyceride 

concentrations in highly lipidemic samples due to the generation of an anaerobic environment 

interfering with the development of the colorimetrically analysed chromagen  
341

. 

 

In addition to cholesterol, the glycemic profile was assessed due to its implications for insulin 

signalling and the presence of diabetes; a major co-morbidity of atherosclerotic disease 
342–

344
. Our investigations have shown that high fat feeding does not have a significant effect on 

fasting blood glucose concentrations in C57BL/6 or ApoE
-/-

 mice. However, it was observed 

that ApoE
-/-

 mice, in a similar fashion to adiposity, showed significantly lower blood glucose 

concentrations after eight weeks feeding on a standard chow diet; suggesting some level of 

protection against high fat diet induced hyperglycaemia. This has been suggested previously, 

however, the direct mechanism is yet to be elucidated 
330

. As an assessment of the overall 

phenotype it is possible to compare the fasting blood glucose concentrations to those 

observed in a model of type II, diet induced, diabetes. The db/db mouse has a fault in leptin 
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signalling and develops a diabetic phenotype 
345

; a comparison between the data from the 

present study and those measured in two studies using age matched db/db mice show fasting 

glucose levels of approximately 27mmol/L 
346,347

 which is 3 times as large as the highest 

blood glucose concentration, measured in high fat diet fed C57BL/6 mice. Therefore it is 

possible to conclude that high fat feeding for eight weeks in C57BL/6 mice does not produce 

a diabetic phenotype and that deletion of the ApoE gene confers a further protective effect. 

 

Obesity, hypercholesterolaemia, and hyperglycaemia have all been discussed above. These 

are three key risk factors that have been theorised to contribute to the development of 

atherosclerosis. However, as the field of atherosclerotic disease research has developed over 

the past 20 years it has come to be widely accepted that these are co-risk factors all 

contributing together and that the origins of the disease may  lie in the role of inflammation 

3,348
. In order to assess the effects of high fat feeding and ApoE gene deletion we employed 

an indirect measure of inflammation; spleen weight 
323,349–351

. The present study found that 

deletion of the ApoE gene in the absence of high fat feeding did not alter inflammation, 

however, in both C57BL/6 wildtype and ApoE
-/-

 mice eight weeks feeding on a high fat 

‘western’ diet significantly increased spleen weights; indicating an increase in overall 

inflammation.  It has been shown that ApoE has an anti-inflammatory role independent of its 

effects on lipid metabolism 
352,353

, however, the present data show no significant difference in 

spleen weight between diet matched C57BL/6 and ApoE
-/-

 mice. The reason for this may be, 

as previously stated, that the measurement of spleen weights, although commonly employed, 

is only an indirect measurement of inflammation. Therefore, further investigation into the 

specific levels of inflammatory cytokines may highlight previously described effects of ApoE 

gene deletion 
260

. 

 

Atherosclerosis is a vascular disease and therefore vascular specific inflammation has been 

attributed as one of the primary triggers in the diseases progression. One such source of 

vascular inflammation, that has been shown to influence vascular function through 

modification of nitric oxide signalling, is perivascular adipose tissue (PVAT) 
236,241,242,354

. 

The increase in inflammatory cytokine release from the adipose tissue has been linked to 

obesity and the increased size of individual adipocytes developing a hypoxic core 
324,355

. The 

present study observed that deletion of the ApoE gene had no effect on the size of either the 

population of large or small adipocytes. Confirmation of the presence of brown adipose tissue 

within murine thoracic aorta PVAT has been described previously, however, in the present 
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investigation only morphological characterisation was employed which clearly identified two 

distinct populations; further characterisation would require the use of specific markers such 

as uncoupling protein 1 (UCP1) 
234

. Analysis of the effects of high fat feeding showed that 

after eight weeks on the ‘western’ diet PVAT adipocytes in C57BL/6 mice, both large and 

small, were significantly larger. The same increase was not observed in ApoE
-/-

 mice after 

high fat feeding. The increase in adipocyte size correlates to an increase in lipid deposition, 

therefore, as previously described, the role of ApoE in fatty acid oxidation, promoting fat 

deposition,  is the likely mechanism behind this observation; again supported by the 

protection against obesity observed in ApoE
-/-

 mice 
330

. 

 

4.4. Conclusions 

 

Overall, this chapter aimed to identify the phenotypical changes, associated with well 

characterised risk factors for atherosclerotic disease, that occur in mice due to the effects of 

high fat feeding and/or ApoE gene deletion. The use of diet matched controls, a 

methodological approach that is often over looked when studying the effects high fat feeding, 

with particular reference to vascular function 
175,180,259,356

, was employed to allow for the 

source of any observed changes to be attributed to genetic or dietary manipulation. In both 

C57BL/6 and ApoE
-/-

 mice we have confirmed that after eight weeks of feeding on a standard 

chow diet or a high fat ‘western’ diet there is no evidence of overt atherosclerosis. 

 

Total cholesterol was not significantly increased by high fat feeding in C57BL/6 mice; 

however, deletion of the ApoE gene produced hypercholesterolaemia which was then 

significantly exacerbated by high fat feeding. In addition, through comparison with specific 

animal models, we can conclude that there is no evidence for dysfunction of blood glucose 

homeostasis induced by high fat feeding or ApoE gene deletion. However, it was observed 

that deletion of the ApoE gene resulted in a significantly lower basal fasting glucose 

concentration. Investigation into markers of obesity demonstrated that in response to high fat 

feeding, both C57BL/6 and ApoE
-/-

 mice gain weight, however, deletion of the ApoE gene 

results in a level of protection. During histological analysis of thoracic aortic PVAT it was 

observed that ApoE
-/-

 mice have a lower level of basal adiposity and they are protected 

against high fat ‘western’ diet induced adipocyte hypertrophy. Adipocyte hypertrophy has 

been associated with increased inflammation. Spleen weight was assessed as an indirect 
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measure of systemic inflammation and was shown to be increased in response to high fat diet 

in both C57BL/6 and ApoE
-/-

 mice. 

 

Moving forward with this model to assess vascular function prior to the development of 

atherosclerotic disease in the following chapter will allow isolation of some of the main 

atherosclerotic risk factors; such as increased plasma cholesterol without the presence of 

obesity or inflammation in ApoE
-/-

 mice after feeding on a standard chow diet. This approach 

may allow for an increased understanding in the contribution of risk factors in the early 

stages of atherosclerotic disease development. 

 

4.4.1. Summary of conclusions 

 

 After eight weeks feeding on either a chow or high fat diet there was no evidence 

of atherosclerotic plaques or intimal thickening in the descending thoracic aorta 

of C57BL/6 or ApoE
-/-

 mice. 

 

 Total cholesterol is significantly increased in chow fed ApoE
-/-

 mice after eight 

weeks; feeding with a high fat ‘western diet’ causes a further significant 

elevation. 

 

 Fasting blood glucose was lower in ApoE
-/-

 chow fed mice indicating a protective 

role for ApoE 

 

 High fat feeding caused a significant increase in total body weight and 

perivascular adipocyte hypertrophy in C57BL/6 mice. Deletion of the ApoE gene 

appears to offer a degree of protection against weight gain and confers resistance 

to adipocyte hypertrophy. 

 

 

 Spleen weight, indicative of systemic inflammation, is significantly increased 

after feeding on a high fat ‘western’ diet; observed in both C57BL/6 and ApoE
-/-

 

mice. 
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5. Is vascular function altered prior to overt 

atherosclerotic disease development?  



- 110 - 
 

5.1. Overview 

 

The effects on vascular function of atherosclerotic risk factors; such as 

hypercholesterolaemia, obesity and inflammation, have been studied in isolation, however, 

through the use of a animal models their combined function is able to be assessed.  

Contributing to vascular function are, primarily, the activities of endothelial and smooth 

muscle cells. Their responses to circulating factors and paracrine signalling, including nitric 

oxide and prostaglandins, along with the intracellular effector [Ca
2+

], have previously been 

investigated in atherosclerosis however, largely after the development of atherosclerotic 

plaques 
357

. Whether the activity of endothelial or smooth muscle cells is altered during the 

early development of atherosclerotic disease is an important question to consider. This is due 

to the fact that vascular function has become part of the diagnostic assessment of 

cardiovascular disease 
31

 and identification of early changes in vascular function may 

highlight potential early warning signs. However, the translation of vascular function from 

the mouse model to the clinic is difficult. There is still a necessity to identify and expand the 

current knowledge of early atherosclerotic pathogenesis and the role the vasculature can play 

in this with the hope of improving diagnosis and opening up new areas for possible 

treatments. 

 

An increase in vascular contractility is considered a risk factor for atherosclerotic disease 

development. The contractile nature of vessels controls the flow dynamics of blood within the 

lumen and can allow for areas of disturbed flow; areas which are more susceptible to 

atherosclerotic lesion development 
288

. Vascular smooth muscle cell proliferation may also be 

able to modulate vascular function. There is evidence for the migration and proliferation of 

smooth muscle cells in advanced atherosclerotic lesions 
3
 and these proliferative cells have 

altered intracellular calcium handling 
67

. The tight control of [Ca
2+

]i is of vital importance in 

the regulation of vascular contractility by vascular smooth muscle cells. In addition, the 

reduced activity of relaxant factors, particularly nitric oxide, is widely perceived to indicate 

dysfunction in the vascular endothelium. Thought to be brought about by increased reactive 

oxygen species production, the reduction of nitric oxide activity in the endothelium is also 

considered as a primary step in the development of atherosclerosis 
358

 due to effects on the 

vascular tone and also by promoting expression of adhesion molecules 
359

. The latter of these 

processes promotes recognition and infiltration of inflammatory cells, a well established 
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phase of early plaque development 
3,348

;  however, this can also have downstream effects on 

vascular function via the activity of prostaglandin signalling 
322

.  

 

Therefore, this investigation will focus on the early stages of atherosclerosis prior to the 

development of wide spread advanced atherosclerotic plaques, to identify the effects of risk 

factors such as hypercholesterolaemia, obesity and inflammation. The ability of the murine 

thoracic aorta to contract and relax at this early stage of development will be assessed; further 

investigation into intracellular mechanisms and signalling pathways, including [Ca
2+

]i, nitric 

oxide and prostaglandins, will also be carried out. 

 

5.1.1. Methods 

 

Full details of the methods employed can be found in sections 2.4 and 2.5 of Chapter 2. Ex 

vivo wire myography was performed on thoracic aortic rings from C57BL/6 (control) and 

ApoE
-/-

 mice fed on either a standard chow or a high fat ‘western’ diet for eight weeks. 

Contractility was assessed through exposure to a depolarising stimulus as well as two 

pharmacological agonists, phenylephrine and serotonin. These agonists act at different 

receptors but share the same downstream intracellular second messengers. Alterations in the 

contractile activity of the thoracic aorta were investigated further using de-endothelialisation 

and intracellular calcium imaging. Imaging of intracellular calcium was performed using 

tissues loaded with the calcium sensitive dye Indo-1. Two mechanisms of vascular relaxation, 

endothelium-dependent and independent, were investigated using acetylcholine and sodium 

nitroprusside (SNP), respectively. Alterations in these two mechanisms were investigated 

further through pharmacological inhibition of the downstream effectors.  

 

Contractile data are represented as changes in tension (ΔTension). Contractions to the 

depolarising stimulus were measured in absolute force (mN); contractions to pharmacological 

agonists were then normalised to this value as a percentage change (normalised % ΔTension). 

Intracellular calcium data are represented as a change in the autofluorescence-corrected 

405nm:500nm fluorescence ratio (ΔF405:F500). All relaxation data are represented as percent 

reduction from the stable peak contraction to phenylephrine (% relaxation). Data were 

analysed using Prism software (Version 6.) employing a one-way ANOVA with post hoc 

Tukey’s multiple comparisons test or Student’s t-test, as stated. Probability values of p<0.05 

were considered to be significantly different. 
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5.2. Results 

 

5.2.1. Vascular contractility during developmental atherosclerosis 

 

Vascular contractility was assessed in response to different mediators of contraction. Firstly, 

high extracellular potassium chloride (KCl) produced contraction via direct electro-chemical 

induction of depolarisation (Figure 5.1). Pharmacological agonists to membrane bound α-

adrenoreceptors (phenylephrine; Figure 5.2 A) and 5-HT receptors (serotonin; Figure 5.2 B), 

activators of the Gαq-PLC-IP3 second messenger cascade, were then employed. 

 

 

Figure 5.1. The effect of high fat feeding and ApoE gene deletion on contractility to a 

depolarising stimulus. Thoracic aortic rings in an ex vivo wire myograph were constricted 

with 100mM KCl containing HEPES-PSS. There were no observed effects from deletion of 

the ApoE gene. Feeding with a high fat ‘western’ diet also had no significant effect on 

contractility after depolarisation (n = 11, 7, 4, 9, respectively).  

 

Contractility of thoracic aortic rings to a depolarising stimulus was not significantly different 

between control and ApoE
-/-

 mice fed on a standard chow diet for eight weeks (2.0±0.2mN 

vs. 2.1±0.2mN). High fat feeding for the same time period did not alter contractility to 

depolarisation in control (2.0±0.2mN vs. 2.1±0.2mN) or ApoE
-/-

 mice (2.1±0.2mN vs. 

2.0±0.1mN).  
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Figure 5.2. The effect of high fat feeding and ApoE gene deletion on contractility of the 

murine thoracic aorta. When stimulated by agonists to either the α1-adrenoreceptor 

(Phenylephrine; A) or the 5-HT receptor (Serotonin; B) there was a significant increase in 

contractility in chow-fed ApoE
-/-

 mice when compared to their age, strain and diet matched 

controls (n = 11,7,11,9, respectively; one-way ANOVA with post hoc Tukey’s multiple 

comparisons test, * p<0.05, ** p<0.01).  

 

Contractility to the pharmacological agonists phenylephrine and serotonin exhibited a very 

similar pattern to each other. When arteries from control and ApoE
-/-

 mice were compared 

after eight weeks feeding on a standard chow diet it was found that, in response to both 

agonists, the contractility in ApoE
-/-

 mice was significantly increased (phenylephrine: 

47.2±5.5% vs. 81.2±4.7%; p<0.05. Serotonin: 168.7±4.7% vs. 234.6±12.6%; p<0.01). In 

response to high fat feeding, control mice showed a trend towards increased contractility 

(Phenylephrine: 47.2±5.5% vs. 71.9±5.80%. Serotonin: 168.7±4.7% vs. 205.3±16.8%), and a 

trend towards reduced contractility was observed in ApoE
-/-

 mice (Phenylephrine: 81.2±4.7% 

vs. 64.6±6.0%. Serotonin: 234.6±12.6% vs. 197.0±8.9%). However, these trends were not 

statistically significant.  

 

In summary, contractility to depolarisation was not altered; however, contractility to both 

phenylephrine and serotonin was significantly increased in ApoE
-/-

 mice after eight weeks 

feeding on a standard chow diet. High fat feeding showed a trend towards increasing 

contractility in control mice but reducing contractility in ApoE
-/-

 mice. 
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5.2.1.1. Investigating store-operated calcium entry as a mechanism for altered 

contractility 

 

Store-operated calcium entry has been linked to contractility in other vascular tissues and is 

affected by cholesterol modulation 
187,360

. Intracellular calcium and contractility were 

measured independently using a protocol to induce store-operated calcium entry through 

incubation with the SERCA inhibitor cyclopiazonic acid (CPA). Comparisons of the 

responses in control and ApoE
-/-

 mice were made and also to a vehicle control (DMSO) to 

confirm an effect of the treatment. Comparisons were made between the basal calcium levels 

(Figure 5.3), the effect of extracellular calcium removal (Figure 5.4), the direct effect of CPA 

treatment (Figure 5.5) and the effect of reintroducing extracellular calcium (Figure 5.6). 

 

 

Figure 5.3. The effect of ApoE gene deletion on basal calcium levels. The 405nm:500nm 

Indo-1 fluorescence ratio, after a 30 minute equilibration period, was compared between 

control and ApoE
-/-

 mice after eight weeks feeding on a standard chow diet. The ratio 

sampled at this time was used to measure the baseline level of calcium-sensitive fluorescence. 

There was no observable difference in the baseline calcium fluorescence between control and 

ApoE
-/-

 mice (n = 10, 5, respectively).  

 

The baseline autofluorescence corrected ratio was compared between control and ApoE
-/-

 

mice after eight weeks feeding on a standard chow diet. There was no significant difference 

observed between the two groups (0.54±0.06 vs. 0.53±0.04). The removal of extracellular 

calcium produced a reduction in intracellular calcium in control and ApoE
-/-

 mice but there 

was no significant difference between the two groups (-0.01±0.08 vs. -0.08±0.008). 
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Extracellular calcium removal did not cause a significant change in tension in aortic rings 

from either control or ApoE
-/-

 mice (-0.04±0.01mN vs. -0.04±0.03mN) (Figure 5.4). 

 

 

Figure 5.4. The effect of extracellular calcium removal on intracellular calcium and 

contractility. After equilibrating for 30 minutes, thoracic aortic strips from chow fed 

C57BL/6 and high fat fed ApoE
-/-

 mice were exposed to a calcium free extracellular solution 

(2mM EGTA). A drop in the 405:500nm Indo-1 fluorescence ratio was observed that was 

thought to correlate to the removal of cytosolic calcium. There was no significant difference 

observed in the ratio decline between control and ApoE
-/-

 mice; as shown by the 

representative traces (A) and the mean data (B; n = 7, 3, respectively). In a separate 

experiment, the same conditions were re-created to assess the effect of cytosolic calcium 

removal on contractility. In thoracic aortic rings, equilibrated at 5mN resting tension, removal 

of cytosolic calcium had no significant effect on tension. In addition, there were no 

differences observed between control and ApoE
-/-

 mice (D; n = 7, 5, respectively).  
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Figure 5.5. The effect of CPA on intracellular calcium and contractility. After depletion 

of cytoplasmic calcium, by incubation in calcium free solution, the sarcoplasmic stores of 

thoracic aortic strips from C57BL/6 wild type and high fat fed ApoE
-/-

 mice were emptied 

through blockade of the SERCA pump with cyclopiazonic acid (CPA;10µM). A transient 

increase in the 405:500nm Indo-1 fluorescence ratio was observed as shown in the 

representative traces (A). The increase in [Ca
2+

]i associated with increased fluorescence was 

found to be significantly greater in response to CPA over the vehicle control (DMSO) in 

chow fed C57BL/6 but not ApoE
-/-

 mice (n= 3 per group; one way-ANOVA plus Tukey’s 

multiple comparisons test, * p<0.05) (B). In a separate experiment employing the same 

protocol, contractility in response to CPA or the vehicle control was assessed in thoracic 

aortic rings from both chow fed C57BL/6 and high fat fed ApoE
-/-

 mice (C). It was observed 

that CPA had no significant effect on contractility in the murine thoracic aortae. However, the 

DMSO vehicle control caused a contractile response in C57BL/6 aortae that was significantly 

greater than the response elicited in high fat fed ApoE
-/-

 mice (n= 9,3,8,3, respectively; one 

way-ANOVA plus Tukey’s multiple comparisons test, * p<0.05). 
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Cyclopiazonic acid was employed to empty the intracellular calcium stores. A transient 

increase in [Ca
2+

]i was detected in the presence of CPA; the peak rise in the autofluorescence 

corrected ratio was measured and found to be significantly higher than the DMSO vehicle 

alone in control animals (0.014±0.018 vs. 0.056±0.003; p<0.05). An increase in intracellular 

calcium was detected in ApoE
-/-

 mice also, however it was not significantly different to the 

vehicle control (0.056±0.003 vs. 0.039±0.005; p=ns). When the same treatments were applied 

to aortic rings in a wire myograph there was an increase in tension in control mice to both 

CPA and the DMSO vehicle alone with no significant difference being found between the 

two treatments (0.6±0.2mN vs. 0.6±0.2mN; p=ns). The use of the vehicle control was 

repeated in ApoE
-/-

 mice and the response was found to be significantly lower than in control 

mice (0.6±0.2mN vs. 0.1±0.04mN; p<0.05). There was no significant difference between the 

DMSO vehicle alone and CPA in ApoE
-/-

 mice (0.1±0.04mN vs. 0.02±0.02mN; p=ns). 

 

 

 

 



- 118 - 
 

 

Figure 5.6. The effect of extracellular calcium re-introduction on intracellular calcium 

and contractility, in the presence of CPA. After depletion of cytoplasmic and sarcoplasmic 

calcium, extracellular calcium was returned in the continued presence of CPA (10µM) or the 

vehicle control (DMSO) to induce store-operated calcium entry (SOCE) in thoracic aortic 

strips from C57BL/6 wild type and high fat fed ApoE
-/-

 mice. A sharp increase in 405:500nm 

Indo-1 fluorescence ratio was observed immediately after calcium re-introduction (A). This 

rise was significantly higher in CPA treated tissues compared to vehicle control; however, 

there was no difference in the peak amplitude between chow fed C57BL/6 and ApoE
-/-

 mice 

(B; n= 3 per group; one way-ANOVA plus Tukey’s multiple comparisons test, ** p<0.01) In 

a separate experiment employing the same protocol, contractility in response to calcium re-

introduction and stimulation of SOCE was assessed in thoracic aortic rings from both chow 

fed C57BL/6 and high fat fed ApoE
-/-

 mice (C). It was observed that re-introduction of 

extracellular calcium in the presence of CPA, or the vehicle control, had no significant effect 

on contractility in the murine thoracic aorta. This was concluded after comparison with the 

contractile response to 100mM KCl, the previously employed standard. 

 

After incubation with CPA, or the vehicle control, extracellular calcium was returned to 

induce store-operated calcium entry. A sharp rise in [Ca
2+

]i was observed after treatment with 

CPA but not the DMSO vehicle alone. The plateau phase of this rise was measured in control 

and ApoE
-/-

 mice and shown to be significantly different from the vehicle alone in both cases 
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(0.10±0.002 vs. 0.83±0.06, 0.66±0.07, respectively; p<0.01). There was no significant 

difference between control and ApoE
-/-

 mice at either the peak (1.07±0.12 vs. 1.02±0.08) or 

plateau phase (0.83±0.06 vs. 0.66±0.07) of the rise in [Ca
2+

]i after CPA treatment. Returning 

extracellular calcium after CPA incubation to aortic rings on a wire myograph did not 

produce a significant change in tension in either control or ApoE
-/-

 mice when compared to 

the vehicle control alone (0.03±0.04mN vs. 0.2±0.03mN, -0.04±0.01mN, respectively). The 

overall change in tension was compared qualitatively to the average contraction to 

depolarisation (100mM KCl Ref.). 

 

In summary, there was no significant difference between the basal cytosolic calcium levels of 

aortae from control and ApoE
-/-

 mice fed a chow diet for eight weeks. Removal of 

extracellular calcium lowered [Ca
2+

]i equally in control and ApoE
-/-

 mice but did not have an 

impact on tension. Treatment with CPA, but not the DMSO vehicle alone, caused [Ca
2+

]i to 

rise transiently in both control and ApoE
-/-

 mice. Tension rose significantly higher in 

response to the DMSO vehicle alone in control compared to ApoE
-/-

 mice but CPA had no 

significant effect on tension. Stimulation of store-operated calcium entry via re-introduction 

of extracellular calcium produced a significant rise in [Ca
2+

]i in both control and ApoE
-/-

 

mice; compared to the DMSO vehicle alone. However, extracellular calcium re-introduction 

did not have a significant effect on tension. 

 

5.2.2. Vascular relaxation during developmental atherosclerosis 

 

Thoracic aortic rings from C57BL/6 (control) and ApoE
-/-

 mice were constricted with 

phenylephrine and then exposed to relaxant stimuli that activate endothelial-independent and 

-dependent mechanisms; sodium nitroprusside (SNP; Figure 5.7.) and acetylcholine (Figure 

5.8.), respectively.  
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Figure 5.7. The effect of high fat feeding and ApoE gene deletion on endothelial-

independent relaxation.  Thoracic aortic rings pre-constricted with 10μM phenylephrine 

were exposed to 10μM sodium nitroprusside (SNP) to stimulate endothelial-independent 

relaxation. There was no observed impact of high fat feeding or ApoE gene deletion (n = 

8,7,4,4). 
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Figure 5.8. The effect of high fat feeding and ApoE deletion on endothelial-dependent 

relaxation of the murine thoracic aorta. Thoracic aortic rings were pre-constricted with 

10μM phenylephrine before being exposed to 10μM acetylcholine to induce endothelial-

dependent relaxation. There was no observed impact of the ApoE gene deletion, however, 

after feeding with a high fat ‘western’ diet for eight weeks endothelial-dependent relaxation 

was significantly increased in both control and ApoE
-/-

 mice (n = 14,7,4,7, respectively; one 

way-ANOVA plus Tukey’s multiple comparisons test, ** p<0.01, **** p<0.001). 

 

When endothelial-dependent relaxation was induced there was a trend towards reduced 

relaxation in chow fed ApoE
-/-

 mice in comparison to diet matched control mice (33.8±6.9% 

vs 51.2±2.7%; p=ns), however, this was not shown to be statistically significant. In contrast, 

feeding for eight weeks on a high fat diet caused a significant increase in endothelial-

dependent relaxation in both control (51.2±2.7% vs. 75.3±4.5%, p<0.05) and ApoE
-/-

 mice 

(33.8±6.9% vs. 69.4±3.0%; p<0.001). 

 

In order to assess the time course of this change in endothelial-dependent relaxation, ApoE
-/-

 

mice were fed for extended time periods and then assessed (Figure 5.8). The significant 

increase observed after eight weeks high fat feeding, previously described, was lost after 16 

weeks feeding with the high fat diet; although there was still a trend towards increased 

endothelial-dependent relaxation when compared to chow fed ApoE
-/-

 mice (33.8±6.9% vs. 

51.6±12.1%). This trend was not observed after further high fat feeding to 26 weeks 

(33.8±6.9% vs. 33.3±9.3%). 
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In summary, endothelial-independent relaxation is unaffected by ApoE gene deletion or high 

fat feeding. In contrast, endothelial-dependent relaxation is not significantly different in chow 

fed ApoE
-/-

 mice when compared to controls. However, feeding with a high fat ‘western’ diet 

for eight weeks causes a significant increase in the level of endothelial-dependent relaxation 

observed in both control and ApoE
-/-

 mice. This significant increase in endothelial-dependent 

relaxation is lost after further feeding to 16 weeks in ApoE
-/-

 mice. 

 

 

Figure 5.9. The effects of further high fat feeding on endothelial-dependent relaxation in 

ApoE
-/-

 mice. Aortic rings from ApoE
-/-

 were constricted with phenylephrine (10µM) before 

being exposed to acetylcholine (10µM) to induce endothelial-dependent relaxation. Mice 

were fed either a chow diet for eight weeks or a high fat ‘western’ diet for 8, 26 or 26 weeks. 

After eight weeks high fat feeding endothelial-dependent relaxation as significantly increased 

when compared to chow fed ApoE
-/-

 mice. After further feeding to 16 weeks and then 26 

weeks, the significant increase in relaxation was no longer observed (n = 4,7,4,5, 

respectively; one-way ANOVA with post hoc Tukey’s multiple comparisons test, **** 

p<0.001).  

 

5.2.2.1. Investigating the mechanism for increased endothelial-dependent relaxation 

after high fat feeding 

 

The roles of nitric oxide and prostaglandin signalling in the aortae of C57BL/6 (control) mice 

fed a standard chow diet were isolated through pharmacological inhibition, allowing 

identification of their individual contribution to relaxation at baseline (Figure 5.10). 
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Inhibition of both nitric oxide and prostaglandin signalling was then employed on aortic rings 

from C57BL/6 mice after eight weeks high fat feeding to assess the impact of these relaxant 

mechanisms on the increased endothelial-dependent relaxation observed at this time point 

(Figure 5.11). 

 

 

Figure 5.10. The contribution of nitric oxide and prostacyclin signalling to endothelial-

dependent relaxation in the C57BL/6 mouse thoracic aorta. Thoracic aortic rings from 

eight week chow fed C57BL/6 mice were pre-constricted with phenylephrine (10µM) and 

then exposed to acetylcholine after incubation with either the nitric oxide synthase inhibitor 

Nω-nitro-L-arginine (LNNA, 50μM; A) or the non-specific cyclooxygenase inhibitor 

indomethacin (10μM; B). Endothelial-dependent relaxation was significantly reduced after 

treatment with LNNA but not indomethacin. These data suggest that nitric oxide, but not 

prostacyclin, contributes to acetylcholine stimulated endothelial-dependent relaxations in the 

murine thoracic aorta (n = 15, 4, respectively for both inhibitors; Student’s t-test, ** p<0.01).  
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Figure 5.11. The effect of a nitric oxide and prostaglandin inhibition on the increased 

endothelial-dependent relaxation in response to high fat feeding. Thoracic aortic rings, 

from chow and high fat diet fed C57BL/6 mice, were pre-constricted with 10μM 

phenylephrine before being exposed to 10μM acetylcholine to induce endothelial-dependent 

relaxation. This was conducted in the presence of either the nitric oxide synthase inhibitor 

Nω-nitro-L-arginine (L-NNA, 50μM; A) or the non-specific cyclooxygenase inhibitor 

indomethacin (10μM; B). There was a significantly higher level of relaxation seen in the high 

fat fed mice after inhibition of nitric oxide production but not in the presence of a 

cyclooxygenase inhibitor (n = 4 per group; Student’s t-test, * p<0.05).  

 

Stimulation of endothelial-dependent relaxation produced a significantly smaller relaxation in 

L-NNA treated control animals fed a chow diet (51.2±2.7% vs. 24.7±6.0%, p<0.01). 

However, there was a significantly larger relaxation observed in high fat fed mice when 

compared to standard chow fed mice (24.7±6.0% vs. 50.4±8.0%; p<0.05). In comparison, 

inhibition of prostaglandin signalling with indomethacin did not produce a significant change 

in endothelial-dependent relaxation in chow fed C57BL/6 mice (51.2±2.7% vs. 60.2±4.3). In 

addition, the significant increase in relaxation after high fat feeding was not observed after 

treatment with indomethacin when compared to treated control chow fed animals (60.2±4.3% 

vs. 71.8±3.8%). 
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Figure 5.12. The effect of cyclooxygenase-2 inhibition on the increased endothelial-

dependent relaxation in response to high fat feeding. After pre-constriction with 10μM 

phenylephrine, thoracic aortic rings from chow fed and high fat fed C57BL/6 mice were 

exposed to 10μM acetylcholine in the presence of the specific cyclooxygenase-2 (COX-2) 

inhibitor Celecoxib (5μM). The blockade of COX-2 was shown to abolish the enhanced 

endothelial-dependent relaxation seen in response to high fat feeding (n = 4 per group).  

 

Prostaglandin signalling is composed of the actions of two isoforms of the enzyme 

cyclooxygenase; COX-1 and COX-2. A specific inhibitor of COX-2 signalling, celecoxib, 

was employed to measure its contribution to the increased endothelial-dependent relaxation 

observed after high fat feeding. Incubation with celecoxib produced a significant decrease in 

contractility to phenylephrine, however, there was no significant difference in the 

contractility between chow fed and high fat fed mice post-treatment (data not shown). It was 

observed that the previously enhanced endothelial-dependent relaxation in the aortae of 

animals fed a standard chow or high fat ‘western’ diet was no longer present after incubation 

with celecoxib (78.0±2.7% vs. 67.9±5.7%; p=ns). 

 

In summary, blockade of nitric oxide but not prostaglandin signalling significantly reduced 

endothelial-dependent relaxation in the thoracic aortae of chow fed C57BL/6 mice. After 

feeding with a high fat ‘western’ diet for eight weeks significantly increased endothelial-

dependent relaxation has been demonstrated to be present in the thoracic aorta after treatment 

with acetylcholine. Relaxations to acetylcholine remained significantly elevated in the aortae 

of high fat fed mice in the presence of L-NNA but this enhancement was abolished by 

incubation with indomethacin and celecoxib, a specific inhibitor of cyclooxygenase-2. 
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5.3. Discussion 

 

The aim of this chapter was to assess the vascular function of murine thoracic aorta; the 

effects of feeding with a high fat ‘western’ diet for eight weeks, in wildtype and ApoE
-/-

 

mice, were measured through comparison of responses of ex vivo tissues to pharmacological 

agents. The investigation focussed on contractile and relaxant responses, with observed 

changes being studied further with the aim of identifying possible cellular mechanisms 

involved. 

 

5.3.1. Alterations in vascular contractility prior to the development of overt 

atherosclerosis 

 

Firstly, considering contractility of the murine thoracic aorta, the present study has 

demonstrated that depolarisation induced contractions, stimulated by direct activation of 

voltage-sensitive calcium channels, are unaffected by either ApoE gene deletion or high fat 

diet. This is in agreement with previous data from the present investigation, after modulation 

of extracellular cholesterol, and also by studies in the aortae of chow fed ApoE
-/-

 mice 
186

 and 

coronary arteries of high fat fed pigs 
361

. These data suggest that the function of L-type 

calcium channels is unaffected by hypercholesterolaemia, possibly due to their localisation 

outside of cholesterol-enriched signalling domains, although this has yet to be confirmed in 

vascular smooth muscle.    

 

In ApoE
-/-

 mice fed on a chow diet for eight weeks, an increase in maximal contractility to 

both phenylephrine and serotonin was observed, when compared to age and diet matched 

wildtype controls. This suggests that deletion of the ApoE gene and/or its role in the 

development of hypercholesterolaemia is modulating the second messenger cascades 

associated with receptor mediated contraction, unlike the direct activation induced by 

depolarisation. Similar results have previously been observed in response to phenylephrine in 

the ApoE
-/-

 mouse model by Fransen et al. (2008) 
178

; these authors also showed an increase 

in the EC50 (pD2) of phenylephrine. An increase in sensitivity to serotonin has been observed 

in an eight week high fat fed rabbit model, however, there was no observed difference in 

maximal contractility 
172

; suggesting a degree of species dependence for this response. The 

increase in contractility in chow fed ApoE
-/- 

mice has been suggested to be caused by a 
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reduction in basal endothelial nitric oxide production; as demonstrated by Kauser et al. 

(2000) 
362

. 

 

Observation of the same pattern of response after exposure to both phenylephrine and 

serotonin, agonists acting at different receptors, suggests that the effect is being driven by 

changes in signalling downstream from the receptor. As previously described, the Gαq-PLC-

IP3 pathway is activated by both agonists employed, and contractions of smooth muscle have 

been shown to be sensitive to cholesterol modulation 
179,295

. Therefore, in vivo 

hypercholesterolaemia was considered as a mechanism for the additional contractility after 

blockade of nitric oxide signalling, which had been suggested previously to increase the 

number of plasma membrane bound binding sites for α-adrenoceptor agonists 
363

; performed 

in 28 day hypercholesterolaemic dogs, demonstrating the acute nature of cholesterol 

modulation. However, considering the present data, although high fat feeding of wildtype 

mice shows a trend towards increased contractility, the dramatic rise in plasma serum 

cholesterol after feeding of ApoE
-/-

 mice with a high fat ‘western’ diet did not produce a 

concordant increase in contractility to either phenylephrine or serotonin. Therefore a direct 

link with hypercholesterolaemia is unable to be demonstrated.  

 

In contrast to the previous findings, Agianniotis & Stergiopulos (2012) through 

biomechanical assessment of the elastic and structural properties of thoracic aortae 

demonstrated a reduction in the contractile response to phenylephrine in 12 week old chow 

fed ApoE
-/-

 mice. However, an increase in smooth muscle cell density was also observed, a 

factor that was attributed by the authors to the process of smooth muscle proliferation and 

differentiation, although confirmation was not attained 
191

. The present investigation also 

looked to study the effect this early marker of atherosclerotic disease had on vascular 

function, however, as described in the previous chapter the attempts to identify distinct 

smooth muscle phenotype populations were unsuccessful. In an attempt to deduce the 

mechanism of increased contractility observed in the present study, imaging of intracellular 

calcium, with specific interest in store-operated calcium entry, was performed. 

 

As a driver of smooth muscle cell proliferation 
364–367

 an increase in [Ca
2+

]i at rest in smooth 

muscle cells was previously observed in 12 week old ApoE
-/-

 mice prior to the development 

of atherosclerotic disease by Van Assche et al. (2007) 
186

.  However, in the present 

investigation after feeding on a high fat diet for eight weeks it was found that basal calcium 
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was not changed in the presence of hypercholesterolaemia and ApoE gene deletion, when 

compared to wildtype chow fed mice. The contrasting findings reflect the same pattern 

described previously, where an increase in contractility was observed in ApoE
-/-

 mice fed a 

chow diet, however high fat feeding did not elicit the same response. An increase in basal 

[Ca
2+

]i was previously observed in cholesterol treated rat vascular smooth muscle cells 
183

, 

however, the process of cell culture in which smooth muscle cells switch to a proliferative 

phenotype has been shown to alter smooth muscle calcium handling, promoting an increase 

in the [Ca
2+

]i which initiates growth and division 
67

.   

 

The mechanism of the differing responses observed in ex vivo ApoE
-/-

 chow and high fat fed 

tissues is currently unknown and requires further investigation. Two possible contributors 

that have been identified in the present investigation are phenotypic changes in ApoE
-/-

 mice 

after feeding on either a chow diet or a high fat western diet for eight weeks; firstly, a 

significantly greater serum cholesterol concentration in high fat fed ApoE
-/-

 mice and 

secondly, an increased spleen weight indicative of an increased level of systemic 

inflammation. As previously discussed, high fat feeding of ApoE
-/-

 mice did not produce a 

serum cholesterol concentration dependent increase in contractility, therefore demonstrating 

that there is no direct link to hypercholesterolaemia and suggesting a role for inflammation, 

which will be discussed further in this chapter. 

 

Store-operated calcium entry (SOCE) is involved in the control of many cellular processes, 

including proliferation 
190

 and contraction 
368

. The exact mechanism and the channels and 

signalling proteins involved has been extensively studied, however, firm conclusions have yet 

to be made 
369–373

. The present investigation aimed to assess firstly, the role of SOCE in 

contraction of the murine thoracic aorta and secondly, the impact of ApoE gene deletion and 

hypercholesterolaemia on this cellular signalling pathway. SOCE was initiated by depleting 

thoracic aortic tissues of calcium in the presence of the sarcoplasmic reticulum calcium 

ATPase (SERCA) blocker, cyclopiazonic acid (CPA), before reintroducing calcium to the 

extracellular environment and measuring the response. The present investigation has shown 

that, in the absence of CPA, removal of extracellular calcium was able to reduce the [Ca
2+

]i 

but had no effect on resting tension. There was no difference in either response between chow 

fed wildtype mice and high fat fed ApoE
-/-

 mice. This supports the previously discussed data 

where no change in basal [Ca
2+

]i was observed in high fat fed ApoE
-/-

 mice compared to 

chow fed controls. Treatment with CPA has previously been shown to cause contraction in 
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the mouse thoracic aorta 
186

 and rat penile arteries 
311

, dependent on extracellular calcium. 

The data of the present investigation agree with these studies showing that, although there 

was a transient rise in [Ca
2+

]i due to calcium leak from the sarcoplasmic stores, there was a 

limited contractile response to CPA in a calcium free environment. The rise in [Ca
2+

]i was not 

significantly different when wild type eight week chow fed mice were compared to ApoE
-/-

 

eight week high fat fed mice, reflecting the results observed when ApoE
-/-

 chow fed mice 

were compared to wild type controls in a previous study 
186

. Interpretation of these data, as 

previously performed 
374

, enables the conclusion that the sarcoplasmic [Ca
2+

] is unaffected by 

ApoE gene deletion and high fat feeding. 

 

In the presence of CPA, extracellular calcium was then re-introduced. As expected a rise in 

intracellular calcium, SOCE, was observed in both chow fed wild type and high fat fed ApoE
-

/-
 mice. Confirmation that this was due to SOCE was provided by the lack of increase in 

[Ca
2+

]i above baseline levels in the presence of the vehicle control only, due to the stores 

remaining intact. There was no significant difference between the two groups when 

comparing either the peak or plateau phase of calcium entry. These data are in agreement 

with a study performed in high fat fed pigs, however, Van Assche et al. (2007), using 12 

week old chow fed ApoE
-/-

 mice, concluded that SOCE was increased when compared to 

control 
186

. This may suggest an effect of the further increase in hypercholesterolaemia 

induced by high fat feeding in ApoE
-/-

 mice, employed by the present study. However, it has 

to be noted that Van Assche et al. (2007) included ATP into the SOCE preparation which is 

able to activate receptor-operated channels 
375

. Both store-operated and receptor operated 

calcium entry have been attributed to the activity of canonical transient receptor potential 

(TRPC) channels with isoform specificity thought to control the activation of either process 

62,68,204
. In the present study only store-dependent channels were activated, therefore, 

receptor-operated calcium entry induced by ATP may be the reason behind the increase in 

[Ca
2+

]i observed by Van Assche et al. (2007) 
186

. 

 

Previously discussed contractility data has demonstrated that the concentration-response 

relationship to serum cholesterol in the murine thoracic aorta is not linear. However, it has 

been demonstrated in rat caudal arteries that removal of membrane cholesterol is able to 

reduce endothelin-1 contractility via SOCE inhibition  
187

. In the present study, however, the 

re-introduction of 2mM extracellular free calcium did not cause a notable contraction in 

either chow fed wildtype or high fat fed ApoE
-/-

 mice, in comparison to the mean 
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depolarisation induced contraction. Although not observed in parallel, a lack of contraction to 

the rise in [Ca
2+

]i was surprising. An explanation for this lack of contraction may lie in the 

fact that the tissues imaged were prepared with the endothelium maintained intact; confirmed, 

only in contractility studies, by acetylcholine induced relaxation prior to calcium depletion. 

The re-introduction of calcium therefore would activate SOCE, a process which can also 

occur in endothelial cells 
376

, increasing endothelial as well as vascular smooth muscle 

[Ca
2+

]i. An increase in endothelial [Ca
2+

]i would activate the Ca
2+

/Calmodulin dependent 

eNOS enzyme. Activation of eNOS would stimulate an increase in nitric oxide production 

39,377
 capable of inhibiting contraction via inhibition of RhoA kinase resulting in calcium 

sensitisation 
378

. This mechanism has not been confirmed and the temporal mechanics 

involved in nitric oxide signalling need to be considered. A comparison of the present data 

with current literature was difficult as no evidence was available showing the effects on 

contractility of calcium re-introduction after complete depletion of calcium. 

 

5.3.2. Alterations in vascular relaxation prior to the development of overt 

atherosclerosis 

 

Having discussed the contractile responses observed, the focus will now move towards 

vascular relaxation and the impact of ApoE gene deletion and/or high fat feeding on this 

process and the mechanisms involved. In agreement with previous investigations the present 

study has shown that endothelial-independent relaxation, demonstrated through treatment 

with sodium nitroprusside, was not significantly different between chow fed wildtype and 

ApoE
-/-

 mice prior to plaque formation 
362,379

. Endothelial-independent relaxation also 

appears to be unaffected after plaque formation; as demonstrated in 13 month old chow fed 

ApoE
-/-

 mice by Wang et al. (2000) 
379

.  

 

In contrast, endothelial-dependent relaxations have been shown to diminish in response 

atherosclerotic disease development in humans 
380,381

. The role of endothelial dysfunction in 

atherosclerotic disease has been studied widely in the aorta of the ApoE
-/-

 mouse model, 

which mimics the endothelial dysfunction observed in humans 
175,357,379

; this endothelial 

dysfunction has been demonstrated to be associated with plaque development, rather than 

hypercholesterolaemia alone 
174

. These data, and that from other studies 
176,382

, are in 

agreement with the observations of the present investigation demonstrating that in the 

thoracic aorta, prior to the development of atherosclerotic plaques, endothelial-dependent 
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relaxation in response to acetylcholine is unchanged between ApoE
-/-

 and wildtype chow fed 

mice.  However, in the same mouse model, endothelial dysfunction was observed in plaque 

free coronary arteries 
180

. This is possibly due to vascular bed dependent response, however, 

it may also be explained by the use of a high fat diet for 26 weeks rather than prolonged 

feeding on a regular chow diet; which in the present study, along with many others 
141,262,319

, 

has been shown to greatly exacerbate hypercholesterolaemia in ApoE
-/-

 mice. These results 

suggest a cholesterol concentration-dependent effect on endothelial relaxation; rather than an 

age related response (26 week high fat feeding 
180

 vs. 13 month (56 week) chow feeding 
174

). 

Cholesterol-enriched signalling domains are known to be involved in the regulation of eNOS, 

with localisation to caveolae and binding to caveolin-1 causing inactivation of the enzyme 

189,315,383
 . Therefore, this may represent a mechanism for reducing the bioavailability of NO 

and promoting endothelial dysfunction. 

 

To explore the differential effects between high fat diet fed and chow fed ApoE
-/-

 mice the 

present investigation explored the effects of high fat feeding after a relatively acute, eight 

week, feeding period. In addition, the use of high fat diet matched wildtype mice allowed for 

further analysis of the possibility of concentration-dependent responses to cholesterol. There 

are no published results currently available observing the effects of endothelial function, in 

C57BL/6 wildtype or ApoE
-/-

 mice, after an acute feeding period on a high fat ‘western’ diet. 

The present investigation has observed that in contrast to the effects of prolonged feeding (26 

weeks) of ApoE
-/-

 mice , demonstrated by d’Uscio et al. (2001) 
180

 and others 
176,382

, eight 

week high fat feeding enhances endothelial-dependent relaxations to acetylcholine. This 

result was also mirrored in wildtype C57BL/6 mice fed on a high fat diet; thus, demonstrating 

that hypercholesterolaemia is not the cause of this unexpected response. In ApoE
-/-

 mice, after 

further feeding on a high fat diet to 16 and 26 weeks, the increase in endothelial-dependent 

relaxation was lost. The loss of enhancement suggests either that the acute response to high 

fat diet activates compensatory mechanisms which counteract the underlying mechanism, 

however, full characterisation of atherosclerotic disease development in these animals was 

not carried out, therefore the existence of early atherosclerotic plaque development, not 

visible without histological examination, may be a contributing factor. 

 

Vascular endothelial-dependent relaxations have three origins; nitric oxide 
384

, prostacyclin 

(PGI2) 
47

  and EDHF 
314

. In the large elastic arteries of mice, investigated in the femoral 

artery, relaxations are produced primarily by the nitric oxide-dependent signalling pathway 



- 132 - 
 

25
. In the present study, blockade of nitric oxide signalling in the thoracic aorta significantly 

reduced, but was unable to completely block, the relaxation response to acetylcholine; 

however, inhibition of prostacyclin with indomethacin had no effect on relaxation in wildtype 

chow fed C57BL/6 mice. These results suggest a role for EDHF in the murine thoracic aorta 

response to acetylcholine but require further examination to confirm this observation. In 

contrast, the increase in endothelial-dependent relaxation, observed in both high fat fed 

wildtype C57BL/6 and ApoE
-/-

 mice, was still present after blockade of nitric oxide synthase 

activity but was abolished by prostaglandin signalling inhibition. These results suggest that in 

response to eight week high fat feeding there is an increase in prostacyclin release from the 

endothelium which is independent of hypercholesterolaemia. 

 

Increased levels of prostacyclin have been demonstrated previously in humans 
385

 and in 

animal models, including ApoE
-/-

 mice 
386

, when atherosclerotic plaques are present.   The 

formation of prostacyclin is dictated by two isoforms of the cyclooxygenase enzyme, COX-1 

and COX-2 
385

, however, in addition to prostacyclin, COX-1 is capable of producing a 

contractile agent, thromboxane A2. Previously discussed results from the present study have 

shown that contractility was unaffected by high fat feeding suggesting that COX-1 activity is 

not affected; in addition, Burleigh et al. (2002) 
254

, (2005) 
253

, demonstrated that inhibition of 

COX-2 inhibited atherosclerotic plaque development in LDLR
-/-

 and ApoE
-/-

 mice 

respectively. Through the use of the COX-2 selective inhibitor celecoxib the present 

investigation demonstrates that the increase in endothelial-dependent relaxation in response 

to high fat feeding, in both wildtype C57BL/6 and ApoE
-/-

 mice, is the effect of a COX-2-

dependent mechanism; most likely increased production of prostacyclin. This is the first time 

that the vascular effects of high fat feeding, increasing endothelial-dependent relaxations via 

COX-2 activity, have been described and evidenced in the thoracic aortae of C57BL/6 and 

ApoE
-/-

 mice.  

 

5.4. Conclusions 

 

The aim of this chapter was to assess vascular function in murine thoracic aortae prior to 

development of overt atherosclerotic disease. This was achieved through feeding of 

atherosclerosis prone ApoE
-/-

 mice on standard chow and high fat diet, along with the often 

over looked high fat diet matched wildtype controls. The present investigation has 

demonstrated that contractility to agonists activating the Gαq-PLC-IP3 intracellular pathway 
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is enhanced in eight week chow fed ApoE
-/-

 mice alone when compared to diet and age 

matched wildtype C57BL/6 controls. The mechanism for this increased contractile response 

has been shown to be independent of hypercholesterolaemia and store-operated calcium 

release. These conclusions compliment and add to the available literature, however, further 

exploration is required to elucidate the exact mechanism(s) involved.  

 

In contrast, endothelial-dependent acetylcholine induced relaxations were shown to be 

enhanced in eight week high fat fed wildtype C57BL/6 and ApoE
-/-

 mice, but not chow fed 

ApoE
-/-

 mice. This again suggests a mechanism independent of hypercholesterolaemia. 

Further investigation lead to the discovery that enhanced endothelial-dependent relaxations 

observed after 8 week high fat feeding were transient and sensitive to specific inhibition of 

cyclooxygenase-2. These findings represent the first evidence for an enhancement of 

endothelial function in response to high fat feeding in atherosclerosis prone mice. The 

implications for these observations relate to possibility of masking early signs of vascular 

dysfunction and also the induction of compensatory mechanisms which may have amplified 

effects over a longer time course; possibly promoting the development and advancement of 

atherosclerotic disease. 

 

5.4.1. Summary of conclusions 

 

 Contractility to phenylephrine and serotonin are increased in eight week chow 

fed ApoE
-/-

 mice via a yet unknown mechanism that is independent of 

hypercholesterolaemia and store-operated calcium entry. 

 

 High fat feeding for eight weeks causes a COX-2-dependent increase in 

endothelial-dependent relaxation in C57BL/6 and ApoE
-/-

 mice 

 

 When fed on either a chow diet or a high fat diet atherosclerosis prone ApoE
-/-

 

mice demonstrate changes in vascular function. 
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6. General Discussion 
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6.1. Discussion 

 

Atherosclerosis is a vascular pathology and in the advanced stages of the disease has been 

shown to alter vascular function in humans and animal models 
174,357,387,388

. It is currently 

unknown at what stage these changes in vascular function manifest and whether they evolve 

as the atherosclerotic disease progresses. The overall aim of this thesis was to assess the 

effects of vascular function on atherosclerotic disease development; prior to the overt 

presence of atherosclerotic lesions.  Studies into the early stages of atherosclerosis are 

currently limited; difficulties in the clinical translation due to the availability of early 

atherosclerotic human tissue have to be considered. However, increased knowledge and 

awareness of the role of vascular function in atherosclerotic disease has lead to diagnostic 

techniques such as flow-mediated dilation (FMD) and pulse wave velocity (PWV) being 

employed to predict the extent of disease development 
30,31,389,390

. Therefore investigation of 

vascular function in the early stages of disease progression was performed with the aim of 

identifying changes that may indicate and possibly contribute to future atherosclerotic disease 

development.  

 

The exact mechanism behind the initiation of atherosclerotic disease is still unknown; 

however, one of the primary contributing factors is chronic inflammation. It has been 

observed that chronic infections of extravascular tissues, such as gingivitis and bronchitis, 

can stimulate an increase in the levels of circulating inflammatory cytokines 
224,391

. This 

response is thought to result from the activation of the innate immune system upon detection 

of pathogen-associated molecular patterns (PAMPs) by toll-like receptors (TLRs)
392

. The 

importance of these receptors in atherosclerotic disease development has been shown by a 

reduction in atherosclerotic lesion formation after deletion of two isoforms, TLR2 and TLR4 

393,394
. One of the major ligands associated with activation of TLRs is bacterial 

lipopolysaccharide (LPS, endotoxin). It has been shown that within human atherosclerotic 

plaques there is evidence of infection with microbes such as Chlamydia pneumonia that are 

able to release LPS and heat-shock proteins therefore perpetuating the inflammatory response 

395,396
.  The role of inflammation in the development of atherosclerotic disease is therefore an 

important consideration and the experimental findings in relation to this risk factor will be 

discussed later in this chapter. In humans, LDL has been shown to increase the sensitivity of 

cells to LPS increasing the release of inflammatory cytokines 
397

. Cholesterol plays a central 

role in atherosclerotic disease and will therefore be discussed first. 
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As outlined above atherosclerosis is a multi-factorial disease; however, one of the pre-

requisites for the development of atherosclerotic disease is serum cholesterol, an excess of 

which will exacerbate the rate of development 
398

. Initial investigation was conducted to 

assess the direct effects of cholesterol on ex vivo thoracic aortic tissue. The results obtained 

demonstrated that removal of cholesterol from membranes inhibited contractility to agonists 

activating the Gαq-PLC-IP3 pathway but not contractions initiated by a depolarising stimulus. 

Caveolar disruption was observed by Dreja et al (2002) 
290

  after treatment of rat tail arteries 

with methyl-β-cyclodextrin, therefore, the specific reduction in phenylephrine and serotonin 

induced contractions demonstrated in the present study supports evidence for the association 

of Gαq-PLC-IP3 pathway signalling proteins to cholesterol-rich signalling domains 
120

. 

 

Subsequently, the effect of hypercholesterolaemia, by increasing the extracellular 

concentration of free cholesterol, was investigated. There was no observed change in vascular 

contractility after exposure to increased cholesterol; however, endothelial-dependent 

relaxation was significantly reduced. The mechanism for this alteration in vascular relaxation 

in response to acute exposure to increased cholesterol is currently unknown. To advance our 

understanding of vascular function in atherosclerotic disease development an in vivo model 

was necessary to further investigate the actions of chronic hypercholesterolaemia. 

 

The present study employed the ApoE
-/-

 mouse model of hypercholesterolaemia which has, 

over the last decade, been widely investigated. Comparisons of  this in vivo model with the 

human manifestation of atherosclerotic disease have found a high degree of correlation; 

including, areas of susceptibility to plaque formation 
141,399

, the appearance of plaque rupture 

325
 and the cellular composition of plaques 

141
. Previous investigations into the effects of the 

hypercholesterolaemic phenotype of ApoE
-/-

 mice on the vasculature have been conducted in 

young (3 weeks) 
186

, adult (12 weeks) 
178

 and aged (56 weeks) 
174

 mice fed on a standard 

chow diet and also in high fat fed mice exhibiting advanced atherosclerotic lesions 
382

.  It was 

the aim of the present investigation to further this knowledge through the use of high fat 

feeding, known to exacerbate hypercholesterolaemia in ApoE
-/-

 mice 
262

, from weaning 

through to reaching adulthood (12 weeks 
400

). The high fat ‘western’ diet was also fed to 

wildtype C57BL/6 mice to allow for assessment of the direct role of high fat feeding in 

modulation of vascular function. 
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The multi-faceted nature of atherosclerotic disease, as stated previously, creates difficulties 

when attempting to demonstrate causal relationships. Therefore, in order to fully describe any 

changes in vascular function, the phenotype of wildtype C57BL/6 and ApoE
-/-

 mice was 

investigated focussing on the lipidaemic profile and other known atherosclerotic disease risk 

factors; inflammation, obesity and diabetes. It was observed that through use of the specific 

groups in the present study, a gradient of total serum cholesterol concentration was produced 

after eight weeks feeding in the following manner: 

 

Chow fed C57BL/6 < High fat fed C57BL/6 < Chow fed ApoE
-/-

 < High fat fed ApoE
-/-

 

 

Upon further investigation it was found that deletion of the ApoE
 
gene results in a lower 

concentration of the anti-atherogenic high-density lipoprotein (HDL). The low concentration 

of HDL may account in part for the increased susceptibility of ApoE
-/-

 mice to 

atherosclerosis; a similar pattern of reduced HDL concentration  has been observed in 

humans expressing reduced levels of ApoE 
401

. Although not directly measured in the present 

study, this suggests that a larger proportion of cholesterol will be carried on low-, 

intermediate low- and very low density lipoproteins (LDL, ILDL, VLDL, respectively) which 

are liable to become pro-inflammatory through their oxidation 
159,402

. 

 

Two major co-morbidities associated with hypercholesterolaemia, also indicated in the 

promotion of an inflammatory phenotype, are obesity 
222,403

 and type II diabetes 
343,391

. The 

present investigation has shown that high fat feeding produces a significant increase in body 

weight compared to chow fed mice; however, the deletion of the ApoE gene confers a level 

of protection against this risk factor. Further investigation showed that this protection was 

associated with decreased fat deposition, demonstrated in the epididymal fat stores. In 

addition, perivascular adipose tissue (PVAT) around the thoracic aorta was examined; an 

increase in PVAT has been identified as an early indicator of obesity and the associated 

increase in adipocyte size is thought to be the source of increased inflammation 
229,241,355

. The 

data generated during the present investigation have identified that thoracic aortic 

perivascular adipocytes increase in cell number in response to high fat feeding, however, only 

in wildtype C57BL/6 mice does high fat feeding cause a significant increase in cell size; in 

agreement with previous data showing protection against obesity in ApoE
-/-

 mice. The 

measurement of blood glucose concentrations as an indicator of type II diabetes, another 

atherosclerosis associated co-morbidity, was also undertaken and was shown to be unaffected 
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by high fat feeding. Although there was no presence of a diabetic phenotype, compared to 

blood glucose levels of the db/db mouse model of diabetes 
346

, there was a significantly lower 

blood glucose concentration observed in ApoE
-/-

 mice again suggesting a protective role 

against atherosclerotic co-morbidities conveyed by ApoE. These data would also suggest a 

protective effect of ApoE gene deletion against inflammation, however, indirect assessment 

of this risk factor, by comparing spleen weights, demonstrated an increase in systemic 

inflammation in response to high fat feeding in C57BL/6 and ApoE
-/-

 mice. In support of this 

observation it has been shown that in humans after a high fat meal circulating levels of LPS 

are increased; this increase in inflammatory stimulus is thought to derive from the capacity 

for LPS, from commensal gut bacteria, to be co-transported into the blood along with dietary 

fats 
404

. 

 

Assessment of the phenotypic changes associated with early atherosclerosis was successful in 

identifying an increasing gradient of hypercholesterolaemia across the experimental groups, 

allowing for correlations to be made to vascular function. There was no indication that high 

fat feeding induced a diabetic phenotype, however, weight gain was observed in high fat fed 

mice with an associated, hypercholesterolaemia-independent, increase in systemic 

inflammation. Therefore, the downstream effects of weight gain and obesity, but not diabetes, 

were considered in mechanistic investigations of vascular function. 

 

Vascular function was the primary focus of this body of work and was assessed through 

comparison of the contractile and relaxant capacity of thoracic aortic tissues isolated from 

each of the previously outlined groups. The aim of these investigations was to assess how the 

relationship between the vasculature and the combination of factors that lead to 

atherosclerotic disease development can affect function. The present investigations were 

performed at a time point prior to the development of overt atherosclerotic plaques to enable 

a focus on the early pathogenesis. The lack of atherosclerotic plaque formation in the thoracic 

aorta after eight weeks feeding was confirmed in all groups; although an increase in overall 

atherosclerotic plaque formation, in the aortic arch and intercostal artery branches, was 

shown to correlate with the increasing concentrations of cholesterol. 

 

The results of the present investigation have demonstrated that contractility to phenylephrine 

and serotonin, activators of the Gαq-PLC-IP3 signalling pathway, was enhanced in chow fed 

ApoE
-/-

 mice only. In contrast, responses to depolarisation were seen to be unaffected in all 
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groups. Investigation into the effects of early atherosclerotic disease development on vascular 

relaxation, in mice, has shown no impact on endothelium-independent mechanisms. 

However, increase in endothelial-dependent relaxation in response to high fat feeding for 

eight weeks was observed; this increase was shown to be transient and was reduced and then 

absent completely after further high fat feeding of ApoE
-/-

 mice to 16 and 26 weeks, 

respectively. These results demonstrate that the present investigation was successful in 

identifying changes in vascular function prior to the development of overt atherosclerosis in 

the murine thoracic aorta. A summary of the phenotype analysis and vascular function 

assessment can be found in Table 2. below. Correlations between these two parts of the study 

and the subsequent investigations into the possible mechanisms involved in the observed 

changes in vascular function will now be discussed. 
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Table 2. A summary of the observed changes induced by high fat feeding and ApoE 

gene deletion when compared to chow fed wildtype C57BL/6 mice. 

Phenotypic Parameter HF fed C57BL/6 Chow fed ApoE
-/-

 HF fed ApoE
-/-

 

Total Cholesterol − ↑ ↑↑ 

HDL Cholesterol − ↓ ↓ 

Blood Glucose ↑ ↓ ↓ 

Body Weight ↑↑ − ↑ 

Inflammation ↑ − ↑ 

Perivascular Adipocyte Size ↑ − − 

Functional Parameter HF fed C57BL/6 Chow fed ApoE
-/-

 HF fed ApoE
-/-

 

Contraction to Depolarisation − − − 

Contraction to Gαq-PLC-IP3 

agonists − ↑ − 

Endothelial-independent 

Relaxation − − − 

Endothelial-dependent 

Relaxation ↑ − ↑ 
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6.2. Mechanistic investigations 

Investigations into the mechanisms behind the two observed changes in vascular function 

were conducted and will now be discussed with the additional context of phenotypic 

alterations recorded in response to high fat feeding and ApoE gene deletion.  

 

6.2.1. Transient increase in endothelial-dependent relaxation 

 

The results from investigations aimed to determine a mechanism of action as to why 

endothelial-dependent relaxation was transiently increased in response to high fat feeding 

concluded that it was not due to a modification of nitric oxide signalling. However, the 

observation of enhanced endothelial-dependent relaxation in high fat fed C57BL/6 and ApoE
-

/-
 mice, but not in chow fed ApoE

-/-
 mice, demonstrated that the mechanism was also 

independent of hypercholesterolaemia. A comparison of the pattern of enhanced endothelial 

relaxation across the four experimental groups with data demonstrating changes in 

phenotypic parameters identified two correlating factors (highlighted in red in Table 2.); 

weight gain, associated with obesity, and an increase in spleen weight, indicative of increased 

systemic inflammation, were observed only in high fat fed mice. 

 

Therefore, the high fat diet induced inflammation appears to be derived from another source. 

PVAT has been identified as a possible source of inflammation in atherosclerosis 
246

 and is 

associated with weight gain after high fat feeding; eventually manifesting as obesity 
241

. 

Murine thoracic aortic PVAT has been demonstrated to have a similar morphology to brown 

adipose tissue; adipocytes which are resistant to diet induced inflammation 
234

. However, the 

morphology and classification, brown or white adipose tissue, of PVAT appears to differ 

between vascular beds in rodents; mesenteric arteries display white adipocytes within the 

PVAT; liable to transform into a pro-inflammatory phenotype in response to high fat feeding 

242,405
. In humans, internal thoracic artery PVAT, removed after coronary artery bypass graft 

surgery, also show a morphology that is indicative of white adipose tissue 
236

, however, the 

differences in PVAT morphology and classification has not been fully investigated in humans 

to date.  

 

The specific site of fat deposition seems to be important in the relationship to inflammation. 

A much larger deposition of epididymal fat in high fat diet fed C57BL/6 rather than ApoE
-/-

 

mice was not correlated with spleen weight. In addition, ApoE
-/-

 mouse thoracic perivascular 
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adipocytes appear to be resistant to high fat feeding compared to diet matched C57BL/6 

mice.  Therefore, a local inflammatory influence of the PVAT in the thoracic aorta is not 

thought to contribute to the enhanced endothelial-dependent relaxation; however, there 

appears to be a clear link with systemic inflammation. This inflammation may derive from 

PVAT in other vascular beds such as the mesentery; as described by Greenstein et al. (2009) 

in high fat fed obese rats 
242

.  

 

The link between inflammation and the endothelium is predominantly associated with 

endothelial dysfunction 
12,406

; an increase in free radical and superoxide ion formation leading 

to a reduction in the bioavailability of nitric oxide has been observed in 26 – 29 week high fat 

fed ApoE
-/-

 mice 
175

. However, the present results indicate an enhancement in endothelial-

dependent relaxation in response to increased inflammation in the developmental stage of 

atherosclerosis. As the role of nitric oxide signalling was shown to be unaffected in response 

to high fat diet, other mechanisms involved in vascular relaxation were considered. In 

advanced human atherosclerotic disease 
407

, eight week high fat fed ApoE
-/-

 mice 
247

 and 12 

week chow fed ApoE/LDLR
-/-

 mice  increased production of the endothelial-dependent 

prostanoid relaxing factor prostacyclin has been  observed.  

 

The production of prostacyclin is dependent on COX-2 enzyme 
408

, the expression of which 

was also shown to be increased in the ApoE
-/-

 mice after eight weeks high fat feeding
247

. 

COX-2 is not constitutively expressed in vascular tissues but is induced in response to 

inflammation 
251,252

.  A link between the activity of  the early stages of atherosclerotic disease 

development was made by Burleigh et al. (2005) 
253

 who showed that selective COX-2 

inhibition reduced the extent of atherosclerotic lesion formation in ApoE
-/-

 mice at 16 weeks, 

this has also been confirmed by other investigators 
255

; similar observations were also made 

in the LDLR
-/-

 mouse model of atherosclerosis 
254

 demonstrating that the response was not 

produced through modifications to specific gene deletion. The present investigation has 

demonstrated an increase in endothelial-dependent relaxation that is sensitive to specific 

inhibition of COX-2. The transient nature of the enhanced endothelial-dependent relaxations 

is likely to be linked to the prevalence of atherosclerotic plaques and the temporal 

development of atherosclerotic disease. The generation of oxidised lipoproteins, primarily 

oxidised LDL, is closely associated with advanced atherosclerotic plaques
409

. The expression 

of COX-2 in human macrophages has been shown to be suppressed by oxidised LDL in vitro 

410
. Therefore as the degree of atherosclerotic disease severity increases the level of COX-2 
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expression is reduced. This is in agreement with the present results in ApoE
-/-

 mice showing a 

reduction in the enhanced endothelial-dependent relaxation at 16 weeks high fat feeding and 

a complete absence after 26 weeks feeding on a high fat diet. An increase in prostacyclin 

formation, observed in advanced human atherosclerosis, appears to contradict this theory, 

however, Belton et al. (2000) have suggested that in the later stages of atherosclerosis an 

increase in COX-1 expression is observed and is able to contribute to the production of 

prostacyclin 
385

. 

 

An increase in prostacyclin production and COX-2 expression, in response to increased 

inflammation in the early stages of atherosclerosis, is in agreement with the present data. In 

the current study, weight gain associated with high fat feeding has been demonstrated to 

correlate with the increased inflammation. Changes in thoracic aortic endothelial function are 

not derived from local inflammation in the PVAT, but rather an increase in systemic 

inflammation. An observed increase in endothelial-dependent relaxation is the first evidence 

linking the early changes in COX-2 activity to modification of vascular function in the ApoE
-

/-
 mouse. In addition, it has been demonstrated that the change in vascular endothelial 

function is independent of serum cholesterol concentration; however, the enhancement has 

been shown to be a transient response regulated by the temporal advancement of 

atherosclerotic disease. 

 

6.2.2. Increased contractility to Gαq GPCR agonists in ApoE
-/-

 chow fed mice only 

 

The role of cholesterol in the contractility of the murine thoracic aorta to Gαq GPCR agonists 

was demonstrated in the present study through ex vivo cholesterol depletion with methyl-β-

cyclodextrin; this has been confirmed in other animal models 
187,301

 and other types of smooth 

muscle 
317

. The specific regulation of Gαq GPCR agonist induced contraction has been 

attributed to the disruption of the cholesterol enriched signalling domains, caveolae and lipid 

rafts. Contractility, and the associated intracellular calcium rise, have been shown to increase 

in response to agonists in the presence of hypercholesterolaemia; demonstrated in in vitro 

cultured vascular smooth muscle cells 
183

, and ex vivo animal 
179,181

 and human tissue 
387

. 

However, when the pattern of increased contractility, observed only in 12 week old chow fed 

ApoE
-/-

 mice, was compared to observed changes in phenotype (Table 2. highlighted in blue) 

there were no direct correlations. The lack of association with increasing serum cholesterol 
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was in agreement with previous data from the current study after acute exposure to increased 

cholesterol. 

 

The endothelium is important in the regulation of smooth muscle contraction; therefore, the 

previously discussed increase in endothelial-dependent relaxation, attributed to inflammation-

induced COX-2 activity, may have masked an underlying increase in contractility in high fat 

fed C57BL/6 and ApoE
-/-

 mice. In both the db/db 
411

 and ob/ob 
412

 mouse models of diabetes, 

an increase in endothelium-denuded aortic contractility, independent of changes in nitric 

oxide signalling, was observed. Both investigations showed a reduction in contractility after 

treatment with the non-specific COX inhibitor, indomethacin; Guo et al. (2005) later 

demonstrated that this reduction in contractility was specific to COX-2 activity 
411

. Although 

inflammation was not directly assessed in the current investigations, the mice exhibited a 

significant increase in spleen weight; a phenotypic parameter that was associated with an 

increase in systemic inflammation. In support of the role of inflammation, Qi et al. (2007) 

demonstrated that a COX-2 derived prostanoid was also shown to increase contractility after 

overnight incubation with lipopolysaccharide in porcine coronary arteries 
413

. A modification 

of the balance between the release of the contractile and relaxant prostanoids, thromboxane 

A2 and prostacyclin, respectively, in the pathogenesis of atherosclerosis has been examined 

by Kobayashi et al. (2004) 
250

. However, in the present study increased contractility was only 

observed in chow fed ApoE
-/-

 mice that did not display an increased spleen weight, 

suggesting systemic inflammation, or perivascular adipocyte hypertrophy, suggesting local 

inflammation. Therefore, the increase in contractility observed in the present study in ApoE
-/-

 

mice is thought to be independent of inflammation.  

 

Tulenko et al. (1998) demonstrated, through the use of small angle x-ray diffraction, that 

there is a linear relationship between vascular smooth muscle plasma membrane cholesterol 

enrichment and feeding of a high cholesterol diet up to 13 weeks 
291

. Cholesterol enrichment 

increases the plasma membrane bilayer width which can alter the kinetics of membrane 

bound ion channels and receptors 
169

. This lead the current investigation to explore the role of  

intracellular calcium handling, which is highly regulated by membrane associated channels, 

pumps and transporters, and has been shown to be affected directly by cholesterol enrichment 

184
. Van Assche et al. (2007) demonstrated that in 12 week old hypercholesterolaemic, 

atherosclerotic plaque free ApoE
-/-

 mice, calcium handling was modified in endothelial-

denuded sections of thoracic aorta 
186

. Specifically, it was observed that vascular smooth 
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muscle basal calcium was increased in ApoE
-/-

 aortae compared to age matched wildtype 

controls. This has also been observed in cultured vascular smooth muscle cells enriched with 

cholesterol 
183

. The results of the present investigation, employing eight week high fat fed 

ApoE
-/-

 mice did not show any change in basal [Ca
2+

]i; this may represent an effect of the 

increased serum cholesterol concentration, however, methodological differences may also 

play a factor. In the present study calcium imaging was conducted on transverse strips of 

thoracic aortae under nominal tension, with the endothelium intact, whereas an increase in 

basal calcium was observed in thoracic aortic rings with tension applied to replicate the in 

vivo internal diameter of the thoracic aorta. The differential activation of stretch-sensitive 

calcium channels 
414

 and/or the presence of the endothelium may account for the contrasting 

results.  

 

In addition to basal [Ca
2+

]i the present study investigated the effect of high fat feeding and 

hypercholesterolaemia on SOCE. This mechanism has been shown to contribute to the 

development of the tonic phase of agonist induced contractions in vascular smooth muscle 

and is sensitive to cholesterol depletion 
187

. The present investigation studied the effects of 

SOCE on [Ca
2+

]i and contractility; performed on separate preparations but using the same 

protocol. No difference in peak SOCE was demonstrated and only a small contractile 

response was observed in response to the increase in [Ca
2+

]i. This was surprising due to the 

expectation that increased [Ca
2+

]i would activate the contractile machinery. However, the 

calcium imaging rig was not calibrated to allow for calculation of the exact concentrations of 

[Ca
2+

]i, therefore, the relative scale of calcium increase was unknown.  

 

The compartmentalisation of calcium signalling may play a role with calcium release being 

focussed in sub-cellular domains away from the contractile machinery 
415

; in the present 

study global calcium was measured which does not take this into account. In the study 

performed by Van Assche et al. (2007), described previously, the authors demonstrate an 

increase in SOCE in chow fed hypercholesterolaemic ApoE
-/-

 mice 
186

. These data contrast 

with the present findings; however, comparison of the protocols used to induce SOCE may 

explain this disparity. The present investigation measured only SOCE after depletion of 

intracellular stores; observing no change between wildtype and high fat fed ApoE
-/-

 mice. In 

contrast, the increase in SOCE in chow fed ApoE
-/-

 mice demonstrated by Van Assche et al. 

(2007) was observed in the presence of ATP. Extracellular ATP has been shown to activate 

receptor-operated cation channels 
416

. The divergence in calcium entry in response to store 
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depletion and receptor activation is through isoform-specific activation of TRPC channels 

187,204,371
. This mechanism of calcium entry is stimulated by diacylglycerol (DAG) after Gαq 

activation 
417

 and also by another G-protein, Gα11 
309

, which is co-activated by both the α1-

adrenergic receptor 
309

 and the 5-HT2A receptor 
121

; agonists to which increased contractility 

was observed in the present study. Therefore, an apparent increase of this receptor-dependent 

component of calcium entry may be involved in the increased contractility observed in 

response to chow fed ApoE
-/-

 mice; however, this has yet to be evidenced and requires further 

investigation. 

 

The present investigation has demonstrated directly that contractility is increased in chow fed 

ApoE
-/-

 mice compared to diet matched wild type C57BL/6 mice, and also high fat diet fed 

C57BL/6 and ApoE
-/-

 mice. A direct causation was not demonstrated in the present study 

although evidence suggests this is independent of hypercholesterolaemia and a response to 

systemic inflammation. It is hypothesised that the mechanism for this increase in contractility 

to Gαq GPCRs may be linked to an increase in receptor-operated calcium entry through 

TRPC channels. The increase in contractility observed in the current investigation was 

observed at an early stage in the development of atherosclerotic disease and may represent a 

mechanism for future disease progression through vascular smooth muscle cell proliferation. 

The activation of receptor-activated TRPC channels, in particular TRPC6, has been linked 

directly to proliferation via increased calcium entry in prostate cancer epithelial cells 
418

 and 

also, with specific relevance to the present study, vascular smooth muscle cells 
419

. 
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6.3. Conclusions 

 

Overall this body of work has achieved its aims and has presented novel findings exploring 

the early effects of atherosclerotic risk factors, in particular serum cholesterol levels, on 

vascular function. It has been demonstrated that removal of cholesterol from vascular 

membranes selectively inhibits adrenergic and serotonergic contractility but the acute 

exposure to increased extracellular cholesterol has no demonstrable effect on contractility. In 

contrast, endothelial-dependent relaxation is significantly decreased in response to acute 

exposure to increased cholesterol.  

 

Further exploration into the effects of increased cholesterol was conducted using  the ApoE
-/-

 

mouse model, fed for eight weeks post weaning on either a standard chow or high fat diet, 

along with age and diet matched wildtype controls. The presented findings have shown for 

the first time that murine thoracic aortic endothelial-dependent relaxation is transiently 

enhanced after feeding on a high fat ‘western’ diet and that this is mediated by a 

cyclooxygenase-2 dependent mechanism; the expression of which, and thus increased 

production of relaxant prostacyclin, is thought to be enhanced in response to weight gain 

associated systemic inflammation. This response was demonstrated to be independent of 

serum cholesterol concentration.  

 

Finally, this investigation has demonstrated an increase in contractility to adrenergic and 

serotonergic stimulation in the thoracic aorta of the ApoE
-/-

 mouse. Vascular smooth muscle 

store-operated calcium entry was investigated as the cause of this increase in agonist induced 

contractility, however, this calcium entry mechanism has been shown to be unaffected by 

eight weeks high fat feeding. Therefore, the exact mechanism is yet to be fully elucidated. It 

is hypothesised that an enhancement of receptor-operated calcium entry may be involved. A 

chronic increase in activation of receptor-operated calcium channels, leading to promotion of 

smooth muscle proliferation, may represent an early step in the progression of atherosclerotic 

disease in the vasculature. 

 

 It is hoped that these results, although clinical translation is often difficult when using a 

murine disease model, may contribute to the understanding of the early changes in vascular 

function and their association with atherosclerotic risk factors. Observation of these 

parameters is often the primary method of assessment in highlighting at risk individuals. 
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Therefore the changes highlighted in the present investigation warrant further investigation to 

deduce the possibility of their translation into human disease. In addition, evidence 

demonstrating the hypercholesterolaemic-independent effects of the high fat ‘western’ diet, 

after feeding for a relatively short time period, will be a necessary consideration in future 

studies investigating the role of cholesterol and diet modification on vascular function. 

 

6.3.1.  Summary of conclusions 

 

 

 Removal of cholesterol from vascular membranes selectively inhibits adrenergic 

and serotonergic contractility. 

 

 Acute exposure to increased extracellular cholesterol did not alter vascular 

contractility but significantly reduced endothelial-dependent relaxation 

 

 Murine thoracic aortic endothelial-dependent relaxation is transiently enhanced 

after eight weeks feeding on a high fat ‘western’ diet; mediated by a 

cyclooxygenase-2 dependent mechanism associated with weight gain and systemic 

inflammation. 

 

 Contractility to adrenergic and serotonergic stimulation in the thoracic aortae of 

eight week chow fed ApoE
-/-

 mice is increased through a smooth muscle SOCE-

independent mechanism. 
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6.4. Future work 

 

An expansion of the application of the previously described inhibitors and the introduction of 

others is important to clarify the COX-2 dependent increase in endothelial-dependent 

relaxation. The inhibition of nitric oxide synthase with LNNA did not fully inhibit relaxation 

to acetylcholine; therefore, the use of both LNNA and indomethacin together will be 

employed to assess the involvement of the endothelium-derived hyperpolarising factor 

(EDHF). Exploration into the role, if any, of COX-1 in enhanced endothelial-dependent 

relaxation will be assessed through the use of the specific inhibitor, such as FR122047, 

individually and also together with celecoxib. 

 

The correlation of increased endothelial-dependent relaxation with weight gain and 

inflammation will be investigated firstly by assessing the level of macrophage infiltration in 

the aortic perivascular adipose tissue, a source of inflammatory cytokines and secondly, by 

exploration of the PVAT morphology in other vascular beds such as the mesentery. The 

extent of systemic inflammation will be confirmed by measuring the concentration of 

circulating factors such as TNFα, IL-6 and CRP. 

 

The hypothesis of increased receptor-operated calcium entry contributing to increased 

contractility in chow fed ApoE
-/-

 mice will not be easy to investigate as there are currently no 

specific inhibitors available. However, prior to the development of this theory apparatus will 

be set up to allow for simultaneous measurement of [Ca
2+

]i and contractility. Confirmation of 

the previously described SOCE-independent mechanism will be attempted in thoracic aortic 

rings that have undergone a stretching protocol to achieve in vivo diameter. 
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7. Appendices 
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Appendix I – Reagents and consumables 

 
Product   Code    Supplier    

 
General 

 

Methanol      BDH, Leicestershire, UK 

Ethanol      Fisher Scientific, Leicestershire, UK 

Sodium Chloride  10241AP  BDH, Leicestershire, UK  

Potassium Chloride  10010310  Fisher Scientific, Leicestershire, UK  

Magnesium Sulphate  10224680  Fisher Scientific, Leicestershire, UK 

HEPES   15630-049  Invitrogen, Paisley, UK 

Glucose   10141520  Fisher Scientific, Leicestershire, UK 

Calcium Chloride  10050070  Fisher Scientific, Leicestershire, UK 

EGTA       BDH, Leicestershire, UK 

Manganese chloride  244589  Sigma-Alderich, Poole, UK 

Sodium hydroxide     BDH, Leicestershire, UK 

Tris base   T1503   Sigma-Alderich, Poole, UK 

Tris hydrochloride  T5941   Sigma-Alderich, Poole, UK 

Tween – 20   P1379   Sigma-Alderich, Poole, UK 

Paraformaldehyde  P6148   Sigma-Alderich, Poole, UK 

Triton X-100   X100   Sigma-Alderich, Poole, UK 

 

Animal Husbandry 

 

Standard rat & mouse chow    B & K Universal, Hull, UK 

High fast ‘Western’ Diet 829100  Special diets services, Essex, UK 

 

PCR 
 

Reddymix PCR mastermix AB-0575  Thermo-Scientific, Leicestershire, UK 

Reaction buffer     Promega, Southampton, UK 

Magnesium chloride     Promega, Southampton, UK 

0.2ml PCR tubes  1402-8100  Starlab, Milton Keynes, UK 

Agarose   MB1200  Melford Labs, Suffolk, UK 

Ethidium Bromide  H5041   Promega, Southampton, UK 

Loading Buffer  37045   Bioline, London, UK 

Hyperladder V   33031   Bioline, London, UK 

Primers      Sigma Genosys 

 

Histology/Immunohistochemsitry 
 

Bovine serum albumin A7906   Sigma-Alderich, Poole, UK 

Hydrogen peroxide  H1009   Sigma-Alderich, Poole, UK 

Goat serum   16210-072  Invitrogen, Paisley, UK 

Poly-lysine slides  631-0107  VWR International, UK 

Coverslips (no.1.5)     SLS, Nottingham, UK 

Oil red O powder  00625   Sigma-Alderich, Poole, UK 

Triethyl phosphate  538728  Sigma-Alderich, Poole, UK 
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Product   Code    Supplier    
 

Mayer’s Heamatoxyin  H3136   Sigma-Alderich, Poole, UK  

Eosin       Sigma-Alderich, Poole, UK 

Xylene       Genta Environmental, York, UK 

DPX mounting medium Lamb/DPX.LV Raymond Lamb, Sussex, UK 

Vector red substrate  SK-5100  Vector Labs, Peterborough, UK 

DAB    SK-4100  Vector Labs, Peterborough, UK 

ABC peroxidase kit  PK-400  Vector Labs, Peterborough, UK 

Vectashield   H-1500  Vector Labs, Peterborough, UK 

 

Dissection Equipment 

      

McPherson-Vannas Scissors    World Precision Instruments, UK 

Dumont fine forceps No. 5 500232  World Precision Instruments, UK 

 

Myography and Calcium imaging 
 

Phenylephrine   P6126   Sigma-Alderich, Poole, UK 

Serotonin   H5923   Sigma-Alderich, Poole, UK 

Acetylcholine   A6625   Sigma-Alderich, Poole, UK 

Sodium nitroprusside  13451   Sigma-Alderich, Poole, UK 

LNNA    N5501   Sigma-Alderich, Poole, UK 

CPA    C1530   Sigma-Alderich, Poole, UK 

Indo-1 free acid  I1202   Life technologies, UK   

Indo-1 AM   I1223   Life Technologies, UK 

 

All Calcium imaging hardware was sourced from Cairn Research, Kent, UK. 
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Appendix II – Recipes 
 

PCR 

 

1M Tris, pH 8.0 (100ml) 

12.1g Tris 

Make up to volume with distilled water 

pH to 8.0 with HCl 

 

0.5M EDTA (100ml) 

14.61g EDTA 

Make up to volume with distilled water 

 

10% SDS (100ml) 

2.88g Sodium Dodecyl Sulphate 

Made up to volume with distilled water 

 

Lysis Buffer (100ml) 

5ml 1M Tris pH 8.0 (50mM) 

20ml 0.5M EDTA (100mM) 

5ml 10% SDS (0.5%) 

Make up to volume with distilled water 

 

Tris-EDTA buffer (1 litre) 

1.21g Tris 

0.37g EDTA 

0.5ml Tween 

Make up to 1 litre with distilled water 

pH to 9.0 

 

Immunohistochemistry and Histology 

 

100mM Tris-HCl, pH 8.2 (100ml) 

1.21g Tris-HCl 

Make up to volume with distilled water 

pH to 8.2 with HCl 

 

Citrate buffer (1 litre) 

2.94g tri-sodium citrate 

0.5ml Tween 

make up to 1 litre with distilled water 

pH to 6.0 

 

10x PBS (1 litre) 

80g sodium chloride (NaCl) 

2g potassium chloride (KCl) 

14.4g sodium phosphate (Na2HPO4) 

2.4g potassium phosphate (KH2PO4) 

pH to 7.4 

make up to 1 litre with distilled water 
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Oil Red O, 0.5% (50ml) 

0.25g Oil Red O powder dissolved in 60% aqueous triethyl phosphate 

Filter and use immediately 

 

 

Myography and calcium imaging 
 

HEPES-PSS, pH 7.4 (5L) 

37.1g NaCl (127mM) 

2.2g KCl (5.9mM) 

1.48g MgSO4 (1.2mM) 

11.92g HEPES (10mM) 

10.63g Glucose (11.8mM) 

1.76g CaCl2 (2.4mM) 

Make up to volume with distilled water 

pH to 7.4 with NaOH 

 

100mM KCl HEPES-PSS, pH7.4 (1L) 

1.92g NaCl (32.9mM) 

7.46g KCl (100mM) 

0.30g MgSO4 (1.2mM) 

2.38g HEPES (10mM) 

2.13g Glucose (11.8mM) 

0.35g CaCl2 (2.4mM) 

Make up to volume with distilled water 

pH to 7.4 with NaOH 

 

Calcium free HEPES-PSS (1L) 

7.42g NaCl (127mM) 

0.44g KCl (5.9mM) 

0.30g MgSO4 (1.2mM) 

2.38g HEPES (10mM) 

2.13g Glucose (11.8mM) 

0.76g EGTA (2mM) 

 

20mM MnCl HEPES-PSS, pH 7.4 

0.4g MnCl / 100ml HEPES-PSS 

pH to 7.4 with NaOH 

  



- 155 - 
 

Appendix III – Antibody Optimisation 

 
Primary 
Antibody 

Primary 
concentration  

Antigen 
retrieval 

Blocking 
step 

Secondary 
antibody 

Secondary 
concentration  

Ms AP-
conjugated  
α-SMA [1A4] 
(A-5691) 

0 
1:100 
1:200 
1:500 

1% Triton X-
100  

10% goat 
serum  

Developed with 
Vector Red (SK-
5100) in 100mM 
Tris-HCl 
 (25 – 29 minutes) 

N/A 
 

Rb smMHCII 
(ab53219) 

0 
1:100 
1:200 
1:400 
1:500 

Heat mediated 
– citrate buffer 

10% goat 
serum + 1% 
BSA 

Goat anti-Rabbit 
TR 
(ab7088) 

1:500 
1:500 
1:500 
1:500 
1:500 

Rb smMHCII 
(ab53219) 

0 
1:50 
1:100 
1:200 
1:500 

Heat mediated 
– citrate buffer 

10% goat 
serum + 1% 
BSA 

Goat anti-Rabbit 
TR 
(ab7088) 

1:50 
1:50 
1:50 
1:50 
1:50 

Rb smMHCII 
(ab53219) 

0 
1:100 
1:200 

Heat mediated 
– citrate buffer 

10% goat 
serum + 1% 
BSA 

Goat anti-Rabbit 
TR 
(ab7088) 

1:100 
1:100 
1:100 

Rb smMHCII 
(ab53219) 

0 
1:100 

Heat mediated 
– citrate buffer 
+ 1% Triton X-
100 

10% goat 
serum + 1% 
BSA 

Goat anti-Rabbit 
Biotinylated 
(BA-1000) 

1:200 
1:200 
 

Rb 
Smoothelin 
(ab53219) 

1:50 
1:100 
1:200 

Heat mediated 
– citrate buffer 

10% goat 
serum + 1% 
BSA 

Goat anti-Rabbit 
Biotinylated 
(BA-1000) 

1:200 
1:200 
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Appendix IIII – Images from 26 week high fat ‘western’ 

diet fed ApoE
-/-

 mice. 
 

 

 

 

 
 

 
 

 

 

 

 

 

Image 1. En face Oil Red O staining of the aorta 

of an ApoE
-/-

 mouse fed on a high fat ‘western’ 

diet for 26 weeks. After prolonged feeding on a high 

fat diet it can be seen that the build up of lipids 

within the aorta, indicative of atherosclerotic 

plaques, is extensive in comparison to after only 8 

weeks feeding (c.f. Figure 4.2). Large amounts of 

staining can be observed in the aortic arch, at the 

intercostal artery branch points within the thoracic 

aorta, and also within the abdominal aorta. This time 

point represents the limit of the duration of high fat 

feeding available on the current licence. 

Image 2. Transverse section of the thoracic aorta from an ApoE
-/-

 mouse fed on a 

high fat ‘western’ diet for 26 weeks stained with haematoxylin and eosin. This 

cross-section of the thoracic aorta shows the presence of an advanced atherosclerotic 

plaque within the thoracic aorta of an ApoE
-/-

 mouse after 26 weeks high fat feeding. 

The presence of extensive intimal thickening is highlighted as well as the fibrous cap 

that has formed. Within the plaque the purple crystallisation is calcification and the 

gaps within the plaque are where lipids that have been removed during tissue 

processing would exist. 
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