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Abstract 

Perivascular adipose tissue and vascular function: the influence of nitric oxide, ageing 
and atherosclerosis 

Rachel Elizabeth Walker 

PhD Cardiovascular Medicine, The University of Manchester, September 2016 

Background: The incidence of coronary heart diseases, including atherosclerosis, increases with 
ageing. The factors which influence arterial function, and which may be changed with ageing, are 
multiple but effects of perivascular adipose tissue (PVAT) on large arteries have not previously 
been considered. A key role for nitric oxide (NO) in mediating the anti-contractile capacity of PVAT 
has been suggested. Caveolin-1 (Cav-1) modulates the production of NO in vivo by tonic inhibition 
of eNOS. The influence of aortic PVAT and the contribution of NO to vascular reactivity in ageing 
C57BL/6 mice, atherosclerotic ApoE knockout mice (ApoE-/-), Cav-1 knockout mice (Cav-1-/-) and 
atheroprotected ApoECav-1 double knockout mice (ApoE-/-Cav-1-/-) is unknown.  
Hypothesis: The influence of PVAT on vascular function is modulated by ageing and the 
development of atherosclerosis via NO bioavailability. 
Methods: Male mice were used in this study. C57BL/6 mice were obtained at 4 weeks of age and 
maintained on a normal rodent diet (ND) for 8, 16 or 26 weeks. ApoE-/- and Cav-1-/- mice were 
bred from in-house colonies and ApoE-/-Cav-1-/- mice were generated by interbreeding ApoE-/- and 
Cav-1-/- mice. Upon weaning, ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice were maintained on either 
a ND or Western-type diet (WD) for 8, 16 or 26 weeks. Vascular reactivity studies on isolated 
aortic ring preparations were performed in the presence or absence of PVAT. The contribution of 
NO to the vascular reactivity of aortic PVAT was determined using pharmacological inhibition of 
NO synthase. Aortic PVAT was assessed for evidence of morphological and/or compositional 
changes associated with ageing or a WD. 
Results: NO mediated an anti-contractile effect of aortic PVAT in C57BL/6 mice fed a ND up to 
16 weeks. The anti-contractile capacity of aortic PVAT was lost after 26 weeks on a ND and 
preceded endothelial dysfunction. Loss of the PVAT anti-contractile effect was accompanied by 
alterations in PVAT morphology and composition. Aortic PVAT from ND-fed ApoE-/- mice was 
dysfunctional and did not exert an anti-contractile effect. Furthermore, a WD did not alter the 
influence of PVAT on vascular reactivity in ApoE-/- mice and PVAT morphology and composition 
was unchanged. NOS inhibition did not alter the contractile responses. The aortic PVAT of ND-
fed Cav-1-/- mice did not exert an anti-contractile effect and PVAT composition was unchanged 
with increasing age. However, after 26 weeks on a WD, aortic PVAT from Cav-1-/- mice 
potentiated contractions to phenylephrine and white adipocyte hypertrophy was observed. NOS 
inhibition revealed a pro-contractile effect of aortic PVAT from Cav-1-/- mice. Loss of Cav-1-/- 
conferred significant protection against the development of atherosclerosis in WD-fed ApoE-/-Cav-
1-/- mice despite a proatherogenic lipid profile. Aortic PVAT from ND-fed ApoE-/-Cav-1-/- mice did 
not exhibit an anti-contractile capacity and PVAT morphology was unchanged with ageing. 
Additionally, a WD did not influence the effect of PVAT on vascular reactivity in ApoE-/-Cav-1-/- 
mice although white adipocyte hypertrophy was observed after 26 weeks of high fat feeding. NOS 
inhibition revealed a pro-contractile effect of aortic PVAT in 8-week ND-fed ApoE-/-Cav-1-/- mice.  
Conclusions: This work has produced novel insights into the influence of aortic PVAT and NO 
on vascular reactivity and the morphology of aortic PVAT in ageing C57BL/6 mice, atherosclerotic 
ApoE-/- mice, Cav-1-/- mice and athero-protected ApoE-/-Cav-1-/- double knockout mice. Ageing to 
pre-middle age in C57BL/6 mice results in a loss of the anti-contractile effect of PVAT prior to 
endothelial dysfunction. This is associated with altered NO bioavailability and changes to the 
morphology and composition of PVAT. This may reveal potential therapeutic targets to restore 
the anti-contractile capacity of PVAT if comparable age-related PVAT dysfunction is observed in 
humans. Aortic PVAT of ApoE-/- mice does not exert an anti-contractile effect which may be 
attributed to decreased basal eNOS activity. A WD does not alter the vascular reactivity of PVAT. 
In addition, aortic PVAT from Cav-1-/- mice does not exhibit an anti-contractile capacity yet it exerts 
a pro-contractile effect after 26 weeks on a WD. The aortic PVAT of ApoE-/-Cav-1-/- mice does not 
modulate vascular reactivity and this is unaltered with feeding of a WD although white adipocyte 
hypertrophy was observed within the PVAT. The critical role of Cav-1 in the initiation and 
progression of atherosclerosis is reinforced by the atheroprotected phenotype of the ApoE-/-Cav-
1-/- mice even though a severely proatherogenic lipid profile is observed in both the ND and WD-
fed mice. Therapeutically targeting LDL transcytosis into the arterial wall could potentially prevent 
or halt the development of atherosclerosis. Aortic PVAT of ND-fed Cav-1-/- and ApoE-/-Cav-1-/- 
mice may not be dysfunctional but unable to modulate vascular reactivity due to attenuated 
vasoconstrictor responses of PVAT-denuded aortic rings as a result of excess NO, although this 
requires further investigation.  
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~ Chapter One ~ 

Introduction 

1.1 The impact of cardiovascular diseases 

Cardiovascular disease (CVD) encompasses all the diseases of the heart and circulation 

including coronary heart disease (CHD), stroke, angina, heart attack and congenital heart 

disease. CVD is one of the principal causes of morbidity and mortality worldwide and in the UK, 

CVD is the second most common cause of mortality, accounting for 27% of all deaths in 2014 

(Townsend N 2015). The predominant contributors to this statistic were CHD and stroke which 

accounted for approximately 69 000 and 39 000 deaths, respectively (Chiu et al. 2011; Townsend 

N 2015). These diseases are associated with behavioural and medical risk factors including: 

smoking, physical inactivity, diet-induced weight gain, hypercholesterolemia, hypertension and 

increasing age (Nichols et al. 2012). The burden of these collective morbidities is set to 

dramatically increase due to the ageing population, a rise in diet-induced weight gain and diabetes 

which is endemic of CVD (Warboys et al. 2011). Currently in the UK, there are approximately 7 

million people living with CVD. However, with survival rates and both a growing and ageing 

population this number is expected to increase substantially (Townsend N 2015). In addition, the 

economic impact is extensive. The growing number of CVD cases requiring treatment is adding 

extra strain to the NHS with £4.3 billion spent in England alone for the period 2013/2014 (Leal et 

al. 2012b; Townsend N 2015). 

1.2 Vascular ageing and cardiovascular disease 

Ageing is an inevitable cardiovascular risk factor and results in progressive structural and 

functional changes within the cardiovascular system including arterial stiffening and thickening 

and endothelial dysfunction. These alterations can disrupt the normal processes of the 

vasculature, lead to increased systolic pressure and ultimately the pathogenesis of 

atherosclerosis, stroke, or hypertension (North et al. 2012). It is therefore imperative that the 

aetiology of vascular ageing and its resulting pathologies are investigated (Lakatta 2002).  

1.2.1 The Pathogenesis of Atherosclerosis 

Atherosclerosis has been identified as the primary cause of CHD and is predominantly a disease 

of the large arteries typified by the gradual accumulation of plaques, composed of fatty and fibrous 

materials, resulting in a narrowing of the arterial lumen.  It is the leading cause of death in the 

developed world due to the associated risk of plaque rupture and thrombi formation within the 

artery, the consequence of which may be myocardial infarction, stroke and gangrene (Ross 1993).   

Atherosclerosis is initiated by a combination of environmental and genetic factors, including, but 

not limited to, hypercholesterolemia, haemodynamic changes within the arteries and dysfunction 

of the vascular components either in conjunction with one another or in isolation, resulting in a 

pathophysiological state (Getz et al. 2012; Simionescu et al. 2012).  

Atherosclerosis is a highly complex inflammatory disease of the vascular wall and once 

established it is characterised by endothelial dysfunction and the progressive accumulation of 
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macrophages and fatty deposits (such as modified lipoproteins) within the vessel wall, resulting 

in vascular remodelling (Figure 1.1) (VanderLaan et al. 2004; Warboys et al. 2011). Despite 

extensive investigation, much remains unclear about the cell types and underlying mechanisms 

involved in the initiation and progression of the disease (Ross 1999a). Atherogenesis begins in 

childhood, and has been proven to be present in foetal aortas, as a fatty lesion/streak, and 

develops progressively throughout adult life (Strong et al. 1992; Napoli et al. 1997; McGill et al. 

2000). An understanding of these processes is essential for the development of new therapeutic 

targets to produce more successful therapies for atherosclerosis. Key to effective treatment is an 

understanding of the mechanisms at play in the early stages of the disease. 
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Figure 1.1 The pathogenesis of atherosclerosis 

Ai) The artery is initially healthy with no signs of atheroma. ii) Circulating LDL infiltrate the arterial wall. A 

fatty streak is formed from aggregates of monocyte-derived macrophages and foam cells. iii) In response 

to inflammation VSMCs migrate from the medial layer and take on a synthetic phenotype and increase 

secretion of extracellular matrix components. iv) T-lymphocytes are recruited to the lesion. Lesion 

complexity increases and a fibrous cap is formed. v) A necrotic core develops from apoptotic cells within 

the atheroma. vi) The plaque ruptures and its components are exposed to the blood stream activating 

platelets and a coagulation cascade. A thrombus may form which may lead to critical complaints such 

as ischemia and resulting heart damage. Bi - vi Transverse view of artery. Images adapted from Libby 

2001 and Madamanchi et al. 2005. 
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The formation of an atherosclerotic plaque occurs in a series of stages, the first of which is 

triggered by an accumulation of lipoproteins in the endothelial layer, this in turn promotes the 

infiltration of monocytes into the area (Figure 1.1) (Ross 1999b). The infiltration of lipoproteins 

into the intima is facilitated by low-density lipoprotein (LDL). LDL is essential for the maintenance 

of cell membranes, but an excess of LDL cholesterol results in hypercholesterolemia, a condition 

that renders cells unable to remove the lipids from the blood stream (Ross 1999b; Lusis 2000; 

Pavlides et al. 2012). Upon infiltration into the arterial wall, LDL undergoes modification by 

reactive oxygen species and forms oxidised LDL (oxLDL). This stimulates inflammation of the 

endothelial cells due to the expression of surface adhesion molecules such as P-Selectin, E-

Selectin and vascular cell adhesion molecule-1 (VCAM-1) (Huo et al. 2001; Blankenberg et al. 

2003). These molecules play a key role in the recruitment of monocytes to sites of injury caused 

by inflammation. Monocytes, in response to inflammation, release inflammatory cytokines and 

phagocytose a combination of cells and toxic molecules such as oxLDL. Once inside the intima, 

the monocytes scavenge oxLDL, differentiate into macrophages, with an increased capacity for 

oxLDL, and further differentiate into foam cells loaded with cholesterol esters, forming a fatty 

streak (Tacke et al. 2006; Varol et al. 2009). Macrophages also present oxLDL molecules on their 

surface which stimulates and attracts T-lymphocytes, predominantly CD4+ T-helper cells 

(Stemme et al. 1995; Nicoletti et al. 1999; Gotsman et al. 2007). This collection of immune cells 

within the intima amplifies the local inflammatory response due to the secretion of pro-

inflammatory cytokines (for example interleukins 1, 6, 12 and 18) and chemokines (including 

tumour necrosis factor alpha (TNFα), which induce chemotaxis in certain cells) (Ait-Oufella et al. 

2011; Vasquez et al. 2012).  

As the lesion continues to develop, vascular smooth muscle cells (VSMCs) undergo phenotypic 

switching from a contractile to a proliferative phenotype, which in turn could potentially lead to 

dysfunction in vessel contraction and increased turbulence of blood flow (Owens et al. 2004; 

Gomez et al. 2012). Phenotypic switching allows the VSMCs to migrate towards the intima and 

alters the extracellular matrix composition due to their increased synthesis of collagen, elastin 

and proteoglycans (Libby et al. 2011). The macrophages and T-cells within the plaque continue 

to secrete various molecules such as growth factors and cytokines that further promote the 

migration of proliferative VSMCs (Owens et al. 2004). 

Inside the plaque, macrophages and VSMCs undergo apoptosis throughout the different stages 

of lesion formation. Initially, infiltrating macrophages remove apoptotic cells from the lesion via 

efferocytosis, but this occurs less frequently in more complex lesions, resulting in a necrotic core 

within the centre of the plaque (Pavlides et al. 2012). Developed atheromas may contain small 

vessels, which originate from the media, and occasionally haemorrhage (Falk et al. 1995). As the 

plaque matures, a fibrous cap of VSMCs and extracellular matrix covers the necrotic core, this is 

the fibrous lesion stage (Falk et al. 1995).  

Initially, the vessel wall enlarges in order to protect the arterial lumen from the growing plaque 

(positive remodelling) but eventually, the outer lumen is unable to prevent the plaque from 

invading into the lumen (negative remodelling) this can lead to restricted blood flow within the 
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artery (Seo et al. 1997; Walker et al. 2009; Vasquez et al. 2012). However, the most critical 

complication arises when an unstable fibrotic cap is disrupted or ruptures. This event forms a 

thrombus within the lumen and if severe enough, can create an acute occlusion, which is widely 

accepted as the cause of many acute coronary syndromes including: myocardial infarction, 

sudden cardiac death, stroke and unstable angina (Fischer et al. 2000; Lusis 2000; Libby et al. 

2011; Pavlides et al. 2012).  

In short, it is clear that numerous cell types are involved in both the initiation and progression of 

atherosclerosis, including: monocytes, macrophages, lymphocytes, VSMCs and endothelial cells 

(Ross 1999a; Libby et al. 2011). The wide variety of cells implicated in the pathogenesis of 

atherosclerosis demonstrates its multifaceted nature and highlights how problematic the disease 

can be to treat effectively.  

1.2.2 Sites of Lesion Development 

Atherosclerotic lesions begin to develop at specific focal points throughout the arterial vasculature 

and are predominantly found at bifurcations and curved areas of large and medium muscular 

arteries (Figure 1.2) (VanderLaan et al. 2004; Chiu and Chien 2011). Lesions are predisposed to 

develop within areas of the artery that experience fluctuations in blood flow (Caro et al. 1969). It 

is now widely accepted that areas within the artery that experience low shear stress and turbulent 

flow also incline the site to the development of plaques (VanderLaan et al. 2004; Warboys et al. 

2011; Kwak et al. 2014). 
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Two leading theories have been developed to account for this; the shear stress theory and the 

mass transport theory (Chiu and Chien 2011). The shear stress theory focuses on the mechanical 

forces that the endothelial layer is exposed to by circulating blood. At arterial branches, the blood 

flow undergoes directional changes and shear stress decreases, which could promote the 

development of atherosclerotic lesions. High shear stress may provide protection from plaques 

because it is anti-inflammatory, induces cell quiescence and generates an atheroprotective gene 

expression pattern within the endothelial cells (Malek et al. 1999). In addition, plaque structural 

stress is observed within the body of the atherosclerotic plaque and is observed as a result of 

vessel stretch and expansion due to arterial pressure; elevated plaque structural stress may be a 

mechanism of plaque rupture (Richardson et al. 1989; Brown et al. 2016).  The mass transport 

theory postulates that there is an increased bioavailability of substances, such as LDL, at the 

Figure 1.2 Sites of lesion development within the vasculature of high fat fed 

Apolipoprotein E-deficient mice and low-density lipoprotein receptor-deficient mice  

Atherosclerotic lesions predominantly develop in branched areas of muscular arteries. The most 

common sites of lesion development are highlighted in purple and are: 1) the aortic root/sinus; 

2) ascending aorta; 3) lesser curvature of the aortic arch; 4) greater curvature of the arch; 5) 

innominate artery; 6) right common carotid artery; 7) left common carotid; 8) left subclavian 

artery; 9) thoracic aorta; 10) renal artery; 11) abdominal aorta, 12) iliac artery. Image adapted 

from VanderLaan et al. 2004 and Chiu et al. 2011.  
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areas where blood flow is disturbed because the endothelial layer is in contact with the blood for 

a longer period of time (Weinberg 2004; Warboys et al. 2011).  

Although it has been established that fluctuations in haemodynamics can facilitate the 

development of atheroma, there are still numerous mechanisms that underlie the initiation and 

progression of the disease. Each of these different factors requires consideration in order to 

further understand atherosclerosis. However, there remains much uncertainty surrounding the 

detail of atherogenesis. 

1.2.3 Ageing, atherosclerosis and the clinical perspective 

Due to the progressive nature of atherosclerosis, ageing has a profound effect on the incidence 

and severity of atherosclerotic disease (Uryga et al. 2016). There is growing evidence that 

atherosclerotic plaques stimulate an accelerated rate of ageing within the arteries, which does 

not correspond with their chronological age. These alterations to the normal ageing process are 

observed not only in advanced plaques but also in the formation of early lesions (Uryga and 

Bennett 2016). Key features of biological ageing have been identified within atherosclerotic 

lesions including: damage to nuclear and mitochondrial DNA, VSMC and endothelial cell 

senescence and telomere shortening of VSMCs and endothelial cells (Ballinger et al. 2002; 

Martinet et al. 2002; Ogami et al. 2004; Uryga and Bennett 2016). Mitochondrial DNA 

derangement and damage can lead to an increase in reactive oxygen species (ROS) which 

subsequently promotes oxidative DNA injury. Strong links exist between the generation of ROS 

and the development of atherosclerosis and harmful changes to VSMCs such as aberration of 

cell proliferation and migration (Li et al. 2010).  

Ageing is an unavoidable risk factor for the development and progression of diseases, specifically 

those of the cardiovascular system, such as atherosclerosis. However, vascular ageing in 

humans is often complicated by the presence of comorbidities which may influence the rate of 

development of disease hence, it is important to understand how these factors may change with 

advancing age (Moon et al. 2001; Lakatta 2002; Vazquez-Padron et al. 2004; Ungvari et al. 2010). 

The use of large artery preparations from rodents in ageing and atherosclerosis research has 

resulted in significant advancements in our understanding of some of the mechanisms that can 

trigger vascular ageing and what factors can contribute to its acceleration. However, much 

remains unknown.  

Detection of the early stages of vascular ageing, prior to the development of CVD, and treatment 

of patients during this period may prove therapeutically beneficial to halt or reverse the 

pathological changes associated with ageing and thus prevent the subsequent development of 

CVD. 

1.3 Arterial structure and regulation of vascular tone in health 

To understand the changes which may occur in the vasculature with ageing, it is important to 

recognise the different components of the artery and how they contribute to its function. 

A healthy and mature arterial wall consists of the endothelium (tunica intima), VSMCs (tunica 

media), adventitia (tunica externa) and in the majority of cases is surrounded by perivascular 
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adipose tissue (PVAT). The regulation of arterial tone is dependent on the different constituent 

cells of the vascular wall, specifically the VSMCs drive contraction of the artery wall, thus altering 

the diameter of the arterial lumen. However, both the endothelium and PVAT have been 

demonstrated to modulate contraction or dilation of the VSM by the release of vasoactive 

substances which will be discussed in further detail below.  

1.3.1 Vascular smooth muscle cells 

The tunica media is formed from multiple transverse sheets of VSMCs that secrete collagen 

fibres, proteoglycans and elastin and are held in a matrix of connective tissue. The primary role 

of VSMCs is the contraction and regulation of arterial tone (Owens et al. 2004). Vascular tone 

can be modulated in response to vasoconstrictive hormones such as norepinephrine (through α-

adrenergic receptors), vasodilatory factors such as catecholamines (through β-adrenergic 

receptors), mechanical or electrical stimuli. VSMCs contain bundles of myofilaments, organelles, 

dense plaques and dense bodies (Perrotta 2013). Dense bodies and dense plaques facilitate the 

transduction of force when actin and myosin contract (Ohashi et al. 1994). 

Initiation of contraction of VSMCs is dependent on increases in free intracellular Ca2+ (Johns et 

al. 1987; Somlyo et al. 1993). The free Ca2+ binds to calmodulin which subsequently activates the 

enzyme myosin light chain kinase (MLCK). This activated MLCK, in the presence of ATP, 

phosphorylates myosin light chains (MLC), the regulatory subunits located on the myosin heads. 

Upon phosphorylation, MLCs generate cross-bridges between the myosin heads and the actin 

filaments, found within the cell, thus inducing VSMC contraction (Conti et al. 1981; Sellers et al. 

1981; Hashimoto et al. 1990). Conversely, relaxation occurs as a result of reduced 

phosphorylation of MLC. This is accomplished through several mechanisms mainly, reduction in 

free [Ca2+]i, MLCK inhibition by increased intracellular cyclic AMP (cAMP) or dephosphorylation 

of MLCs by myosin light chain phosphatase (MLCP) (Conti and Adelstein 1981; Sellers et al. 

1981; Webb 2003). 

Elevated [Ca2+]i within the VSMC can arise through increased influx of Ca2+ into the cell  via Ca2+ 

channels or by the release of Ca2+ from internal stores such as the sarcoplasmic reticulum (SR) 

(Webb 2003). Extracellular Ca2+ influx may occur via numerous Ca2+ channels that can be 

activated in response to a variety of stimuli such as specific agonists or voltage changes. 

However, the opening of voltage dependent L-type Ca2+ channels (LTCC) is the predominant 

method of extracellular Ca2+ entry although, other channels such as the transient receptor 

potential (TRP) cation channels contribute to Ca2+ influx (Reuter 1986; Webb 2003; Le Blanc et 

al. 2004; Leloup et al. 2015). LTCCs exert the largest influence on global [Ca2+]i and it is their 

activity which largely controls the contractile state of VSMCs and consequently artery diameter 

(Knot et al. 1998). Membrane depolarisation of the VSMC activates voltage-sensitive Ca2+ 

channels resulting in extracellular Ca2+ influx and hence VSMC contraction whereas, increases 

in [Ca2+]i and alterations in membrane potential an activate K+ channels, for example the large 

conductance Ca2+-activated K+ channel (BKCa) causing hyperpolarisation (Eichhorn et al. 2007). 

Passive stretching of VSM can induce myogenic tone that originates directly from the VSM 

although this effect is of more importance in small arteries (Fridez et al. 2002; Henrion 2005). 

Additionally, agonist-stimulated contraction via binding to specific receptors on the VSMC, or 
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receptors on the adjacent endothelium, can induce contraction and involve various signal 

transduction pathways which result in increased [Ca2+]i. Agonists may induce contraction through 

a G-protein-coupled receptor (GPCR)-mediated signalling pathway, mainly Gq, through activation 

of phospholipase C (PLC) cleave phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol 

(DAG) and inositol 1,4,5-trisphosphate (IP3) (Putney et al. 2012). IP3 translocates and binds to its 

receptor at the SR and Ca2+ is released resulting in contraction (Webb 2003; Leloup et al. 2015)  

1.3.2 The endothelium  

The tunica intima delimits the arterial wall from the lumen and in normal blood vessels is 

composed of endothelial cells which are in immediate contact with the blood stream (Perrotta 

2013). Endothelial cells are organised longitudinally and are connected to one another via a 

combination of adherens, tight and gap junctions (Wunderlich et al. 2008c). These junctions have 

different roles such as the control of vascular homeostasis, mediation of adhesion and 

communication between the cells. Gap junctions directly connect the cytoplasm of adjacent cells 

enabling the passage of small molecules and ions between them (Lampe et al. 2000; Lampe et 

al. 2004). Tight junctions regulate permeability whilst adherens junctions are partly responsible 

for controlling contact inhibition and infiltration of circulating leukocytes in response to damage 

(Johnson-Leger et al. 2002; Muller 2003; Bazzoni et al. 2004; Shin et al. 2006). A layer of elastic 

fibres, the internal elastic lamina, surrounds the endothelial monolayer.  

Endothelial cells have a relatively slow turnover rate of approximately 3 years (Brandes et al. 

2005). Strong links between endothelial dysfunction and the pathogenesis of disease have been 

recognised (Shaul 2003; Gollasch et al. 2004a; Malinowski et al. 2008; Maenhaut et al. 2011). 

Damage to the endothelial layer, such as from the development of atherosclerosis, can result in 

the replacement regenerated endothelial cells exhibiting dysfunctional properties such as 

morphological changes, increased LDL uptake and decreased nitric oxide production (Fournet-

Bourguignon et al. 2000; Brandes et al. 2005; Lee et al. 2007; Vanhoutte 2010; Triggle et al. 

2012). Furthermore, although endothelial cell senescence is a normal part of vascular ageing, 

this process can be augmented by mechanical stress linked to an elevated heart rate, 

hypertension and atherosclerosis. These challenges can promote further damage via increased 

oxidative stress and induce a proatherogenic phenotype due to stress-induced senescence and 

a loss of capacity to repair (Voghel et al. 2007; Thorin 2011; Triggle et al. 2012).  

The endothelium has been demonstrated to modulate numerous processes within the vasculature 

including vascular remodelling, inflammation and platelet aggregation (Feletou 2011; Triggle et 

al. 2012). Furthermore, the regulation of arterial tone is dependent on a healthy endothelium; the 

endothelium releases a balance of both vasoconstrictor and vasodilatory factors (Feletou et al. 

2006).  

1.3.2.1 Modulation of vascular tone: the release of endothelium-derived relaxing and 

constricting factors 

The direct contact between the endothelium and VSMCs enables the endothelial layer to 

modulate vascular tone via the release of endothelium-derived relaxing factors (EDRF) which can 

diffuse through to the VSM and mediate relaxation (Triggle et al. 2012). The importance of the 

endothelium in acetylcholine-mediated relaxation of rabbit aorta was first recognised in 1980 and 
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subsequently, nitric oxide (NO) was identified as a key EDRF and will be discussed in more detail 

in Section 1.3.2.2 (Furchgott et al. 1980; Palmer et al. 1987; Furchgott 1996). Furthermore, in 

large arteries, NO is the main mediator of endothelium-dependent dilation (Martin et al. 1986; 

Crauwels et al. 2000). 

Nevertheless, other EDRFs have been observed to contribute to endothelium-dependent 

relaxation although this is dependent on the vascular bed and species examined (Triggle et al. 

2012). Studies in humans and rodents of flow-mediated vasodilation, identified that prostacyclin 

plays a role in endothelium-dependent vasodilation (Koller et al. 1993; Duffy et al. 1998). 

Furthermore, in disease states, when NO bioavailability is diminished, the role of cyclooxygenase-

derived factors, such as prostacyclin is more evident and may be part of a compensatory 

mechanism to improve vasodilation (Corriu et al. 1996; Szerafin et al. 2006). Numerous other 

EDRFs have been identified including hydrogen peroxide, hydrogen sulphide and carbon 

monoxide (Triggle et al. 2012). 

The endothelium can regulate vascular tone through the activation of endothelium-derived 

hyperpolarising factor (EDHF) pathways although this mechanism of relaxation is more 

predominant in resistance arteries than conduit vessels (Tomioka et al. 1999; Brandes et al. 

2000). Indeed, it has been demonstrated that the contribution of EDHF-mediated relaxation to 

endothelium-dependent vasodilation increases as the size of the vessel decreases (Shimokawa 

et al. 1996; Busse et al. 2002).  

In addition, the endothelium can produce constricting factors such as endothelin-1 (Yanagisawa 

et al. 1988). Additionally, due to the expression of angiotensin converting enzyme and 

thromboxane synthetase, endothelial cells can release angiotensin II and thromboxane A2, 

respectively (Barton 2011; Triggle et al. 2012). 

1.3.2.2 The importance of endothelial nitric oxide synthase and generation of nitric oxide 

within the endothelium 

Nitric oxide (NO) is a transient gaseous free radical and paracrine mediator that plays many 

important roles in the physiological and pathophysiological processes of the cardiovascular 

system (Shaul 2003; Sessa 2005). One such example is the crucial role of NO, as an endogenous 

vasodilator, in the maintenance of vascular tone (Mulvany et al. 1977; Furchgott and Zawadzki 

1980; Ignarro et al. 1988; Fleming et al. 1999). NO is generated by the enzyme nitric oxide 

synthase (NOS) which exists in three isoforms and can be categorised as constitutive or inducible. 

Both neuronal NOS (nNOS, type I) and endothelial NOS (eNOS, type III) are constitutively 

expressed whilst inducible NOS (iNOS, type II) is only activated upon exposure to 

immunostimulatory cytokines, infection and bacterial products (Aktan 2004; Dudzinski et al. 

2007). The NOS isoforms catalyse the oxidation of L-arginine into NO and L-citrulline in the 

presence of various cofactors such as calmodulin (CaM), flavin mononucleotide, flavin adenine 

dinucleotide and nicotinamide adenine dinucleotide phosphate (NADPH) (Dudzinski and Michel 

2007). eNOS expression is crucial for the normal functioning of the vasculature yet it is not solely 

expressed in endothelial cells and has been identified in cardiomyocytes, adipocytes, VSMCs and 

platelets (Buchwalow et al. 2002; Randriamboavonjy et al. 2005; Dudzinski and Michel 2007; Xia 

et al. 2016).   
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Vascular endothelial cells continuously produce NO in vivo due to shear stress created by the 

flow of blood over the vessel surface. Acute activation of eNOS by agonists such as acetylcholine 

stimulates the activation of soluble guanylyl cyclase (sGC) in VSMCs. sGC generates cyclic 

guanosine monophosphate (cGMP) which then acts as a second messenger and activates 

protein kinase G which stimulates the re-uptake of cytosolic Ca2+ into the sarcoplasmic reticulum 

and the opening of Ca2+-activated K+ channels resulting in relaxation of SM (Furchgott et al. 1989; 

Carvajal et al. 2000; Derbyshire et al. 2012; Zhao et al. 2015).  

Endothelium-derived NO has been demonstrated to mediate a variety of processes including: 

VSMC proliferation, leukocyte adhesion, platelet aggregation and most crucially, regulation of 

vascular tone (Shaul 2003; Dudzinski and Michel 2007; Iwabu et al. 2010). The activity of eNOS 

is modulated by an inhibitory interaction with Caveolin-1 (Cav-1), the main structural component 

of caveolae, the role of Cav-1 and atherosclerosis will be discussed in more detail in Section 1.6.   

In summary, the endothelium can influence VSM and blood vessel function through a series of 

tightly controlled processes. However, if the regulation of vasoactive agents is perturbed, 

endothelial dysfunction can occur. Endothelial dysfunction, characterised by an imbalance 

between vasoconstrictor and vasodilatory factors generated by (or acting upon) the endothelium, 

disrupts NO signalling resulting in vasoconstriction, vascular inflammation and oxidative stress. A 

dysfunctional endothelium is considered to be one of the principal factors in the pathogenesis of 

vascular diseases such as atherosclerosis and is a hallmark of vascular ageing (Taddei et al. 

2001; Shaul 2003; Sessa 2005; Forstermann et al. 2006; Malinowski et al. 2008; Seals et al. 

2011; Rajendran et al. 2013).   

1.3.3 Perivascular adipose tissue is more than structural support 

Perivascular adipose tissue (PVAT) surrounds the majority of blood vessels within the body and 

was, until recently, considered as passive structural support for blood vessels, providing only 

mechanical protection against contraction of adjacent tissues (Szasz et al. 2012). This 

understanding was reflected in the preparation of isolated vessels ex vivo with PVAT being 

dissected away from vessel preparations prior to experimentation.  However, in 1991, it was 

demonstrated that PVAT significantly influenced vascular responsiveness by attenuating the 

contractility of rat aortic rings to norepinephrine (Soltis et al. 1991). Since this pivotal discovery, 

PVAT has been proven to regulate vascular tone and exert an anti-contractile effect through 

interactions with arteries in a wide range of vascular beds, in numerous species and in response 

to a variety of vasoconstrictors (Lohn et al. 2002; Verlohren et al. 2004; Fesus et al. 2007; Gao 

et al. 2007b; Greenstein et al. 2009; Ketonen et al. 2010; Rajsheker et al. 2010; Szasz et al. 2013; 

Victorio et al. 2016; Zaborska et al. 2016). Furthermore, solution transfer protocols (transferring 

solution from an organ bath with PVAT, adding it to a pre-contracted vessel and measuring 

vascular response) have demonstrated that the anti-contractile effect of PVAT was induced via a 

transferable factor released by PVAT and not due to a barrier effect (Lohn et al. 2002; Gao et al. 

2005; Malinowski et al. 2008; Greenstein et al. 2009). The influence of PVAT on vascular function 

will be discussed in more detail in Sections 1.3.3.3-5. 
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1.3.3.1 Classical definitions of adipose tissue 

Adipose tissue is classically divided into white adipose tissue (WAT) or brown adipose tissue 

(BAT). BAT is more metabolically active and involved in non-shivering thermogenesis (Szasz and 

Webb 2012). BAT is formed from multiple small fat droplets and is densely packed with 

mitochondria expressing uncoupling protein-1 (UCP-1) (Fedorenko et al. 2012; Brown et al. 

2014). In general, WAT is the less vascularised and exhibits reduced innervation than BAT; BAT 

is more populated by capillaries and noradrenergic fibres than WAT (Cinti 2005). However, both 

experience innervation from the sympathetic nervous system whilst the role of parasympathetic 

innervation is unclear (Berthoud et al. 2006). WAT is composed of a large single fat droplet and 

is associated with visceral and subcutaneous fat depots, where it is believed to act as a site of 

lipid storage. A degree of plasticity in the adipose tissue is evident with trans-differentiation of the 

adipocytes observed in response to β3 adrenergic or peroxisome proliferator-activated receptor-

γ (PPARγ) agonist stimulation (Richard et al. 2010). As such, brown adipocytes within WAT, in 

heterogeneous adipose tissue, have been identified as originating from the progenitors of white 

adipocytes and not typical BAT progenitors (Cinti 2005; Szasz and Webb 2012).  

Beige adipocytes have recently been identified in rodents and humans, whilst expressing UCP-

1, these adipocytes express distinctive cell surface markers including CD137 and Tmem26 (Xue 

et al. 2007; Sharp et al. 2012; Jespersen et al. 2013; Lidell et al. 2013; Park et al. 2014; Lizcano 

et al. 2016; Min et al. 2016). Interestingly, beige adipocytes appear able to store lipids or produce 

heat depending on the stimulus (Wu et al. 2012). Furthermore, white and beige adipocytes have 

been demonstrated to undergo browning and upregulate thermoregulation in response to cold 

stimulus and exercise-induced irisin which browns the adipocytes via the p38 mitogen-activated 

protein kinase (p38 MAPK) and extracellular signal–related kinase (ERK) pathways (Bostrom et 

al. 2012; Ye et al. 2013; Zhang et al. 2014). 

These findings demonstrate that fat depots can been classed as an adipose organ which can 

exert endocrine and paracrine influences within the body and display plastic characteristics in 

response to changes in temperature or nutritional status. 

1.3.3.2 Characteristics of PVAT are determined by anatomical location 

PVAT, is different to other fat depots due to its location, surrounding blood vessels (Szasz and 

Webb 2012). Also, there is no physical barrier between adipocytes within PVAT and the adventitia 

therefore, any substances secreted by PVAT would be presumed to come into contact with the 

vascular wall (Rajsheker et al. 2010; Szasz and Webb 2012). The composition of PVAT varies 

depending on the vascular bed and species examined (Brown et al. 2014). Rodent mesenteric 

PVAT more closely resembles WAT whilst rodent aortic PVAT is mixed. Aortic PVAT exhibits 

BAT-like characteristics with multi-locular adipocytes densely packed with mitochondria, 

expression of UCP-1 and resistance to diet-induced inflammation; in contrast, PVAT of the 

mesenteric bed is white and less vascularised (Gao 2007; Fitzgibbons et al. 2011). Additionally, 

PVAT is comprised not just of adipocytes but a wide range of constituents, including:  collagen, 

nerve bundles, mesenchymal stem cells, infiltrating macrophages, T lymphocytes, fibroblasts 

and, potentially, endothelial cells from structures such as the vasa vasorum (Szasz et al. 2013). 

The composition of PVAT is variable and alters in response to factors such as the local 
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environment and age and may become altered in pathophysiological conditions (Miao et al. 2012). 

The variation in vascularisation, innervation and infiltration of inflammatory cells within the PVAT 

depends on its anatomical location and may contribute to the differences in function observed 

(Szasz and Webb 2012). 

PVAT is highly specialised and exhibits a substantially different secretory profile than other 

adipose depots and this is modulated depending on the location of the PVAT (Szasz et al. 2013). 

Mouse aortic PVAT has been demonstrated to produce less adiponectin, leptin, and resistin and 

lipid-oxidation genes are substantially downregulated than subcutaneous or visceral adipose 

tissue and this expression profile is similar to interscapular brown adipose tissue (Chatterjee et 

al. 2009; Fitzgibbons et al. 2011; Szasz et al. 2013). Furthermore, genetic deletion of PPARγ in 

SM cells led to a lack of PVAT in mice, impaired intravascular thermoregulation and enhanced 

atherosclerosis in response to cold stimulus thus, a protective role of PVAT in the development 

of atherosclerosis was discovered through its thermogenic capacity (Chang et al. 2012a). 

The anatomical location of PVAT may influence the pathogenesis of disease. Human studies 

have demonstrated that the volume of aortic PVAT is correlated with hypertension, diabetes, 

aortic and coronary calcification (Lehman et al. 2010). In addition, visceral WAT mass has been 

linked to an increased risk of type 2 diabetes and CVD, due to its inflammatory characteristics in 

states of metabolic disturbance, whereas subcutaneous mass does not correlate to CVD risk (Xu 

et al. 2003; Bjorndal et al. 2011; Brown et al. 2014). Moreover, mesenteric white PVAT has been 

demonstrated to be altered in diabetes and diet-induced weight gain, with an increased 

inflammatory profile due to greater macrophage infiltration and TNFα expression observed 

(Fitzgibbons et al. 2011; Aghamohammadzadeh et al. 2013; Brown et al. 2014). However, aortic 

PVAT from high fat-fed C57BL/6 mice, which is composed mainly of brown adipocytes, was 

resistant to inflammation and did not exhibit altered inflammation (Fitzgibbons et al. 2011). The 

highlighted differences may be of relevance in PVAT function and suggest that the characteristics 

of adipocytes at different anatomical locations may influence the pathogenesis of vascular 

disease.   

1.3.3.3 PVAT-derived relaxing factors contribute to the anti-contractile effect 

The recognition that PVAT is an endocrine organ in its own right, with the capacity to secrete a 

vast array of metabolically active adipokines, chemokines and hormone-like factors led to the 

investigation of the role of PVAT in health and disease (Gao et al. 2007b; Chatterjee et al. 2009; 

Ouwens et al. 2010; Rajsheker et al. 2010; Fitzgibbons et al. 2011; Brown et al. 2014). Whilst the 

study of PVAT in relation to health and diet-induced weight gain has grown in recent years, 

(predominantly in resistance arteries), the role of PVAT in ageing and atherosclerosis on the 

modulation of vasoconstriction has been little explored in the murine aortae. As stated previously, 

atherosclerotic lesions are most prevalent within large arteries and develop at sites of increased 

blood flow turbulence due to a damaged endothelium thus, alterations in contraction of these 

arteries, potentially induced by PVAT, could modulate the progression of CVD through an altered 

adipocyte secretion profile. 
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Clear evidence exists that PVAT plays an important role in the modulation of vascular tone via 

the VSM and, potentially, the endothelium (Brown et al. 2014). The presence of PVAT attenuates 

vascular contractions in response to a range of agonists including norepinephrine, serotonin, 

angiotensin II and phenylephrine and this has been demonstrated in the various artery 

preparations from humans, rodents and pigs (Lohn et al. 2002; Gao et al. 2005; Fesus et al. 2007; 

Greenstein et al. 2009; Bunker et al. 2010; Szasz and Webb 2012). Furthermore, PVAT exerts 

an anti-contractile effect on veins (Lu et al. 2011b).  

Numerous candidates have been suggested to be involved in the modulation of the anti-

contractile capacity of PVAT (Table 1.1) and the term PVAT-derived relaxing factor(s) (PDRF) 

was devised to encompass them all. However, it is probable that no single factor is responsible 

for the vasodilatory effect of PVAT and that the release of different PDRFs is dependent on the 

anatomic location of the adipose depot, species investigated and pathophysiological state (Lohn 

et al. 2002; Brandes 2007; Brown et al. 2014). In human and animal studies, PVAT has been 

demonstrated to mediate its anti-contractile properties via the release of factors such as hydrogen 

peroxide, hydrogen sulphide, adiponectin, angiotensin 1-7, prostacyclin and omentin, which 

mediate an endothelium-dependent relaxation of vessels through the release of NO and 

subsequent K+ channel activation (Fesus et al. 2007; Gao et al. 2007b; Chang et al. 2012a; Szasz 

et al. 2013; Brown et al. 2014; Costa et al. 2016). The role of NO and K+ channel activation as 

downstream effects of PDRF release were identified via PVAT solution transfer experiments to 

PVAT-denuded aortic rings which subsequently relaxed upon exposure to a solution incubated 

with PVAT. Furthermore, the anti-contractile effect of PVAT was attenuated by endothelium-

denudation, NOS inhibition, NO scavenging, high extracellular K+, or blockade of calcium-

dependent K+ channels (Gao et al. 2007b; Brown et al. 2014). An endothelium-independent 

mechanism of PDRF was also identified as involving hydrogen peroxide (Gao et al. 2007b). PVAT 

also releases an as yet, unidentified adipocyte-derived relaxing factor (ADRF) which produces 

endothelium-independent vaso-relaxation via the opening of voltage-dependent Kv and K+ 

channels in the plasma membrane of SMCs (Chen et al. 1989; Busse et al. 2002; Gollasch et al. 

2004b; Gollasch 2012). 

1.3.3.4 Nitric oxide as a mediator of the anti-contractile effect of PVAT 

PVAT has recently been demonstrated to contain eNOS and produce NO thus providing the 

potential to modulate contraction via NO in an endothelium-independent manner (Dashwood et 

al. 2007; Araujo et al. 2015; Victorio et al. 2016; Xia et al. 2016). NO has been indicated in 

contributing to the anti-contractile effect of PVAT from the outset of investigations into the 

influence of PVAT on vascular reactivity. PVAT solution transfer experiments (described in 

Section 1.3.3) demonstrated that after incubation with a NOS inhibitor or NO scavenger, the anti-

contractile effect of PVAT was abolished (Gao et al. 2007b). In addition, after incubation of aortic 

preparations with a solution containing the PDRF, NO production was observed (Gao et al. 

2007b). In further agreement with these findings, studies in the small arteries of humans and mice 

observed a diminished anti-contractile capacity of PVAT after exposure to a NOS inhibitor 

(Greenstein et al. 2009; Aghamohammadzadeh et al. 2013; Lynch et al. 2013). Finally, a study 

on PVAT from the protein kinase G knockout mouse (PKG-/-) reported a lack of an effect of PVAT. 
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Also, this finding was replicated using pharmacological inhibition of PKG and PVAT did not exert 

an anti-contractile effect on isolated arteries (Withers et al. 2014). PKG is activated downstream 

of NO thus, this data further enhances the idea that NO contributes to the anti-contractile effect 

of PVAT (Rapoport et al. 1983).  

1.3.3.4 The pro-contractile effects of PVAT 

The evidence of PVAT modulating vascular tone through the exertion of an anti-contractile effects 

is extensive. However, numerous studies have demonstrated that PVAT may release pro-

contractile factors that may become upregulated in disease (Table 1.1). With the exception of 

renin, PVAT contains all the components of the renin–angiotensin system, (Hermenegildo et al. 

2005). Vascular reactivity studies on coronary arteries have demonstrated that PVAT diminished 

endothelial-dependent vasodilation in both canines and swine (Payne et al. 2009; Payne et al. 

2010; Owen et al. 2013). Furthermore, a transferrable pro-contractile factor was identified as 

being released from coronary PVAT of swine and increased contractions in response to high 

concentration potassium solution and Prostaglandin F2α (Owen et al. 2013). The potential release 

of PVAT-derived constrictor agents may have implications in the pathogenesis of disease. The 

balance of pro- and anti-contractile factors released by PVAT may be disrupted in disease states 

and result in alterations to vascular reactivity and subsequent augmented vascular contractions 

that may have implications for the development of atherosclerosis, due to the potential for 

increased turbulence of blood flow, and hypertension.  
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Table 1.1 Vasoactive compounds demonstrated to be released by perivascular adipose 

tissue (PVAT) 

  

 Vasoactive effect 
Species and 

location  
References 

Adipose-derived 
contracting 
factor 

Vasoconstriction; release of 
cyclooxygenase (COX)-
derived products, probably 
through antagonising 
vasodilation 

Mouse aorta (Zhang 2012; 
Meyer et al. 2013) 

Adiponectin Vasodilator; induces nitric 
oxide (NO)-mediated 
endothelium-dependent 
vasodilation 

Rat and mouse 
aorta 

(Xu et al. 2003; 
Fesus et al. 2007; 
Boydens et al. 
2012; Meijer et al. 
2013) 

Adipocyte-
derived relaxing 
factor 

Vasodilator; opens KATP, 
KCNQ or KCa channels 

Mouse and  
rat mesentery and 
aorta, human 
internal thoracic 
arteries 

(Busse et al. 2002; 
Lohn et al. 2002; 
Gao et al. 2005; Li 
et al. 2011) 

Angiotensin 1-7 Vasodilator; endothelium-
dependent via release of NO 

Rat aorta (Lee et al. 2009) 

Chemerin Vasoconstriction in diet-
induced weight gain and 
diabetes 

Rat aorta, 
superior 
mesenteric artery 
and mesenteric 
resistance 
arteries and 
mouse mesentery 

(Watts et al. 2013; 
Neves in press 
2016) 

Hydrogen 
peroxide 

Vasoconstrictor and 
vasodilator 

Mouse mesentery (Lucchesi et al. 
2005) 

Hydrogen 
sulphide 

Vasodilator; opening VSM 
KATP channels. 

Rat and mouse 
aorta 

(Bhatia 2005) 

Leptin Vasodilator; activates 
endothelial nitric oxide 
synthase (NOS) in aorta, in 
humans but not mice. 
Vasoconstriction; activation 
of the sympathetic nervous 
system 

Human and rat 
aorta 

(Kimura et al. 2000; 
Lembo et al. 2000; 
Vecchione et al. 
2002) 

Nitric oxide Vasodilator; stimulates 
soluble guanylate cyclase to 
generate the second 
messenger cyclic GMP 
resulting in relaxation 

Rat and mouse 
aorta and 
mesentery 

(Gao et al. 2007b; 
Gil-Ortega et al. 
2010) 

Omentin Vasodilator; NO-mediated 
endothelium-dependent 
dilation 

Rat aorta and 
mesentery 

(Yamawaki et al. 
2010) 
 

Palmitic acid 
methyl ester 

Vasorelaxation; opening of 
voltage-dependent K+ 
channels in smooth muscle 
cells 

Rat aorta (Lee et al. 2011) 

Prostacyclin Vasodilator; acts on 
prostacyclin receptor, 
resulting in an increase in 
cyclic AMP and protein 
kinase A 

Human internal 
thoracic artery, 
mouse 
innominate artery 

(Egan et al. 2004; 
Malinowski et al. 
2008; Chang et al. 
2012a) 

Superoxide 
anion 

Vasoconstriction; Ca2+ 
sensitisation 

Rat mesentery 
 

(Gao et al. 2006) 

Visfatin Vasodilator; endothelium-
dependent relaxation via NO 

Rat aorta and 
mesentery 

(Yamawaki et al. 
2009) 
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1.3.3.5 PVAT modulates cell proliferation and migration 

PVAT has been implicated in controlling the proliferation and migration of VSM and endothelial 

cells. PVAT-derived visfatin and TNFα can act as growth factors for VSMCs (Takaoka et al. 2009; 

Wang et al. 2009). Furthermore, in human studies, the adipokines resistin, leptin and monocyte 

chemoattractant protein-1 (MCP-1) induced aortic SM cell proliferation via ERK 1/2 or/and NF-

kappa B (NFκB) pathways (Calabro et al. 2004; Li et al. 2005; Ozen et al. 2015). However, 

adiponectin acts as an inhibitor of VSMC proliferation and migration (Zhang et al. 2015). In 

addition to influencing VSMC proliferation and migration, PVAT-derived factors have been 

demonstrated to alter endothelial cell proliferation with chemerin and leptin encouraging 

proliferation (Ferla et al. 2011; Shen et al. 2013; Ozen et al. 2015).  Alterations in the release of 

PVAT-derived factors, such as a shift toward the release or proliferative and/or migratory agents 

could potentially result in the development of pathophysiological conditions such as 

atherosclerosis that is closely linked with vascular remodelling.  

1.4 Vascular function in pathophysiological conditions 

Although the VSM directly controls vascular tone through contraction and relaxation, the 

endothelium and PVAT are known to modulate vascular reactivity, thus, dysfunction of these 

components can result in the development of pathophysiological conditions. 

1.4.1 Ageing, atherosclerosis and endothelial dysfunction  

In health, large arteries, such as the aorta, carotid and femoral, exhibit a high basal production of 

NO (Martin et al. 1986; Crauwels et al. 2000). The augmented bioavailability of NO is essential 

within these vessels to prevent the pathogenesis of diseases such as atherosclerosis, through 

inhibiting the development of inflammation, smooth muscle cell proliferation and thrombosis 

(Versari et al. 2009). However, if the tight regulation of vasoactive agents is perturbed, endothelial 

dysfunction can occur resulting in vasoconstriction, vascular inflammation and oxidative stress, 

which has strong links to the pathogenesis of diseases such as atherosclerosis and hypertension 

(Rajendran et al. 2013).  

Under certain pathophysiological conditions, eNOS can become uncoupled from its cofactors 

and/or substrates and begin to produce superoxide anion as opposed to NO (Kalinowski et al. 

2004; Luo et al. 2014). The predominant mechanism behind eNOS uncoupling is a reduction in 

the availability of the cofactor tetrahydrobiopterin (BH4) (Stroes et al. 1998). Furthermore, the 

production of superoxide promotes vasoconstriction via its reaction with NO, which further 

depletes NO bioavailability, and results in the generation of hydrogen peroxide and peroxynitrite 

and subsequent production of pro-contractile prostaglandins (Goodwin et al. 1999; Ardanaz et al. 

2006; Ardanaz et al. 2008; Schildknecht et al. 2009). Furthermore, senescent endothelial cells 

exhibit reduced NO bioavailability and activation of the vasoconstrictor endothelin-1 system. This 

induces a pro-inflammatory environment and consequently may promote the development of 

atherosclerosis (Sato et al. 1993; Donato et al. 2009) 

Endothelial dysfunction is a hallmark of vascular ageing and is characterised by a reduction in the 

bioavailability of NO in the large arteries and subsequent deterioration of endothelium-dependent 

vasodilation (Donato et al. 2009). A dysfunctional endothelium is a well- established risk factor for 
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CVD and is a key factor in the development of atherosclerosis (Shaul 2003; Dudzinski and Michel 

2007). Furthermore, in the absence of overt signs of CVD, endothelial function has been 

demonstrated to decline in healthy individuals after the fourth decade of life (Celermajer et al. 

1994; Taddei et al. 1995; Gerhard et al. 1996; Lyons et al. 1997; Blackwell et al. 2004; Stampfli 

et al. 2010; Seals et al. 2011). Considerable research is now underway to assess the therapeutic 

potential of NO donors in the prevention and treatment of atherosclerosis (Herman et al. 2005).  

1.4.2 Vascular smooth muscle cell dysregulation with ageing and atherosclerosis 

In healthy, young arteries, VSMC is predominantly contractile and blood pressure is tightly 

regulated (Brozovich et al. 2016). However, in response to environmental cues, such as 

inflammation, abnormal nutritional status or other factors, the contractile VSMCs are able to 

reversibly switch to a synthetic (de-differentiated) state (Chamley-Campbell et al. 1979; Owens 

et al. 2004). This has a protective role in response to vascular injury, with the synthetic VSMCs 

able to migrate to the site of the insult and stimulate repair (Ross 1999a). Pathological migration 

occurs when VSMCs fail to revert to the contractile phenotype inducing vascular remodelling and 

intimal thickening, as observed with ageing and atherosclerosis (Sobue et al. 1999; Wang et al. 

2007a; Monk et al. 2015). Alterations to VSMC phenotype have been observed in both large and 

small arteries. Increased contractility of small resistance arteries, which are key modulators of 

systemic blood pressure, is known to induce hypertension, whereas altered contraction of large 

conduit arteries may result in turbulent blood flow which can lead to endothelial injury and may 

lead to the development of CVD, for example, atherosclerosis (Intengan et al. 2000; Ararat et al. 

2009; Chiu and Chien 2011). The effects of ageing on arterial contractility have been 

demonstrated to depend on both the agonist and vascular bed. Contractile responses evoked by 

adrenoreceptor agonists have been demonstrated to remain unchanged with ageing, which could 

indicate that adrenoreceptor-mediated contractions are conserved with advancing age (Matz et 

al. 2003).  

In addition, there is evidence indicating that within ageing and atherosclerotic arteries, VSMCs 

may become senescent which may also affect vascular reactivity (Wang et al. 2012). Cellular 

senescence is induced via the shortening of telomeres or stress; senescent cells exhibit 

permanent growth arrest and altered expression of cell cycle regulators (Wang and Bennett 

2012). 

In summary, the main processes inducing dysregulation in VSMC leading to atherosclerosis 

occurs via two main routes: firstly, the switching to a synthetic phenotype and the failure to revert 

back to a contractile state and secondly, through increasing the turbulence of blood flow (Gomez 

and Owens 2012).  

1.4.3 Perivascular adipose tissue dysfunction in pathophysiological conditions 

The emergence of PVAT as an endocrine organ brought with it the consideration that PVAT may 

influence vascular reactivity in states of disease. Mounting evidence suggests that an imbalance 

in PVAT-derived adipokines (beneficial and damaging) can influence the development and 

progression of CVD by augmenting vascular contractility, increasing local inflammatory 
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environment and promoting VSMC proliferation and/or migration (Mattu et al. 2013; Ozen et al. 

2015). 

Though the presence of PVAT confers beneficial protective effects in physiological conditions, 

increased PVAT mass has been demonstrated to exert detrimental effects on the vasculature. 

Studies in humans and rodents, in a range of vascular beds, have demonstrated a relationship 

between increased PVAT mass and a decline in the anti-contractile effects of PVAT, although, 

most of these conditions were associated with diet-induced weight gain (Greenstein et al. 2009; 

Ketonen et al. 2010; Ma et al. 2010; Meijer et al. 2013). The damaging effects of an 

overabundance of PVAT is thought to be the result of an imbalance in adipokine secretion and 

activation of inflammatory and oxidative stress pathways (Szasz et al. 2013). 

In states of metabolic disturbance, the anti-contractile effects of PVAT are attenuated in humans, 

rodents and swine (Gollasch and Dubrovska 2004b; Gao 2007; Greenstein et al. 2009; Ketonen 

et al. 2010; Maenhaut and Van de Voorde 2011). The loss of the beneficial effects of PVAT in 

diet-induced weight gain has been suggested to be due to the changes that occur within the 

PVAT, for example, the loss of the anti-contractile capacity of PVAT has been observed 

associated with increased macrophage infiltration, inflammation and a reduction in NO 

bioavailability (Greenstein et al. 2009; Withers et al. 2011). In addition, the adipocytes that form 

the PVAT become hypertrophic which eventually causes inflammation and oxidative stress 

leading to a diminished bioavailability of NO (Gollasch and Dubrovska 2004b; Gao 2007; 

Greenstein et al. 2009). Furthermore, aortic PVAT of obese mice has been demonstrated to 

release an adipose-derived contracting factor which was attributed to the release of PVAT-derived 

cyclooxygenase products (Meyer et al. 2013). Also, additional studies reporting PVAT exerting a 

pro-contractile effect on the vasculature in response to diet-induced weight gain have been 

recorded (Owen et al. 2013; Watts et al. 2013) 

In addition, PVAT has been indicated to play a role in endothelium dysfunction observed in diet-

induced weight gain via increased NADPH oxidase-derived oxidative stress and increased 

production of pro-inflammatory adipokines such as leptin and TNFα (Gil-Ortega et al. 2010; 

Ketonen et al. 2010; Payne et al. 2010). Studies have suggested a role of increased TNFα 

expression within obese PVAT of human small arteries contributing to an endothelin-1/NO 

imbalance which was linked to enhanced expression of endothelin-1 and endothelin receptors. 

Moreover, this unbalance potentially increased NOS uncoupling and therefore decreased NO 

bioavailability through NADPH oxidase activation and increased ROS production (Ketonen et al. 

2010; Virdis et al. 2013). In addition to this, iNOS, which is induced in response to inflammation, 

is up-regulated in adipose tissue in diet-induced weight gain as a result of prolonged inflammation 

(Perreault et al. 2001; Miao and Li 2012). Studies such as this highlight the potential dual role of 

PVAT. Under physiological conditions PVAT exerts protective vaso-relaxant effects which may 

be lost and replaced with inflammatory pro-contractile effects (Virdis et al. 2013; Ozen et al. 2015) 

A wealth of information is available concerning the effects of diet-induced weight gain on both the 

phenotype and influence of PVAT on vascular reactivity. However, little is known concerning the 

effect of ageing on PVAT or its effect on NO signalling within the vasculature (Sverdlov et al. 

2014; Melrose et al. 2015). Furthermore, given the importance of NO bioavailability and 
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inflammation in atherosclerosis, it is highly likely that changes in the perivascular environment 

may also modulate NO bioavailability in plaque development and progression. This has not 

previously been investigated. 

Until recently, PVAT had not been considered to influence the pathogenesis of atherosclerosis. 

However, it has now been demonstrated that there is an association between the quantity of 

PVAT surrounding coronary arteries and atherosclerotic plaque burden in humans (Mahabadi et 

al. 2010; Verhagen et al. 2011; Verhagen et al. 2012). A link has also been confirmed between 

PVAT and atherosclerosis in ApoE knockout mice (ApoE-/-) using adipose transplantation 

experiments. Pro-inflammatory visceral WAT was transplanted to an area of the common carotid 

arteries which generally lack atherosclerotic lesions. After transplantation, atheroma and an 

elevated inflammatory profile were observed however, no such findings occurred when non-

inflammatory subcutaneous WAT was transplanted thus demonstrating that transplanted PVAT 

was responsible for accelerated atherosclerosis and endothelial dysfunction in recipient mice 

(Öhman et al. 2011). Furthermore, the influence of PVAT on chronic kidney disease, a condition 

which enhances the development of atherosclerosis, was evaluated and PVAT was demonstrated 

to enhance atherosclerosis in the aortae of uninephrectomised ApoE-/- mice due to activation of 

the renin-angiotensin system within the PVAT (Kawahito et al. 2013). 

Taken together, these data suggest that PVAT, through its action on vascular contraction, ROS 

production and inflammation, likely influences vascular dysfunction associated with ageing and 

atherosclerosis. However, the interrelationships between ageing and atherosclerosis and PVAT 

function and morphology has not been well characterised. It remains unclear whether PVAT 

dysfunction occurs once disease is established or if PVAT itself contributes to disease 

pathogenesis. 

1.4.3.1 Superoxide production attenuates the anti-contractile effect PVAT 

PVAT has been reported to express all the enzymatic machinery required to generate ROS 

(Szasz and Webb 2012; Szasz et al. 2013). Mitochondria are the primary generators of 

intracellular ROS and are highly expressed within the heterogenous (brown and white adipocytes) 

aortic PVAT of mice (Kiefer et al. 2012). Elevated superoxide production has been proven to 

promote an inflammatory environment and cellular senescence, which is a risk factor for CVD 

(Rizvi 2009; Bailey-Downs et al. 2013; Costa et al. 2016). 

Dysfunctional mitochondria have been observed within arteries with ageing and in response to a 

high fat diet (Ballinger et al. 2002; Trifunovic et al. 2008; Bournat et al. 2010; Payne et al. 2015). 

Moreover, augmented ROS production within the PVAT of human arteries has been associated 

with an attenuation of the anti-contractile capacity of PVAT (Greenstein et al. 2009). Also, similar 

findings have been reported in mice, with superoxide potentiating the contraction of arteries in the 

presence of PVAT (Gao 2007; Gao et al. 2007b).  

1.4.3.2 PVAT modulates the inflammatory environment 

Human PVAT has been demonstrated to exert potent chemotactic effects on monocytes, 

granulocytes, and T lymphocytes and thus contributes to an increased inflammatory profile and 

recruitment of leukocytes to the interface between PVAT and adventitia of atherosclerotic aortae 
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(Henrichot et al. 2005; Ozen et al. 2015). An augmented inflammatory activity in the PVAT 

surrounding vessels prone to the development of atherosclerosis may further promote the 

development of atherosclerotic lesions. Therefore, in humans, it is possible that aortic PVAT may 

promote atherosclerosis. Moreover, increased pro-inflammatory adipokine secretion and 

infiltration of inflammatory cells has been observed in the periaortic PVAT of atherosclerotic 

ApoE−/− mice (Lohmann et al. 2009). However, the aortic PVAT of high fat fed C57BL/6 mice has 

been demonstrated to be resistant to increased macrophage infiltration (Fitzgibbons et al. 2011).  

1.5 Models of ageing and atherosclerosis 

Vascular ageing is a multifaceted process. In humans, the study of normal vascular ageing is 

often complicated by the presence of cardiovascular risk factors and existing comorbidities, such 

as atherosclerosis, which is a progressive disease associated with ageing. The C57BL/6 mouse 

strain is a useful model of healthy vascular ageing because it does not exhibit dyslipidaemia or 

the spontaneous development of lesions on a normal chow diet thus, the C57BL/6 model allows 

the study of vascular ageing without unwanted confounding effects (Paigen et al. 1990; Whitman 

2004).   

The study of atherosclerotic disease in humans, particularly the early stages of atherosclerosis, 

is hindered by a lack of appropriate tissue samples and a large proportion of these are obtained 

post-mortem, when atherosclerosis is already established.  Although animal models do not 

exactly mirror human disease they are extremely useful mechanistically and for modelling disease 

progression.  

The most predominant in vivo models of atherosclerosis are genetically engineered mice such as 

the Apolipoprotein E-deficient mouse (ApoE-/-) and the low-density lipoprotein-receptor mouse 

(Ldlr-/-). These mice develop atherosclerotic plaques very quickly and the speed of development 

can be augmented by the addition of a high fat diet (Jawien et al. 2004). They also have the 

benefit of being relatively inexpensive to maintain, have short gestation periods, lower ethical 

burden and can be bred to have identical genetic makeup. However, wild-type mice have an 

elevated high-density lipoprotein (HDL) to LDL ratio which is the direct opposite of humans 

(Pendse et al. 2009). 

Large animal models are more expensive and difficult to maintain but have certain advantages. 

Pigs for example, spontaneously develop atherosclerotic lesions which closely resemble those of 

humans but they are very slow to (Skold et al. 1966). Rabbits fed a cholesterol-rich diet also 

develop lesions relatively quickly but they are more fatty and inflammatory than the plaques 

observed in humans (Jawien et al. 2004). 

Of the available models, the ApoE-/- mouse is the most extensively used in studies of 

atherosclerosis (Jawien et al. 2004; Getz and Reardon 2012). 

1.5.1 Apolipoprotein E gene and Apolipoprotein E-deficient mice   

Apolipoprotein E (ApoE) is a glycoprotein of approximately 34 kDa. It is mainly synthesised in the 

liver and brain and plays an important role in the metabolism of lipoproteins (Bonomini et al. 2010). 
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ApoE is a constituent of all lipoproteins (excluding LDL) and acts as a ligand for the chylomicron 

ApoB and E receptors that remove chylomicrons and very low density lipoproteins (VLDL) (Zhang 

et al. 1992; Jawien et al. 2004).  

In the vasculature, ApoE is synthesised by monocytes and macrophages (Meir et al. 2004). 

Introduction of macrophage-derived ApoE into ApoE-deficient mice demonstrated that physiologic 

levels of macrophage-derived ApoE in the artery wall is atheroprotective and slows the 

progression of atherosclerosis (Fazio et al. 1997; Shi et al. 2000; Fazio et al. 2002). Macrophage-

derived ApoE increases the vasodilatory response of resistance arteries, taken from obese 

humans, to acetylcholine (Yue et al. 2012). Also, work from this same group demonstrated that 

ApoE and Cav-1 co-localise in adipocytes and ApoE interacts with Cav-1 at the site where eNOS 

normally binds (Yue et al. 2011). This supports the idea that macrophage-derived ApoE 

modulates the inhibitory interaction between Cav-1 and eNOS and thus increases NO 

bioavailability in endothelial cells (Greenstein 2012; Yue et al. 2012).  

The ApoE knockout mouse (ApoE-/-) was independently generated in two different laboratories in 

1992 by targeted gene inactivation (Plump et al. 1992; Zhang et al. 1992). It is a widely-used 

model of atherosclerosis due to its predisposition to hypercholesterolemia and spontaneous 

development of lesions within its vessels when fed a normal chow diet (Plump et al. 1992; Zhang 

et al. 1992; Jawien et al. 2004). The formation of atherosclerotic lesions can be accelerated by 

feeding the mice a high fat ‘Western’ diet as in man (Plump et al. 1992). The first signs of 

atherosclerosis are observed in this model at six to eight weeks old when monocytes attach to 

endothelial cells. In eight to ten-week-old mice, lesions comprised of foam cells and VSMCs are 

apparent and by weeks fifteen to twenty, advanced fibrous plaques can be seen within the 

vasculature (Nakashima et al. 1994; Coleman et al. 2006; Vasquez et al. 2012). 

The aortae of ApoE-/- mice develop complex lesions and plaques similar to those observed in 

humans, including necrotic cores. Plaque rupture, which occurs in humans and can result in 

stroke or myocardial infarction, has been observed in the brachiocephalic arteries of ApoE-/- mice 

,(Johnson et al. 2001; Meir and Leitersdorf 2004; Coleman et al. 2006; Bond et al. 2011). ApoE-/- 

mice develop atherosclerotic lesions throughout their macrovasculature including: the aortic root, 

aortic arch, the left and right common carotid arteries, the thoracic and abdominal aorta and the 

superior mesenteric artery (Nakashima et al. 1994; VanderLaan et al. 2004; Vasquez et al. 2012). 

However, these lesions form predominantly in the aortic root and arch rather than in the coronary 

and carotid arteries as seen in humans, and this has been attributed to the high heart rate of mice 

(up to 600 beats per minute) (Figure 1.2) (VanderLaan et al. 2004).  

Additionally, the ApoE-/- mouse can be used as a model of accelerated ageing. Moreover, there 

is growing evidence that ApoE can affect the human ageing process (Ang et al. 2008). Indeed, 

ApoE polymorphisms have been linked with the development of age-related diseases such as 

dementia and CVD, predominantly due to the substantial role ApoE plays in modulating 

cholesterol levels (Utermann et al. 1984; Siest et al. 1995; Ang et al. 2008). It has been 

documented that ApoE-/- mice have a reduced lifespan and similar observations have been made 
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in humans with ApoE-related disorders (Moghadasian et al. 2001). Populations studies have 

linked the ApoE4 allele, which is associated with an increased incidence of stroke, coronary artery 

disease and Alzheimer’s disease, to decreased longevity (Smith 2002). Additional reports suggest 

that in comparison to age-matched C57BL/6 controls, ApoE-/- mice display premature ageing 

phenotypes such as greying and hair follicle loss at a much earlier age and these characteristics 

are accelerated in ApoE-/- mice fed a Western-type diet (Ang et al. 2008).  

The ApoE-/- mouse displays endothelial dysfunction which is an established pathology in human 

atherosclerosis. In vitro experiments using rings of thoracic aorta from ApoE-/- mice demonstrated 

that there is a reduced endothelial-dependent relaxation to acetylcholine linked not only to 

hypercholesterolaemia but also with lesion development and size within the aorta (Bonthu et al. 

1997; Deckert et al. 1999; Crauwels et al. 2003; Johansson et al. 2005; Vasquez et al. 2012; Seto 

et al. 2013). Whilst endothelial function has been extensively evaluated in ApoE-/- mice, the role 

of PVAT on vascular reactivity has been largely ignored. 

Thus, while no animal model exactly mirrors human conditions, the ApoE-/- mouse is an extremely 

useful model to study the underlying mechanisms involved in the progression of atherosclerosis. 

Previous research has indicated that PVAT influences the development and progression of 

atherosclerosis (Chang et al. 2012a; Szasz and Webb 2012; Brown et al. 2014; Ozen et al. 2015). 

However, the influence of PVAT on aortic preparations from ApoE-/- mice has not previously been 

explored. Alterations to the vascular reactivity of the aortae of ApoE-/- mice, as a direct 

consequence of changes to the PVAT, may contribute to the progression of atherosclerosis. 

Increased aortic contractions due to an imbalance of NO or the release of vaso-constricting 

agents from PVAT could, potentially, result in increased turbulence of blood flow and thus, 

increased atherosclerotic lesion development. Furthermore, the influence of PVAT from ApoE-/- 

mice on endothelial function has not previously been assessed although, in diet-induced weight 

gain, PVAT been demonstrated to promote endothelial dysfunction (Ketonen et al. 2010). Taken 

together, the influence of PVAT on both the VSMCs and endothelium may contribute to the 

progression of atherosclerosis within the aortae of ApoE-/- mice. 

1.6 Caveolae, caveolin-1 and their role in atherosclerotic disease 

progression 

Caveolae are 50-100 nm ‘cave-shaped’ plasmalemmal invaginations in terminally differentiated 

cells and are expressed in numerous cell types including the vascular endothelium, VSMCs and 

adipocytes (Figure 1.3) (Frank et al. 2003; Frank et al. 2004b; Rahman et al. 2009; Frank 2010). 

Caveolae coat proteins, caveolins -1, 2 and 3 (Cav-1, Cav-2, Cav-3) form the basic components 

of caveolae and are demonstrated to have different functional roles that can vary by cell type 

(Chidlow et al. 2010). Cav-1 and -2 are widely expressed throughout the vasculature whilst Cav-

3 is preferentially expressed in skeletal, cardiac and smooth muscles (Cohen et al. 2004a).  
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Caveolae and Cav-1 have many important functions within the vasculature and one of the most 

characterised is the inhibitory interaction between eNOS and Cav-1. eNOS is an acetylated 

membrane protein and is specifically targeted to caveolae through interactions with Cav-1 

(Dudzinski and Michel 2007). Dissociation from Cav-1 is essential for eNOS activation and is a 

calcium-dependent process; the rise in intracellular calcium levels may be triggered via numerous 

mechanisms for example by shear stress or activation of cell surface receptors (Rizzo et al. 1998; 

Beny et al. 2008; Mineo et al. 2012). Upon calcium binding to calmodulin, the inhibitory Cav-1-

eNOS complex is disrupted leading to eNOS activation and subsequent production of NO. Once 

intracellular calcium levels become depleted, the inhibitory Cav-1-eNOS interaction is resumed 

(Dudzinski and Michel 2007). 

Due to the relative importance of caveolae structures, the expression of Cav-1 is tightly regulated. 

Aberrations to Cav-1 levels result in detrimental consequences and over-expression of Cav-1 has 

been demonstrated to induce cellular senescence in mouse fibroblasts (Volonte et al. 2002). In 

addition, the modulation of Cav-1 levels within senescent human diploid fibroblasts resulted in 

recovery of normal growth factor responses and resumption of the cell cycle, leading to the 

proposal that Cav-1 plays a ‘gatekeeper’ role in the cellular ageing process (Park et al. 2000; Park 

2002; Cho et al. 2005). Cav-1 has also been implicated in the pathogenesis of CVD and is known 

Figure 1.3 Caveolae in endothelial, vascular smooth muscle cells and adipocytes within 

the vasculature.  

Adapted from Rahman, Acta Physiol 195, 231-245 (2009) 
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to modulate numerous inflammatory pathways, producing conflicting pro- and anti-inflammatory 

effects (Wang et al. 2006; Briand et al. 2011). Furthermore, NO bioavailability has been 

demonstrated to be depleted under hypercholesterolaemia conditions due to an increase in the 

abundance of caveolae, resulting in an increase in inhibitory Cav-1-eNOS complexes (Feron et 

al. 1999; Grayson et al. 2013). Taken together, these data suggest that variations in caveolae 

and Cav-1 expression may influence the development of CVD by influencing the morphology and 

function of arteries with age.  

1.6.1 The Cav-1 knockout mouse 

The essential requirement for the Cav-1 component of caveolae within the vasculature has been 

demonstrated through the genetic deletion of Cav-1 in murine models (Cav-1-/-), where in the 

absence of Cav-1, caveolae structures are no longer detected (Razani et al. 2002a; Frank et al. 

2003; Shakirova et al. 2006; Hausman et al. 2012).  

The simultaneous generation in 2001 of the Cav-1-/- mouse by two independent laboratories 

allowed for the study of the physiological role of caveolae (Drab et al. 2001; Razani et al. 2001). 

Due to the ability of Cav-1 and Cav-2 proteins to hetero-oligomerise, the Cav-1-/- mouse could be 

considered a Cav-1-/-Cav-2-/- double knockout because, in the absence of Cav-1-/-, Cav-2 is 

reduced by almost 90% and becomes unstable leading to degradation (Li et al. 1998; Parolini et 

al. 1999; Cohen et al. 2004a). However, the individual roles of the proteins were teased out by 

the creation of the Cav-2-/- knockout mouse. The Cav-2-/- mouse retains caveolae structures and 

does not develop the vascular abnormalities or lipid disorders observed in Cav-1-/- mice (Drab et 

al. 2001; Razani et al. 2002a; Cohen et al. 2003b). Nevertheless, mice lacking Cav-2 exhibit 

pulmonary dysfunction, exercise intolerance and endothelial cell hyperproliferation; these 

disorders are also observed in the Cav-1-/- mice, therefore, these defects are associated with the 

absence of Cav-2 and not a lack of caveolae (Razani et al. 2002b; Le Lay et al. 2005). 

Whilst Cav-1-/- mice are viable and fertile they display a range of abnormalities including 

significantly reduced lifespans, which add further evidence that Cav-1 is involved in the ageing 

process (Park et al. 2003; Hausman et al. 2012). In addition, by 2-4 months old, Cav-1-/- mice 

exhibit cardiovascular disorders, pulmonary hypertension, and hypertriglyceridaemia and begin 

to show signs of premature neuronal ageing (Drab et al. 2001; Razani et al. 2001; Razani et al. 

2002a; Cohen et al. 2003b; Trushina et al. 2006; Head et al. 2010). The observed 

hypertriglyceridaemia in Cav-1-/- mice suggests that caveolae play a key role in cholesterol 

homeostasis (Fielding et al. 2000; Frank et al. 2006; Frank et al. 2008; Chidlow and Sessa 2010).  

In vitro contractility studies performed on the arteries of Cav-1-/- mice, in the absence of PVAT, 

have demonstrated that Cav-1-/- negatively regulates the activity of eNOS and therefore 

modulates NO production. Experiments on isolated aortic rings obtained from Cav-1-/- mice 

demonstrated attenuated vasoconstrictor responses to the α1-adrenergic agonist phenylephrine 

in comparison to wild-type mice. This effect was attributed to increased bioavailability of NO due 

to significantly increased contraction in the presence of a NOS inhibitor (Razani et al. 2001). 

However, the influence of PVAT on vascular reactivity in Cav-1-/- mice has not previously been 

investigated. Given the important role of NO in the mediation of the anti-contractile effect of PVAT, 
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excess production within the vasculature, specifically PVAT, may confer cardio-protective benefits 

in the Cav-1-/- mouse. Furthermore, the Cav-1-/- mouse is protected against the development of 

atherosclerosis and this may in part be a result of the beneficial effects of an overabundance of 

NO (Frank et al. 2004a; Frank and Lisanti 2004b; Frank et al. 2009). 

1.6.2 The ApoECav-1 double knockout mouse 

The critical role of Cav-1 in the pathogenesis of atherosclerosis was clearly demonstrated by the 

generation of the ApoE-/-Cav-1-/- double knockout mice (Frank et al. 2004a). In both normal diet 

and Western-type diet-fed ApoE-/-Cav-1-/- mice, the loss of Cav-1 confers significant protection 

against atherogenesis; ApoE-/-Cav-1-/- mice exhibit a significant reduction in atherosclerotic lesion 

burden ranging between 65-70% less in male and female mice when compared to ApoE-/- mice. 

This atheroprotective phenotype occurs even though ApoE-/-Cav-1-/- mice have a markedly more 

pro-atherogenic lipoprotein profile in both normal diet and Western-type diet conditions, with an 

approximate 1.3 – 1.5-fold increase in plasma cholesterol and a 2.3-fold elevation in plasma 

triglyceride content in comparison to ApoE-/- mice (Frank et al. 2004a). These findings agree with 

previous studies and firmly suggest that caveolae and Cav-1 are key mediators of transcytosis of 

lipoproteins into the subendothelial space, a crucial initiating step in the development of 

atherosclerosis (Vasile et al. 1983; Ghitescu et al. 1986; Kim et al. 1994; Schubert et al. 2001).  

Additionally, VCAM-1, an adhesion molecule indicated to play a major role in the development of 

atherosclerosis was found to be downregulated in the aortae of ApoE-/-Cav-1-/- mice by 

approximately 90% (Huo and Ley 2001; Frank et al. 2004a). A NO-mediated down-regulation of 

VCAM-1 was proposed due to a combination of previous research demonstrating that absence 

of Cav-1 increased NO bioavailability in the endothelial cells of ApoE-/-Cav-1-/- mice due to the 

loss of tonic inhibition of eNOS and the finding that chronic overexpression of eNOS was linked 

to the down-regulation of VCAM-1 in the endothelium of eNOS-transgenic mice (Garcia-Cardena 

et al. 1996; Kawashima et al. 2001; Fernandez-Hernando et al. 2009)  

Whilst the genetic deletion of Cav-1 elicits a beneficial atheroprotective phenotype, the 

mechanisms by which this occurs are complex and much remains unknown. However, it is clear 

that in the endothelium, Cav-1 plays a pro-atherogenic role. Endothelial caveolae and Cav-1 were 

demonstrated to be essential for the transcytosis of LDL into the arterial wall, modulation of NO 

production and for the subsequent accumulation of macrophages, whilst overexpression of Cav-

1 induced an accelerated atherosclerotic disease progression (Fernandez-Hernando et al. 2009) 

(Fernandez-Hernando et al. 2010). In contrast, the absence of Cav-1 in macrophages is pro-

atherogenic and the macrophages are more prone to apoptosis and result in an inflammatory 

environment (Pavlides et al. 2014). Together, these findings highlight the cell-specific role Cav-1 

plays in the pathogenesis of atherosclerosis. Nevertheless, the effects of Cav-1 deletion on the 

bioavailability of NO within the SM and PVAT remain uncertain. 

The vascular reactivity of ApoE-/-Cav-1-/- mice has not been explored previously. In addition, no 

observations of PVAT have been made in these mice. The protective effect of Cav-1 deletion in 

the ApoE-/- background may be in part due to alterations within the PVAT of the double knockout. 
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Contractility studies of Cav-1-/- mice demonstrated that the vasculature exhibits an attenuated 

vasoconstrictor response which is proposed to be the result of increased NO bioavailability due 

to the loss of tonic inhibition of eNOS (Razani et al. 2001). Recently, eNOS expression was 

detected within aortic PVAT of rodents therefore, enhanced eNOS activity within the aortic PVAT 

of the ApoE-/-Cav-1-/-  may contribute to the atheroprotected phenotype (Araujo et al. 2015; 

Victorio et al. 2016; Xia et al. 2016).  

1.7 Hypothesis and aims  

The importance of PVAT in the modulation of vascular tone in health and in pathophysiological 

states is clear. Much attention has been focused on the role of PVAT in diet-induced weight gain 

and metabolic disturbance. However, the influence of PVAT and NO on normal vascular ageing 

has not been explored. The identification of alterations to PVAT function in the early stages of 

vascular ageing may offer a therapeutic target to inhibit the development of CVD. Furthermore, 

increasing evidence suggests that PVAT may modulate the development and progression of 

atherosclerosis. A key role for diminished NO bioavailability within the endothelium and the 

acceleration of vascular ageing and atherosclerotic disease progression has been identified. 

However, the presence of NO within aortic PVAT of ApoE-/- mice has not been explored; 

attenuated NO bioavailability may contribute to alterations in PVAT function and ultimately the 

development of atherosclerosis.  

Cav-1-/- mice exhibit enhanced NO production within their vasculature. NO has been 

demonstrated to play an important role in mediating the anti-contractile effect of PVAT therefore, 

Cav-1-/- mice may exhibit a potentiated effect of PVAT-mediated vaso-relaxation. In addition, Cav-

1 has been demonstrated to confer protection against the development of atherosclerosis on an 

ApoE-/- background. This atheroprotected phenotype may in part be due to increased NO within 

the aortic PVAT of the ApoE-/-Cav-1-/- mice. Therefore, the hypothesis of this study is that the 

influence of PVAT on vascular function is modulated by ageing and the development of 

atherosclerosis via nitric oxide bioavailability. 

To test this hypothesis the following aims will be addressed:  

1) Investigate whether NO mediates the anti-contractile effect of aortic PVAT in C57BL/6 mice 

and determine if ageing modulates this effect. 

2) Determine if PVAT modulates the vascular function of aortic rings from ApoE-/- mice and 

investigate whether this is modified by ageing, NO bioavailability or a Western-type diet and the 

development of atherosclerosis. 

3) Elucidate the effect of PVAT and the contribution of NO to PVAT function in aortic preparations 

from Cav-1-/- mice and establish whether this is influenced by ageing or a Western-type diet. 

4)  Investigate the influence of PVAT on the vascular function of aortic rings from ApoE-/-Cav-1-/- 

mice, the role of NO, and establish if PVAT function is altered by ageing or a Western-type diet 

and atherosclerosis.
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~ Chapter Two ~ 

Materials and Methods 

Suppliers of materials and reagents are listed in Appendix 1.1. Recipes for solutions and 

buffers are listed in Appendix 1.2. 

2.1 Animal models 

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

1986 under the authority of valid Home Office project and personal licences, PPL 40/3558 and 

PIL 70/25934, respectively. Mouse colonies were housed under a 12-hour light-dark cycle in the 

Biological Services Unit of The University of Manchester and provided with food and water ad 

libitum.  

Apoetm1Unc/J (ApoE-/-) mice were originally obtained from Jackson Laboratories. The ApoEtm1Unc 

mutant strain was produced via homologous recombination in embryonic stem cells 

(129P2/OlaHsd-derived E14Tg2a cell line) (Zhang et al. 1992). The ApoEtm1Unc strain was 

backcrossed to the C57BL/6J strain ten times to produce the Apoetm1Unc/J (ApoE-/-) mice.  

Cav-1-/- mice (Cav-1tm1Mls/J) were kindly donated by Lisanti (University of Manchester) and were 

previously generated by homologous recombination in embryonic stem cells (WW6 cell line) and 

backcrossed to the C57BL/6J strain for approximately five generations (Razani et al. 2001)  

Control mice, C57BL/6J, were acquired from Envigo (formerly Harlan Laboratories) at 4-weeks of 

age. 

2.1.1 Generation of ApoE-/-Cav-1-/- double knockout mice 

The ApoE-/-Cav-1-/- mice were generated through three stages of interbreeding of Cav-1-/-, ApoE-

/- mice and their offspring (Figure 2.1), genotypes were determined by PCR (Section 2.1.3). Once 

the ApoE-/-Cav-1-/- double knockout was produced, the colony was maintained under the 

previously mentioned conditions.  
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Figure 2.1 Breeding strategy for the generation of the ApoE-/-Cav-1-/- double knockout 

mouse 

Stage 1) Female ApoE-/- and male Cav-1-/- mice were interbred to produce heterozygous offspring. 

Stage 2) Heterozygous mice were crossed with a homozygous Cav-1 knockout which resulted in 

a variety of genotypes including the ApoE-/+Cav-1-/- phenotype.  

Stage 3) ApoE-/+Cav-1-/- mice were mated to produce the ApoE-/-Cav-1-/- double knockout mouse. 

* denotes the sought-after genotype from each stage.  

X 

Stage 1 

ApoE-/-Cav-1+/+                  ApoE+/+Cav-1-/- 

 

*ApoE+/-Cav-1+/-                   

Stage 2 

X 

ApoE+/+Cav-1-/-                 *ApoE+/-Cav-1+/- 

*ApoE+/-Cav-1-/-            ApoE+/-Cav-1+/-           ApoE+/+Cav-1-/-                 ApoE+/+Cav-1+/-                               

Stage 3 

X 

*ApoE+/-Cav-1-/-                 *ApoE+/-Cav-1-/- 

*ApoE-/-Cav-1-/-             ApoE+/-Cav-1-/-                ApoE+/+Cav-1-/-                  
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2.1.2 Diet modulation and generation of experimental groups 

Upon weaning, at 3-4 weeks of age, male mice were fed either standard rodent chow (BK001; 

Special Diets Services, UK) containing 7.52% fat, referred to as normal chow diet (ND) or a high 

fat ‘Western’ diet (829100; Special Diets Services) comprising 21% milk fat and 0.15% 

cholesterol, referred to as Western-type diet (WD). Male mice were used to circumvent the 

confounding effects of the oestrus cycle (White et al. 2000; Lamping et al. 2001; Shaw et al. 

2001). Mice were maintained on either diet for a period of 8 (12 weeks old), 16 (20 weeks old) or 

26 weeks (30 weeks old) (Figure 2.2).  

 

Figure 2.2 Generation of the experimental groups  

Post weaning, male mice were fed either a normal chow diet (ND) (7.52% fat) or a Western-type 

diet (WD) (21% fat) and experimented on after a period of 8, 16 or 26-weeks.  

2.1.3 PCR genotyping  

Ear snips were obtained from the offspring of the different mouse colonies and stored at -20 °C 

until required. Genomic DNA was extracted using a REDExtract-N-Amp Tissue PCR Kit (Sigma 

Weaned at  
4 weeks old 

C57BL/6J 
Purchased from  

Envigo  
(Harlan Laboratories)  

ApoE-/- 

Cav-1
-/-

 

ApoE
-/-

Cav-1
-/-

 

ND 

WD 

8-weeks 

16-weeks 

26-weeks 

ND 

8-weeks 

16-weeks 
 

26-weeks 
 

8-weeks 
 

16-weeks 

26-weeks 
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Aldrich, UK). A 20 µl PCR reaction was prepared using the following reagents: 10 µl REDExtract-

N-Amp PCR Reaction Mix, 5 µl distilled water, 0.33 µl (1.65 µM) per primer of either the ApoE or 

Cav-1 primer set and 4 µl DNA (or distilled water for the negative control) (Table 2.1). 

Reactions were performed in a Thermal Cycler (Applied Biosystems, Veriti 96-well thermal cycler) 

under the conditions listed in Table 2.1. 

 
Table 2.1 List of primer sequences and PCR conditions for genotyping experiments Primer 

sets for ApoE and Cav-1 genotyping are listed. Conditions were followed as detailed by the 

Jackson Laboratory, 35 cycles were performed (in bold). The expected band sizes resulting from 

the PCR are detailed in the right-hand column.  

Gene Primer sequences 
Cycling 

conditions 

Expected 
size, base 

pairs 

ApoE 

oIMR0180, common forward 
GCC TAG CCG AGG GAG AGC CG 

 
oIMR0181, wild-type reverse 

TGT GAC TTG GGA GCT CTG CAG C 
 

oIMR0182, knockout reverse 
GCC GCC CCG ACT GCA TCT 

94 °C    3 mins 
94 °C    30 secs 
68 °C    40 secs 
72 °C    1 min 
72 °C    2 mins 
4 °C      hold 

Wild-type 155 
Knockout 245 

Cav-1 

oIMR1972, wild-type forward 
GTG TAT GAC GCG CAC ACC AAG 

 
oIMR1973, knockout forward 

CTA GTG AGA CGT GCT ACT TCC 
 

oIMR1974 
CTT GAG TTC TGT TAG CCC AG 

94 °C    3 mins 
94 °C    30 secs 
65 °C    1 min         
72 °C    1 min 
72 °C    2 mins 
4 °C       hold 
 

Wild-type  690 
Knockout 410 

Gel electrophoresis was performed in order to separate the PCR products, expected band sizes 

are listed in Table 2.1. Amplified DNA from the Cav-1 PCR reaction was electrophoresed on a 

1.5% agarose gel whilst a higher density of agarose, 3%, was used for the ApoE reaction 

products. Agarose gels were made in 0.5X TAE buffer from a 50X stock.  For gel electrophoresis, 

5 µl of 5X loading buffer (Bioline, UK) was added to 20 µl of PCR reaction and 5 µl Hyperladder 

V DNA 100bp marker (Bioline, UK) was loaded at either end of the gel. The gel was immersed in 

0.5 X TAE buffer and samples were loaded into individual wells. Electrophoresis was performed 

at 100 V for approximately 1 hour. Gels were stained for 40 minutes with Nancy-520, a fluorescent 

stain specific for double-stranded DNA, (Sigma Aldrich, UK) and visualised using a UV 

transilluminator on the ChemiDoc MP imaging system (Bio-Rad, UK). Gel images were captured 

with the same system. 

2.2 Tissue and blood collection 

At the required time-point, mice were sacrificed by CO2 asphyxiation and weighed. Animals were 

pinned out and an incision made along the midline of the abdomen exposing the peritoneum. The 

peritoneum was cut to expose the internal organs and diaphragm. Once the diaphragm was 
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pierced, the rib cage was dissected away to expose the thoracic cavity. The right jugular vein was 

then severed and approximately 0.1 – 0.5 ml of blood was collected and stored on ice. The aorta, 

encased in PVAT, was excised from the thoracic cavity to the point of the diaphragm, with the 

heart and lungs left in situ, and placed in ice-cold physiological salt solution (PSS, refer to 

Appendix 1.2 for recipe). Also, the liver, spleen and epididymal fat pads were removed and their 

weights recorded. 

2.3 Assessment of serum lipidemic and glycaemic profile 

Blood was collected from animals as described above, (Section 2.2). Serum was collected after 

the blood was spun at 1700 g (3000 rpm) for 10 minutes at 4 °C and then stored at -80 °C until 

further use. Lipidemic profile analysis and glucose measurements were performed by Yifen Liu of 

the Lipid Biology Research Group, Manchester University, UK. All lipid and glucose 

measurements were assessed using kits from Randox laboratories and a Cobas Mira analyser 

(Roche Diagnostics, Switzerland). Blood glucose, total cholesterol and serum triglyceride 

measurements were determined at a wavelength of 500 nm whilst HDL-cholesterol was 

measured at a wavelength of 600 nm. All serum measurements are expressed as mmol/L. 

2.3.1 Blood glucose measurements 

Non-fasted serum glucose levels were determined via an enzymatic colourimetric method. 

Glucose is oxidised by glucose oxidase and is converted to gluconate and hydrogen peroxide is 

generated. The hydrogen peroxide reacts with phenol and 4-aminophenazone in the presence of 

a peroxidase to produce a red-violet quinoneimine dye (Barham et al. 1972). The intensity of 

colour produced is directly proportional to glucose concentration.  

2.3.2 Total cholesterol measurements 

Total serum cholesterol levels were measured via the cholesterol oxidase-phenol 4-

aminoantipyrine peroxidase (CHOD-PAP) method (Deeg et al. 1983). Cholesterol esters are 

hydrolysed via cholesterol esterase, which generates free cholesterol, and the reaction products 

oxidised by cholesterol oxidase to form cholest-4-ene-3-one and hydrogen peroxide. Horseradish 

peroxidase catalyses the oxidation of 4-aminoantipyrine to produce a quinoneimine indicator. 

Sample colour intensity is directly proportional to the total cholesterol concentration of the sample.  

2.3.3 Assessment of serum triglycerides 

Serum triglyceride content was assessed via a colourimetric method using the glycerol phosphate 

oxidase-phenol 4-aminoantipyrine peroxidase (GPO-PAP) system (Bucolo et al. 1973). In the 

presence of lipases, triglycerides undergo hydrolysis to produce glycerol and fatty acids. Glycerol-

3-phosphate is generated from the transfer of a phosphate from ATP to glycerol which is mediated 

by glycerol kinase. Glycerol-3 is oxidised and produces hydrogen peroxide which in the presence 

of peroxidase, reacts with 4-aminophenazone and 4-chlorophenol to form a quinoneimine 

indicator.  

2.3.4 Measurement of HDL-cholesterol 

Serum HDL-cholesterol concentrations were measured using an enzymatic direct clearance 

method (Warnick et al. 2001). The first reaction utilises cholesterol esterase, cholesterol oxidase 

and catalase to eliminate chylomicrons, VLDL-cholesterol and LDL-cholesterol from the sample. 
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HDL-cholesterol levels were determined after their release from the serum, by a surfactant, in the 

presence of cholesterol esterase and cholesterol oxidase. Peroxidation of hydrogen peroxide 

produces a quinone pigment which is measured at 600 nm.  

2.4 En face Oil Red O staining for quantitation of atherosclerotic lesions 

Aortae were dissected as described previously (Section 2.2). The surrounding PVAT and 

adventitia was carefully removed under a dissecting microscope (Figure 2.3). Oil Red O stains 

lipids, neutral triglycerides, and some lipoproteins. Aortae were cut longitudinally between the 

intercostal vessels, immersed in 60% (volume/volume) aqueous triethyl phosphate for 10 seconds 

and incubated in 0.5% Oil Red O solution for 20 minutes on a shaking platform. Aortae were 

rinsed for ten seconds in 60% triethyl phosphate and washed in distilled water. Aortae were 

pinned out flat on a black resin block in PSS with the lumen exposed for imaging with an Olympus 

Camedia-c-7070 wide zoom camera attached to an Olympus SZ61 dissecting microscope. The 

total aortae area and atherosclerotic lesion areas were measured using Image J 1.46r and the 

percentage lesion to total vessel area was calculated (Farrell 2008). 

Figure 2.3 Dissection of the murine aorta  

A) The aorta was removed from the mouse and placed in a petri-dish containing ice cold PSS. B) 

The heart, lungs and pulmonary artery were dissected away from the aorta. C) The adventitia and 

perivascular adipose tissue (PVAT) were carefully removed from the aorta.  

 

  

A       B                                 C 
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2.5 Tissue preparation for histology and immunohistochemistry 

The aorta, with PVAT intact, was divided into two sections, thorax I, from the base of heart, 

including the short ascending aorta, aortic arch and long descending thoracic aorta, and thorax II 

beginning at the 7th rib and finishing at the diaphragm (Figure 2.4). Thorax I and epididymal fat 

pads from animals used in myography experiments were fixed in 4% paraformaldehyde (PFA) at 

4 °C for 18 hours then stored in phosphate-buffered saline (PBS) until processed for 

immunohistochemistry.  

 

 

 

 

 

 

 

 

 

 

 

Sections of aorta, with the PVAT left intact, (thorax I, Figure 2.4) and epididymal fat pads were 

wrapped in thin tissue paper, placed in plastic histology cartridges and suspended in 50% 

industrial methylated spirits (IMS) until transfer into a Shandon Citadel 2000 tissue processor. 

Tissue samples were processed in a series of dehydration (in IMS and xylene) and paraffin wax 

infiltration steps (full processing procedure is outlined in Appendix 1.3). Samples were removed 

from the tissue paper and embedded in moulds filled with molten paraffin wax before the cassette 

lid was set into place. Aortic samples were embedded vertically in order for a cross section to be 

observed after sectioning. The wax blocks were left to set on a cooling plate before removal from 

the moulds and storage at room temperature. 

Prior to sectioning, on a Leica RM2145 microtome, wax blocks were chilled for 30 minutes at -20 

°C to facilitate cutting. Ribbons of 5 µm thick sections were floated in a water bath at 45 °C and 

collected onto poly-L-lysine microscope slides. Slides were dried for 3 hours at 37 °C before 

baking at 42 °C for a minimum of 48 hours and then stored at room temperature. 

Carotid arteries 

Figure 2.4 Schematic representation of the sections of aorta used for histology, 

immunohistochemistry and myography.   

Ai) The aorta was split into thorax I and thorax II for immunohistochemistry/histology and 

myography studies,  respectively. The dashed lines represent dissection points. ii) an excised 

aorta surrounded by perivascular adipose tissue (PVAT). 

Subclavian arteries 
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2.5.1 Haematoxylin and eosin staining  

To visualise the tissue histology of both the PVAT surrounding the descending thoracic aorta 

(Thorax I, Figure 2.4) and the epididymal fat pads, sections prepared as above, were stained 

using automated haematoxylin and eosin staining (Varistain 24-4), full processing procedure is 

outlined in Appendix 1.4. Briefly, sections were de-waxed in xylene and rehydrated through a 

series of graded alcohols before immersion in deionised water. Gill’s haematoxylin No. 2 was 

applied for 2 minutes followed by a water wash. Slides were briefly exposed to 5% acetic acid 

and blueing agent before dehydration with graded alcohols. Tissue sections were incubated with 

an alcoholic eosin Y solution for 2 minutes and immersed in ethanol before clearing in xylene. 

Stained tissue sections were mounted under glass coverslips using DPX mounting medium (VWR 

International, UK). Tissue histology was visualised using bright-field microscopy (DM5000, Leica, 

Germany) at 10 x magnification. 

2.5.2 Quantification of epididymal adipocyte area as a marker of diet-induced weight gain 

Adipocytes were characterised and quantified using Image J 1.48v software (NIH, USA). 

Adipocyte area was calculated by manually tracing the adipocyte membrane demarcated by the 

haematoxylin stain. One hundred consecutive adipocytes were assessed per mouse and a mean 

area calculated to give n=1, 4 mice were assessed per experimental group 

(Aghamohammadzadeh et al. 2013).  

2.5.3 Assessment of aortic PVAT composition  

Aortic PVAT composition was assessed by measuring the total PVAT area followed by tracing 

the cell membranes of individual white adipocytes within the tissue (Figure 2.5); average white 

adipocyte size was measured and the percentage area of total aortic PVAT occupied by white 

adipocytes calculated. 

Figure 2.5 Representative haematoxylin and eosin stained thoracic aorta section with 

perivascular adipose tissue (PVAT)  

Thoracic PVAT is mainly comprised of brown adipose tissue with small multi-locular lipid 

droplets; however, a small population of white adipocytes, highlighted by arrows, was 

dispersed throughout the PVAT. Scale bar represents 100 µm.
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 2.5.4 Detection and quantification of superoxide with dihydroethidium 

The presence of superoxide anion was assessed via dihydroethidium (DHE) staining of aortic 

tissue sections. DHE is a fluorochrome which reacts readily with superoxide forming 2-

hydroxyethidium (Zielonka et al. 2008; Wojtala et al. 2014) Briefly, paraffin-embedded 5 µm 

sections of thoracic aorta with intact PVAT (thorax I, Figure 2.4) were dewaxed in xylene, 

rehydrated through a series of alcohols ending in distilled water. Sections were protected from 

the light and incubated in a humidity chamber for 30 minutes at 37C with 2 μM DHE (dissolved 

in DMSO), washed with tris-buffered KPSS (TBS) and mounted in Vectashield anti-fade mounting 

media. DHE was omitted and replaced with DMSO as a negative control. Superoxide in the PVAT 

was visualised using a fluorescent microscope (DM5000, Leica, Germany) at 10 x magnification 

with excitation and emission wavelengths of 520 and 610 nm, respectively. DHE positive stained 

nuclei (DHE+) were sampled using 5 fields of view of 200 µm x 150 µm per aortic PVAT section, 

and expressed as positive cells per mm2 (Figure 2.6). A reproducibility study was performed to 

determine the number of fields of view required to produce a representative population of DHE+ 

nuclei within the PVAT (Appendix 1.5). 

 

  

Figure 2.6 Representative dihydroethidium+ staining of aortic perivascular adipose tissue 

(PVAT) from one field of view 

Section of thoracic PVAT incubated with the superoxide indicator DHE which produces red 

fluorescent staining highlighted by arrows in the magnified image. Scale bar represents 250 µm 

and the area of the field of view is 200 µm x 150 µm. DHE = dihydroethidium, PVAT = 

perivascular adipose tissue. 
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2.5.5 Immunostaining for macrophages with Mac-3 

Immunohistochemistry was used to visualise the localisation of macrophages, using a Mac-3 

antibody, within a section of tissue. Titrations were performed to optimise staining. Incubations 

were performed in a humidity chamber. 

Sections of thoracic aortae (thorax I, Figure 2.4) were dewaxed in heated xylene prior to 

rehydration through a series of alcohols and immersion in water. A heat-mediated antigen retrieval 

step was performed with citrate buffer heated to 95 °C for 15 minutes. Slides were washed in TBS 

and endogenous peroxidase activity quenched with 3% hydrogen peroxide for 10 minutes. 

Sections were outlined using a delimiting wax pen. To prevent non-specific binding of 

immunoglobulins, sections were incubated with 10% horse serum (Invitrogen, UK) in 0.1% BSA 

for 6 hours at room temperature. Without washing, tissue sections were incubated overnight at 4 

°C with the Mac-3 (CD107b Clone M3/84) monoclonal rat anti-mouse antibody (550292, BD 

Biosciences) at a dilution of 1:200 in TBS (5 µg/ml).   

Isotype controls were produced by incubation with rat IgG (559072, BD Biosciences) the same 

host species as the primary antibody and diluted to the same concentration as the primary (5 

µg/ml). Moreover, negative controls were conducted where the primary, secondary or both 

primary and secondary antibodies were omitted from the diluent (TBS). Furthermore, positive 

control tissue, a section of aortic arch from a severely atherosclerotic ApoE-/- mouse, was utilised 

to ensure that specific macrophage staining had occurred. 

The following day, slides were washed in TBS-Tween and incubated for 1 hour at room 

temperature with a rabbit anti-rat, biotin-conjugated secondary antibody (E0468 Dako) at a 

dilution of 1:1000 (1.5 µg/ml) in TBS. Slides were then washed for a further 15 minutes in TBS-

Tween and incubated with Vectastain ABC (avidin-biotin conjugate) (PK-6100, Vector 

Laboratories, USA) solution for 30 minutes at room temperature. After washing in TBS, a DAB 

Peroxidase (horse radish peroxidase) detection system (SK-4100 Vector Laboratories) was 

applied per the manufacturer’s instructions. Slides were not counterstained to ensure that Mac-

3+ staining was not obscured. However, background staining from DAB allowed visualisation of 

the morphology of the perivascular adipose tissue section. Tissue sections were dehydrated 

through a series of alcohols, cleared in xylene and mounted with DPX. The slides were left to dry 

overnight before visualisation under bright-field microscopy (DM5000, Leica, Germany). 

2.5.6 Analysis of macrophage infiltration in aortic PVAT 

Inflammation of aortic PVAT was assessed via the presence of macrophages (Mac-3 stain). 

Quantitative analysis of immunostaining was performed using ImageJ (v1.47, NIH, USA). Images 

were taken at 10x magnification and total PVAT area measured by manually tracing the margins 

of PVAT. Mac-3+ stained cells were counted and data presented as Mac-3+ cells per mm2 of aortic 

PVAT (Figure 2.7).  



 

~ 58 ~ 
 

2.6 Assessment of aortic vascular reactivity using myography 

2.6.1 Preparation of mouse thoracic aortae for myography 

Aortae were removed as described previously in Section 2.2. The aortae were pinned out on a 

dissection plate in ice-cold PSS (refer to Appendix 1.2 for recipe) and the aortic arch removed, 

leaving the thoracic aortae intact (thorax II, Figure 2.4). Four, 2 mm sections, alternating between 

intact PVAT and PVAT denuded segments, were cut allowing for the examination of the functional 

effects of PVAT on the thoracic aorta. 

2.6.2 Mounting and normalisation of aortic rings 

Aortic rings were mounted onto two 200 µm pins in each myograph bath (Danish Myo Technology, 

Denmark) containing 6 ml of PSS (Figure 2.8) and gassed with 5% CO2 balanced air.  During a 

20-minute equilibration period, at 37°C, no tension was applied to the aortic segments. Aortic 

rings were then gradually exposed to an increase in tension up to 5 mN, over 30 minutes until the 

tension remained stable at 5 mN, as described previously (Judkins et al. 2006; Xu et al. 2012; 

Cobb 2013). 

 

 

100 µm 

50 µm 

Figure 2.7 Representative Mac-3+ immunostaining of thoracic aorta section in perivascular 

adipose tissue  

Mac-3+ cells stained brown and highlighted by arrows in the magnified image. Scale bar 

represents 100 µm and 50 µm in the 10 x and 20 x magnified image, respectively. 

A      B 

PVAT removed PVAT intact 

Figure 2.8 Mounted aortic segments in a myography bathA, Perivascular adipose tissue 

(PVAT) removed B, PVAT intact.  
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2.6.3 Assessment of aortic ring viability and endothelial integrity 

Contractile viability was tested with a high potassium physiological salt solution (KPSS, PSS with 

equimolar substitution of 100 mM potassium chloride for sodium chloride, refer to Appendix 1.2 

for recipe). After maintenance of a stable contraction, defined as a plateau of maximal contraction 

(Figure 2.9), the solution was removed and replaced with PSS, a minimum of three washes with 

PSS were performed to remove the contractile stimulus and allow the aortic rings to relax back to 

baseline tension. 

 

Aortic rings were then pre-constricted with phenylephrine (10 µM) (Sigma-Aldrich, UK) and the 

functional endothelial integrity of the aortic ring was evaluated by examining relaxation to 

acetylcholine (10 µM) (Sigma-Aldrich, UK), an endothelium-dependent dilator (Figure 2.10) (Leal 

et al. 2012a; Cobb 2013; Shahid et al. 2013).  

In some aortic preparations, the endothelium was mechanically removed by introducting air 

bubbles into the lumen of the aortic ring prior to mounting on the pins (Ko et al. 2010). Endothelium 

1
 m

N
 

1 min 

Figure 2.9 Representative sample trace of aortic ring constriction elicited by addition of 

100 mM KPSS   

X axis represents time in minutes, Y axis represent change in tension mN. Scale bar represents 

1 mN (y axis), 1 minute (x axis). 

1
 m

N
 

1 min 

Phenylephrine  

10 µM 

Acetylcholine  

10 µM 

Figure 2.10 Representative trace of endothelium integrity assessment  

Aortic rings were pre-constricted with 10 µm phenylephrine and, upon stable constriction, 10 µm 

acetylcholine was added. X axis represents time in minutes, Y axis represent change in tension 

in mN. Scale bar represents 1 mN (y axis), 1 minute (x axis). 
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denudation was considered successful where acetylchline-induced vasorelaxation induced 

dilation of less than 30%. 

This protocol was performed to re-activate the aortic segments and to ensure that the dissection 

and mounting procedure did not result in any damage or adverse effects on vessel functionality. 

Exclusion criteria were set in order that any aortic segments that did not maintain a stable 

contraction when challenged with KPSS of phenylephrine, were excluded from the study; 

approximately 15% of the aortic rings tested throughout the studies were therefore excluded.  

Baths were washed at least three times with PSS and aortic rings were left to relax back to 

baseline tension. Aortae were constricted for a second time with KPSS until maximal contraction 

was observed and washed again with PSS until they reached baseline tension. 

2.6.4 Cumulative dose responses of aortic rings to phenylephrine  

Cumulative concentration-response curves were constructed to the vasoconstrictor 

phenylephrine (1 x 10-10 - 3 x 10-5 mol/L) (Figure 2.11).  

 

2.6.5 Pharmacological inhibition of nitric oxide synthase with L-NNA 

A pharmacological inhibitor of NOS (Nω-Nitro-L-arginine, L-NNA) was used to determine the 

contribution of NOS to vascular function. Aortic rings were incubated with L-NNA (50 µM) (Sigma-

Aldrich, UK) (dissolved in PSS) for 1 hour and time controls performed in parallel with the inhibition 

experiments (Otter et al. 1999; Schleifenbaum et al. 2010; Cobb 2013). Post incubation, 

phenylephrine dose responses were performed and after the final dose the arteries were exposed 

to 10 µM acetylcholine to determine the contribution of NO to the acetylcholine-induced 

vasodilatory response.  

Arteries were washed with PSS and allowed to relax back to baseline tension. Inhibitor-containing 

solutions were used for all washes post incubation so that L-NNA was present throughout the 

2
 m

N
 

10 min 

Figure 2.11 Representative trace of a phenylephrine dose response (1 x 10-10 - 3 x 10-5 

mol/L)  

Aortic rings were exposed to cumulative doses of phenylephrine, represented by dotted lines. X 

axis is time in minutes, Y axis represent change in tension in mN. Scale bar represents 2 mN (y 

axis), 10 minute (x axis). 
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remainder of the experiment, with the exclusion of time-controls. Aortic rings were challenged for 

a final time with KPSS to ensure that contractile responses were unaffected after the 

pharmacological intervention.  

2.6.6 Assessment of endothelium-independent relaxation 

After a final series of washes with PSS, aortic rings were pre-constricted with phenylephrine (10 

µM) and endothelial-independent dilation assessed by examining relaxation to sodium 

nitroprusside (10 µM) (Sigma-Aldrich, UK), a potent nitric oxide donor. 

2.7 Adipokine secretion from phenylephrine-stimulated PVAT 

To investigate adipokine secretion from aortic PVAT, a mouse obesity adipokine array was used. 

PVAT was collected from the entire thoracic aortae, placed in 600 µl PSS and stimulated with 

phenylephrine (3 x 10-5 mol/L) for 45 minutes at 37 °C (to mimic the conditions of a myography 

protocol). The solution surrounding the PVAT (supernatant) was removed and stored at -80 °C 

prior to analysis. A Proteome Profiler Adipokine array (R&D systems, USA) was used to detect a 

range of 38 mouse adipokines, spotted in duplicate on nitrocellulose membranes, per the 

manufacturer’s protocol. The list of adipokines present and the layout of the array membrane is 

presented in Appendix 1.6.  

The adipokine supernatant was collected from three mice per experimental group and pooled, 

mixed with the biotinylated detection antibodies and incubated overnight with the array membrane 

at 4 °C on a rocking platform shaker. Membranes were visualised, following application of 

streptavidin-HRP and chemiluminescent detection reagents, using a ChemiDoc MP imaging 

system (Bio-Rad, USA). Pixel densities were used as a measure of protein present and 

normalised to positive control reference spots using Image Lab software (v5.0 Bio-Rad, USA). 

Intensities from subsequent arrays were normalised to positive control reference spots from the 

original array. The pooled adipokine profile of aortic PVAT from 26-week ND-fed C57BL/6 mice 

was assessed by using the pooled PVAT secretome from 8-week ND-fed C57BL/6 mice as the 

control; adipokine expression of the 8-week ND fed C57BL/6 mice were assigned a value of 1. 

Changes in adipokine secretion from the 26-week C57BL/6 mice were compared to the 8-week 

group and any observed alterations in adipokine profile were expressed as percentage change 

from the 8-week ND-fed group. 

The reliability of the assay was validated by repeating array experiments for C57BL/6 26 week 

ND-fed mice using the same pooled samples (Appendix 1.7). 

2.8 Data analysis and statistics 

Mouse body and organ weights, en face lesion analysis, adipocyte area, histology, 

immunohistochemical quantification and serum glucose and lipids measurements data are 

presented as mean ± standard error of the mean (SEM) for all measurements. Differences 

between experimental groups were analysed using a one-way analysis of variance (ANOVA) with 

a post-hoc Tukey’s multiple comparison test for C57BL/6 mice and two-way ANOVA with 

Bonferroni’s post hoc tests for the ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- strains. 
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For assessment of vascular contractility, all data were recorded using LabChart (Version 7; AD 

Instruments, Oxford, UK). Reported measurements were from the maximum stable contraction 

and maximal relaxation. Maximal contractions to all agonists are presented as actual changes in 

tension (mN); relaxations are expressed as a percentage reduction in tension from maximal 

contraction prior to addition of the agonist (% relaxation). Dose responses to phenylephrine were 

analysed using a two-way ANOVA followed by a Bonferroni post hoc test at each dose response 

point. Maximal contractions and relaxations were analysed using either one-way ANOVA for 

comparisons of the effect of ageing on contraction and relaxation in C57BL/6 mice whilst Two-

way ANOVA was performed to compare ND versus WD responses. Data are presented as mean 

± SEM. 

The adipokine secretome profile data are expressed as percentage change from the absolute 

values of the young 8-week ND-fed C57BL/6 mice. 

For the purposes of this study, comparisons were drawn between ND-fed mice of similar genetic 

backgrounds to tease out the effects of the different genotypes therefore, the following 

comparisons were made:  

 ApoE-/- mice versus C57BL/6 

 Cav-1-/- versus C57BL/6 

 ApoE-/-Cav-1-/- versus ApoE-/- 

 ApoE-/-Cav-1-/- versus Cav-1-/- 

Analyses were performed with GraphPad Prism (version 7.01, GraphPad Software, USA). 

Probability values < 0.05 were considered significant. 

 

An overview of the different methods used to perform the studies in this thesis is depicted in 

Figure 2.12.
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Figure 2.12 Summary of methods 
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~ Chapter Three ~ 

Characterisation of normal vascular ageing in C57BL/6 mice: vascular 

reactivity and morphology of aortic perivascular adipose tissue 

Abstract 

Background: With increasing age, the vasculature experiences an accumulation of structural, 

cellular and molecular changes, including changes to nitric oxide (NO) bioavailability. The 

continuous production of NO, an endogenous vasodilator, is essential for maintenance of vascular 

tone and is of significant importance within large arteries, such as the aorta, where endothelium-

dependent vasorelaxation is primarily mediated through NO. Endothelial dysfunction is known to 

precede the development of diseases such as atherosclerosis. The influence of perivascular 

adipose tissue (PVAT) on vascular reactivity and the contribution of NO to the anti-contractile 

effect of PVAT with ageing has not been well characterised. Potentially, if age-induced changes 

in the PVAT are identified at an early stage they could be reversed and prevent PVAT dysfunction 

and subsequent development of cardiovascular disease (CVD). 

Purpose: The following experiments were conducted in order to characterise ageing to pre-

middle age in normal diet-fed C57BL/6 mice and to determine the influence of aortic PVAT on 

isolated arterial contractility and investigate the morphology/composition of aortic PVAT in ageing 

mice. 

Methods: At 4 weeks of age, male C57BL/6 mice were fed a normal chow diet (normal diet, 

ND) for a period of 8, 16 or 26-weeks. Contractility studies were performed on isolated rings of 

thoracic aortae with or without PVAT. In addition, the contribution of NO to the anti-contractile 

effect of aortic PVAT was investigated using a nitric oxide synthase (NOS) inhibitor (L-

NNA). Alterations in the aortic PVAT environment were examined using histology and 

immunostaining. 

Results: PVAT exerted an anti-contractile effect on aortic rings derived from C57BL/6 mice fed a 

ND for 8 or 16-weeks (both P < 0.0001). However, the anti-contractile effect of aortic PVAT was 

abolished in the oldest mice, fed a ND for 26 weeks; PVAT dysfunction preceded any alterations 

to endothelial function. Inhibition of NOS with 50 µM L-NNA attenuated the anti-contractile 

capacity of PVAT in the 8 and 16-week ND-fed groups. NOS inhibition had no effect on PVAT-

intact or PVAT-denuded aortic rings from the 26-week ND-fed mice, which may be indicative of a 

potential decrease in PVAT-derived NO. Ageing led to a series of alterations to the aortic PVAT 

composition including: increased weight of PVAT surrounding the aortae, white adipocyte 

hypertrophy, increased production of superoxide (P < 0.05 each) and an altered adipokine profile. 

Conclusions: Ageing induces a series of structural and functional changes in the aortic PVAT of 

C57BL/6 mice. Alterations to the normal functioning of PVAT, as opposed to endothelial function, 

could potentially be used as an earlier indicator of CVD. These data reveal adipocyte hypertrophy, 

superoxide production and NOS, particularly eNOS, as potential targets for the treatment of age-

associated PVAT dysfunction. 
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3.1 Introduction 

Population ageing, is rapidly becoming a global issue. An ageing population is defined by both an 

increase in the median age and the proportion of older people within a population. Within the UK 

in 2015, around 17.8% of the population (11.6 million) were aged 65 years old and over, an 

increase of 21% compared to 2005 (Office for National Statistics 2015).  

Ageing is an established risk factor for CVD. With increasing age, the vasculature experiences 

an accumulation of structural, cellular and molecular changes such as arterial stiffening and 

thickening and endothelial dysfunction all of which can contribute to the development of CVD 

such as atherosclerosis (North and Sinclair 2012). Endothelial dysfunction has been observed in 

man as early as the fourth decade (Celermajer et al. 1994; Seals et al. 2011). However, other 

changes within the artery may have preceded and even contributed to the damaged endothelium.   

The production of NO, an endogenous vasodilator, is essential for maintenance of vascular tone 

and within large arteries, such as the aorta, relaxation is predominantly mediated through NO 

(Martin et al. 1986; Crauwels et al. 2000). In addition, the continuous production of NO promotes 

endothelial regeneration and offers protection against leukocyte adhesion and prevention of 

platelet aggregation. Crucially, diminished bioavailability of NO within the arteries may result in a 

shift towards the release of vasoconstrictor agents, increased inflammation and thrombosis, each 

of these pathologies is associated with CVDs (Versari et al. 2009).  

A key role for NO in the exertion of the anti-contractile effect of PVAT on arteries has been 

identified. Furthermore, the recent discovery of eNOS expression, the primary generator of NO 

within the vasculature, provides more evidence in support of NO-mediating the anti-contractile 

PVAT effect. In states of metabolic disturbance, the anti-contractile effects of PVAT are 

attenuated (Szasz and Webb 2012). These effects have been attributed to changes within the 

PVAT including increased macrophage infiltration, altered adipokine expression, elevated 

superoxide production, adipocyte hypertrophy and a reduction in NO bioavailability (Gollasch and 

Dubrovska 2004b; Gao et al. 2005; Greenstein et al. 2009; Ketonen et al. 2010; Withers et al. 

2011; Meyer et al. 2013).  

Alterations to PVAT composition and function have been well characterised in conditions such as 

obesity. However, relatively little information exists surrounding the effect of ageing on the 

influence of aortic PVAT on vascular reactivity and the contribution of NO to this process (Sverdlov 

et al. 2014; Melrose et al. 2015). Furthermore, the effects of ageing on PVAT composition, such 

as adipocyte size, adipokine secretion, superoxide production and macrophage infiltration has 

not been assessed. 

This study aimed to identify if any early age-associated changes occurred within the aortae of 

C57BL/6 mice, specifically within the PVAT. Alterations to aortic PVAT could potentially precede 

endothelial dysfunction and contribute to the development of CVD through increased aortic 

contractility.  

Whilst ageing is inevitable and a risk factor for CVD, unmasking early age-related changes within 

large arteries in humans, prior to the development of overt CVD, and treatment of patients during 

this period may confer a therapeutic benefit. Modifying the speed at which the vasculature ages 
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or maintaining/restoring a healthy PVAT environment so that its anti-contractile effects are 

retained could potentially lower cardiovascular risk and incidence of CVD. 

3.2 Aim and objectives 

The specific aim of this chapter is to investigate whether NO mediates the anti-contractile effect 

of aortic PVAT in C57BL/6 mice and determine if ageing modulates this effect. The objectives of 

this chapter are as follows: 

 Characterise ageing in C57BL/6 mice by examining lipid profiles, body and organ weights 

and determine if atherosclerosis develops within the aortae during these time-frames. 

 Determine if endothelial-dependent relaxation is altered by ageing or the presence of 

PVAT in C57BL/6 mice using aortic preparations and the ex vivo technique of myography. 

 Investigate if ageing modulates the anti-contractile effect of PVAT using cumulative dose 

responses to the vasoconstrictor, phenylephrine. 

 Elucidate the contribution of NO to the anti-contractile effect of aortic PVAT using 

pharmacological inhibition of NOS. 

 Characterise aortic PVAT from ageing C57BL/6 mice using histology, 

immunohistochemistry and adipokine arrays.  

3.3 Methods 

In order to study the vascular effects of normal ageing C57BL/6 mice was used in this study. 

Rough equivalencies to human ageing have previously been calculated (Flurkey et al. 2007). 

Three time-points were selected: young adult mice approximately 12 weeks old (maintained on a 

ND for 8 weeks) equated to early 20s in humans; mature adult mice approximately 20 weeks old 

(fed a ND for 16 weeks) which roughly approximates to late 20s to early 30s in humans and, a 

third group, ageing mice, around 30 weeks old (fed a ND for 26 weeks), equated to pre-middle 

age in humans. This time-frame was chosen because it would be therapeutically beneficial to 

treat patients at this age whilst the pathological changes associated with ageing are in the initial 

stages and can potentially be reversed. 

At 4 weeks of age, male C57BL/6 mice were maintained on a ND for a period of 8, 16 or 26 

weeks. Ageing was characterised by evaluating lipid and glucose profiles and by measuring body 

and organ weights. Endothelial function was assessed in each group. Contractility studies were 

performed on rings of thoracic aortae with or without PVAT to determine whether PVAT modulated 

vascular function and if this was maintained with increasing age of the mice. Additional functional 

studies to determine the contribution of NO to the anti-contractile effect of PVAT were performed 

in the presence or absence of the NOS inhibitor L-NNA (50 µM). The sensitivity of aortic rings to 

NO was assessed through application of an exogenous NO source, sodium nitroprusside to pre-

constricted aortic rings. Alterations in the aortic PVAT environment were examined using 

histology, the superoxide indicator dihydroethidium to assess superoxide and immunostaining 

was performed to detect macrophage infiltration within the aortic PVAT of C57BL/6 mice. The 

adipokine secretome of 26-week ND-fed mice was assessed using an adipokine obesity array 

and compared to the 8-week ND-fed group. Methods are described in detail in Chapter 2. 
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3.4 Results 

3.4.1 Characteristics of ageing on lipid, body and organ weights in C57BL/6 mice 

Ageing did not induce any significant alterations in the examined lipidemic or glycaemic profiles 

of the C57BL/6 mice (Table 3.1). 

Table 3.1 Lipidemic and glycaemic profiles were unaltered in ageing C57BL/6J mice 

  8-weeks ND 16-weeks ND 26-weeks ND  P  

Total cholesterol 2.87 ± 0.51 2.81 ± 0.29   3.06 ± 0.25   NS 0.91 

HDL-cholesterol 1.60 ± 0.28 1.71 ± 0.17 2.02 ± 0.18  NS 0.46 

Triglycerides 2.43 ± 0.38 1.74 ± 0.10 1.19 ± 0.63  NS 0.42 

Glucose 20.55 ± 0.78 17.01 ± 3.51 20.22 ± 2.60  NS 0.53 

Serum derived from blood obtained at time of sacrifice (mice were weaned at 4 weeks of age then 

maintained on a normal chow diet (ND) for the appropriate length of time, 8, 16 or 26 weeks). 

Data are expressed as mean ± S.E.M and measurements are shown in mmol/L.  Statistical 

analysis was carried out by One-way ANOVA with Tukey’s multiple comparison post-hoc tests, 

n=3-4 mice per group. 

Heart weight, heart weight: body weight ratio, liver and spleen weights remained unchanged with 

increasing age (Table 3.2). 

Table 3.2 Organ weights did not change with ageing in C57BL/6 mice 

  8-weeks ND 16-weeks ND  26-weeks ND   P  

Heart (mg) 160.6 ± 9.0 149.4 ± 6.0 168.2 ± 4.2  NS 0.20 

HW: BW (mg/g) 5.5 ± 0.3 5.0 ± 0.1 4.8 ± 0.2  NS 0.07 

Liver (g) 1.97 ± 0.06 1.89 ± 0.08 2.01 ± 0.06  NS 0.42 

Spleen (mg) 102.5 ± 12.1 89.49 ± 7.5 79.8 ± 4.4  NS 0.24 

Data are expressed as mean ± S.E.M. HW:BW = heart weight: body weight ratio. Statistical 

analysis was carried out by One-way ANOVA with Tukey’s multiple comparison post-hoc tests, 

n=4-6 mice per group. 

Ageing of C57BL/6 mice led to a significant gain in body weight in the oldest cohort, mice fed a 

ND for 26-weeks post weaning, when compared to the younger 8 and 16-week ND-fed mice (8-

weeks ND versus 26-weeks ND: P = 0.002; 16-weeks ND versus 26-weeks ND: P = 0.005, n = 

5-6 mice per group, Figure 3.1A). However, the body weights of the 8 and 16-week groups were 

similar (P = NS, n= 6 mice per group).  

Weight gain was attributed to significant increases in abdominal fat deposition which was 

associated with an increase in epididymal fat pad weight after 26-weeks on a ND (8-weeks ND 

versus 26-weeks ND: P < 0.0001; 16-weeks ND versus 26-weeks ND: P = 0.003, n = 5-6 mice 

per group, Figure 3.1B) and adipocyte hypertrophy was observed with advancing age (8-weeks 

ND versus 26-weeks ND: P = 0.0012, n = 4 mice per group, 100 adipocytes per mouse, Figure 

3.1C and D). Although epididymal fat pad weight did not differ significantly between the 8 and 16-

week ND-fed groups (8-weeks ND versus 16-weeks ND: P = NS, n = 6 mice in each group), 

substantial adipocyte hypertrophy was apparent in the epididymal fat pads of the mice after 16 

weeks on the ND (8-weeks ND versus 16-weeks ND: P = 0.002, n = 4 mice per group, 100 

adipocytes measured per mouse, Figure 3.1C). This enlargement was sustained and no further 
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Figure 3.1 Ageing of C57BL6 mice causes an increase in body weight which is associated 

with increased abdominal fat deposition and adipocyte hypertrophy 

A)  Body weight increased with ageing of C57BL/6 mice. B) Epididymal fat pad weight was 

significantly increased with increasing age C) Ageing led to significant adipocyte hypertrophy 

within the epididymal fat pads of the C57BL/6 mice. D) Epididymal fat pads from mice fed a ND 

for i) 8, ii) 16 and iii) 26 weeks post weaning were stained with haematoxylin and eosin to 

determine adipocyte area. Representative images obtained at 10x magnification and scale bars 

represent 100 µm. Data are presented as mean ± S.E.M, n = 5-6 mice per group for body and 

epididymal fat pad weight, ND =normal diet n = 4 mice per group, 100 adipocytes measured per 

mouse to calculate adipocyte area, ** P < 0.01, *** P < 0.001, **** P < 0.0001, one-way ANOVA 

with Tukey’s post hoc tests.  
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increases in adipocyte size were observed in the epididymal fat pads of 26-week ND-fed mice 

(16-weeks ND versus 26-weeks ND: P = NS, n = 4 mice per group, 100 adipocytes measured per 

mouse, Figure 3.1C). 
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3.4.2 Atherosclerotic lesions do not develop within the aortae of C57BL/6 mice 

C57BL/6 mice were fed a ND diet for 26 weeks post weaning (n = 3) and en face Oil Red O 

staining was performed; it was determined that atherosclerotic lesions did not develop within the 

aortae of this mouse strain during this time frame on a ND (Figure 3.2). 

 

  

Figure 3.2 En face Oil Red O-stained aortic preparations of 26 week normal diet-fed 

C57BL/6 mice   

Lipid lesions were not detected along the luminal surface of the aortae of the C57BL/6 mice. 

Representative image. Scale bar represents 1 mm. 
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3.4.3 The presence of PVAT does not alter aortic contractile responses to a depolarising 

stimulus in C57BL/6 

The constriction responses of PVAT-denuded and PVAT-intact aortic rings to 100 mM KPSS, a 

depolarising stimulus, was similar in each age group (P = NS; n = 5-8 mice per group Figure 3.3). 

 

3.4.4 The anti-contractile effect of aortic PVAT is attenuated with ageing in C57BL/6 mice 

and this precedes endothelial dysfunction 

The presence of PVAT had no significant effect on the vasodilatory responses of aortic rings to 

10 µM acetylcholine, an endothelium-dependent relaxant (P = NS; n = 5-8 mice per group, Figure 

3.4SA); endothelial function was maintained in mice fed a ND for 26 weeks post weaning (P = 

NS; n = 5-8 mice per group Figure 3.4A).  

The presence of PVAT on aortic rings, significantly decreased vasoconstrictor responses to the 

α1-adrenoreceptor agonist phenylephrine in the 8-week (+PVAT versus -PVAT: P < 0.0001; n = 

6 mice per group, Figure 3.4B) and 16-week ND-fed C57BL/6 mice (+PVAT versus -PVAT: P < 

0.0001; n = 6 mice per group, Figure 3.4C). The anti-contractile effect of PVAT was abolished in 

the oldest, 26-week ND-fed, C57BL/6 group (+PVAT versus -PVAT: P = NS, n = 8 mice per group, 

Figure 3.4D).  

The contractility of PVAT-denuded aortic rings was unchanged with increasing age (Figure 3.4E). 

However, in the presence of PVAT, the constriction of aortic rings from mice fed a ND for 26 

weeks were significantly augmented (8-weeks ND versus 26-weeks ND: P < 0.0001; 16-weeks 

ND versus 26-weeks ND: P < 0.0001, n = 6-8 mice per time-point, Figure 3.4F). Additionally, the 

anti-contractile effect of PVAT was endothelium-independent in 8-week ND-fed C57BL/6 mice 

(Appendix 2.1).  

Figure 3.3 Ageing and the presence of PVAT has no effect on the contractile responses of 

aortic rings to KPSS 

A, Contractions to 100 mM KPSS were similar in PVAT-denuded and PVAT-intact aortic rings in 

each age group of C57BL/6 mice. Data are presented as mean ± S.E.M, n = 5-8 mice per group, 

two-way ANOVA with post hoc Bonferroni’s multiple comparisons test.  

 

NS 
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Figure 3.4 Endothelial function is maintained whilst PVAT dysfunction occurs after 26 weeks on a ND in C57BL/6 mice  

A) Phenylephrine pre-constricted aortic rings did not relax significantly differently, to 10 µM acetylcholine, with ageing. B) PVAT reduced constriction to phenylephrine 

in aortic rings from mice fed a ND for B) 8, and C) 16-weeks post weaning. D) PVAT dysfunction was observed in mice fed a ND for 26 weeks post weaning. E) 

Contractility of PVAT-denuded aortic rings did not change with increasing age. F) Contraction of PVAT-intact rings was significantly increased in the oldest group of 

mice. Data are expressed as mean ± S.E.M., ND = normal diet, n = 6-8 mice per group, * P <0.05, ** P < 0.01, **** P < 0.0001, two-way ANOVA with Bonferroni’s post 

hoc tests. 
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3.4.5 PVAT-derived nitric oxide mediates the anti-contractile effect in C57BL/6 mice fed a 

ND up to 16 weeks  

Incubation with the NOS inhibitor, L-NNA (50 µM) attenuated the anti-contractile effect of PVAT 

in both the 8-week (+PVAT + L-NNA versus -PVAT + L-NNA: P = NS; n = 5-6 mice per group, 

Figure 3.5A) and 16-week ND-fed C57BL/6 mice (+PVAT + L-NNA versus -PVAT + L-NNA: P = 

NS; n = 5 mice per group, Figure 3.5B). Furthermore, NOS inhibition had no effect on aortic rings 

from the oldest mice, fed a ND for 26 weeks post weaning (+PVAT + L-NNA versus –PVAT + L-

NNA: P = NS; n = 8 mice, Figure 3.5C) in which the anti-contractile effect of PVAT had already 

been lost.  

NOS inhibition did not significantly alter the contractions of PVAT-denuded aortic rings at any of 

the experimental time-points (-PVAT versus -PVAT +L-NNA: P = NS for each time group, n = 5-

6 mice per group, Figure 3.5A- C). Nevertheless, the contraction of PVAT-intact aortic rings was 

significantly augmented by the presence of L-NNA in the 8 and 16-week ND-fed groups (+PVAT 

versus +PVAT +L-NNA: 8-weeks ND P = 0.005; 16-weeks ND P < 0.0001, n = 5-6 mice per group, 

Figure 3.5A and B) but no effect was observed in the 26-week ND-fed mice (+PVAT versus 

+PVAT +L-NNA: P = NS, n = 8 mice per group, Figure 3.5C). 

These data suggest that PVAT-derived NO contributes to the anti-contractile effect of PVAT in 

the younger, 8 and 16-week ND-fed C57BL/6 mice. NOS inhibition with L-NNA did not alter the 

contraction of aortic rings, in the presence or absence of PVAT, of 26-week ND-fed mice, which 

in combination with the lack of an anti-contractile effect of aortic PVAT, suggests a reduction in 

PVAT-derived NO.  
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Figure 3.5 Nitric oxide synthase (NOS) inhibition attenuates the anti-contractile effect of aortic PVAT in C57BL/6 mice.   

NOS inhibition with LNNA (50 µM) abolished the anti-contractile effect of PVAT and increased vasoconstrictor responses to phenylephrine in aortic rings with PVAT 

in C57BL/6 mice fed a ND for A) 8 or B) 16weeks post weaning. C) NOS inhibition had no effect on aortic rings from mice fed a ND for 26 weeks. Data are expressed 

as mean ± S.E.M., ND = normal diet, n = 5-6 mice per group, *** P < 0.001, **** P < 0.0001, two-way ANOVA with Bonferroni’s post hoc test.  
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3.4.6 Nitric oxide is the main contributor to acetylcholine-induced vasodilation in the aorta 

of C57BL/6 mice 

Incubation with L-NNA produced a significant decline in the capacity of PVAT-intact aortic rings 

to relax in the 8-week ND-fed group (+PVAT control: 54.84 ± 5.41% versus L-NNA: 10.69 ± 

8.51%, P = 0.0099, n = 5 mice per group, Figure 3.6A) whilst a decline in relaxation was observed 

in PVAT-denuded aortic rings this was not statistcally significant when compared to relaxations 

in the absence of L-NNA (-PVAT control: 45.27 ± 6.0% versus L-NNA: 12.50 ± 11.64%, P = 0.076; 

n = 5 mice per group, Figure 3.6A). Similar findings were observed in mice fed a ND for 16 weeks, 

with a significant reduction in the vasodilation of L-NNA-incubated PVAT-intact aortic rings 

(+PVAT control: 48.86 ± 8.86% versus L-NNA: 0.22 ± 0.19%, P = 0.003 and -PVAT control: 45.29 

± 9.77% versus L-NNA: 18.13 ± 7.25%, P = NS; n = 5-6 mice per group, Figure 3.6B). 

A signiifcant reduction in relaxation was observed in both PVAT-intact and PVAT-denuded aortic 

rings after NOS inhibition, in the 26-week ND-fed C57BL/6 mice (+PVAT control: 49.87 ± 8.54% 

versus L-NNA: 1.16 ± 0.47%, P = 0.0001 and -PVAT control: 68.63 ± 10.06% versus L-NNA: 4.83 

± 3.06%, P < 0.0001; n = 8 mice per group, Figure 3.6C). 

Taken together, these data suggest that PVAT does not influence acetylcholine-induced 

relaxation and NO is the main contributor to acetylcholine-induced vasodilation in the aorta of 

C57BL/6 mice.  

 

3.4.7 The sensitivity of aortic smooth muscle, to nitric oxide was unchanged with 

increasing age in C57BL/6 mice  

Ageing and the presence of PVAT did not elicit any changes in relaxation in phenylephrine-

constricted aortic rings upon exposure to 10 µM sodium nitroprusside, an endothelium-

independent vasodilator (P = NS all group comparisons, n = 5-8 mice per group Figure 3.7).   
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Figure 3.6 Nitric oxide mediates the vasodilatory response to acetylcholine in the aorta of C57BL/6 mice   

NOS inhibition, with 50 µM L-NNA, reduced the vasodilatory responses of phenylephrine-contracted aortic rings to acetylcholine (10 µM) at the A) 8-week, B) 16-week 

and C) 26-week time-points. Data are expressed as mean ± S.E.M., n = 5-8 mice per group, ** P < 0.01, *** P < 0.001, **** P < 0.0001, two-way ANOVA with 

Bonferroni’s post hoc test. 
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3.4.8 The weight of PVAT encasing the aorta of C57BL/6 mice increases with ageing in 

C57BL/6 mice in conjunction with white adipocyte hypertrophy 

The effect of ageing on PVAT composition was assessed in the C57BL/6 mice in each group.  

The weight of PVAT surrounding the aortic arch and thoracic aortae was similar in the 8 and 16-

week ND-fed mice (P = NS, n = 4 mice per group, Figure 3.8A). However, an increase in the 

weight of aortic PVAT was observed in the oldest mice fed a ND for 26 weeks post weaning (8-

weeks ND versus 26-weeks ND: P =0.02; 16-weeks ND versus 26-weeks ND: P = 0.04; n = 4-6 

mice per group, Figure 3.8A).   

Aortic PVAT is a heterogeneous mixture of cell-types, the most predominant of which are brown 

adipocytes. However, a small population of white adipocytes is present within the aortic PVAT. 

The composition of aortic PVAT was altered with increasing age and changes to the white 

adipocyte population within the PVAT were observed. The proportion of aortic PVAT occupied by 

white adipocytes did not differ significantly between the different age groups (P = NS = 3-4 mice 

per group, Figure 3.8B and D). Nevertheless, the mean white adipocyte size within the aortic 

PVAT was significantly increased in the 26-week group (post weaning) compared to the 8-week 

ND-fed mice (8-weeks ND versus 26-weeks ND P < 0.05; n = 3-4 mice per group, Figure 3.8C 

and D).  

 

Figure 3.7 Increasing age and the presence of PVAT has no effect on endothelial-

independent relaxation Endothelium-independent relaxation of phenylephrine-constricted 

aortic rings to 10 µM sodium nitroprusside was unaltered by the presence of PVAT or increasing 

age in C57BL/6 mice. Data are presented as mean ± S.E.M, n = 5-8 mice per group, two-way 

ANOVA with post hoc Bonferroni’s multiple comparisons tests.
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 Figure 3.8 The weight of PVAT encasing the aorta increases with ageing in C57BL/6 mice and this corresponds to white adipocyte hypertrophy  

A) PVAT surrounding the aortic arch and thoracic aorta was carefully removed and weighed. A greater amount of PVAT surrounded the aortae of 26-week ND-fed 

mice compared to the 8 and 16-week ND groups. B) The percentage area of PVAT occupied by white adipocytes did not significantly increase between the different 

time-points. C) The mean size of aortic white adipocytes was significantly increased in the 26-week ND-fed group compared to the 8-week ND-fed mice. D) Thoracic 

aortae with intact PVAT from i) 8-week, ii) 16-week and iii) 26-week ND-fed C57BL/6 mice were stained with haematoxylin and eosin to assess PVAT composition 

and white adipocyte area. Representative images obtained at 10X magnification. Scale bars represent 100 µm with examples of white adipocytes highlighted by 

arrows. ND = normal diet. PVAT = perivascular adipose tissue. Data are expressed as mean ± S.E.M., * P < 0.05, n = 3-6 mice per group, one-way ANOVA with 

Tukey post hoc multiple comparisons test.  

NS 
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3.4.9 Superoxide production within aortic PVAT is significantly greater in ageing C57BL/6 

mice 

Dihydroethidium fluorescent staining (DHE+) within aortic PVAT was used as an indicator of the 

presence of superoxide. In the presence of the superoxide anion, DHE is oxidised to 2-

hydroxyethidium and emits red fluorescence. DHE+ nuclei were detected in the aortic PVAT of all 

age groups but not in the negative DMSO control (Figure 3.9Ai-iv). The amount of DHE+ staining 

was significantly elevated between the 16 and-26-week ND-fed groups (P < 0.05, n =3 and 4 

mice, Figure 3.9B). However, no other differences in DHE+ staining were observed between the 

groups (P = NS, n = 3-4 mice, respectively, Figure 3.9B).  

Increased superoxide within the aortic PVAT of 26-week ND-fed C57BL/6 mice was associated 

morphologically with white adipocyte hypertrophy and functionally, the exertion of a pro-

contractile effect on aortic rings.  

 

3.4.10 The infiltration of Mac-3+ macrophages within the aortic PVAT is not altered with 

ageing  

Immunostaining for Mac-3+ cells was used to detect the number of macrophages infiltrating the 

aortic PVAT in each group (Figure 3.10Aiii-v). Macrophage infiltration occurred in the PVAT of 

each experimental group although no statistical differences were found with ageing (8-weeks ND 

versus 16-weeks ND: P > 0.99; 16-weeks ND versus 26-weeks ND: P = 0.23; 8-weeks ND versus 

26-weeks ND P = 0.49; n = 3 mice per group, Figure 3.10B). 

Taken together, these data suggest that the increased ROS production within the aortic PVAT 

was not due to an increase in Mac-3+ cell infiltration.  
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Figure 3.9 The number of dihydroethidium+ cells is increased in the aortic PVAT of ageing 

C57BL/6 mice  

Sections of PVAT and thoracic aortae were stained with dihydroethidium (DHE) to detect the 

presence of superoxide Punctate red fluorescence indicates DHE+ cell nuclei and the presence 

of superoxide. Ai) Autofluorescence was evaluated using a DMSO negative control, elastin fibres 

within the medial layer of the thoracic aortae emitted fluorescence although PVAT did not exhibt 

autofluorescence. DHE+ nuclei were observed in all groups with the exception of the negative 

control:  ii) 8-week, ii), 16-week and iv) 26-week ND-fed mice. Representative images obtained at 

10 X magnification. Scale bars represent 250 µm. B) DHE+ nuclei were detected within the PVAT 

of all examined samples. However, higher levels of ROS were found in the PVAT of 26-week time-

point mice. Red fluorescent nuclei were counted within 5 fields of view per section per animal. 

Data are expressed as mean ± S.E.M., DHE = dihydroethidium, ND = normal diet, PVAT = 

perivascular adipose tissue, DHE+ nuclei presented as cells/mm2 of PVAT, * P < 0.05, n = 3-4 

mice per group, one-way ANOVA with Tukey post hoc multiple comparisons test. 
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Figure 3.10 Macrophage infiltration occurs within the aortic PVAT of each age-group of 

C57BL/6 mice  

Immunohistochemistry was performed using a marker for macrophages (Mac-3) A) Sections of 

thoracic aortae with intact PVAT. Tissue from atherosclerotic ApoE-/- mice were used for controls 

i) IgG negative control, no brown staining within atherosclerotic plaque and ii) Mac-3+ positive 

control, intense brown stain localised within the atherosclerotic plaque indicated by arrows. 

Aortic sections from C57BL/6 mice fed a ND for iii) 8, iv) 16 and v) 26-weeks. Representative 

images obtained at 10X magnification. Scale bars represent 100 µm and examples of Mac-3+ 

staining are highlighted by arrows. B) Mac-3+ cells were detected within the PVAT of all 

examined samples. No differences in macrophage infiltration were found between any of the 

groups. Total PVAT area was measured and all macrophages within the PVAT were counted. 

ND = normal diet, PVAT = perivascular adipose tissue Data are expressed as Mac-3+ cells/mm2 

PVAT, mean ± S.E.M., n = 3 mice per group, one-way ANOVA with Tukey post hoc multiple 

comparisons test. 
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3.4.11 The adipokine profile of C57BL/6 mice is altered with ageing   

The adipokine profile of aortic PVAT from 26-week ND-fed C57BL/6 mice was altered in 

comparison to the 8-week group (Figure 3.11). Of the 38 adipokines tested in the assay, 10 were 

detected. Lipocalin-2, fibroblast growth factor acidic (FGF acidic), Dipeptidyl Peptidase IV 

(DPPIV), C-reactive protein (CRP) were found to be more prevalent in the aortic PVAT secretome 

of ageing 26-week time-point mice (Figure 3.11). Whilst the measured levels of resistin, receptor 

for advanced glycation end-products (RAGE), Pentraxin-2, insulin-like growth factor binding 

protein-6 (IGFBP-6), fetuin A and adiponectin were decreased (Figure 3.11). 

 

3.5 Discussion 

Ageing is an unavoidable cardiovascular risk factor which leads to progressive structural and 

functional changes in the cardiovascular system (Lakatta 2002). The study of vascular ageing in 

rodent models has produced results suggesting that certain age-associated phenotypes can be 

ameliorated (Pacher et al. 2004; Pearson et al. 2008; Sindler et al. 2009; Sindler et al. 2011; 

Wang et al. 2011; Rammos et al. 2014). Nevertheless, vascular ageing is a complicated process 

and in humans, additional confounding risk factors and the development of CVD, such as 

atherosclerosis, make elucidating the direct effects of ageing on the vasculature a difficult 

undertaking. The C57BL/6 mouse is therefore an intriguing model of healthy vascular ageing 

because although C57BL/6 have been identified as genetically susceptible to atherosclerosis, the 

formation of lesions only become apparent following feeding of a high fat high cholesterol diet. 

Therefore, the effects of vascular ageing to pre-middle age in C57BL/6 mice allows for isolated 

Figure 3.11 The adipokine secretome of 26-week normal diet-fed mice C57BL/6 mice is 

altered in comparison to the 8-week group.  

Aortic PVAT was collected along the aortae from the arch to thoracic aortae at the diaphragm 

from 3 x 8-week ND and 3 x 26-week ND-fed mice, and stimulated with phenylephrine (3 x 10-5 

mol/L) in PSS at 37 °C for 45 minutes. The secretomes of age-matched groups were pooled prior 

to analysis. Experiments were performed in duplicate. Data is expressed as percentage change 

from 8-week ND-fed mice. ND = normal diet, PVAT = perivascular adipose tissue. 
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age-related changed to be identified without the effects of dyslipidaemia or the development of 

atherosclerosis (Paigen et al. 1990; Whitman 2004).   

The present study aimed to characterise normal vascular ageing, to pre-middle age, in C57BL/6 

mice; specifically, the effect of increasing age on endothelial function and the morphology and 

anti-contractile properties of aortic PVAT was investigated. 

The principal findings of this chapter were: 

 Endothelial function was maintained in C57BL/6 mice aged to pre-middle age, whilst the 

anti-contractile effects of aortic PVAT were attenuated in the 26-week ND-fed C57BL/6 

mice.  

 NOS inhibition revealed that nitric oxide NO mediated the anti-contractile effect of PVAT 

in the 8 and 16-week ND-fed groups however, NOS inhibition had no effect in the 26-

week ND group, which may be indicative of a decrease in PVAT-derived NO.  

 The morphology of aortic PVAT was altered with increasing age; an increase in the weight 

of PVAT surrounding the aortae in combination with white adipocyte hypertrophy, 

increased superoxide production and an altered adipokine profile may have contributed 

to the loss of the anti-contractile effect of PVAT in the 26-week ND cohort. 

3.5.1 Selection of the age-range and use of C57BL/6 mice in this study 

Mouse models are useful for the study of ageing and provide invaluable information relating to 

the genetics of ageing as a result of their reduced lifespan and high similarities between the 

genomes of mice and humans, with mice sharing approximately 99% of their genes with humans 

(Boguski ; Yuan et al. 2011). The genetic manipulation of mice allows for the impact of certain 

genes on longevity and age-associated diseases to be studied with relative ease (Paigen 1995; 

Peters et al. 2007; Yuan et al. 2011). 

The median lifespan of a male C57BL/6 mouse is approximately 30 months (Yuan et al. 2011) 

equating to a geriatric human of approximately 80 years of age (Flurkey et al. 2007). Whilst some 

cardiac changes have been recorded in C57BL/6 mice, the most prevalent cause or contributors 

to death in ageing C57BL/6 mice are hematopoietic neoplasms and lymphoma. Furthermore, it 

has been demonstrated that between the ages of 12 and 18-months of age, C57BL/6 mice are 

likely to develop tumours and other age-related pathologies (Frith et al. 1983; Blackwell et al. 

1995; Lipman et al. 1998; Treuting et al. 2008; Sundberg et al. 2011; Brayton et al. 2012). These 

data demonstrate that in the ages chosen for this study, the C57BL/6 mice should have been 

healthy and not display overt signs of disease. 

The vast proportion of ageing studies conducted in C57BL/6 mice utilise ‘young mice’ of 2-4 

months of age and ‘old’ mice exceeding 12 months of age. However, mice between the ages of 

3-6 months should be considered mature adults because by this period of time they are sexually 

mature, are past the developmental stage but are not yet subject to cellular senescence (Flurkey 

et al. 2007). Age-associated pathologies have been documented in C57BL/6 mice by 12 months 

of age; these include key hallmarks of vascular ageing such as remodelling of the vascular wall, 

hypertension, arterial stiffness, up-regulation of the renin-angiotensin system and endothelial 
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dysfunction (Moon et al. 2001; Stampfli et al. 2010; Song et al. 2012; Georgeon-Chartier et al. 

2013; Rammos et al. 2014). In addition, signs of non-vascular ageing such as a decline in spatial 

learning and memory and decreased motor function have been observed as early as 8 months of 

age in the C57BL/6 strain (Holguin et al. 1985; Bach et al. 1999; Gasparrini et al. 2009; Steegenga 

et al. 2012; Shoji et al. 2016). Therefore, post weaning, C57BL/6 mice were fed a ND for 8, 16 or 

26-weeks, in order to reflect normal vascular ageing, ensuring that the mice were healthy and did 

not display overt physiological decline or tumour development (Flurkey et al. 2007).   

Furthermore, the oldest group of mice used in this study was of interest because they equate to 

‘pre-middle age’ in humans which is when therapeutic intervention to prevent the progression of 

CVD could potentially be most effective (Pletcher et al. 2010; Pletcher et al. 2016).  

3.5.2 Characterisation of normal ageing, to pre-middle age, in C57BL/6 mice 

In this study, the ageing C57BL/6 mice did not display any changes to their lipidemic or glycaemic 

serum profiles. This is in agreement with previous studies which demonstrate that measurements 

of total cholesterol, HDL, triglycerides and glucose, remain unchanged in old (18-months old and 

above) C57BL/6 mice suggesting that when fed a normal rodent diet, C57BL/6 mice do not 

develop lipid or glycaemic disorders linked to vascular disease (Leiter et al. 1988; Hemmeryckx 

et al. 2010; Stampfli et al. 2010; Nunes-Souza et al. 2016). Furthermore, in line with these 

findings, atherosclerotic lesions were not found within the aortae of C57BL/6 mice after 26 weeks 

on a ND post weaning (Whitman 2004; Stampfli et al. 2010; Rammos et al. 2014).  

Although the mice at each of the time-points selected for this study were considered to be fully 

mature adults, an age-associated increase in body weight was observed. This was attributed to 

normal growth of the animals and linked to an increase in abdominal fat deposition, evidenced by 

the increase in size of epididymal fat pads, these findings were similar to other ageing studies in 

C57BL/6 mice (Gros et al. 2002; Hemmeryckx et al. 2010; Bailey-Downs et al. 2013). Moreover, 

post 6-months of age, a plateau in body weight of ND-fed mice is generally observed with ageing, 

indicating that ND-fed C57BL/6 mice do not become overtly obese (Rammos et al. 2014; Nunes-

Souza et al. 2016). Further evidence of the healthy state of C57BL/6 mice up to pre-middle age 

is indicated by the lack of changes to heart weight and the heart weight: body weight ratio, 

demonstrating that the C57BL/6 did not develop cardiac hypertrophy. Additionally, no alterations 

in liver or spleen weights were observed which suggests that neither non-alcoholic fatty liver 

disease or increased inflammation were present in the mice during this time-frame. Conversely, 

studies of mice between 12 months of age and beyond demonstrate an increase in organ weights, 

including the heart, liver and spleen, with ageing in both male and female C57BL/6 mice (Rowlatt 

et al. 1976; Lessard-Beaudoin et al. 2015). 

3.5.3 Contractile responses to elevated external potassium are unaffected by PVAT or 

increasing age 

A high concentration potassium solution (KPSS) elicits contraction through the depolarisation of 

VSM and activation of Ca2+ influx via L-type Ca2+ channels (Van Hove et al. 2009). Consistent 

with studies of aortic rings from healthy and obese mice and small arteries of humans, the 

presence of PVAT did not alter the contraction evoked by stimulation with KPSS (Greenstein et 

al. 2009; Ketonen et al. 2010; Xu et al. 2012; Meyer et al. 2013). In addition, ageing to pre-middle 
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age in ND-fed C57BL/6 mice did not induce any alterations in depolarisation responses. However, 

studies conducted in very old rodents have demonstrated a decline in reactivity to KPSS and 

whilst the definitive cause for an attenuated response is unclear it is likely because of a reduction 

in functional SM due to changes to the contractile apparatus (Giordano et al. 2002; Blough et al. 

2007; Wheeler et al. 2015). These mechanical findings are congruent with previous observations 

of increased vascular stiffening with ageing in humans. The contractile responses of the C57BL/6 

mice to KPSS in this study indicate that after 26-weeks on a ND, age-associated SM pathologies 

have not yet occurred. 

3.5.3 Endothelial function is maintained in ageing C57BL/6 mice 

In accordance with other studies, the relaxation responses of phenylephrine pre-constricted aortic 

rings from C57BL/6 mice were similar in PVAT-intact or PVAT-denuded conditions (Ketonen et 

al. 2010). Conversely, although not examined in this study, PVAT has been shown to enhance 

vasodilation in high potassium pre-constricted aortic rings upon exposure to acetylcholine. Taken 

together these data suggest that the relaxing capacity of PVAT is modulated by the mechanism 

of pre-contraction; in these examples α1-adrenorecptor activation or L-type Ca2+ channel-

mediated, respectively, underlying the complex nature of PVAT (Van Hove et al. 2009; Ketonen 

et al. 2010).  

A hallmark of vascular ageing is the onset of endothelial dysfunction, characterised by an 

attenuated vasodilatory response to acetylcholine and a decrease in NO bioavailability (Cannon 

1998; Donato et al. 2009; Versari et al. 2009; Stampfli et al. 2010). Endothelial dysfunction in a 

risk factor for CVD and is associated with numerous pathologies including atherosclerosis 

(Flammer et al. 2010; Seals et al. 2011). NO bioavailability is crucial for the maintenance of a 

healthy endothelium; the importance of NO in the aorta was demonstrated in this study when the 

contribution of NO to acetylcholine-induced vasodilation was assessed. Inhibition of NOS with L-

NNA dramatically reduced relaxation responses to acetylcholine providing strong evidence that 

the predominant mechanism of endothelium-dependent dilation in the aorta of the C57BL/6 

mouse is mediated via NO. These findings are supported by other studies reporting a high basal 

production of NO within the aortae and large arteries (Martin et al. 1986; Crauwels et al. 2000). 

Endothelial dysfunction did not occur as an effect of ageing in this study, which suggests that the 

integrity and health of the endothelium is preserved up-to pre-middle age, 26-weeks ND, in 

C57BL/6 mice. These findings are in contrast with other ageing studies of both large and small 

arteries which document a decline in endothelial function, as early as the fourth decade in humans 

and in old rodents, in the absence of clinical CVD and major risk factors for CVD (Celermajer et 

al. 1994; Taddei et al. 1995; Gerhard et al. 1996; Lyons et al. 1997; Blackwell et al. 2004; Stampfli 

et al. 2010; Seals et al. 2011). However, these studies involved much older subjects and if the 

time-points used in this study were advanced it is presumed that endothelial function would 

diminish with increasing age.  

3.5.4 Aortic PVAT attenuates vasoconstriction in young adult C57BL/6 mice but ageing 

eradicates the PVAT anti-contractile capacity 

It is now widely acknowledged that PVAT plays an essential role in modulating vascular tone and 

homeostasis and its role in the pathogenesis of disease should be considered as significant as 
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that of the contribution of the endothelium, VSM and adventitia. Nevertheless, little attention has 

previously been focused on the impact of ageing on the function of PVAT in C57BL/6 mice (Szasz 

2012).  

In health, PVAT attenuates vasoconstriction via the release of PVAT-derived relaxant factors, 

(Lohn et al. 2002; Gao et al. 2005; Gao et al. 2007b; Szasz and Webb 2012), but the anti-

contractile capacity of PVAT is diminished or completely abolished in diet-induced weight gain 

(Greenstein et al. 2009; Ketonen et al. 2010; Meyer et al. 2013; Zaborska et al. 2016) and 

hypertension (Lu et al. 2011a; Galvez-Prieto et al. 2012).  

This study demonstrated that aortic PVAT reduced constriction to phenylephrine in aortic rings 

from 8-week and 16-week ND-fed C57BL/6 mice. However, PVAT was dysfunctional after 26-

weeks on the ND, in pre-middle aged mice. The contractions of PVAT denuded aortic rings were 

unaltered with ageing. However, PVAT-intact aortic rings exhibited significantly increased 

contractility by the 26-week time-point. Conflicting evidence surrounds the effect of ageing on 

agonist-induced vascular contractions in very old rodents, ranging from 12-24 months of age. 

Vasoconstrictions in response to noradrenaline and phenylephrine were found to be unchanged 

with ageing in rat skeletal muscle resistance arterioles and mouse mesenteric arteries, 

respectively (Gros et al. 2002; Muller-Delp et al. 2002) . However, ageing to 24-months old 

resulted in a decrease in contraction in response to endothelin-1 in the coronary arterioles of rats 

and rings of carotid artery from C57BL/6 mice (Shipley et al. 2005; Meyer et al. 2014) . These 

findings demonstrate that the effects of ageing on vasoconstriction responses is dependent on 

the agonist and vascular bed. With regard to this study, these data suggest that the SM and 

endothelium of the C57BL/6 mouse is healthy at the 26-week time-point, due to the maintained 

endothelial function and the absence of atherosclerotic lesions, and that PVAT dysfunction 

precedes endothelial dysfunction, which has not previously been demonstrated in the C57BL/6 

mouse. In agreement with this is the finding that maternal obesity in rats predisposes their 

offspring to PVAT dysfunction prior to the development of endothelial dysfunction or hypertension 

(Zaborska et al. 2016). 

3.5.5 Nitric oxide contributes to the net anti-contractile effect of PVAT in young mice; 

however, PVAT dysfunction in pre-middle aged mice is associated with a decrease in 

PVAT-derived nitric oxide 

A role for NO contributing to the anti-contractile effect of PVAT has previously been reported (Gil-

Ortega et al. 2010; Galvez-Prieto et al. 2012; Victorio et al. 2016; Zaborska et al. 2016). This 

study provides clear evidence that PVAT-derived NO mediates the anti-contractile effect of PVAT 

in 8 and 16-week time-point mice, as the PVAT effect was abrogated in the presence of a NOS 

inhibitor, L-NNA. These data are consistent with reports that NOS inhibition diminished the anti-

contractile effect of PVAT in human subcutaneous arteries, mouse aortae and mesenteric arteries 

(Greenstein et al. 2009; Lynch et al. 2013; Victorio et al. 2016). Nevertheless, NOS inhibition had 

no effect on aortic rings, either PVAT-intact or PVAT-denuded, from the 26-week time-point mice. 

These data strongly indicate an age-associated decline of PVAT-derived NO bioavailability, which 

has been reported in rat mesentery, and may contribute to the pathogenesis of CVD (Melrose et 

al. 2015).  
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L-NNA was chosen as the NOS inhibitor for the NO inhibition experiments because it is a 

competitive inhibitor for the three distinct isoforms of the enzyme, neuronal, endothelial and 

inducible. However, it may exhibit off-target effects (Moore et al. 1990; Rees et al. 1990; Furfine 

et al. 1993; Furfine et al. 1994). Whilst the specific NOS isoform responsible for the anti-contractile 

effect of PVAT was not investigated in this study, recent studies have demonstrated that PVAT 

from the thoracic aorta of mice and rats express eNOS and produce NO (Araujo et al. 2015; Xia 

et al. 2016).  Nevertheless, thoracic PVAT is mostly comprised of brown adipocytes and iNOS 

has been shown to be expressed in this tissue, thus a potential contribution of NO from this 

isoform cannot be discounted (Nisoli et al. 1997; Giordano et al. 2002). 

The sensitivity of the VSM to NO was assessed by exposure of phenylephrine pre-constricted 

aortic rings, in the presence or absence of PVAT to sodium nitroprusside, an endothelium-

independent vasodilator. Mechanistically, sodium nitroprusside directly targets vascular SM by 

stimulation of sGC and induction of hyperpolarisation (Gerhard et al. 1996; Bonaventura et al. 

2008). Ageing did not result in altered relaxation to sodium nitroprusside in aortic rings with or 

without PVAT therefore, sensitivity to NO was unaltered in the C57BL/6 mice. Additionally, pre-

constricted NOS-inhibited aortic rings were still able to relax fully to baseline (data not shown). 

These data are in line with evidence from ageing studies conducted on healthy adult humans and 

aortic rings of C57BL/6 mice which reported that VSM sensitivity to NO is unimpaired by ageing 

and further consolidates the idea that reduced endothelial-derived NO bioavailability with ageing 

contributes to vascular pathologies (Taddei et al. 1995; Gerhard et al. 1996; DeSouza et al. 2000; 

Ketonen et al. 2010; Seals et al. 2011; Bailey-Downs et al. 2013).  

3.5.6 White adipocyte hypertrophy, increased ROS production and an altered adipokine 

profile may promote age-related PVAT dysfunction 

3.5.6.1 The amount of PVAT encasing the aortae of C57BL/6 mice increases with ageing 

and is associated with white adipocyte hypertrophy 

The composition of aortic PVAT was assessed to determine if any age-related morphological 

changes occurred in conjunction with the observed PVAT dysfunction at the 26-week time-point. 

Although PVAT has a net beneficial anti-contractile effect, an overabundance has been 

associated with a decline in PVAT function in ageing and obese mice and increased incidence of 

CVD in humans (Ketonen et al. 2010; Britton et al. 2012; Szasz 2012). Furthermore, in mice with 

excess PVAT, a wide range of pathologies are observed including diabetes, hypertension or 

hypotension depending on the amount of PVAT, altered vasoconstriction and lipodystrophy 

(Brown et al. 2014). In this study, a significant increase in the weight of PVAT surrounding the 

thoracic aortae was observed with ageing after 26 weeks on a ND post weaning. This was 

associated with an increase in the proportion of white adipocytes within the aortic PVAT, although 

this was non-significant, and significant increase in white adipocyte hypertrophy. Similar age-

related morphological changes have been reported in 7 and 24 month old mice, with an increase 

in the abundance of white adipocytes observed within the aortic PVAT of old mice (Bailey-Downs 

et al. 2013).  It is probable that the increase in white adipocyte size was associated with PVAT 

dysfunction in the 26-week group.  
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Expansion of white adipocytes occurs in health and in response to over-nutrition (Rutkowski et al. 

2015). However, there are limits to healthy adipocyte hypertrophy and upon reaching a certain 

size, greater than 100 µm, the cells reach diffusional limits of oxygen which can lead to hypoxia, 

necrosis and subsequent apoptosis resulting in a highly inflammatory environment (Hosogai et 

al. 2007; Lee et al. 2014; Rutkowski et al. 2015). Of note, out of the three time-points only the 8-

week time-point group exhibited a mean white adipocyte size less than 100 µm (8-weeks: 86.33 

± 10.10 µm2) whereas the 16 and 26-week time-points exceeded this size (16-weeks: 133.00 ± 

28.90 µm2; 26 weeks: 201.10 ± 33.90 µm2). This could suggest that by the 16-week time-point 

the PVAT is in the early stages of dysfunction and that morphological changes occur within the 

PVAT prior to functional alterations, explaining why the PVAT still exerted an anti-contractile effect 

at this time-point. In agreement with these findings, adipocyte hypertrophy within PVAT has been 

observed in the small arteries of obese humans and rodents with diet-induced weight gain and it 

has been proposed that these adipocytes are in a constant state of hypoxia leading to chronic 

inflammation and upregulation of pro-inflammatory cytokines such as TNFα (Fesus et al. 2007; 

Trayhurn et al. 2008; Greenstein et al. 2009; Aghamohammadzadeh et al. 2013; Bussey et al. 

2016). If normal vascular ageing results in an increased aortic PVAT weight and white adipocyte 

hypertrophy and thus induces PVAT dysfunction, weight loss and consequent reduction of PVAT 

mass could potentially be a novel therapeutic target to reverse or prevent the development of 

CVD within humans.    

3.5.6.2 Superoxide production is increased in ageing C57BL/6 mice 

Due to the findings of white adipocyte hypertrophy within the thoracic aortic PVAT, superoxide 

production was assessed within the PVAT. Subsequently, superoxide levels were found to be 

elevated in the 26-week time-point mice; these results are supported by similar findings in much 

older mice, that ageing is associated with increased production of superoxide within the wall of 

the aorta and the thoracic PVAT (Bailey-Downs et al. 2013). The endothelium, adventitia and 

PVAT are a major source of vascular ROS. Within the vasculature, ROS can have both beneficial 

and harmful effects. Whilst superoxide-derived from PVAT has been demonstrated to increase 

vasoconstriction in mouse mesenteric arteries, hydrogen peroxide has been shown to contribute 

to the net anti-contractile effect of PVAT (Gao 2007; Gao et al. 2007b). Furthermore, PVAT has 

been discovered to express both ROS and reactive nitrogen species machinery including NADPH 

oxidase, a key producer of superoxide, and all superoxide dismutase (SOD) isoforms (Szasz and 

Webb 2012; Szasz et al. 2013). 

Mitochondria are the predominant source of intracellular ROS and elevated superoxide 

production can predispose the development of CVD due to increased oxidative stress, 

inflammation and cellular senescence which are all biomarkers of vascular ageing (Rizvi 2009; 

Bailey-Downs et al. 2013; Costa et al. 2016). Thoracic aortic PVAT is mainly comprised of brown 

adipose tissue which is mitochondria-rich (Kiefer et al.). ROS production is tightly regulated 

however, mitochondrial dysfunction in response to ageing and diet-induced weight gain can occur 

(Ballinger et al. 2002; Trifunovic and Larsson 2008; Bournat and Brown 2010; Payne and 

Chinnery 2015). Morphological changes in the thoracic PVAT, chiefly white adipocyte 
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hypertrophy, were observed in the 26-week time-point mice which could potentially have triggered 

dysregulation of mitochondria resulting in increased superoxide production. 

A strong link between elevated superoxide levels and PVAT dysfunction has been observed in 

states of metabolic disturbance in humans and rodents. In humans, a loss of the anti-contractile 

effect of PVAT was partially attributed to increased ROS and subsequent treatment with 

superoxide dismutase and catalase rescued the PVAT function (Greenstein et al. 2009). In further 

support of the detrimental effects of increased ROS are observations from the mesenteric arteries 

of the New Zealand obese mouse model which showed that augmented superoxide production 

was linked to increased NADPH oxidase activity, PVAT hypertrophy, enhanced macrophage 

infiltration and a loss of the anti-contractile effect of PVAT (Marchesi et al. 2009).  

3.5.6.3 The number of Mac-3+ cells infiltrating the aortic PVAT is unchanged with ageing 

Macrophage infiltration of PVAT has been linked to an attenuation of the anti-contractile effect of 

PVAT in the small arteries of humans and mice and it has been hypothesised this is due to their 

abundant secretion of ROS via NADPH oxidase, inducing adipocytokine dysregulation and 

damage to the endothelium (Greenstein et al. 2009; Rizvi 2009; Ketonen et al. 2010; Withers et 

al. 2011). PVAT has been demonstrated to secrete a wide variety of factors including adiponectin, 

leptin and inflammatory cytokines such as IL-6 and TNFα (Szasz and Webb 2012; Szasz et al. 

2013). However, it has been proven that the characteristics of PVAT from humans and rodents 

depends on the location of the vascular bed (Brown et al. 2014). Mesenteric arteries have been 

shown to comprise mainly of white adipocytes and thus highly prone to inflammation triggered by 

disease whereas, brown adipose depots such as thoracic PVAT, particularly murine aortic PVAT, 

has been demonstrated to be resistant to inflammatory insult (Ketonen et al. 2010; Fitzgibbons et 

al. 2011). In agreement with these findings, this study has demonstrated that macrophage 

infiltration was not increased with ageing and therefore not directly responsible for the increased 

generation of superoxide within the PVAT. Also, these observations have been replicated in the 

PVAT of much older C57BL/6 mice indicating that the elevated levels of ROS within aortic PVAT 

are not induced by the infiltration of macrophages (Bailey-Downs et al. 2013).  

3.5.6.4 The secretion profile of aortic PVAT is altered with ageing in C57BL/6 mice 

Finally, the secretion profile of aortic PVAT from 26-week ND-fed mice was demonstrated to be 

altered in comparison to the youngest, 8-week ND-fed group. Surprisingly, of the 10 detectable 

adipokines, the relative expression of several well-known ‘bad’ adipokines, that have been 

associated with increased risk of CVD, were diminished in comparison to younger controls (Mattu 

and Randeva 2013; Stefan et al. 2013; Nakamura et al. 2014). Resistin, RAGE, Pentraxin-2 (a 

monocyte/macrophage differentiation marker with high affinity for damaged tissue environment), 

fetuin A (an inflammatory hepatokine) and IGFBP6 expression were all decreased in comparison 

to the younger mice, which is in contrast to previous findings (Fenton et al. 2009; Lee et al. 2012; 

Lu et al. 2012; Du Clos 2013; Stefan and Haring 2013; Fukami et al. 2014). Whilst the reasons 

behind this decrease are unknown, a potential protective compensatory mechanism could have 

been induced within the aortic PVAT in response to the morphological changes occurring in the 

PVAT, i.e. adipocyte hypertrophy. Of note, adiponectin expression, a ‘good’ adipokine with anti-

inflammatory and vasodilatory properties, was found to be decreased in the ageing PVAT, in 
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agreement with other works suggesting that circulating and PVAT-derived adiponectin levels are 

reduced in states of metabolic disturbance (Fenton et al. 2009; Shibata et al. 2009). This decrease 

in adiponectin could potentially have further contributed to the loss of the anti-contractile effect of 

PVAT observed in the 26-week ND-fed group indeed, whilst some work supports this theory, it 

should be noted that contradictory evidence surround the effect of PVAT from the adiponectin 

knockout mouse with some research stating the anti-contractile capacity of PVAT is retained and 

others finding the PVAT effect abolished (Fesus et al. 2007; Lynch et al. 2013). Furthermore, a 

recent ageing study did not find any alterations in the expression of adiponectin with ageing to 24 

months in C57BL/6 mice however, these results could be due to different methods of adipokine 

analysis (Bailey-Downs et al. 2013).  

The adipokine array revealed an increase in the following inflammatory factors: lipocalin-2, FGF 

acidic, DPPIV and CRP. Lipocalin-2 is highly expressed in murine adipose tissue and has been 

found to be elevated in diet-induced weight gain and promotes insulin resistance in cultured 

adipocytes and hepatocytes (Yan et al. 2007). In addition, circulating lipocalin-2 levels have been 

identified to be positively associated with adiposity in humans (Wang et al. 2007b). The increased 

expression of CRP and DPPIV in response to disease states has previously been reported. 

Increased CRP was suggested to promote endothelial dysfunction in rabbits and clinical trial have 

suggested the possible role of CRP as a pro-atherogenic factor (The Emerging Risk Factors 2010; 

Chen et al. 2013).  DPPIV expression in adipose tissue has been associated with insulin 

resistance in humans and their presence has been suggested as a marker of increased visceral 

adipose depots and the metabolic syndrome (Sell et al. 2013; Son et al. 2015). Lastly, FGF-acidic 

(FGF-1) has been identified to play a key role in adipose tissue remodelling and systemic 

metabolic homeostasis, and is induced in white adipose tissue in response to a high fat diet in 

C57BL/6 mice (Jonker et al. 2012).  

Taken together, the aforementioned changes to the PVAT secretion profile of ageing C57BL/6 is 

contradictory. The loss of the anti-contractile effect of PVAT would imply that damaging changes 

have occurred within the PVAT and as such it was expected that the adipokine profile would show 

a marked upregulation of pro-inflammatory factors. However, these mixed findings suggest that 

the PVAT milieu is in constant flux and is subject to both pro and anti-inflammatory actions as 

such, it is difficult to draw firm conclusions from these data.  

3.6. Future experiments to further define the mechanisms underlying age-

related PVAT dysfunction 

Further investigations could assist with unravelling the complex mechanisms that results in a loss 

of the beneficial anti-contractile capacity of aortic PVAT with ageing in C57BL/6 mice. Whilst 

changes to the function of the vascular SM were not observed in the presence of a functional 

endothelium, it would be interesting to repeat the ageing experiments in endothelium-denuded 

vessels to ascertain that the healthy endothelium is not somehow masking an underlying smooth 

muscle dysfunction. Additionally, PVAT transfer experiments could be performed on both ageing 

and young endothelium-denuded aortic rings to determine if the anti-contractile effect of young 

PVAT can induce a similar response in older aortic segments and vice versa. 
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Furthermore, the composition of aortic PVAT was shown to change with ageing and was 

determined by assessing white adipocyte content. However, ageing could also induce changes 

to the brown adipocytes and it would be of interest to determine if expression of UCP-1, a marker 

for brown adipose tissue was altered with ageing to these time-points in C57BL/6 mice and 

contributed to the loss of the anti-contractile function of PVAT observed in the ageing mice from 

this study. An age-associated loss of brown adipocytes has previously been demonstrated, (Graja 

et al. 2015) this loss could potentially contribute to the development of cardiovascular disease.  

NOS inhibition experiments indicated that PVAT-derived NO mediated the anti-contractile effect 

of PVAT in young C57BL/6 mice. This effect was lost in the 26-week ND-fed group and it was 

proposed that this was due to a decline in the bioavailability of PVAT-derived NO. To test this 

theory, a nitric oxide assay on PVAT supernatant could be performed at each time-point and total 

NO assessed (Bryan et al. 2007). 

Finally, PVAT dysfunction was observed to occur in the PVAT of pre-middle aged mice in the 

absence of lipidemic abnormalities, atherosclerosis or endothelial dysfunction. This suggests that 

PVAT dysfunction occurs as part of the normal ageing process, and may be in part due to an 

increased PVAT mass and hypertrophy of white adipocytes. Adipose tissue has been shown to 

have a certain degree of plasticity and it is possible that the increase in white adipocytes within 

the aortic PVAT, which may have contributed to the loss of function of PVAT, may be reversible. 

Exercise has been demonstrated to ‘brown’ white adipocytes and lead to increased eNOS 

expression and NO production (Sindler et al. 2009; Araujo et al. 2015). Moreover, cold exposure 

has been shown to re-brown adipocytes although effects on vascular function have not yet been 

investigated (Sharp et al. 2012; Wu et al. 2012; Park et al. 2014). Conversely, attempts to activate 

brown adipose tissue pharmacologically, with the sympathomimetic ephedrine, had no effect in 

humans (Cypess et al. 2012; Kiefer et al.).  

3.7 Chapter summary and conclusions 

This study has demonstrated that C57BL/6 mice are a valuable tool for the study of vascular 

ageing in health. During the time-points assessed in this study, C57BL/6 mice were not observed 

to develop dyslipidaemia, atherosclerosis or endothelial dysfunction. NO contributed to the anti-

contractile properties of PVAT in the younger adult mice. Conversely, ageing to approximately 30 

weeks (26 weeks ND) was demonstrated to abolish the anti-contractile capacity of aortic PVAT 

due to a reduction in the bioavailability of PVAT-derived NO and potentially through a series of 

damaging changes involving: increased PVAT amount, white adipocyte hypertrophy, elevated 

superoxide production and alterations to the adipokine secretion profile. These data reveal eNOS, 

and consequently NO bioavailability, as potential therapeutic targets aimed at increasing PVAT-

derived NO to restore healthy PVAT function. Moreover, reverting the PVAT to a younger 

phenotype via browning of the PVAT could also induce beneficial effects. 

The principal findings of this chapter were: 

 Endothelial function was maintained in C57BL/6 mice aged to pre-middle age whilst 

the anti-contractile effects of aortic perivascular adipose tissue (PVAT) were 

attenuated in the 26-week normal diet (ND) -fed C57BL/6 mice.  
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 NOS inhibition revealed that NO mediated the anti-contractile effect of PVAT in the 

8 and 16-week ND-fed groups however, NOS inhibition had no effect in the 26-week 

ND group, which may be indicative of a decrease in PVAT-derived NO.  

 The morphology of aortic PVAT was altered with increasing age; an increase in the 

weight of PVAT surrounding the aortae in combination with white adipocyte 

hypertrophy, increased superoxide production and an altered adipokine profile 

may have contributed to the loss of the anti-contractile effect of PVAT in the 26-

week ND cohort. 
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~ Chapter Four ~ 

An investigation of perivascular adipose tissue in atherosclerotic ApoE-/- 

mice 

Abstract 

Background: The Apolipoprotein E knockout mouse (ApoE-/-) is a widely-used model of 

atherosclerosis and displays characteristics of accelerated ageing. Perivascular adipose tissue 

(PVAT) surrounds the majority of blood vessels and until recently was not considered important 

in the pathogenesis of atherosclerosis. PVAT exerts anti-contractile effects that are abolished in 

disease states. PVAT could potentially modulate the vascular reactivity of aortic ring preparations 

from ApoE-/- mice and consequently, the development and progression of atherosclerosis, 

through alterations in PVAT-derived nitric oxide (NO). 

Purpose: The following experiments were conducted to determine the influence of PVAT, age, a 

Western-type and associated progression of atherosclerosis on isolated arterial reactivity on the 

aortae of ApoE-/- mice. In addition, the morphology of aortic PVAT was assessed to determine the 

extent (if any) of age or diet-related changes. 

Methods: Upon weaning, at approximately 4 weeks of age, male ApoE-/- mice were fed a normal 

rodent chow (normal diet, ND) or high fat Western-type diet (WD) for a period of 8, 16 or 26-

weeks.  Vascular reactivity studies were performed on aortic rings with the PVAT remaining intact 

or PVAT-denuded. The influence of NO on the vasoconstrictor responses of phenylephrine was 

assessed using the NOS inhibitor L-NNA (50 µM). The morphology of aortic PVAT was assessed 

via histology and immunohistochemistry. 

Results: WD-fed ApoE-/- mice displayed a pro-atherogenic lipoprotein profile and accelerated 

development of atherosclerosis in comparison to ND-fed mice. PVAT was dysfunctional and did 

not modulate the vascular reactivity of aortic rings in either ND or WD-fed ApoE-/- mice at any of 

the examined time-points. In addition, endothelial dysfunction was not observed with established 

atherosclerosis, at the 26-week time-point. NOS inhibition with 50 µM L-NNA did not alter the 

vascular reactivity of aortic segments at any of the time-points. The amount of PVAT surrounding 

the aortae of ApoE-/- mouse did not significantly change with ageing or a WD. In addition, the 

composition of the aortic PVAT, with respect to the proportion and size of white adipocytes, was 

not significantly altered, nor was there an increase in inflammation with ageing or a WD.  

Conclusions: The aortic PVAT of ApoE-/- mice is dysfunctional and does not exert an anti-

contractile effect on the aorta. This is possibly due to a combination of reduced PVAT-derived NO 

within the vasculature and an ‘aged’ PVAT phenotype  
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4.1 Introduction 

Atherosclerosis is a chronic progressive disease which can remain asymptomatic for decades 

thus, ageing results in increased incidence and severity of atherosclerotic disease (Toth 2008; 

Uryga and Bennett 2016). The initial stages of atherogenesis involve the accrual of foam cells 

along the sub-endothelial layer; this ‘fatty streak’ has been observed within the aortae of humans 

in the first decade of life (Strong et al. 1999). By the second and third decades, lesions are 

manifest within the coronary and cerebral arteries, respectively (Lusis 2000; Singh et al. 2002) .  

The ApoE-/- mouse is predisposed to hypercholesterolaemia and spontaneous development of 

lesions within its vasculature when fed a ND (Plump et al. 1992; Zhang et al. 1992; Jawien et al. 

2004). Furthermore, the progression and severity of atherosclerosis can be accelerated by 

feeding the ApoE-/- mice a high fat WD, as observed in man (Plump et al. 1992).   

Relaxation studies performed on the conductance vessels of ApoE-/- mice have demonstrated 

endothelial dysfunction, which is a predictor of atherosclerosis in humans (Barton et al. 1998; 

d'Uscio et al. 2001a; Laursen et al. 2001). However, the role of PVAT on vascular reactivity and 

its potential to modulate both VSM and endothelial cells has not been investigated.  

PVAT releases a wide variety of factors which can modulate vascular tone, the inflammatory state 

of the vessel, VSM characteristics and oxidative stress (Lohn et al. 2002; Gao et al. 2005; Szasz 

and Webb 2012). Notably in humans, atherosclerotic lesions have been demonstrated to 

principally occur in epicardial coronary arteries which are surrounded by PVAT (Montani et al. 

2004; Sacks et al. 2007; Greif et al. 2009). However, not all arteries encased by PVAT go on to 

develop atherosclerotic lesions. The role of PVAT and its possible effects on the development of 

atherosclerosis have only recently begun to be investigated. Studies in humans have reported a 

strong association between the amount of coronary PVAT and atherosclerotic plaque burden 

within the artery (Mahabadi et al. 2010; Verhagen and Visseren 2011; Verhagen et al. 2012). 

Furthermore, PVAT transplant experiments in ApoE-/- mice have reported that transfer of pro-

inflammatory adipose to sites of the coronary artery which are not normally predisposed to 

atherosclerotic lesions caused the development of atheromas and endothelial dysfunction in the 

recipient mice (Öhman et al. 2011). Atherosclerosis is a highly inflammatory disease and as such, 

changes to the composition of PVAT, such as increased macrophage infiltration, elevated ROS 

levels and alterations to the adipocytes which comprise PVAT could potentially contribute to 

altered vascular reactivity and hence, modulate the progression of atherosclerosis (Ross 1999b).  

Nevertheless, little is known regarding the influence of aortic PVAT on the contractility and 

relaxation responses of isolated aortic preparations from ApoE-/- mice. PVAT could potentially 

modulate the vascular reactivity of the aortae in ApoE-/- mice via alterations in the release of 

PVAT-derived factors. A key role NO in mediating the anti-contractile effect of PVAT was 

observed in C57BL/6 mice in the previous Chapter (3). Furthermore, this study reported that 

C57BL/6 mice aged to pre-middle age exhibited a loss of the anti-contractile PVAT effect and this 

potentially was a result of reduced PVAT-derived NO bioavailability. Therefore, alterations within 

PVAT and in PVAT-derived NO bioavailability in ApoE-/- mice may influence the contractility of the 

aortae and could potentially modulate atherosclerosis. An increase in aortic contractility through 
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disturbances in NO signalling and/or release of constricting factors within the PVAT could cause 

increased blood flow turbulence and therefore, endothelial damage and promote atherosclerosis. 

Therefore, the role of aortic PVAT and NO in modulating vascular reactivity in both ageing and 

Western-type diet fed ApoE-/- mice will be evaluated in this study. In addition, the morphology of 

aortic PVAT will be assessed to determine what, if any, changes occur with accelerated ageing 

in the ApoE-/- mouse. Insights gained from studies on the aortic PVAT of ApoE-/- mice could, 

potentially reveal therapeutic targets for the treatment of atherosclerosis.  

 4.2 Aim and objectives 

The aim of this chapter is to determine if PVAT modulates the vascular function of aortic rings 

from ApoE-/- mice and investigate whether this is modified by ageing, NO bioavailability or a WD 

and the development of atherosclerosis. The objectives of this chapter are to: 

 Phenotype ageing and WD-fed ApoE-/- mice by assessing lipid profiles, body and organ 

weights and the development of atherosclerotic lesions within the aortae of these mice. 

 Determine if endothelial-dependent relaxation is affected by ageing, the presence of 

PVAT or the development of atherosclerosis in ApoE-/- mice using myography to assess 

vascular function. 

 Establish if the aortic PVAT of ApoE-/- mice exerts an effect on vasoconstrictor responses 

to cumulative doses of phenylephrine and if pharmacological inhibition of NOS alters this. 

 Determine if the structure and morphology of aortic PVAT from ApoE-/- mice is altered by 

ageing or a WD using histological and immunohistochemical techniques.  

4.3 Methods 

Male ApoE-/- mice were bred from an in-house colony. At approximately 4 weeks old, the mice 

were weaned onto either a normal chow diet (ND) or a 21% fat Western-type diet (WD) for 8, 16 

or 26 weeks. The lipidemic and glycaemic profiles of ageing ApoE-/- and WD-fed ApoE-/- mice 

were assessed. Additionally, body and organ weights of ND and WD-fed mice were recorded at 

sacrifice. En face lesion analysis was performed to determine the extent of atherosclerotic disease 

progression within the lumen of the aortae in ND and WD-fed mice at each time-point. Relaxation 

experiments were conducted on aortic rings to determine if PVAT or the pathogenesis of 

atherosclerosis altered endothelial function. The effect of PVAT on vascular function was 

assessed using rings of thoracic aortae with the PVAT remaining intact or carefully removed. The 

influence of NO on the contractile responses of aortic ring preparations was assessed by 

incubation with a nitric oxide synthase (NOS) inhibitor (L-NNA). The sensitivity of the aortic 

preparations to exogenous NO was assessed through the application of the endothelium-

independent vasodilator, sodium nitroprusside. Aortic PVAT morphology and composition was 

evaluated using haematoxylin and eosin staining, the superoxide indicator dihydroethidium and a 

macrophage marker. Detailed methods are provided in Chapter 2. 
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4.4 Results 

4.4.1 Phenotyping normal diet and Western-type diet fed ApoE-/- mice 

4.4.1.1 A Western-type diet enhances the pro-atherogenic lipid profile of ApoE-/- mice 

Increasing age did not have a significant impact on any of the lipidemic or glycaemic parameters 

measured in ND-fed ApoE-/- mice (P= NS for all parameters, n = 6 mice per group, Table 4.1). 

Furthermore, feeding ApoE-/- mice a WD resulted in hypercholesterolaemia in the 16 and 26-week 

time-points compared to age-matched ND-fed mice (ND versus WD: 8-weeks P = 0.052; 16-

weeks P = 0.02; 26-weeks P = 0.03, n = 6 mice per group, Table 4.1). However, there were no 

observable differences in HDL-cholesterol or triglycerides between age-matched ND and WD-fed 

mice at any of the experimental times measured (ND versus WD: P = NS each time-points; n = 6 

mice per group, Table 4.1). Also, serum glucose levels were unaffected by a WD (ND versus WD: 

P = NS all time-points; n = 6 mice per group, Table 4.1). 

Table 4.1 Lipidemic and glycaemic profiles of normal and Western-type diet-fed ApoE-/- 

mice 

ND 8-weeks 16-weeks 26-weeks 
P values for all diet-

matched comparisons 

Total cholesterol 8.22 ± 0.86 9.77 ± 0.88 10.06 ± 1.16 P = NS 

HDL 0.42 ± 0.09 0.49 ± 0.09 0.57 ± 0.11 P = NS 

Triglycerides 2.64 ± 0.65 1.71 ± 0.35 1.66 ± 0.30 P = NS 

Glucose 15.02 ± 2.84 18.59 ± 0.97 17.55 ± 2.11 P = NS 

WD 8-weeks 16-weeks 26-weeks 
P values for all diet-

matched comparisons 

Total cholesterol 16.03 ± 1.98 18.42 ± 2.07 18.44 ± 2.66 P = NS 

HDL 0.45 ± 0.08 0.58 ± 0.12 0.66 ± 0.12 P = NS 

Triglycerides 2.55 ± 0.44 2.32 ± 0.55 2.49 ± 0.49 P = NS 

Glucose 19.48 ± 2.42 19.75 ± 0.65 20.66 ± 1.76 P = NS 

ND versus WD 8-weeks 16-weeks  26-weeks   

Total cholesterol NS 0.052 * 0.02 * 0.03  

HDL NS > 0.999 NS > 0.999 NS > 0.999  

Triglycerides NS > 0.999 NS > 0.999 NS > 0.999  

Glucose NS > 0.999 NS > 0.999 NS > 0.999  

Serum obtained at time of sacrifice (mice were weaned at 4 weeks of age then maintained on a 

normal chow diet (ND) or Western-type diet (WD) for the appropriate length of time. Data are 

expressed as mean ± S.E.M and measurements are shown in mmol/L. Statistical analysis was 

carried out by two-way ANOVA, with Bonferroni’s post hoc test, n = 6 mice per group. 

The lipid and glucose profiles of ND-fed ApoE-/- mice were compared to age and diet-matched 

C57BL/6 mice (Appendix 2.2). In comparison to the C57BL/6 strain the ApoE-/- mice exhibited 

hypercholesterolaemia (P < 0.0001; n = 3-6 mice per group) and significantly lower HDL levels (P 
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< 0.0001; n = 3-6 mice per group). However, serum triglycerides and glucose measurements were 

similar between the two mouse strains (P = NS; n = 3-6 mice per group). 

4.4.1.2 The effect of ageing on the body and organ weights of normal diet-fed ApoE-/- mice 

ApoE-/- mice displayed a significant gain in body weight after 16-weeks on the ND, post weaning, 

compared to the younger 8-week ND-fed mice (8-weeks versus 16-weeks: P = 0.004; n = 26 and 

24 mice, respectively, Table 4.2) and this increase was sustained in the 26-week group (8-weeks 

versus 26-weeks; P = 0.0001; n = 26 and 21 mice, Table 4.2). Also, heart weight was significantly 

increased between the youngest and oldest groups (8-weeks versus 26-weeks: P = 0.001; n = 26 

and 21 mice, Table 4.2). However, no further effects of ageing were observed when heart weight: 

body weight ratios were compared or in the organ weights of the liver, spleen, and epididymal fat 

pads and no changes in epididymal adipocyte sizes were observed (P = NS for all parameters 

and age group comparisons n = 21-26 mice, Table 4.2). 

The body and organ weights of ApoE-/- mice were compared to the genetic background, C57BL/6, 

strain and with the exception of the epididymal fat pads and epididymal adipocyte size no 

significant difference were observed between the ApoE-/- and C57BL/6 mice (Appendix 2.3). 

Epididymal fat pad weights and epididymal adipocyte area were significantly decreased in 

comparison to age-matched 26 week ND-fed C57BL/6 mice and epididymal adipocytes were 

observed to be significantly enlarged in comparison to ApoE-/- mice after 16 weeks on a ND (P < 

0.0001 epididymal fat pad weights: n = 4-6 C57BL/6 mice, n = 20-26 ApoE-/- mice; epididymal 

adipocyte area: n = 4 mice per group, 100 adipocytes measured per mouse). 

4.4.1.3 The effect of A Western-type diet on the body and organ weights of ApoE-/- mice 

The impact of a WD on the body and organ weights of ApoE-/- mice was assessed by comparing 

them to age-matched ND-fed mice. Body weights of ApoE-/- mice were not significantly different 

until the 26-week time-point (ND versus WD: P = 0.008; n = 26 and 24 mice, respectively, Table 

4.2). There were no changes in heart, liver or spleen weight between age-matched mice (Table 

4.2) although, a significant decrease in the HW:BW ratio was observed in WD mice after 26-

weeks (ND versus WD: P = 0.0004; n = 26 and 24 mice, respectively, Table 4.2). Epididymal fat 

pads were considerably larger in the 16 and 26 week WD-fed mice in comparison to their age-

matched counterparts (ND versus WD: 16-weeks P < 0.0001; 26-weeks P < 0.0001, n = 20-24 

mice per group, Table 4.2) and this was related to epididymal adipocyte hypertrophy (ND versus 

WD: 16-weeks P = 0.04; 26-weeks P = 0.02, n = 20-24 mice per group, Table 4.2). 

A WD exacerbated hypercholesterolaemia in ApoE-/- mice. However, extended feeding did not 

further augment the serum lipid or glycaemic profiles. Although ApoE-/- mice were resistant to 

diet-induced weight gain, up until the final 26-week time-point, abdominal fat deposition was 

enhanced in the WD-fed mice at each time-point, and this was associated with adipocyte 

hyperplasia and not hypertrophy.   
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Table 4.2 Body and organ weights and epididymal adipocyte size of ApoE-/- mice on a normal or Western-type diet  

ND 8-weeks (A) 16-weeks (B) 26-weeks (C) P values for all diet-matched comparisons 

Body weight (g) 28.55 ± 0.45 31.93 ± 0.47 32.88 ± 0.40 A vs B ** 0.004, A vs C *** 0.0001 

Heart weight (mg) 153.5 ± 4.55 173.3 ± 5.37 185.0 ± 6.86 A vs C ** 0.001 

Heart weight: body weight (mg/g) 5.42 ± 0.11 5.47 ± 0.12 5.61 ± 0.17 
 

Liver (g) 1.81 ± 0.05 1.95 ± 0.05 2.16 ± 0.13 
 

Spleen (mg) 106.9 ± 5.53 117.2 ± 8.46 113.7 ± 7.50 
 

Epididymal fat pad weight (g) 0.29 ± 0.01 0.33 ± 0.02 0.37 ± 0.02 
 

Epididymal adipocyte area (x103 µm2) 1.42 ± 0.19 1.53 ± 0.31 2.42 ± 0.22 
 

WD 8-weeks (D) 16 weeks (E) 26-weeks (F) P values for all diet-matched comparisons 

Body weight (g) 27.61 ± 0.46 32.93 ± 0.82 36.47 ± 1.26 D vs E **** P <0.0001, D vs F **** P < 0.0001, E vs F ** 0.007 

Heart weight (mg) 144.9 ± 4.35 159.0 ± 4.32 164.7 ± 6.55 
 

Heart weight: body weight (mg/g) 5.11 ± 0.14 4.96 ± 0.15 4.61 ± 0.24 
 

Liver (g) 1.80 ± 0.05 2.04 ± 0.08 2.37 ± 0.17 D vs F *** 0.0002 

Spleen (mg) 116.7 ± 7.01 121.9 ± 7.44 125.5 ± 9.50 
 

Epididymal fat pad weight (g) 0.51 ± 0.04 0.86 ± 0.09 1.26 ± 0.14 D vs E ** 0.002, D vs F *** 0.0001, E vs F *** 0.0006 

Epididymal adipocyte area (x103 µm2) 2.86 ± 0.56 3.2 ± 0.62 4.31 ± 0.51 
 

ND versus WD 8-weeks 16-weeks 26-weeks   

Body weight  NS > 0.999 NS > 0.999 ** 0.008   

Heart weight  NS > 0.999 NS 0.83 NS 0.18   

Heart weight: body weight NS > 0.999 NS 0.29 *** 0.0004   

Liver NS > 0.999 NS > 0.999 NS > 0.999   

Spleen  NS > 0.999 NS > 0.999 NS > 0.999   

Epididymal fat pad weight  NS 0.20 **** P < 0.0001 **** P < 0.0001   

Epididymal adipocyte area  NS 0.09 * 0.04 * 0.02   

ND = normal chow diet, WD = Western-type diet. Data are expressed as mean ± S.E.M.E.M and weights are shown in milligrams or grams. Heart weight: body 

weight ratio in milligrams/grams and epididymal adipocyte area x103 µm2. Two-way ANOVA with Bonferroni’s post-hoc tests was performed: body and organ weights 

n = 20-26 mice per group; adipocyte area n = 4 mice per group, 100 adipocytes per mouse. 
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4.4.2 A Western-type diet accelerates atherosclerotic lesion formation and plaque burden 

within the aortae of ApoE-/- mice 

Atherosclerotic lesions were present within the aortae of both ND and WD-fed ApoE-/- mice at 

each time-point investigated (Figure 4.1A). At the initial 8-week time-point, lesions had begun to 

form in the aortic arch of the WD ApoE-/- mice and to a much lesser extent in the age-matched 

ND-fed groups (Figure 4.1Ai and ii). After 16 weeks, lesions were visibly more extensive in the 

aortae of both WD and ND-fed ApoE-/- mice. Lesions were predominantly localised to the aortic 

arch in ND-fed mice; in contrast to this, in the WD-fed mice, atheromatous lesions had begun to 

spread along the thoracic aortae and positive lipid staining was observed in the lumen of the 

intercostal vessels (Figure 4.1Aiii and iv). A dramatic increase in lesion area was observed after 

extended WD-feeding, 26 weeks, compared to age-matched ND mice (Figure 4.1Av and vi). 

Large three-dimensional atheromatous plaques, which were concentrated in the aortic arch, were 

observed along with clusters of lesions which descended along the thoracic aortae (Figure 

4.1Avi). 

Atherosclerotic burden did not significantly alter with ageing in ND-fed mice (P = NS all time-point 

comparisons, n = 6-7 mice per group, Figure 4.1B) whereas a large increase in lesions was 

observed between each experimental time-point in WD-fed mice (8-weeks versus 16-weeks: P = 

0.006; 16-weeks versus 26-weeks; P < 0.0001; 8-weeks versus 26-weeks P < 0.0001; n = 6-7 

mice per group, Figure 4.1B).  

Atherosclerotic plaque burden was more severe in the WD-fed mice, in comparison to ND age-

matched ApoE-/- mice, at both the 16 and 26-week time-points (ND versus WD: 16 weeks P = 

0.003; 26 weeks P < 0.0001; n = 6-7 mice per group, Figure 4.1B) although no differences were 

observed between the initial 8-week time-point groups (ND versus WD: P > 0.99; n = 6 and 7 

mice, respectively, Figure 4.1B). 
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8-weeks ND 8-weeks WD 16-weeks ND 16-weeks WD 26-weeks WD 26-weeks ND 

Figure 4.1 En face aortic preparations stained with Oil Red O demonstrating accelerated 

progression of atherosclerosis in Western-type diet-fed ApoE
-/-

 mice.  

 A) Oil Red O was used in order to visualise lipid-laden deposits along the luminal surface of the 

aortae of ApoE-/- mice after a period of 8-weeks on a ND, i) or WD, ii) 16-weeks on a ND, iii) or 

WD, iv) or 26 weeks on a ND, v) or WD, vi). Red-stained lesions were traced and total lesion area 

was expressed as a percentage of the total intimal surface. B) A WD accelerated atherosclerotic 

disease progression in the aorta of ApoE-/- mice in comparison to ND controls at the 16 and 26-

week time-points. Representative images, scale bar, top right hand corner = 1 mm, ND = normal 

diet, WD = Western-type diet, n=6-7 ApoE
-/-

 mice per group. ** P < 0.01, *** P < 0.001, **** P < 

0.0001, Two-way ANOVA with post hoc Bonferroni’s post hoc tests.  
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4.4.3 Vascular reactivity studies assessing the effect of aortic PVAT on vascular responses 

4.4.3.1 The contractions of aortic rings to KPSS are unaffected by the presence of PVAT, 

ageing or a Western-type diet 

The presence of PVAT did not alter the contractile response, evoked by stimulation with 100 mM 

KPSS, in any of the experimental and a WD did not have a significant effect on aortic ring 

contraction (P = NS, n = 6-8 mice per group, Figure 4.2).  

 

 

Furthermore, the responses of ND-fed ApoE-/- mice to KPSS were similar to the contractions 

observed in ND-fed C57BL/6 mice (P = NS, n = 5-8 mice per group, Appendix 2.4Ai and ii p 221). 

 

4.4.3.2 A decline in endothelium-dependent relaxation is not observed within the aortae of 

Western-type diet-fed ApoE-/- mice  

The presence of PVAT on aortic rings did not have a significant effect on relaxation to 10 µM 

acetylcholine P = NS; n = 6-8 mice per group, Figure 4.3). In addition, relaxation responses did 

not decline significantly in either the ND or WD-fed mice despite the fact that atherosclerotic lipid 

lesions were visible in the aortae of these mice (P = NS; n = 6-8 mice per group, Figure 4.3 and 

4.1) Moreover, the relaxation responses of aortic rings from ND and WD-fed mice, in the presence 

or absence of PVAT, were similar at each time-points (P = NS; n = 6-8 mice per group, Figure 

4.3).  

Figure 4.2 Contractile responses to 100 mM KPSS were similar in PVAT-denuded and 

PVAT-intact aortic rings in each experimental group  

ND = normal diet, WD = Western-type diet Data are presented as mean ± S.E.M, n = 6-8 mice 

per group. Two-way ANOVA with Bonferroni’s post hoc test. 

NS 
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In addition, endothelial dysfunction was not observed when the relaxation responses of ND-fed 

ApoE-/- mice were compared to the C57BL/6 strain in the presence or absence of PVAT (P = NS; 

n = 5-8 mice per group, Appendix 2.4Bi and ii p 221). 

 

4.4.3.3 The aortic PVAT of ApoE-/- mice is dysfunctional and does not exert an anti-

contractile effect in normal or Western-type diet fed mice 

The PVAT of ApoE-/- mice did not exert an effect on aortic rings in response to cumulative doses 

of phenylephrine in 8-week ND mice (+PVAT versus -PVAT: P = NS for each group, n = 6-8 mice 

per condition, Figure 4.4A-C). Similarly, a WD had no impact on the contractility of aortic rings in 

the presence or absence of PVAT at any of the time-points (+PVAT versus -PVAT: P = NS, n= 6-

8 mice per group, Figure 4.4A-C). 

4.4.3.4 A Western-type diet does not alter the contractions of aortic rings from ApoE-/- mice, 

in the presence or absence of PVAT in comparison to normal diet-fed mice 

Furthermore, a WD did not alter the contractility of aortic rings, in the presence or absence of 

PVAT, compared to age and strain-matched ND ApoE-/- mice (ND versus WD: P = NS, Figure 

4.4A-C).  

 

Figure 4.3 Endothelium dependent relaxation does not significantly decline in ApoE-/- mice 

after prolonged feeding of a Western-type diet.  

Phenylephrine pre-constricted aortic rings from ND and WD 26-week time-point ApoE-/- mice did 

not relax significantly differently from the younger 8 and 16-week groups in response to 10 µM 

acetylcholine. ND = normal diet, WD = Western-type diet. Data are presented as mean ± S.E.M, 

n = 6-8 mice per group, with Two-way ANOVA with post hoc Bonferroni’s multiple comparison 

tests. 

NS 
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Figure 4.4 The PVAT of ApoE-/- mice is dysfunctional and does not exert an anti-contractile effect in normal or Western-type diet-fed mice  

Aortic rings were exposed to cumulative doses of phenylephrine (1 x 10-10 - 3 x 10-5 mol/L) in the presence or absence of PVAT. Aortic PVAT did not modulate the 

vascular reactivity of aortic rings in ApoE-/- mice when fed either a ND or WD. Furthermore, the contractions of aortic rings, in the presence or absence of PVAT, from 

WD-fed ApoE-/- mice were similar to those observed in the age-matched ND mice A) 8 weeks, B) 16 weeks, C) 26 weeks on a ND or WD post weaning. ND = normal 

diet, PVAT = perivascular adipose tissue, WD = Western-type diet. Dose response data are expressed as mean ± S.E.M., n = 6-8 mice per group, two-way ANOVA 

with Bonferroni’s post hoc tests. 

NS NS NS 

A                         B                                         C              
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4.4.3.5 Ageing does not alter the contractions of aortic rings from normal or Western-type 

diet fed ApoE-/- mice in the presence or absence of PVAT 

The effect of ageing in ApoE-/- mice was assessed and no significant differences in contraction 

were observed with increasing age in aortic rings in the absence or presence of PVAT in ND-fed 

mice (P= NS each age comparison n= 6-8 mice per group, Figure 4.5Ai and ii). Furthermore, 

ageing and a WD had no significant effect on the contractions of aortic rings with or without PVAT 

(P = NS; n = 6-8 mice per group, Figure 4.5Bi and ii). 

4.4.3.6 The aortic PVAT of normal diet-fed ApoE-/- mice is dysfunctional in comparison to 

C57BL/6 mice 

The contraction of aortic rings from ND-fed ApoE-/- mice, to cumulative doses of phenylephrine, 

were compared to age and diet-matched C57BL/6 mice (Appendix 2.5). In the absence of PVAT, 

contractions to phenylephrine were similar in C57BL/6 and ApoE-/- mice at each time-point (ApoE-

/- versus C57BL/6: 8-weeks -PVAT P NS for each age group comparison = 6-8 mice per group, 

Appendix 2.5A-C).  

In contrast, the contractions of PVAT-intact aortic rings from ApoE-/- mice were significantly 

enhanced in both the 8 and 16-week ND-fed groups when compared to age and diet-matched 

C57BL/6 mice (C57BL/6 versus ApoE-/-: 8 weeks: P < 0.001; 16 weeks: P < 0.001, n = 6-8 mice 

per group, Appendix 2.5A and B). However, in the 26-week ND-fed group, due to the increase in 

contractility observed in the PVAT-intact aortic rings of C57BL/6 mice, no differences were 

observed compared to ApoE contractile responses (P = NS, n = 6-8 mice, Appendix 2.5C). 

Thus, PVAT is dysfunctional and does not exert an anti-contractile effect in ApoE-/- mice, prior to 

or in the presence of overt atherosclerosis, and this is unaffected by ageing. In addition, a WD 

and the development of extensive atherosclerotic disease does not potentiate the observed PVAT 

dysfunction. 

4.4.3.7 NOS-inhibition does not alter vascular reactivity in ApoE-/- mice 

Incubation with the NOS inhibitor, L-NNA (50 µM), did not have a significant effect on the vascular 

responses of aortic rings, either in the presence or absence of PVAT, in ND-fed mice at any of 

the examined time-points (P = NS, n = 6-9 mice per group, Figure 4.6Ai-iii). Moreover, these 

findings were replicated in WD-fed ApoE-/- mice and no effect of NOS-inhibition was observed (P 

= NS, n = 6-9 mice per group, Figure 4.6Bi-iii).  

The lack of a response to NOS inhibition in ApoE-/- mice could potentially suggest reduced NO 

bioavailability or a decrease in eNOS synthesis/activity within the aorta.  
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Ai                  ii 
 
 
 
 
 
 
 
 
 
 
 
 
Bi                  ii 
 
   

 

Figure 4.5 Ageing does not alter the contractions of aortic rings from normal or Western-type diet fed ApoE-/- mice in the presence or absence of PVAT 

Ai) The contractions of PVAT-denuded and Aii) PVAT-intact aortic rings from ND-fed ApoE-/- mice were unaffected by increasing age, Bi) A WD did not alter the 

contractility of aortic rings from ApoE-/- mice in the absence of PVAT or in Bii) PVAT-intact conditions, after 8, 16 or 26-weeks on a WD. ND = normal diet, PVAT = 

perivascular adipose tissue, WD = Western-type diet. Dose response data are expressed as mean ± S.E.M., n = 6-8 mice per group, two-way ANOVA with Bonferroni’s 

post hoc tests. 

NS NS 

NS NS 
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Figure 4.6 Nitric oxide synthase inhibition does not significantly alter aortic contraction in normal diet or Western-type diet-fed ApoE-/- mice 

NOS inhibition with 50 µM L-NNA did not significantly alter aortic ring contractions to phenylephrine in A) ApoE-/- mice fed a ND for i) 8, i) 16 or iii) 26 weeks. Additionally, 

NOS inhibition had no effect on B) ApoE-/- mice fed a WD for i) 8, i) 16 or iii) 26-week time-points. ND = normal diet, NOS = nitric oxide synthase, WD = Western-type 

diet. Dose response data are expressed as mean ± S.E.M., n = 6-9 mice per group, two-way ANOVA with Bonferroni’s post hoc tests. 

Ai                            ii                                                 iii               
 
 
 
 
 
 
 
 
 
 
 
 
 
Bi                            ii                                                 iii                           
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4.4.3.8 Aortic rings from ApoE-/- mice do not exhibit reduced sensitivity to exogenous nitric 

oxide  

The sensitivity of aortic rings to NO was unaffected by PVAT, increasing age and the development 

of atherosclerosis in both ND and WD-fed ApoE-/- mice; aortic rings relaxed to baseline when 

exposed to sodium nitroprusside (10 µM) (P = NS, n = 6-9 mice per group, Figure 4.7). These 

findings were similar to those observed in C57BL/6 mice (Appendix 2.4Ci and ii). 

 

 

4.4.4 Ageing and a Western-type diet do not alter the weight of PVAT surrounding the aortic 

arch and thoracic aortae in ApoE-/- mice 

Increasing age had no effect on the measured weight of PVAT surrounding the aortic arch and 

thoracic aortae (P = NS; n = 3-8 mice per group, Figure 4.8). Additionally, a WD did not alter the 

weight of PVAT that encased the aortae of ApoE-/- mice at any of the experimental time-points in 

comparison to ND-fed ApoE-/- mice (ND versus WD: P = NS; n = 3-8 mice each, Figure 4.8).  

The weight of PVAT surrounding the aortae of ND-fed ApoE-/- mice was compared to age and 

diet-matched C57BL/6 mice (Appendix 2.8A). In comparison to 26-week ND-fed ApoE-/- mice, the 

amount of PVAT encasing the aorta was significantly greater in the C57BL/6 strain (ApoE-/- versus 

C57BL/6: P = 0.002, n = 3 and 6 mice, respectively, Appendix 2.8A). 

  

Figure 4.7 The sensitivity of aortic rings to exogenous nitric oxide is unaffected by PVAT, 

ageing or a Western-type diet in ApoE-/- mice Endothelium-independent relaxation of 

phenylephrine-constricted aortic rings to 10 µM sodium nitroprusside, was unaltered by the 

presence of PVAT, increasing age or a WD. ND = normal diet, NO = nitric oxide, PVAT = 

perivascular adipose tissue, WD = Western-type diet. Data are presented as mean ± S.E.M, n = 6-

9 mice per group, two-way ANOVA with post hoc Bonferroni’s multiple comparisons test. 

 

NS 
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4.4.5 The white adipocyte population within the aortic PVAT is unaffected by ageing or a 

Western-type diet in ApoE-/- mice 

The effects of ageing and a WD on ApoE-/- aortic PVAT composition was visualised using 

haematoxylin and eosin staining (Figure 4.9Ai-vi) 

The composition of the aortic PVAT was assessed by calculating the total area occupied by white 

adipocytes, as a proportion of total PVAT area, and measuring the area of these individual white 

adipocytes. Ageing in ApoE-/- mice did not have a significant impact on the proportion of white 

adipocytes within the aortic PVAT (P = NS; n = 3-4 mice per group, Figure 4.9B). Furthermore, a 

WD did not influence the percentage area occupied by white adipocytes within the aortic PVAT 

(ND versus WD: P = NS; n = 3-4 mice per group, Figure 4.9B). 

The size of white adipocytes within the aortic PVAT was measured. Whilst ageing on a ND had 

little effect on mean white adipocyte size within the aortic PVAT (P = NS; n = 3-4 mice per group; 

Figure 4.9C) an increase was observed in WD-fed mice at the 8 and 16-week time-points 

however, this was not found to be significant with post hoc testing (ND versus WD: 8-weeks: P = 

0.06; 16-weeks P = 0.08; 26-weeks P > 0.99; n = 3-4 mice per group, Figure 4.9C). 

The aortic PVAT composition data from ND-fed ApoE-/- mice was compared to age and strain 

matched C57BL/6 mice (Appendix 2.8B and C). Whilst not statistically significant, the percentage 

area occupied by white adipocytes in 8-week ND-fed ApoE-/- mice was larger than that of the 

C57BL/6 group and the white adipocyte area was greater. Nevertheless, after 16 weeks on a ND 

the percentage area of aortic PVAT occupied by white adipocytes was increased in the C57BL/6 

mice and more in line with the ApoE-/- measurements. In summary, the aortic PVAT of ApoE-/- 

mice was resistant to age-induced changes and the effects of a WD. 

Figure 4.8 The weight of PVAT encasing the aortae of ApoE-/- mice is unaffected by ageing 

or a Western-type diet 

There were no differences in PVAT weight between any of the experimental groups regardless 

of increasing age or extended periods on a WD. ND = normal diet, PVAT = perivascular adipose 

tissue, WD = Western-type diet. Data are presented as mean ± S.E.M, n = 3-8 mice per group, 

two-way ANOVA with post hoc Bonferroni’s multiple comparisons test.

NS 



 

~108~ 
 

  

Figure 4.9 The white adipocyte population within the aortic PVAT of ApoE-/- mice is unaffected 

by ageing or a Western-type diet 

A) Haematoxylin and eosin stained thoracic aortae, with PVAT, from 8-week, i) ND, ii) WD, 16-week 

iii) ND, iv) WD and 26-week v) ND and vi) WD-fed ApoE-/- mice, examples of white adipocytes are 

highlighted by arrows. B) The percentage area of aortic PVAT occupied by white adipocytes did not 

significantly increase with ageing or a WD. C) White adipocyte size was unaltered by ageing but a 

WD resulted in an increased white adipocyte area, but this was not found significant with post hoc 

tests. Representative images obtained at 10X magnification. Scale bars represent 100 µm. ND = 

normal diet WD = Western-type diet. Data are expressed as mean ± S.E.M., n = 3-4 mice per group, 

two-way ANOVA with Bonferroni’s post hoc multiple comparisons test.  
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4.4.6 Superoxide production within the aortic PVAT of ApoE-/- mice is unchanged with 

ageing or a Western-type diet 

The effect of increasing age and a WD on the generation of superoxide within the aortic PVAT of 

ApoE-/- mice was evaluated using dihydroethidium (DHE) staining. Superoxide was detected in 

the aortic PVAT of each experimental group (Figure 4.10Ai-vi) although none was detected in the 

negative DMSO control (Figure 4.10B). The quantity of DHE+ nuclei within the PVAT of ND-fed 

mice was not significantly altered with ageing (P = NS, n = 3-4 mice per group, Figure 4.10C).  

In addition, the effect of a WD on superoxide production in aortic PVAT was assessed and no 

significant differences were found between any of the age-matched groups (ND versus WDP = 

NS; n = 3-4 mice per group, Figure 4.10C).  

The presence of superoxide within the aortic PVAT of ND-fed ApoE-/- mice was compared to the 

genetic background C57BL/6 strain (Appendix 2.8D). Superoxide was substantially increased in 

ApoE-/- mice in comparison to the C57BL/6 strain in both the 8 and 16 week ND-fed groups (ApoE-

/- versus C57BL/6: 8 weeks: P = 0.002; 16 weeks: P = 0.0007, n = 3 mice per group Appendix 

2.8D). However, this effect was lost in the 26-week ND-fed groups and no differences in 

superoxide levels were observed (P = NS, n = 4 mice per group, Appendix 2.8D).  

Superoxide production was elevated in aortic PVAT of ApoE-/- compared to C57BL/6. Additionally, 

the presence of extensive atherosclerotic lesions within the lumen of the aorta (Figure4.1A) did 

not influence the amount of superoxide in the surrounding PVAT.  

 

4.4.7 The infiltration of Mac-3+ cells within the aortic PVAT of ApoE-/- mice is unchanged 

with ageing or a Western-type diet  

Macrophage infiltration within the aortic PVAT of ageing ApoE-/- mice was assessed using Mac-3 

immunostaining (Figure 4.11Bi-vi). Mac-3+ cells were observed in the PVAT of each mouse aorta 

examined. 

Ageing did not alter the number of infiltrating Mac-3+ cells within the aortic PVAT of ND-fed ApoE-

/- mice (P = NS each comparison; n = 3-4 mice per group, Figure 4.12C) 

Additionally, a WD was not associated with a change in the number of infiltrated Mac-3+ cells 

within the aortic PVAT of the ApoE-/- mice in comparison to age-matched ND-fed mice (ND versus 

WD: P = NS; n = 3-4 mice per group, Figure 4.12C). 

Furthermore, there were no differences in the numbers of Mac-3+ infiltrating cells within the aortic 

PVAT of ND-fed ApoE-/- and C57BL/6 mice, even though atherosclerotic disease was present 

within the aortae of ApoE-/- mice (ApoE-/- versus C57BL/6: P = NS, n = 3 mice per group, Appendix 

2.8E). 

These findings demonstrate that the number of infiltrating Mac-3+ cells within the aortic PVAT of 

ApoE-/- mice is unchanged with ageing or a WD, irrespective of atherosclerotic disease 

progression within the aortae of ApoE-/- mice. 
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Figure 4.10 ROS production is not significantly altered with ageing or a Western-type diet in 

the aortic PVAT of ApoE-/- mice 

Sections of thoracic aortae with PVAT were stained with DHE to detect the presence of ROS, 

indicated by punctate fluorescence. A) DHE+ nuclei were observed in each group i) 8-week ND, ii) 

WD, iii) 16-week ND, iv) WD and 26-week v) ND and vi) WD but none was found in the B) DMSO-

incubated PVAT control. C) The amount of ROS detected in the 26-week WD group was not 

significantly lower than the 8-week diet-matched mice. Representative images obtained at 10 X 

magnification. Scale bars represent 250 µm. ROS was quantified in 5 fields of view per section per 

animal. DHE = dihydroethidium, ND = normal diet, PVAT = perivascular adipose tissue, WD = 

Western-type diet. Data are expressed as mean ± S.E.M., DHE+ staining presented as cells/mm2 of 

PVAT, n = 3-4 mice per group, two-way ANOVA with Bonferroni’s post hoc multiple comparisons test. 
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Figure 4.4 Macrophages are observed in the aortic PVAT of normal diet and Western-type 

diet-fed ApoE-/- mice 

Immunostaining for macrophages with Mac-3 was performed on sections of thoracic aortae with 

PVAT. A) The aortic arch of an atherosclerotic ApoE-/- mouse was used as a control i) IgG and 

ii) positive control, Mac-3+ brown staining was observed within the atherosclerotic plaque. B) 

Representative images of ApoE-/- mice after:  i) 8-weeks ND and ii) WD, iii) 16-weeks ND and 

iv) WD and 26-weeks v) ND and vi) WD post weaning. Photomicrographs obtained at 10X 

magnification. Scale bars represent 100 µm and examples of Mac-3+ staining are highlighted 

by arrows.  
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4.5 Discussion 

The present study investigated the impact of ageing and a high fat Western diet on the function 

and morphology of aortic PVAT in the ApoE-/- mouse.  

Key findings: 

 Endothelial dysfunction was not observed in the aortae of ND or WD -fed ApoE-/- mice 

despite the presence of atherosclerotic lesions along the luminal surface of the aortae. 

 The aortic PVAT of ApoE-/- mice was dysfunctional and did not exert an anti-contractile 

effect on aortic rings; this was potentially due to decreased basal eNOS activity resulting 

in an attenuation of PVAT-derived NO.  

 Feeding the ApoE-/- mice a WD did not alter the vascular reactivity of aortic PVAT. 

 The aortic PVAT of ApoE-/- mice exhibited an aged phenotype when assessed 

morphologically.  

 4.5.1 Hypercholesterolaemia is augmented in Western-type diet ApoE-/- mice 

Hypercholesterolaemia and spontaneous lesion development within the vasculature are key 

features of the ApoE-/- mouse therefore, these aspects along with a number of factors linked with 

Figure 4.5 Macrophage infiltration of the aortic PVAT of ApoE-/- mice is similar in all 

experimental groups regardless of age or diet 

Total PVAT area was measured and total number of Mac-3+ cells within the PVAT quantified. 

Whilst an increase in Mac-3+ cells was observed in the PVAT of the 26-week ND and WD-fed 

ApoE-/- mice, compared to the younger groups, no significant differences were found. 

Additionally, a WD did not increase macrophage numbers within the aortic PVAT at any of the 

time-points in comparison to age-matched ND-fed ApoE-/- mice. ND = normal diet, PVAT – 

perivascular adipose tissue, WD = Western-type diet. Data are expressed as Mac-3+ cells/mm2 

PVAT, mean ± S.E.M., n = 3-4 mice per group, two-way ANOVA with Bonferroni’s post hoc 

multiple comparisons test. 

 

NS 
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atherosclerosis and cardiovascular risk factors were investigated to confirm the manifestation of 

dyslipidaemia and atherosclerotic disease within the ApoE-/- colony housed at The University of 

Manchester (Zhang et al. 1992). 

Three distinct time-points were selected, from the comprehensive observations recorded in other 

studies, in order to demonstrate the progression of atherosclerosis: 8-weeks (post weaning) when 

fatty streak formation is first apparent in ApoE-/- mice; 16-weeks (post weaning) when intermediate 

lesions are present, and finally 26-weeks (post weaning) when extensive atheromas have formed 

(Zhang et al. 1992; Reddick et al. 1994; Farrell 2008).  

For the purposes of this study, cholesterol, HDL-cholesterol, triglycerides and glucose levels were 

determined to assess how the progression of atherosclerosis and a WD was related to the serum 

profile of the ApoE-/- mice. In accordance with previous research, WD-fed ApoE-/- mice exhibited 

severely enhanced hypercholesterolaemia compared to ND age-matched ApoE-/- mice. 

Hyperlipidaemia is a fundamental prerequisite for the development of atherosclerotic lesions thus, 

augmented lipid levels accelerate the progression and severity of atherosclerotic disease in 

humans and ApoE-/- mice (Zhang et al. 1992; Moghadasian et al. 2001). Also of note, ND-fed 

ApoE-/- mice exhibited elevated cholesterol levels when compared to the background C57BL/6J 

strain (Plump et al. 1992; Hofmann et al. 2008).  

In further agreement with previous works, which demonstrated that ApoE-/- mice develop 

hyperlipidaemia typified by augmented levels of VLDL and diminished HDL, HDL cholesterol 

levels were significantly lower in ApoE-/- mice when compared to C57BL/6J (Plump et al. 1992; 

Zhang et al. 1992). However, no significant differences in HDL levels were observed between ND 

or WD-fed ApoE-/- mice. This finding is also supported by previous work which found no 

differences between ND or WD-fed ApoE-deficient mice after two and a half weeks on the 

respective diets (Plump et al. 1992). This could suggest that lipid metabolism in the ApoE-/- mouse 

adapts swiftly to diet modification and from that point onwards remains largely unchanged as time 

progresses. In wild-type mice the greater part of cholesterol is in the form of HDL whilst in ApoE-

/- mice ApoB-containing lipoproteins supply the bulk of plasma cholesterol. This shift in lipidemic 

profile results in a dramatic reduction (approximately 90%) in HDL: total cholesterol or HDL:LDL 

levels (Moghadasian et al. 2001). 

This study did not observe any differences between triglyceride levels in ND or WD-fed ApoE-/-

mice nor were there any differences between age and diet-matched C57BL/6J mice. These 

results were surprising because it has been established in the ApoE-deficient mouse model, 

regardless of diet, that fasting plasma triglyceride levels are distinctly higher than in wild-type mice 

counterparts, and this is comparable to what is observed in humans who lack ApoE (Moghadasian 

et al. 2001; Gao et al. 2007a). This observed discrepancy is likely to be due to the use of non-

fasted samples in this study. In humans, the serum lipid profile is routinely assessed after 12-14 

hours of fasting. One of the main reasons for this is because postprandial triglycerides remain 

raised for several hours peaking at approximately 4-5 hours after consumption of food (Campos 

et al. 2005; Nordestgaard et al. 2007). However, overnight fasting of laboratory rodents has been 

proven to induce metabolic and cardiovascular stress including: lower heart rates and blood 

pressure as a result of the animal entering a state of torpor, a drop in body temperature and 
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reduced oxygen consumption (Swoap 2001; Williams et al. 2002; Tanner et al. 2010). The extent 

to which fasting challenges the animal may also be affected by the species genotype, gender or 

the diet the animal had been maintained on prior to fasting (Tanner et al. 2010). Therefore, it was 

decided that mice would not be fasted before experimentation due to the possible effects that 

withholding of food could have on vascular reactivity.  

There were no observable differences in glucose levels in serum obtained from ApoE-/- mice 

maintained on either ND or WD over the duration of the experiments. Furthermore, glucose levels 

were similar to those recorded in age and diet-matched C57BL/6 mice. These data are supported 

by earlier work in this model that has demonstrated that adult ApoE-/- mice are more glucose 

tolerant and sensitive to insulin in comparison to wild-type controls (Gao et al. 2007a).  

Previous studies in ND-fed ApoE-/- mice have demonstrated a shift in lipoproteins from HDL to 

VLDL and chylomicron remnants resulting in a pro-atherogenic lipid profile. The elevated 

cholesterol levels reflect a similar state to the human atherosclerotic condition. The lipid profiles 

of ApoE-/- mice have previously been shown to not alter with ageing, which is in agreement with 

the findings of this study (Plump et al. 1992; Zhang et al. 1992; Zhang et al. 1994; Meyrelles et 

al. 2011).  

4.5.2 Phenotyping normal and Western-type diet-fed ApoE-/- mice  

Diet-induced weight gain is a risk factor for the development of cardiovascular disease (Lavie et 

al. 2009). In this study ApoE-/- mice were fed a high fat WD (consisting of 21.4% crude fat and 

0.2% cholesterol) to mimic the high-fat/high-sugar food increasingly available to humans, and the 

primary contributor to diet-induced weight gain (Cordain et al. 2005). 

This study reported that the body weight of ApoE-/- mice was unaltered by a WD, in comparison 

to age-matched ND controls, until the final 26-week time-point post weaning; this suggests that 

ApoE-/- mice are to some extent resistant to diet-induced weight gain. Similar findings have been 

reported after 9 weeks of high fat feeding and for longer durations of feeding for up to 24 weeks 

(Karagiannides et al. 2008; Houtkooper et al. 2011; Pereira et al. 2012).  Previous studies also 

demonstrated that deletion of the ApoE gene in mice genetically predisposed to diet-induced 

weight gain resulted in an inhibition of adiposity (Crauwels et al. 2000).  The body weight of the 

ND-fed ApoE-/- mice increased over the 8- 26-week time-points post weaning; this observation 

can most likely be attributed to the normal growth of the animals.  

It has previously been demonstrated that plasma cholesterol levels are inversely correlated with 

an increase in bodyweight and fat accumulation within the ApoE-/- mouse (Karagiannides et al. 

2008). Previous studies have demonstrated that the genetic deletion of ApoE-/- impairs the 

removal of triglycerides and that this confers protection against diet-induced weight gain in the 

ApoE-/- mouse (Köhn et al. 2012). Also, it has been established that ApoE-/- mice are  leaner than 

wild-type mice and more resistant to high fat diet related increases of adiposity compared to 

C57BL/6 mice in spite of the fact that the ApoE knockout model is more prone to oxidative stress 

and inflammation within the adipose tissue (Gao et al. 2007a; Pereira et al. 2012). Whilst no 

differences in body weight were observed between age and diet-matched ND-fed ApoE-/- mice in 

comparison to the C57BL/6 strain, C57BL/6J mice were not fed a WD in this study and so 
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therefore the difference in adiposity of high fat fed ApoE-/- and C57BL/6J mice could not be 

compared.  

The mechanism behind why the deletion of the ApoE-/- gene confers protection against diet-

induced weight gain in mice remains unclear. However, it has been postulated that ApoE may 

regulate triglyceride storage in adipocytes (Yue et al. 2004; Huang et al. 2006). An additional 

explanation for the observed resistance to diet-induced weight gain in ApoE-/- mice could be due 

to a reduction in food intake and increased energy expenditure observed in ApoE-/- mice crossed 

with a genetically obese mouse strain (KKAy), suggesting that ApoE plays a role in energy 

metabolism (Gao et al. 2007a). 

When the heart weight and heart weight to body weight ratio data were assessed in the ApoE-/- 

mice, similar patterns were observed in both data sets. The obtained measurements from ND-fed 

ApoE-/- mice tended to be higher than in the WD-fed counterparts, this was significant at the 26-

week time-points for both heart weight and heart weight to body weight ratio. This finding could 

suggest that cardiac hypertrophy, which has previously been reported in WD-fed mice of this 

strain, did not take place (Qin et al. 2010). This finding is further supported by no differences in 

heart weight observed between ND-fed ApoE-/- and C57BL/6 mice at any of the time-points.  

Deletion of the ApoE-/- gene appeared to confer a protective effect against diet-induced non-

alcoholic fatty liver disease (NAFLD) and this is supported by previous works demonstrating that 

WD-fed C57BL/6 mice were more sensitive to diet-induced NAFLD than ApoE-/- mice (Karavia et 

al. 2011). Livers from both ND and WD-fed ApoE-/- mice did not exhibit hepatomegaly, this finding 

is also supported by previous research (Karavia et al. 2011). Additionally, no differences in liver 

weight were observed between age and diet-matched ND-fed C57BL/6 mice. However, the 

appearance of livers from WD-fed mice was altered and they appeared significantly paler than 

the livers of their ND age-matched counterparts. This could indicate that the livers were beginning 

to undergo steatosis (the infiltration of liver cells with fat) however, this was not examined. 

The gross weight of the spleen was used as an indirect marker of inflammation in the ApoE-/- 

mice. No differences were observed between the ND or WD groups at any of the experimental 

time-points. These findings conflict with other research which demonstrated a high fat diet induced 

splenomegaly in ApoE-/- mice. It is possible these differences are due to variations in the 

composition of the diet used (Marungruang et al. 2016). However, splenomegaly was observed 

in the ApoE-/- mice after 16 and 26 weeks on a ND in comparison to C57BL/6 mice which may 

indicate that the inflammatory profile of the ApoE-/- mice is raised. 

The epididymal fat pads of the ApoE-/- mice were used as an indicator of diet-induced weight gain 

because increased abdominal adiposity in humans is associated with increased cardiovascular 

risk (Després 2012). Whilst the epididymal fat pads of ND-fed ApoE-/- mice did not significantly 

increase in weight with ageing, a dramatic increase was recorded in WD-fed mice after 16 and 

26-weeks of high fat feeding. This finding was also reflected in the observation that the epididymal 

adipocytes of WD-fed ApoE-/- mice displayed signs of hypertrophy, although no significant 

differences were observed. Furthermore, when age-matched ND-fed C57BL/6 epididymal fat 

pads were compared to ND-fed ApoE-/- mice, a dramatic increase in fat pad size was observed in 
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the C57BL/6 group after 26 weeks on the ND. This was reflected in the adipocyte sizes observed 

within the fat pads. This data is supported by similar findings which demonstrated that ApoE-

/- mice have less body fat and smaller adipocytes compared with wild-type controls (Huang et al. 

2006). 

Taken together, these data demonstrate that when fed a ND, ageing of ApoE-/- mice up to 26 

weeks post weaning does not significantly alter their lipid and glycaemic profiles or organ weights. 

However, other studies have shown age associated and age-dependent morphological and 

biochemical changes in 20-week old ApoE-/- mice including fibrosis, elevated pro-inflammatory 

cytokines and a decrease in anti-oxidant enzymes within the kidney, liver and heart. The absence 

of these alterations in age-matched controls suggests that physiological ageing is accelerated in 

the ApoE-/- mouse (Bonomini et al. 2010). 

4.5.3 A Western-type diet accelerates the progression and increases the severity of 

atherosclerotic disease within the aortae of ApoE-/- mice 

En face analysis of aortae from ApoE-/- mice demonstrated that a WD accelerated the 

development and progression of atheromatous lesions on the luminal surface of the aortae in 

comparison to age-matched ND-fed mice. These results are consistent with previous reports 

(Zhang et al. 1992). However, no significant increases in lesion burden were observed in ND-fed 

mice over this time-course. It has been documented that atherosclerotic lesions first begin to 

develop within the aortic root followed by the aortic arch and eventually descend along the 

thoracic aorta, a similar lesion distribution was observed within the aortic arch and thoracic aorta 

in this study (Nakashima et al. 1994).  

Oil Red O was used to visualise lipid-laden deposits along the aorta. This stain does not alter or 

damage plaque composition. This method of lesion analysis is however only a two-dimensional 

approach and does not take into account the complex three-dimensional plaques that are 

observed in ApoE-/- mice fed a high fat diet for a long duration (Joshi et al. 2009). It should be 

acknowledged that Oil Red O staining is not the only approach for the quantification of 

atherosclerotic lesion burden and other techniques, such as staining sections of the aortic root 

with Miller’s Elastin Van Gieson or the use of Sudan stains for en face analysis, could have been 

utilised (Venegas-Pino et al. 2013; Agarwal et al. 2014; Lin et al. 2015). 

4.5.4 Vascular reactivity studies to assess the influence of aortic PVAT from ApoE-/- mice 

on contractile and relaxation responses  

In the majority of studies conducted on the thoracic aortae of ApoE-/- mice, the adventitia and 

surrounding PVAT were removed. Subsequently, information detailing the effect of PVAT on 

vascular function in the ApoE-/- mouse is limited. PVAT has previously been demonstrated to lose 

its beneficial anti-contractile effects in states of metabolic disturbance and in, in some studies, 

exert a pro-contractile effect on isolated arteries (Szasz et al. 2013). Increased contraction within 

the aortae of ApoE-/- mice, mediated by PVAT, could potentially promote the development of 

atherosclerosis due to increased turbulence of blood flow and consequently, damage the 

endothelium. Furthermore, the presence of PVAT has, in some studies, been reported to induce 

endothelial dysfunction (Ketonen et al. 2010; Payne et al. 2010; Xia et al. 2016).  Therefore, the 
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following experiments were conducted on PVAT-intact or denuded aortic rings to determine the 

influence of PVAT on contraction and relaxation responses in ApoE-/- mice. 

The contractile responses of ApoE-/- mice to a depolarising stimulus were unaffected by PVAT, 

increasing age or a Western-type diet. These findings are similar those observed in this study in 

the C57BL/6 strain and no differences were observed between the aortic rings, in the presence 

or absence of PVAT, in comparison to the age-matched ND-fed ApoE-/- mice. These findings are 

in accordance with previous studies from this lab and others which have demonstrated that the 

contractions of PVAT-denuded aortic rings from C57BL/6 and ApoE-/- mice were similar in ND 

and WD-fed conditions (Van Assche et al. 2007; Cobb 2013). Therefore, these data suggest that 

the L-type calcium channels of ApoE-/- mice are not dysfunctional and that hypercholesterolaemia 

does not disrupt their function.  

4.5.4.1 Endothelial dysfunction is not observed in the aorta of normal or Western-type diet-

fed ApoE-/- mice despite the presence of atherosclerotic lesions  

In vitro studies on the aortae of ApoE-/- mice have determined that endothelium-dependent 

relaxation, in response to acetylcholine, is predominantly due to NO (Bonthu et al. 1997). In 

addition, endothelial dysfunction, a hallmark of atherosclerotic disease in humans, has been 

reported in ApoE-/- mice (Yang et al. 1999; d'Uscio et al. 2001a). PVAT has been demonstrated 

to influence relaxation responses of the endothelium both in health and disease (Gao et al. 2007b; 

Lee et al. 2009; Ketonen et al. 2010; Xia et al. 2016). Therefore, the vasodilatory responses of 

aortic rings to acetylcholine, an endothelium-dependent vasodilator, were assessed to determine 

if the presence of PVAT modulated relaxation of isolated aortic rings and to determine if the 

endothelium remained functional. 

The presence of PVAT on aortic ring preparations did not influence vasodilation in any of the 

ApoE-/- experimental groups. This finding was replicated in the C57BL/6 studies from this 

investigation (Chapter 3). However, a previous study has reported that abdominal aortic PVAT 

promotes endothelial dysfunction in diet-induced obese C57BL/6 mice through mechanisms 

associated with increased NADPH oxidase-derived oxidative stress and elevated pro-

inflammatory cytokine production (Ketonen et al. 2010). The discrepancies between the studies 

could be attributed to the use of different mouse strains, inbred as opposed to knockout, and the 

use of different sections of the aortae. This present study used aortic rings from the thoracic area, 

which displays brown adipose tissue (BAT) -like characteristics whereas the previous study used 

abdominal aortic PVAT which is more white adipose tissue (WAT) -like and more susceptible to 

inflammation (Fitzgibbons et al. 2011). These data may suggest that the aortic PVAT of ApoE-/- 

mice does not alter endothelial responses to acetylcholine and, potentially, does not promote 

endothelial dysfunction within the aortae of ApoE-/- mice. 

Endothelial dysfunction has been well characterised in the arteries of ApoE-/- mice and has been 

attributed to the development of hypercholesterolaemia and the formation of lesions within the 

aorta (Bonthu et al. 1997; Deckert et al. 1999; Yue et al. 2004; Johansson et al. 2005; Huang et 

al. 2006; Vasquez et al. 2012). However, no significant impairment of endothelial function was 

observed at the 26-week time-point in either ND or WD-fed ApoE-/- mice. This finding is supported 

by previous studies which demonstrated that endothelial dysfunction is not observed until after 
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more extensive periods of high fat feeding, of up to 29 weeks in ApoE-/- mice (d'Uscio et al. 2001a). 

Moreover, under ND conditions, the endothelium of ApoE-/- mice has been shown to remain 

functional up to the age of 6-months (Yaghoubi et al. 2000).  

4.5.4.2 The aortic PVAT of ApoE-/- mice is dysfunctional and does not exert an anti-

contractile effect in normal diet or Western-type diet-fed mice 

The capacity of aortic PVAT from ApoE-/- mice to modulate vascular tone has not previously been 

investigated. This study demonstrated that the aortic PVAT of ApoE-/- mice did not alter 

contractions to cumulative doses of phenylephrine in ageing ND or WD-fed mice.  

The effect of increasing age was assessed in PVAT-denuded and PVAT-intact aortic preparations 

of ND-fed ApoE-/- mice. In the absence of PVAT, contractions to cumulative doses of 

phenylephrine were similar between each time-point. A similar effect was observed in the PVAT-

intact aortic rings and no changes in contractility were observed with increasing age. Furthermore, 

the contractions of WD-fed mice were analogous to the ND-fed mice and severe 

hypercholesterolaemia did not influence the contractility of aortic rings with or without PVAT. The 

observation that in the presence of PVAT the aortic rings of WD-fed ApoE-/- mice did not exhibit 

altered contractions to ND-fed mice was surprising. Previous studies have shown that a high fat 

diet increased the contraction of arteries, in the presence of PVAT, in rodents due to a variety of 

mechanisms including decreased PVAT-derived NO bioavailability, increased oxidative stress in 

the PVAT and the release of PVAT-derived constricting factors (Ketonen et al. 2010; Ma et al. 

2010; Meyer et al. 2013; Zaborska et al. 2016). However, these studies were performed in inbred 

rodent strains that had not been genetically altered therefore they are not directly comparable to 

the current study. A potential explanation for the lack of an effect of a WD on aortic contractions 

from ApoE-/- mice could be that the aortic rings were maximally contracted and therefore no further 

effect of a WD could be observed. 

ApoE-/- mice are hypercholesterolaemic and this condition is augmented in mice fed a high fat 

diet which was demonstrated in this present study (Plump et al. 1992). There are conflicting 

reports surrounding the effects of hypercholesterolaemia on contractile responses of murine 

aortic rings to phenylephrine, with studies demonstrating increased, decreased or, similar to this 

study, no change in contractile response (Fransen et al. 2008; Kurtel et al. 2013; Brinkmann et 

al. 2014). However, these differences could potentially be due to the use of different mouse strains 

and experimental conditions. For example, the reported increased contractile response in 

hypercholesteraemic ApoE-/- mice, in comparison to C57BL/6, was observed in the presence of 

indomethacin, a cyclooxygenase inhibitor, therefore direct comparisons cannot be made with this 

study (Fransen et al. 2008). In support of the findings of this study, hypercholesterolaemia has 

not been found to have an effect on the contractions of arteries from humans (Goode et al. 1995; 

Cooper et al. 1998). However, these studies were conducted on small arteries and used different 

agonists to induce contraction.  

4.5.4.3 Contractions of PVAT-intact aortic rings from 8 and 16-week normal diet-fed ApoE-

/- mice, is significantly enhanced compared to age and diet-matched C57BL/6 responses 

The contractile responses of ND-fed ApoE-/- mice were compared to the age and diet-matched 

C57BL/6 strain in an attempt to elucidate any underlying differences in the responses of PVAT-
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intact or PVAT-denuded aortic rings. The contractions of PVAT-denuded aortic preparations were 

similar, which could suggest that deletion of the ApoE gene does not significantly alter VSM 

responses to phenylephrine. However, the role of the endothelium in modulating aortic 

contractility was not assessed and further investigation using endothelium-denuded aortic rings 

to confirm aortic VSM was unchanged are required. 

Conversely, the responses of PVAT-intact aortic rings were significantly increased in ApoE-/- mice 

fed a ND for 8 or 16 weeks in comparison to age-matched C57BL/6 mice. Previously in the study 

of the C57BL/6 strain, NO was found to mediate the anti-contractile effect of PVAT in these two 

groups, but this effect was lost in the oldest mice and was potentially the result of decreased 

PVAT-derived NO bioavailability. This data potentially suggested that the aortic PVAT of ApoE-/- 

mice does not exert an anti-contractile effect due to a lack of PVAT-derived NO and subsequently 

led to the investigation of NO, and its contribution to vascular reactivity, via pharmacological 

inhibition of NOS in the aortae of ApoE-/- mice. 

4.5.4.4 The aortic PVAT of ApoE-/- mice does not exert an anti-contractile effect, which is 

potentially due to reduced basal activity of endothelial nitric oxide synthase 

It has recently been proven that rodent aortic PVAT expresses eNOS (Araujo et al. 2015; Xia et 

al. 2016). The NOS inhibitor L-NNA was used to dissociate NO-mediated relaxation of the aortic 

rings from phenylephrine-induced contractions in ApoE-/- mice in this study. NOS inhibition with 

L-NNA did not result in any significant changes to aortic ring contraction in the presence or 

absence of PVAT. These data may suggest that eNOS synthesis/activity is decreased in the 

aortae of the ApoE-/- mouse resulting in a reduction in NO production. However, this requires 

further investigation as endothelial dysfunction was not observed in WD or ND-fed mice. Previous 

studies have demonstrated that NOS inhibition in the aortic rings of ApoE-/- mice results in an 

increase in contraction (Kauser et al. 2000; Fransen et al. 2008). The discrepancy between this 

study and others could be due to the use of a higher concentration of inhibitor, up to 300 µM in 

the other studies, or their use of indomethacin to block the production of vasoactive prostanoids 

(Kauser et al. 2000; Fransen et al. 2008). The concentration of NOS inhibitor used in this study, 

50 µM, was chosen in an attempt to limit any possible off-target effects and because of its proven 

inhibition of NOS, described in the previous Chapter in the C57BL/6 strain.  

Taken together, the phenylephrine dose response data may indicate a diminished basal (non-

stimulated) NO bioavailability whilst normal agonist-stimulated NO release was retained. 

Therefore, the lack of an anti-contractile effect of PVAT, in comparison to C57BL/6 mice, may be 

due to an attenuation of PVAT-derived NO as a result of a reduced basal activity of eNOS. 

In agreement with previous studies, the sensitivity of aortic smooth muscle to exogenous NO was 

unaffected by deletion of ApoE (Deckert et al. 1999; Kauser et al. 2000) . Furthermore, increasing 

age, the presence of PVAT and a WD had no effect on the ability of aortic preparations to relax 

when exposed to sodium nitroprusside (a potent NO donor). Contradictory to these findings, 

another study reported a diminished endothelium-independent relaxation response in the aortae 

of WD-fed ApoE-/- mice when lesions were present but no change in non-atherosclerotic carotid 

arteries (d'Uscio et al. 2001a; d'Uscio et al. 2001b). These data would suggest that VSM have 

reduced sensitivity to NO in the presence of atherosclerotic lesions.  
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4.5.5 The composition of aortic PVAT from ApoE-/- mice is not significantly altered by 

increasing age or a Western-type diet 

The composition of aortic PVAT from ApoE-/- mice was assessed to determine if any 

morphological differences were present which could have contributed to the absence of an anti-

contractile effect observed in these mice. 

4.5.5.1 The weight of PVAT surrounding the aortae and its white adipocyte population is 

unchanged with increasing age or a Western-type diet in ApoE-/- mice 

In this study, ApoE-/- mice were demonstrated to be resistant to diet-induced weight gain up until 

26 weeks of high fat feeding. Also, previous studies have observed that ApoE-/- mice exhibit 

reduced fat deposition and smaller adipocytes than wild-type controls (Huang et al. 2006). This 

investigation found that the weight of PVAT encompassing the aortic arch and thoracic aorta of 

ApoE-/- mice is unchanged with increasing age or a WD. Furthermore, whilst no differences were 

observed after 8 or 16 weeks on a ND, the weight of PVAT surrounding the aortae of C57BL/6 

mice was significantly heavier in comparison to age and diet-matched ApoE-/- mice.   

The composition of aortic PVAT from ApoE-/- mice was assessed to determine if ageing or a WD 

induced any changes to the white adipocyte population. However, no statistically significant 

differences were observed between the groups when the percentage area occupied by white 

adipocytes were compared or when white adipocyte size was measured. These data were striking 

due to observations that in C57BL/6 mice fed a high fat diet for 20 weeks, with similar fat content 

to the one used in this study, the aortic PVAT architecture was distorted and enlarged white lipid 

droplets were observed (Fitzgibbons et al. 2011). Interestingly, the interscapular brown adipose 

tissue exhibited enlarged white adipocytes much earlier than the aortic PVAT after only 13 weeks 

on the high fat diet (Fitzgibbons et al. 2011). This clearly demonstrates that aortic PVAT of 

C57BL/6 mice is, to a certain extent, resistant to diet-induced weight gain and could imply that 

the aortic PVAT of ApoE-/- mice is protected even more extensively than C57BL/6 mice from the 

effects of a high fat diet.   

The white adipocytes within the aortae of ApoE-/- mice could be considered to be under chronic 

hypoxic conditions because the average cell size exceeded 100 µm which is deemed to be the 

diffusional limit of oxygen (Hosogai et al. 2007). Hypoxia has been demonstrated to exert 

opposing effects on vascular reactivity and PVAT depending on the species and vascular bed. 

Mesenteric arteries from rats were exposed to hypoxic conditions for 2 and a half hours which 

resulted in the loss of the anti-contractile effect of PVAT whereas, when aortic rings from mice 

were subjected to hypoxic conditions for 30 minutes, the anti-contractile effect of PVAT was 

potentiated (Greenstein et al. 2009; Maenhaut et al. 2010). However, the aforementioned 

experiments were examples of acute hypoxia and may not accurately reflect what happens to the 

influence of PVAT on vascular reactivity when subjected to chronic hypoxia.    

The aortic PVAT composition data from ND-fed ApoE-/- mice was compared to age and strain 

matched C57BL/6 mice. Whilst not statistically significant, the percentage area occupied by white 

adipocytes and the size of the adipocytes in 8-week ND-fed ApoE-/- mice was larger than that of 

the C57BL/6 group. These structural differences in the PVAT architecture of ApoE-/- mice could 

potentially have contributed to the PVAT dysfunction observed in the ApoE-/- mice. However, as 
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no significant changes occurred with increasing age or a WD this could explain why the 

contractions of aortic rings in the presence of PVAT were unchanged after extensive high fat 

feeding or in the oldest, 26-week diet-fed groups. Nevertheless, after 16 weeks on a ND the 

percentage area of aortic PVAT occupied by white adipocytes was increased in the C57BL/6 

group and more in line with the ApoE-/- results. Additionally, the mean aortic white adipocyte areas 

were similar and as suggested previously, the changes observed in the C57BL/6 strain could 

potentially have contributed to the eventual loss of the anti-contractile effect of PVAT. 

Overall, the PVAT composition data from the ApoE-/- and C57BL/6 mice could point towards the 

white adipocyte population within the aortic PVAT being an indicator of PVAT ‘health’. The aortic 

PVAT of ApoE-/- mice appeared to have a greater percentage area occupied by white adipocytes 

and the white adipocytes themselves were larger from the outset in comparison to the C57BL/6 

strain after 8 weeks on a ND. This could potentially have contributed to the absence of an anti-

contractile effect of PVAT, as a result of hypoxic conditions, leading to lower basal activity of 

eNOS within the PVAT. 

 4.5.5.2 Superoxide production in the aortic PVAT of ApoE-/- mice is not significantly altered 

by increasing age or a Western-type diet 

Oxidative stress is a natural physiological process. However, an imbalance of pro and anti-oxidant 

enzymes can result in the generation of excess ROS, such as superoxide, which can cause 

damage to the vasculature (Stapleton et al. 2010). The primary producers of ROS within the 

vasculature are macrophages and mitochondria (Harrison 1997). Hypercholesterolaemia and 

atherosclerosis have been linked to excess mitochondrial generation of ROS (Elahi et al. 2009). 

Furthermore, hypercholesterolaemia could potentially trigger upregulation of ROS-producing 

enzymes. 

ApoE has antioxidant and anti-inflammatory properties thus, ApoE-/- mice exhibit a high basal 

oxidative stress status compared to C57BL/6 mice (Mayr et al. 2005; Tarnus et al. 2009; Pereira 

et al. 2012). Furthermore, a high fat diet has been demonstrated to induce chronic oxidative stress 

due to adipocyte hypertrophy which subsequently leads to an inflammatory profile due to the 

secretion of various cytokines (Eriksson 2007; Park et al. 2007; Vincent et al. 2007; Tarnus et al. 

2009; Pereira et al. 2012). 

Superoxide production was assessed in the aortic PVAT of ApoE-/- mice because there is a strong 

association between raised levels of superoxide and PVAT dysfunction which could be due to the 

depletion of NO by its spontaneous reaction with superoxide anion, resulting in the generation of 

peroxynitrite, a powerful oxidant. (Greenstein et al. 2009; Marchesi et al. 2009; Victorio et al. 

2016). Furthermore, elevated superoxide levels, in conjunction with an attenuation of the anti-

contractile effect of PVAT, were observed in the previous C57BL/6 study (described in Chapter 

3) in the oldest group of mice. Also, increased superoxide production has been observed in the 

endothelium and VSM in the aortae of ApoE-/- mice in comparison to C57BL/6 and transgenic 

ApoE-/- mice with increased endothelial BH4, a cofactor of NOS (d'Uscio et al. 2001a; Alp et al. 

2004). However, until now superoxide production in the aortic PVAT of ApoE-/- mice has largely 

been ignored. 
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Although a decrease in superoxide production within the aortic PVAT was observed in both the 

ND and WD-fed ApoE-/- mice, after 26 weeks feeding, this was not a significant change and may 

have been a result of an underpowered experiment with 3-4 mice used per group. Therefore, it is 

difficult to draw firm conclusions from these data. Nevertheless, superoxide production was 

significantly elevated in both the 8 and 16-week ND-fed groups in comparison to C57BL/6 mice. 

These data could indicate that the white adipocytes in the aortic PVAT were chronically hypoxic 

resulting in increased oxidative stress. There were no differences between C57BL/6 and ApoE-/- 

mice fed a ND for 26 weeks and this may be due to the observed hypertrophy of the white 

adipocytes within the aortic PVAT of C57BL/6 mice. 

Hypoxic conditions in endothelial cells promotes mitochondrial ROS formation (Ishida et al. 2002). 

Therefore, due to the abundance of mitochondria in aortic PVAT, it is probable that the presumed 

hypoxic state of the aortic white adipocytes induced the generation of mitochondrial superoxide. 

Taken together with the aortic PVAT composition data the superoxide findings suggest that the 

PVAT of ApoE-/- mice displays an accelerated aged phenotype with increased superoxide and 

enlarged adipocytes both of which were also observed in the PVAT of older C57BL/6 mice 

(presented in Chapter 3).  

4.5.5.3 The number of Mac-3+ cells in the aortic PVAT of ApoE-/- mice does not change with 

increasing age or a Western-type diet  

Previous studies have demonstrated that aortic PVAT is highly resistant to inflammation (Ketonen 

et al. 2010; Fitzgibbons et al. 2011). However, it has been observed that the visceral white 

adipose depots of ApoE-/- mice exhibit enhanced macrophage infiltration, increased macrophages 

forming crown-like structures and elevated expression of IL-6 and TNFα compared to C57BL/6 

mice, irrespective of diet type (Pereira et al. 2012). 

Macrophages were detected in the aortic PVAT of ApoE-/- mice using an antibody of the Mac-3 

antigen; Mac-3 expression is increased during macrophage differentiation. Nevertheless, Mac-3 

does not detect monocytes or lymphocytes (Ralph et al. 1983). An increase in the number of 

Mac3+ cells was observed in both ND and WD-fed 26-week groups in the PVAT of ApoE-/- mice, 

but this increase was not statistically significant. Moreover, in comparison to age and diet-

matched C57BL/6 mice, no significant differences in infiltrating Mac-3+ cells were observed within 

the PVAT. Although no changes in Mac3+ cells were observed in the ApoE-/- mice with ageing or 

a WD, other inflammatory cells, such as neutrophils, eosinophils, monocytes and lymphocytes 

may have been present therefore firm conclusions regarding the inflammatory state of the PVAT 

in these ApoE-/- mice cannot be made. 

4.6 Study limitations and future work 

Although the experiments in this chapter have provided novel insight into the influence of aortic 

PVAT from ApoE-/- mice on vascular reactivity and characterised the composition of PVAT with 

ageing and a WD, several unanswered questions remain. The present study suggests that basal 

(non-stimulated) eNOS activity within the aortic PVAT and therefore PVAT-derived NO 

bioavailability is reduced in ApoE-/- mice resulting in an absence of an anti-contractile effect of 

PVAT whereas, normal agonist-stimulated NO release is maintained (evidenced by retained 
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endothelial function). However, this hypothesis was not investigated further. A method such as 

confocal microscopy could be employed to determine basal NO bioavailability within the PVAT 

and in PVAT-denuded aortic segments. Aortic segments with or without PVAT could be stimulated 

with phenylephrine or phenylephrine and acetylcholine to mimic the in vitro myography 

experiments and subsequently incubated with the fluorescent NO indicator 4,5-daminofluorescein 

diacetate (DAF-2DA), mounted on a confocal microscope and NO production visualised using 

confocal imaging techniques (Gil-Ortega et al. 2010). Furthermore, this technique could be 

utilised to determine if 50 µM L-NNA resulted in complete NOS inhibition within the vasculature. 

In addition to the above experiments, eNOS expression could be assessed in aortic PVAT and 

VSM by Western blot. Analogous to the previous experiment, aortic tissue, with or without PVAT, 

could be incubated in PSS alone, stimulated with phenylephrine or challenged with phenylephrine 

followed by acetylcholine and then processed for Western blot. The presence and activation of 

eNOS or any other NOS isoforms could then be analysed.  

Superoxide production within the aortic PVAT of ApoE-/- mice did not appear to be the result of 

increased macrophage infiltration. However, more inflammatory markers could be assessed in 

the PVAT using immunohistochemical staining markers such as CD68 and F4/80 to further 

evaluate macrophage infiltration in the PVAT whilst monocytes, and neutrophils could be 

identified with CD11b and Ly6G (monocytes are negative for Ly6G) (Murray et al. 2011). 

It would be interesting to repeat the vascular reactivity studies in endothelium-denuded aortic 

rings in order to remove the influence of the endothelium and determine if the aortic PVAT still did 

not exert any effect on VSM contractions. Furthermore, PVAT transfer experiments using young 

C57BL/6 and ApoE-/- mice where aortic rings, endothelium-intact and endothelium-denuded, were 

incubated with PVAT from the opposing strain could provide useful information about the nature 

of the PVAT from both strains. For example, the PVAT of ApoE-/- mice may release a constricting 

factor which did not have an effect on the host but could increase the contraction of the recipient 

C57BL/6 aortic rings.  Unfortunately, due to limited numbers of ApoE-/- mice, the above 

experiments could not be performed during the time-frame of this study. 

Finally, the histology and immunostaining experiments were potentially under-powered with a 3-

4 mice being used per group. Unfortunately, due to the small size of the mouse aorta and the 

nature of PVAT, many tissue sections were lost during histological and immunohistochemical 

staining. Numerous attempts were made to prevent the tissue from lifting off the slides, such as 

using poly-L-lysine coated glass slides, different methods of antigen retrieval, changing the tissue 

section thickness and gentler washing techniques however, no significant improvements to tissue 

adhesion were identified 

4.7 Chapter summary and conclusions 

This study has demonstrated that the aortic PVAT of ApoE-/- mice, in contrast to C57BL/6 mice, 

does not exert an anti-contractile effect. This is possibly due to a lack of PVAT-derived NO within 

the vasculature and an ‘aged’ PVAT phenotype in comparison to C57BL/6 mice. These data 

reiterate the importance of eNOS and NO in promoting the anti-contractile effect of PVAT. 
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However, further investigation into NO bioavailability within the aortic PVAT of ApoE-/- mice is 

required. 

Key findings: 

 Endothelial dysfunction was not observed in the aortae of ND or WD -fed ApoE-/- 

mice despite the presence of atherosclerotic lesions along the luminal surface of 

the aortae. 

 The aortic PVAT of ApoE-/- mice was dysfunctional and did not exert an anti-

contractile effect on aortic rings; this was potentially due to decreased basal eNOS 

activity resulting in an attenuation of PVAT-derived NO.  

 Feeding the ApoE-/- mice a WD did not alter the vascular reactivity of aortic PVAT. 

 The aortic PVAT of ApoE-/- mice exhibited an aged phenotype when assessed 

morphologically.   
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~ Chapter Five ~ 

An evaluation of perivascular adipose tissue in athero-resistant Cav-1-/- 

mice 

Abstract 

Background: The caveolin-1 knockout mouse (Cav-1-/-) exhibits enhanced nitric oxide (NO) 

production within its vasculature due to loss of the tonic inhibitory interaction between Cav-1 and 

endothelial nitric oxide synthase (eNOS). NO bioavailability is essential in large arteries and 

confers cardioprotective benefits; a strong association exists between decreased NO production 

and increased incidence of cardiovascular disease (CVD). Furthermore, NO has been identified 

as a mediator of the anti-contractile of perivascular adipose tissue (PVAT). High basal NO 

production within arteries, specifically within PVAT, may prevent the onset of CVD therefore, the 

influence of PVAT on vascular reactivity was assessed in ageing and Western-type diet-fed Cav-

1-/- mice. In addition, Cav-1-/- mice have been reported to exhibit abnormal adipocyte morphology 

in various fat depots with ageing on a high fat diet  

Purpose: The following studies were conducted in order to characterise PVAT composition and 

the influence of aortic PVAT on vascular function in Cav-1-/- mice of advancing age and in high 

fat Western-type diet fed Cav-1-/- mice.  

Methods: Upon weaning, male Cav-1-/- mice were fed a normal diet (ND) or Western-type diet 

(WD) for 8, 16 or 26-weeks.  Vascular reactivity studies were performed on aortic rings with the 

PVAT left intact or removed. eNOS was inhibited with 50µM L-NNA to elucidate the contribution 

of NO -mediated relaxation to the vasoconstrictor response of aortic rings to phenylephrine. Aortic 

PVAT composition was assessed using a combination of histology and immunostaining. 

Results: Cav-1-/- mice were resistant to the development of atherosclerosis after extensive 

feeding of a WD. In addition, aortic endothelial function was maintained in ageing and in WD-fed 

mice. PVAT did not modulate vasoconstrictor responses to phenylephrine in ND-fed Cav-1-/- mice. 

However, after 26-weeks on a WD PVAT exerted a pro-contractile effect on aortic rings (P = 

0.0001). Additionally, with the exception of the 8-week WD-fed mice, NOS inhibition revealed a 

pro-contractile effect of PVAT in aortic rings from Cav-1 mice. Morphologically, hypertrophy of the 

aortic PVAT white adipocyte population was observed after 26 weeks on a WD (P = 0.02). 

However, no other significant changes were observed in regard to superoxide production or 

macrophage infiltration within aortic PVAT with ageing or a WD. 

Conclusions: The aortic PVAT of ND-fed Cav-1 mice is unable to modulate vascular contractions 

to phenylephrine. However, after 26-weeks on a WD, the contractility of aortic rings in the 

presence of PVAT was augmented. This may have been the result of PVAT releasing a vaso-

constricting factor which counteracted the vaso-relaxant effects of NO as a result of white 

adipocyte hypertrophy. The contribution of NO-mediated relaxation to the attenuated 

vasoconstrictor responses of VSM to phenylephrine requires further investigation. 
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5.1 Introduction 

Caveolin-1 (Cav-1) is the main structural component of caveolae which are ‘cave-shaped’ 

plasmalemmal invaginations in terminally differentiated cells and are highly expressed throughout 

all aspects of the vasculature including the endothelium, VSM and adipocytes (Rahman and 

Sward 2009). Caveolae and Cav-1 are responsible for the tonic inhibition of eNOS the principal 

generator of NO within the vasculature. eNOS, despite its name, is not solely expressed within 

endothelial cells and has been detected in VSM and, more recently, perivascular adipose tissue 

(PVAT) (Buchwalow et al. 2002; Randriamboavonjy and Fleming 2005; Dudzinski and Michel 

2007; Xia et al. 2016). 

The generation of Cav-1-/- knockout mice, lacking identifiable caveolae structures within the 

vasculature, allowed the loss of Cav-1 and therefore its inhibitory action on eNOS to be 

investigated in vitro using isolated aortic preparations (Razani et al. 2001). Aortic rings obtained 

from Cav-1-/- mice exhibit an impaired vasoconstrictor response to phenylephrine and this has 

been attributed to increased eNOS activity and high basal production of NO. This attenuated 

constrictor response was lost upon incubation with 100 µM L-NAME (a NOS inhibitor) and proper 

contractile responses were restored (Razani et al. 2001). Furthermore, endothelium-dependent 

relaxations of aortic rings from Cav-1-/- mice were reported to be enhanced in comparison to 

C57BL/6 mice, the genetic background strain (Razani et al. 2001). Studies of Cav-1-/- mice have 

demonstrated that loss of Cav-1-/- results in numerous abnormalities including dyslipidaemia, 

reduced lifespan, premature neuronal ageing, and a prematurely aged phenotype in resistance 

arteries (Razani et al. 2001; Razani et al. 2002a; Cohen et al. 2003b; Park et al. 2003; Hausman 

et al. 2012).  However, Cav-1-/- mice are resistant to the development of atherosclerosis despite 

exhibiting hypercholesterolaemia, a prerequisite for the development of atherosclerotic lesions 

and this may be a result of increased NO bioavailability or disturbed cholesterol handling (Razani 

et al. 2002a). 

Diminished NO within the arteries is associated with ageing and results in increased 

cardiovascular risk. This is most significant in large arteries, where NO-mediates the majority of 

endothelium-dependent relaxations. PVAT has repeatedly been demonstrated to be a vital 

component of the vasculature, providing more than structural support and is able to modulate 

vascular tone through the release of PVAT-derived factors and subsequent interaction of these 

factors with the VSM and endothelium (Lohn et al. 2002; Greenstein et al. 2009; Ketonen et al. 

2010).  A crucial role for NO in contributing to the anti-contractile effect of PVAT has been realised. 

Decreases in PVAT-derived NO bioavailability have been associated with a loss of the anti-

contractile capacity of PVAT in disease states (Marchesi et al. 2009; Gil-Ortega et al. 2010; 

Aghamohammadzadeh et al. 2013; Victorio et al. 2016; Zaborska et al. 2016). Furthermore, in 

this present study, NO was observed to play a significant role in aortic PVAT exerting an anti-

contractile effect in the aortae of C57BL/6 mice (Chapter 3). Taken together, these findings 

suggest that increased NO production within the different components of the arteries, in particular 

PVAT, could confer protection against the development of CVD. Cav-1-/- mice have been reported 

to exhibit an abundance of NO within the vasculature. However, these studies were conducted in 
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the absence of PVAT thus, the influence of aortic PVAT on the contractility and relaxation 

responses of isolated aortic preparations from Cav-1-/- mice was assessed.  

High fat feeding of Cav-1-/- mice has been reported to induce hypercholesterolaemia, a risk factor 

for the development of CVD in humans (Vogel 1997). Furthermore, hypercholesterolaemia has 

been reported to deplete NO bioavailability through a mechanism involving an increase in the 

abundance of caveolae and subsequent increase in Cav-1-eNOS interactions (Feron et al. 1999; 

Grayson et al. 2013). Caveolae and Cav-1 are not detectable within the vasculature of Cav-1-/- 

mice therefore, Cav-1-/- mice may be protected against the effects of hypercholesterolaemia-

induced NO depletion. Cav-1-/- mice have been reported to display altered cholesterol handling 

and abnormal adipocyte morphology within fat depots when fed a WD diet and subsequently aged 

(Razani et al. 2002a). Therefore, the effects of increasing age and a WD on aortic PVAT 

composition and morphology were assessed. 

5.2 Aim and objectives 

The chapter aims to elucidate the effect of PVAT and the contribution of NO to PVAT function in 

aortic preparations from Cav-1-/- mice and establish whether this is influenced by ageing or a 

Western-type diet. This will be achieved by: 

 Phenotyping ageing and WD-fed Cav-1-/- mice by assessing lipid and glucose 

parameters, measuring body and organ weights and assessing en face aortic 

preparations for the development of atherosclerosis. 

 Assessing the effect of Cav-1 deletion on aortic vasoconstrictor and vasodilatory 

responses, in the presence or absence of PVAT, in ageing and WD-fed Cav-1-/- mice and 

determining the contribution of NO to these responses using myography techniques. 

 Characterising the aortic PVAT of these mice, using histology and immunohistochemistry 

to determine if ageing or high fat feeding affect its morphology or structure. 

5.3 Methods 

Male Cav-1-/- mice were obtained from an in-house colony. Mice were weaned at around 4 weeks 

of age. Upon weaning, the mice were fed either a ND or a high fat (21%) WD for 8, 16 or 26 

weeks. The effects of ageing and a WD on blood serum lipid and glucose levels were evaluated. 

In addition, the body and organ weights of mice from each diet and experimental time-point were 

recorded. En face Oil Red O staining was performed on aortic preparations to determine whether 

lipid lesions developed within the aortae of Cav-1-/- mice. Relaxation studies were conducted to 

determine if loss of Cav-1 resulted in altered vasorelaxation responses to acetylcholine in the 

aortae of Cav-1-/- mice. Vascular contractility, in the presence or absence of PVAT, was assessed 

using rings of thoracic aortae. The contribution of NO to vascular reactivity was assessed by 

incubation with L-NNA (50 µM), a NOS inhibitor. The sensitivity of isolated aortic ring preparations 

was evaluated using the potent NO donor, sodium nitroprusside. The composition of aortic PVAT 

was assessed using haematoxylin and eosin staining and the superoxide indicator 

dihydroethidium (DHE). Immunostaining was performed on PVAT from the thoracic aorta to 

evaluate macrophage infiltration. Detailed methods are supplied in Chapter 2. 
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5.4 Results 

5.4.1 Characteristics of ageing in normal and Western-type diet-fed Cav-1-/- mice 

5.4.1.1 Western-type diet-fed Cav-1-/- mice develop hypercholesterolaemia 

The lipid and glucose profiles of ND-fed Cav-1-/- mice did not alter with increasing age (P = NS 

for all parameters and time-point comparisons; n = 5-6 mice per group, Table 5.1).  

In comparison to ND-fed age-matched controls, total serum cholesterol was significantly elevated 

in WD-fed mice at the 8 and 26-week time-points (ND versus WD: 8-weeks P = 0.03; 16-weeks 

P = 0.09; 26-weeks P < 0.0001; n = 5-6 mice per group, Table 5.1). Serum HDL was also raised 

in the 8-week WD-fed group compared to ND mice (P = 0.001, n= 5-6 mice, Table 5.1). 

Triglyceride and glucose levels of WD-fed mice remained unchanged from age-matched ND mice 

even after an extensive duration of high fat feeding (ND versus WD: P = NS for triglycerides and 

glucose at each time-point; n = 5-6 mice per group Table 5.1). 

Furthermore, no differences were observed between the serum lipid or glucose profiles of age 

and diet-matched C57BL/6 mice (Cav-1-/- versus C57BL/6: P = NS for each parameter, n = 4-6 

mice per group, Appendix 2.2).  

Table 5.1 Lipid and glucose measurements for normal and Western-type diet-fed Cav-1-/- 

mice 

ND 8-weeks 16-weeks 26-weeks 
P values for all diet-

matched comparisons 

Total cholesterol 2.57 ± 0.36 2.75 ± 0.28 3.22 ± 0.25 P = NS 

HDL 1.16 ± 0.10 1.51 ± 0.13 1.77 ± 0.14 P = NS 

Triglycerides 1.61 ± 0.20 1.74 ± 0.18 2.03 ± 0.22 P = NS 

Glucose 17.42 ± 2.42 21.16 ± 2.23 26.03 ± 4.57 P = NS 

WD 8-weeks 16-weeks 26-weeks 
P values for all diet-

matched comparisons 

Total cholesterol 6.41 ± 1.17 6.08 ± 1.29 9.39 ± 0.72 P = NS 

HDL 2.14 ± 0.20 2.03 ± 0.18 2.34 ± 0.14 P = NS 

Triglycerides 2.07 ± 0.26 1.27 ± 0.12 1.45 ± 0.14 P = NS 

Glucose 24.50 ± 4.89 19.52 ± 1.99 19.00 ± 4.04 P = NS 

ND versus WD 3 months 5 months 7 ½ months  

Total cholesterol * 0.03 NS 0.09 **** P<0.0001  

HDL ** 0.001 NS 0.34 NS 0.18  

Triglycerides NS > 0.999 NS > 0.999 NS 0.58  

Glucose NS > 0.999 NS > 0.999 NS > 0.999  

Serum derived from blood obtained at sacrifice. Mice were weaned at 4 weeks of age and 

maintained on a normal diet (ND) or Western-type diet (WD) for 8, 16 or 26 weeks. Data are 

expressed as mean ± S.E.M and measurements are shown in mmol/L. Statistical analysis was 

carried out by two-way ANOVA, with Bonferroni’s post hoc tests, n = 5-6 mice per group. 
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5.4.1.2 The effect of ageing on the body and organ weights of normal diet-fed Cav-1-/- mice 

Cav-1-/- mice maintained on a ND displayed a significant gain in weight after 16-weeks compared 

to the 8-week time-point group (8-weeks versus 26-weeks: P < 0.0001, n = 18 and 14 mice, 

respectively, Table 5.2), this gain was sustained in the 26-week time-point (8-weeks versus 26-

weeks: P < 0.0001; n = 18 and 15 mice, Table 5.2) but no differences were observed between 

the 16 and 26-week groups (P = NS, n = 14 and 15 mice, Table 5.2). Heart weights, heart weight: 

body weight ratio, liver and spleen weights were unaffected by increasing age (P = NS all groups; 

n = 14-18 mice, Table 5.2). A significant increase in epididymal fat pad weight was observed 

between the youngest and oldest Cav-1-/- mice (8-weeks versus 26-weeks: P < 0.0001; n = 18 

and 14 mice, Table 5.2). However, no corresponding increases in epididymal adipocyte area were 

observed (P = NS; n = 4 mice, 100 adipocytes per mouse, Table 5.2). 

The body and organ characteristics of Cav-1-/- mice were compared to the genetic background 

strain, C57BL/6 (Appendix 2.3). In this present study, no differences were observed between the 

body weights of C57BL/6 and Cav-1-/- mice (Cav-1-/- versus C57BL/6 mice: P = NS; Cav-1-/- n = 

14-18 mice per group; C57BL/6 n = 5-6 mice per group, Appendix 2.3 A). There were no 

significant differences in the weight of hearts obtained from Cav-1-/- and C57BL/6 mice after 8 

weeks on a ND although, cardiac hypertrophy was observed after 16 weeks on a ND, evidenced 

by a significantly increased heart weight and heart weight: body weight ratio (HW:BW) compared 

to C57BL/6 mice (Cav-1-/- versus C57BL/6 mice: heart weight: P = 0.008; HW:BW: P = 0.002; 

Cav-1-/- n = 14-18 mice per group; C57BL/6 n = 5-6 mice per group Appendix 2.3B and C). In 

addition, whilst the liver weights of Cav-1-/- and C57BL/6 mice were similar in all ND-fed groups 

(Cav-1-/- versus C57BL/6 mice: P = NS; Cav-1-/- n = 14-18 mice per group; C57BL/6 n = 5-6 mice 

per group, Appendix 2.3D), the Cav-1-/- mice developed splenomegaly after 16 weeks on a ND 

and this was sustained in the 26-week ND-fed group (Cav-1-/- versus C57BL/6 mice: 16-weeks 

ND P = 0.04; 26-weeks ND P =< 0.0001; Cav-1-/- n = 14-18 mice per group; C57BL/6 n = 5-6 mice 

per group, Appendix 2.3E). The epididymal fat pads of the 26 week ND-fed group were 

significantly smaller than the C57BL/6 mice (Cav-1-/- versus C57BL/6 mice: P < 0.0001, Cav-1-/- 

n = 14-18 mice per group; C57BL/6 n = 5-6 mice per group, Appendix 2.3 F). Also, epididymal 

adipocytes from Cav-1-/- mice were significantly smaller than age and diet-matched C57BL/6 mice 

however, no differences in adipocyte size were observed after 26 weeks on a ND (Cav-1-/- versus 

C57BL/6 mice: 16 weeks: P = 0.004; Cav-1-/- n = 14-18 mice per group; C57BL/6 n = 5-6 mice 

per group, Appendix 2.3G).  

5.4.1.3 The effect of a Western-type diet on the body and organ weights of Cav-1-/- mice 

The effect of a WD in comparison to ND mice on body and organ characteristics was evaluated 

at each time-point. A WD significantly increased the body weight of Cav-1-/- mice at the 8-week 

time-point (ND versus WD: P = 0.01, n = 18 mice per group, Table 5.2). However, no further 

differences in body weight were observed even after extended feeding of a WD (ND versus WD: 

P = NS; n = 15 and 7 mice, respectively, Table 5.2). Heart weight and heart weight: body weight 

ratio were unaffected by feeding of a WD at each time-point when compared to age-matched ND-

fed mice (P = NS both parameters and all age comparisons; n = 7-18 mice per group, Table 5.2). 

Hepatomegaly was observed at each time-point in WD-fed mice compared to ND Cav-1-/- controls 
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(ND versus WD: 8-weeks P = 0.009, n = 18 mice per group; 16-weeks P < 0.0001, n = 14 and 17 

mice; 26-weeks P < 0.0001, n = 15 and 7 mice, respectively, Table 5.2). Additionally, 

splenomegaly occurred at the 26-week time-point in the WD-fed group (ND versus WD: 26 weeks 

P < 0.0001; n = 15 and 7 mice, Table 5.2). The epididymal fat pads of WD mice were significantly 

enlarged compared to age-matched ND mice at both the 8 and 16week time-points however, no 

differences were observed between the oldest 26-week groups (ND versus WD: 8 weeks P < 

0.0001, n = 18 mice each; 16 weeks P < 0.0001, n = 14 and 17 mice; 26 weeks P = 0.06; n = 15 

and 7 mice, Table 5.2). In addition, epididymal adipocytes were larger in WD-fed mice after the 8 

and 16-week time-points (ND versus WD: 8 weeks P = 0.02; 16 weeks P = 0.02; n = 4 mice, 100 

adipocytes analysed per mouse, Table 5.2) although no differences were observed between ND 

and WD-fed mice after 26-weeks (P = NS; n = 4 mice, 100 adipocytes measured per mouse, 

Table 5.2). 

Feeding Cav-1-/- mice a WD resulted in augmented cholesterol levels compared to age-matched 

ND-fed mice. With the exception of the 8-week time-point, Cav-1-/- mice were resistant to diet-

induced weight gain when compared to their ND-fed counterparts. However, hepatomegaly and 

eventually splenomegaly was observed in WD-fed mice suggesting that fat had begun to 

accumulate within these organs. Epididymal fat pad weight and the adipocytes that constitute 

them were significantly enlarged in both the 8 and 16-week WD-fed mice. However, this effect 

was lost in the oldest group which could imply that the epididymal fat pads and adipocytes had 

expanded to their maximum capacity. 
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Table 5.2 Body weight, organ weights and epididymal adipocyte size of normal diet and Western-type diet-fed Cav-1-/- mice 

ND 8 weeks (A) 16 weeks (B) 26 weeks (C) P values for all diet-matched comparisons 

Body weight (g) 28.28 ± 0.38 32.70 ± 0.67 34.98 ± 0.63 A vs B **** P < 0.0001, A vs C **** P < 0.0001 

Heart weight (mg) 180.6 ± 7.38 203.54 ± 8.41 209.94 ± 9.99 
 

Heart weight: body weight (mg/g) 6.29 ± 0.22 6.22 ± 0.20 6.00 ± 0.24 
 

Liver (g) 1.82 ± 0.04 2.09 ± 0.08 2.36 ± 0.131 
 

Spleen (mg) 119.4 ± 5.77 119.0 ± 5.38 140.28 ± 5.99 
 

Epididymal fat pad weight (g) 0.31 ± 0.01 0.43 ± 0.04 0.63 ± 0.04 A vs C **** P < 0.0001 

Epididymal adipocyte area (x103 µm2) 1.92 ± 0.27 1.91 ± 0.19 3.41 ± 0.37 
 

WD 8 weeks (D) 16 weeks (E) 26 weeks (F) P values for all diet-matched comparisons 

Body weight (g) 31.30 ± 0.59 35.10 ± 0.87 35.32 ± 1.21 D vs E *** 0.0009, D vs F * 0.01  

Heart weight (mg) 187.2 ± 8.32 194.1 ± 6.16 203.97 ± 9.29 
 

Heart weight: body weight (mg/g) 6.14 ± 0.25 5.60 ± 0.26 5.86 ± 0.47 
 

Liver (g) 2.73 ± 0.19 3.83 ± 0.29 5.15 ± 0.51 D vs E ** 0.001, D vs F **** P < 0.0001, E vs F ** 0.003 

Spleen (mg) 143.4 ± 14.38 167.5 ± 6.87 269.7 ± 48.82 D vs E **** P < 0.0001, D vs F **** P < 0.0001,  

E vs F **** P < 0.0001 

Epididymal fat pad weight (g) 0.87 ± 0.06 1.00 ± 0.07 0.87 ± 0.08 
 

Epididymal adipocyte area (x103 µm2) 4.56 ± 0.41 4.47 ± 0.59 4.39 ± 0.55 
 

ND versus WD 8 weeks 16 weeks 26 weeks   

Body weight (g) * 0.01 NS 0.20 NS > 0.999   

Heart weight (mg) NS > 0.999 NS > 0.999 NS > 0.999   

HW: BW (mg/g) NS > 0.999 NS > 0.999 NS > 0.999   

Liver (g) ** 0.009 **** P < 0.0001 **** P < 0.0001   

Spleen (mg) NS > 0.999 NS 0.08 **** P < 0.0001   

Epididymal fat pad weight (g) **** P < 0.0001 **** P < 0.0001 NS 0.06   

Epididymal adipocyte area (x103 µm2) * 0. 02 * 0.02 NS > 0.999   

ND = normal chow diet, WD = Western-type diet. Data are expressed as mean ± S.E.M and weights are shown in milligrams or grams. Heart weight: body weight 

ratio in milligrams/grams and epididymal adipocyte area x103 µm2. Two-way ANOVA with Bonferroni’s post-hoc tests was performed. Body and organ weights n = 

14-18 mice per group (with exception of 26 week WD, where n = 7); adipocyte area n = 4 mice per group, 100 adipocytes analysed per mouse.  

. 
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5.4.2 Cav-1-/- mice are resistant to the development of atherosclerosis  

Atherosclerotic lesions did not develop within the aortae of Cav-1-/- mice fed a ND or after 

extensive feeding of a WD (Figure 5.1). 

 

5.4.3 Vascular reactivity studies assessing the effect of aortic PVAT on vascular responses 

in normal diet and Western-type diet fed Cav-1-/- mice 

5.4.3.1 The presence of aortic PVAT does not alter contraction to 100 mM KPSS in Cav-1-/- 

mice 

The contractions of aortic rings to 100 mM KPSS were unaltered by the presence of PVAT in 

Cav-1-/- mice (+PVAT versus -PVAT: P = NS; n = 4-7 mice per group, Figure 5.2) and a WD did 

not have a significant effect on aortic ring contraction (ND versus WD: +/-PVAT, P = NS, n = 4-7 

mice per group Figure 5.2). Moreover, the contraction stimulated by KPSS was similar between 

ND-fed Cav-1-/- and C57BL/6 mice (Cav-1-/- versus C57BL/6: +/-PVAT P = NS; n = 4-7 mice per 

group, Appendix 2.4 Ai and ii). 

Nevertheless, considerable variability was observed between the groups and it is therefore 

difficult to draw firm conclusions regarding the effects of ageing or a WD on the contractile 

responses of aortic rings in Cav-1-/- mice. 

 

  

8 weeks ND 8 weeks WD 16 weeks ND 16 weeks WD 26 weeks ND 

8-weeks ND 8-weeks WD 16-weeks ND 16-weeks WD 26-weeks WD 26-weeks ND 

Figure 5.1 En face aortic preparations stained with Oil Red O  

Oil Red O was used in order to detect lipid lesions along the surface of the aorta. Lesions did 

not develop within the aortae of Cav-1 mice-/-. Representative images, scale bar, top right-hand 

corner, = 1 mm, n = 3-6 Cav-1
-/-

 mice per group.  
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5.4.3.2 Endothelial function, in response to acetylcholine, is maintained with ageing and a 

Western-type diet in Cav-1-/- mice 

The presence of PVAT did not alter the relaxation of phenylephrine-pre-constricted aortic rings to 

a single dose of acetylcholine, 10 µM, (+PVAT versus -PVAT: P = NS; n = 4-7 mice per group, 

Figure 5.3). Additionally, endothelial function was unaltered by increasing age in either ND or WD-

fed mice (P = NS, n = 4-7 mice per group, Figure 5.3). Moreover, when the responses from ND 

and WD-fed groups were compared, in PVAT-intact or PVAT denuded aortic rings, no differences 

in relaxation were observed (ND versus WD: +/-PVAT P = NS; n = 4-7 mice per group, Figure 

5.3).  

The relaxation responses of ND-fed Cav-1-/- and C57BL/6 mice were compared (Appendix 2.4 Bi 

and ii). There were no differences in relaxation between PVAT-intact aortic rings from the different 

of mice (P = NS; n = 4 Cav-1-/- and 8 C57BL/6 mice per group). However, after 26 weeks on a 

ND the relaxation of Cav-1-/- PVAT-denuded aortic rings was significantly enhanced in 

comparison to the C57BL/6 strain (Cav-1-/- versus C57BL/: -PVAT P = 0.08, n = 4 Cav-1-/- mice 

and n = 8 C57BL/6 mice per group, Appendix 2.4Bii). 

  

Figure 5.2 Contractions to 100 mM KPSS are similar in aortic rings with or without PVAT  

The contractile responses of PVAT-intact or PVAT-denuded aortic rings were similar. However, 

significant differences in contractile responses were observed between PVAT-denuded aortic 

rings in response to increasing age and a WD. ND = normal diet, PVAT = perivascular adipose 

tissue, WD = Western-type diet. Data are presented as mean ± S.E.M, n = 4-7 mice per group, * 

P < 0.05, ** P < 0.01, Two-way ANOVA with post hoc Bonferroni’s multiple comparisons tests. 

 

NS 
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5.4.3.2 Aortic PVAT from normal diet-fed Cav-1-/- mice does not exert an anti-contractile 

effect  

The PVAT of ND-fed Cav-1/- mice did not modulate the vascular reactivity of aortic rings in 

response to cumulative doses of phenylephrine at any of the experimental time-points (+PVAT 

versus -PVAT: P = NS; n = 4-7 mice per group, Figure 5.4A-C). 

5.4.3.3 Aortic PVAT from Cav-1-/- mice exerts a pro-contractile effect after extensive high 

fat feeding 

Initially, a WD had no impact on the contraction of aortic rings with or without PVAT. After 8 ad 

16 weeks and the vasoconstrictor responses to phenylephrine were similar in the presence or 

absence of PVAT (+PVAT versus -PVAT: P = NS; n = 5-7 mice per group, Figure 5.4A and B). 

However, after 26 weeks on a WD the PVAT of Cav-1-/- mice exerted a significant pro-contractile 

effect on the aortic rings (+PVAT versus -PVAT: P = 0.0001; n = 5 and 4 mice, respectively, Figure 

5.4C). 

5.4.3.4 PVAT-denuded aortic rings of Cav-1-/- mice exhibit diminished contractions after 26 

weeks on a Western-type diet in comparison to normal-diet fed mice 

The contractions of aortic rings from WD-fed Cav-1-/- mice were compared to age-matched ND-

fed Cav-1-/- mice. Contractions were similar between ND and WD-fed mice up to 16-weeks of high 

fat feeding (ND versus WD: +/-PVAT P = NS; n = 4-7 mice per group, Figure 5.4A and B). 

However, contractions of PVAT-denuded aortic rings from mice fed a WD for 26 weeks were 

significantly reduced when compared to the ND-fed group although this was not replicated in 

PVAT-intact rings (ND versus WD: 26-weeks -PVAT P < 0.0001; n = 4 mice per group, Figure 

5.4C).  

Figure 5.3 Endothelial function is unaffected by PVAT, ageing or a Western-type diet in 

Cav-1-/- mice  

PVAT did not alter relaxations of phenylephrine pre-constricted aortic rings to acetylcholine. ND 

= normal diet, PVAT = perivascular adipose tissue, WD = Western-type diet. Data are presented 

as mean ± S.E.M, n = 4-7 mice per group, two-way ANOVA with post hoc Bonferroni’s tests. 

 

NS 
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Figure 5.4 The PVAT of Cav-1-/- mice does not modulate vascular contractility on a ND but exerts a pro-contractile effect on aortic rings after 26 weeks on a 

Western-type diet 

Aortic rings were challenged with cumulative doses of phenylephrine (1 x 10-10 - 3 x 10-5 mol/L) in the presence or absence of PVAT. A) Aortic PVAT did not modulate 

vascular reactivity of aortic rings from Cav-1-/- mice when fed either a ND or WD for 8 weeks (post weaning). The contractions of aortic rings, in the presence or absence 

of PVAT, were similar in WD and ND-fed Cav-1-/- mice. B) A similar pattern was observed in the 16 week ND and WD-fed groups. C) The presence of aortic PVAT did 

not alter vascular contractions after 26 weeks on a ND (post weaning). However, PVAT exerted a pro-contractile effect after 26 weeks feeding of a WD. No differences 

were observed between PVAT-intact aortic rings from ND or WD-fed Cav-1-/- mice although, the vasoconstrictor responses of PVAT-denuded aortic rings from ND-fed 

Cav-1-/- mice were significantly elevated in comparison to aortic preparations from WD-fed mice.  ND = normal diet, PVAT = perivascular adipose tissue, WD = Western-

type diet. Dose response data are expressed as mean ± S.E.M., n = 4-7 mice per group, two-way ANOVA with Bonferroni’s post hoc tests, n = 4-7 mice per group, 

two-way ANOVA with Bonferroni’s post hoc tests. *** P < 0.001, **** P < 0.0001 

 

NS NS 

A                            B                                         C              
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5.4.3.5 Ageing alters the contractions of aortic rings from normal diet fed Cav-1-/- mice; 

however, no effects are observed with ageing on a Western-type diet  

The effect of increasing age on the contraction of aortic rings from Cav-1 mice was assessed. 

Constriction of PVAT-denuded aortic rings from ND-fed mice was similar between the 8 and 16-

week groups (P = NS; n = 7 and 4 mice per group, Figure 5.5Ai).  Nevertheless, by the 26-week 

time-point, constriction was significantly increased compared to both the 8 and 16-week time-

points (8-weeks versus 26-weeks: -PVAT P < 0.0001; n = 7 and 4 mice, Figure 5.5Ai) (16-weeks 

versus 26-weeks: -PVAT P < 0.0001; n = 4 mice in each group, Figure 5.5Ai). When PVAT-intact 

contractions were compared, a significant increase in contractility was observed between the 16 

and 26-week time-points but no changes were observed between the other groups (16-weeks 

versus 26-weeks: +PVAT P < 0.0001; n = 4-7 mice per group, Figure 5.5Aii).  

In contrast to the increase in contractility observed with ageing in ND-fed Cav-1-/- mice, ageing 

had no significant effect on aortic contractions in WD-fed Cav-1-/- mice in either PVAT-denuded 

or PVAT-intact aortic rings (P = NS for each comparison, n = 4-7 mice per group, Figure 5.5Bi 

and ii).  

5.4.3.6 PVAT-denuded aortic rings exhibit attenuated constriction to phenylephrine in 

comparison to C57BL/6 mice in the 8 and 16-week normal diet-fed groups 

The vasoconstrictor responses of Cav-1-/- mice were compared to age and diet-matched C57BL/6 

mice (Appendix 2.6A-C). PVAT denuded aortic rings from ND-fed Cav-1-/- mice exhibited 

substantially lower contractile responses to phenylephrine, in comparison to C57BL/6 mice, in the 

8 and 16 week groups (Cav-1-/- versus C57BL/6: 8-weeks P < 0.0001; 16-weeks P < 0.0001; n = 

4-7 mice per group, Appendix 2.6A and B) but no differences were observed after 26 weeks on a 

ND (Cav-1-/- versus C57BL/6: 26-weeks P = NS; n = 4 and 8 mice, respectively, Appendix 2.6C). 

In contrast, the responses of PVAT-intact aortic rings were similar between Cav-1-/- and C57BL/6 

mice at each time-point (Cav-1-/- versus C57BL/6: P = NS, n = 4-8 mice per group, Appendix 2.6A-

C). In summary, the PVAT-denuded aortic rings of Cav-1-/- mice exhibit lower vasoconstrictor 

responses to phenylephrine, with the exception of 26 week ND-fed mice, when compared to 

C57BL/6 mice, whilst the contractions of PVAT-intact aortic preparations of Cav-1-/- mice are 

similar to those of the C57BL/6 strain 

5.4.3.7 NOS inhibition in Cav-1-/- mice reveals a pro-contractile effect of PVAT 

Inhibition of NOS with L-NNA (50 µM) did not significantly alter the contraction of PVAT-intact or 

PVAT-denuded aortic rings in ND-fed Cav-1 mice when responses in the presence or absence of 

L-NNA were compared (control versus L-NNA: P = NS, n = 4-9 mice per group, Figure 5.6Ai-iii). 

Furthermore, similar responses were produced in the WD-fed mice at each time-point, with the 

exception of the PVAT-intact 16-week group, where a large increase in contractility was observed 

in the presence of L-NNA (control versus L-NNA: 16-weeks: +PVAT P < 0.0001; n = 4-7 mice per 

group, Figure 5.6Bi-iii). However, when contractions of aortic rings in the presence of L-NNA, with 

or without PVAT were compared, a pro-contractile effect of PVAT was revealed in all the 

experimental groups, with the exception of the 8 week WD-fed mice (+PVAT + L-NNA versus -

PVAT + L-NNA: all time-points, except 8-week WD, P < 0.0001; 8-weeks WD P = 0.08, n = 5-9 

mice per group, Figure 5.6). 
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Figure 5.5 Ageing alters the contractions of aortic rings from normal diet fed Cav-1-/- mice; however, no effects are observed with ageing on a Western-

type diet 

Ai) Contractile responses of PVAT-denuded aortic rings from ND-fed Cav-1-/- mice exhibited a significant increase in contraction after 26 weeks on a ND (post weaning). 

Aii) A similar increase in contractility was observed between the 16 and 26-week ND-fed groups in PVAT-intact aortic rings.  Bi) A WD did not alter the contractility of 

aortic rings in the absence of PVAT or in Bii) PVAT-intact conditions, after 8, 16 or 26-weeks on a WD. ND = normal diet, PVAT = perivascular adipose tissue, WD = 

Western-type diet. Dose response data are expressed as mean ± S.E.M., n = 4-7 mice per group, two-way ANOVA with Bonferroni’s post hoc tests. **** P < 0.0001. 
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Bi                     ii 
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Figure 5.6 Nitric oxide synthase inhibition unmasks a pro-contractile effect of PVAT on aortic rings in Cav-1-/- mice 

NOS inhibition with 50 µM L-NNA revealed a significant pro-contractile effect of PVAT in A) ND-fed Cav-1-/- mice at i) 8, i) 16 and the iii) 26-week time-point. NOS 

inhibition had no effect on B) WD-fed Cav-1-/- mice at the i) 8-week time-point but in the presence of L-NNA, PVAT exerted a pro-contractile effect on aortic rings in 

the i) 16 and iii) 26-week time-points. ND = normal diet, NOS = nitric oxide synthase, WD = Western-type diet. Dose response data are expressed as mean ± S.E.M., 

n = 4-9 mice per group, two-way ANOVA with Bonferroni’s post hoc tests. 

 

Ai                        ii                                            iii               
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5.4.3.8 The sensitivity of aortic rings to exogenous nitric oxide is unchanged with ageing, 

the presence of PVAT or a Western-type diet 

Pre-constricted aortic rings, in the presence or absence of PVAT, were exposed to the NO donor, 

sodium nitroprusside (10 µM). Aortic rings relaxed back to baseline in each group of Cav-1-/- mice 

regardless of the presence of PVAT, the age of the mice or a WD (P = NS each parameter and 

time-point comparison; n = 4-7 mice per group, Figure 5.7).  

 

5.4.4 The weight of PVAT surrounding the aortae of Cav-1-/- mice is unaltered by ageing or 

a Western-type diet  

The influence of ageing and a WD on the weight of PVAT encasing the aortae were investigated 

in Cav-1-/- mice. With increasing age on a ND, the weight of PVAT did not change significantly (P 

= NS each comparison; n = 3-4 mice per group, Figure 5.8). Additionally, a WD did not appear to 

increase the weight of PVAT surrounding the aortae in comparison to age and strain-matched 

ND-fed mice (ND versus WD: P = NS, n= 1-4 mice per group, Figure 5.8). However, firm 

conclusions cannot be drawn due to a sample size of 1 mouse for the 26-week WD group and 2 

mice in the 8-week WD-fed group due to breeding issues with the Cav-1-/- colony.  

Also, the weight of PVAT surrounding the aortae of Cav-1-/- mice was compared to the genetic 

background strain, C57BL/6 mice (Appendix 2.8A). No differences in aortic PVAT weight were 

observed between the 8-week ND-fed Cav-1-/- and C57BL/6 mice (P > 0.99; n = 3-4 mice per 

group, Appendix 2.8A). However, the weight of PVAT encasing the aortae of the 16 week ND-fed 

Cav-1-/- mice was significantly increased compared to the age-matched C57BL/6 group (P = 0.01; 

n = 3-4 mice per group Appendix 2.8A). After 26 weeks on a ND, the weight of PVAT surrounding 

Figure 5.7 Endothelial-independent relaxation is unaffected by PVAT, ageing or a Western-

type diet in Cav-1-/- mice 

The sensitivity of aortic rings to NO was unaltered by the presence of PVAT, ageing or a WD 

when exposed to 10 µM sodium nitroprusside, an endothelium-independent vasodilator and 

potent NO donor. ND = normal diet, NO = nitric oxide, PVAT = perivascular adipose tissue, WD 

= Western-type diet. Data are presented as mean ± S.E.M, n = 4-7 mice per group, two-way 

ANOVA with post hoc Bonferroni’s multiple comparisons test. 

NS 
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the aortae of C57BL/6 mice was increased and no significant differences were observed between 

the Cav-1-/- and C57BL/6 mice (P = NS; n = 4-6 mice per group, Appendix 2.8A). 

 

5.4.5 White adipocyte hypertrophy is observed in the aortic PVAT of 26-week Western-type 

diet fed Cav-1-/- mice 

The effects of ageing and a WD on the aortic PVAT of Cav-1-/- mice were assessed using 

haematoxylin and eosin staining (Figure 5.9Ai-vi) 

The morphology of the aortic PVAT was evaluated by measuring the total area occupied by white 

adipocytes, as a percentage of total aortic PVAT area, and subsequently, quantifying the area of 

each white adipocyte. Increasing age while on a ND did not induce any changes in the proportion 

of white adipocytes within the aortic PVAT of Cav-1-/- mice (P = NS for each time-point 

comparison; n = 3-4 mice per group, Figure 5.9B). An increase in the percentage of white 

adipocytes within the aortic PVAT was observed after 16 weeks (ND versus WD: P = 0.02; n = 4 

and 3 mice, respectively, Figure 5.9B) but this was not maintained in the 26-week time-point mice 

(ND versus WD: P = NS, n = 3 mice per group, Figure 5.9B). 

When the white adipocytes within the aortic PVAT were examined, no age-related changes in 

size were observed in the ND-fed Cav-1-/- mice (P = NS for each time-point comparison; n = 3-4 

mice per group, Figure 5.9C). However, upon 26 weeks of high fat feeding, WD-induced white 

adipocyte hypertrophy was observed within the PVAT of Cav-1-/- mice (ND versus WD: P = 0.02; 

n = 3 mice per group, Figure 5.9C). 

The morphology of aortic PVAT from ND-fed Cav-1-/- mice was compared to age and diet matched 

C57BL/6 mice (Appendix 2.8B and C). The area occupied by white adipocytes in the aortic PVAT 

Figure 5.8 Ageing and a Western-type diet do not significantly alter the amount of PVAT 

surrounding the aortae of Cav-1-/- mice  

The PVAT surrounding the aortic arch and thoracic aorta of Cav-1-/- mice was weighed. No 

significant differences were observed with ageing or a WD at any of the time-points. ND = normal 

diet, WD = Western-type diet. Data are presented as mean ± S.E.M, n = 1-5 mice per group, two-

way ANOVA with post hoc Bonferroni’s multiple comparisons test. 

NS 
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of ND-fed Cav-1-/- mice was not significantly different to measurements from the C57BL/6 mice 

(Cav-1-/- versus C57BL/6: 8 weeks: P = NS; n = 3-4 mice per group, Appendix 2.8B). However, 

after 26 weeks on a ND, the individual white adipocyte area of Cav-1-/- mice was markedly smaller 

than the adipocyte area observed in the aortic PVAT from C57BL/6 mice of the same age (P = 

0.002, n = 3 mice per group, Appendix 2.8C).  

Whilst the composition of aortic PVAT of Cav-1-/- mice was unaltered by ageing, it was not 

protected from the effects of a WD. An increase in the proportion of PVAT occupied by white 

adipocytes, which was the result of white adipocyte hypertrophy and not hyperplasia, was 

detected. The morphological changes discovered within the aortic PVAT, after extensive high fat 

feeding, could have contributed to the observed modulation of vascular reactivity and exertion of 

a pro-contractile effect on aortic rings (Figure 5.4Biii). 

5.4.6 The aortic PVAT of Cav-1-/- mice does not display any age or diet-related changes in 

superoxide 

Superoxide production, within the aortic PVAT of Cav-1-/- mice, was assessed by dihydroethidium 

(DHE) staining. Superoxide was detected in all experimental groups (Figure 5.10Ai-vi). However, 

increasing age on a ND did not impact the amount of superoxide detected in the aortic PVAT (P 

= NS; n = 3 mice per group, Figure 5.10C). Correspondingly, a WD did not augment the production 

of superoxide within the aortic PVAT of Cav-1-/- mice (ND versus WD: P = NS each comparison; 

n = 3 mice in each group, Figure 5.10C). 

Superoxide production within the aortic PVAT of ND-fed Cav-1-/- mice was compared to the age 

and diet-matched C57BL/6 strain (Appendix 2.8D). Superoxide was transiently increased in 

comparison to C57BL/6 mice after 8-weeks on a ND (post weaning) (P = 0.007; n = 3 mice per 

group, Appendix 2.8D). However, this finding was not maintained in the subsequent groups (P = 

NS, n = 3-4 mice per group, Appendix 2.8D).  

Neither increasing age or a WD had an impact on the presence of superoxide within the aortic 

PVAT of Cav-1-/- mice. These data suggest that superoxide production within the aortic PVAT of 

Cav-1-/- mice was not elevated after extensive high fat feeding thus, it is unlikely that superoxide 

production contributed to the observed exertion of a pro-contractile effect by aortic PVAT after 26 

weeks on a WD (Figure 5.4C). 
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Figure 5.9 White adipocyte hypertrophy is observed in the aortic PVAT of Western-type diet 

fed Cav-1-/- mice after 26 weeks of feeding 

A) Haematoxylin and eosin-stained aortae with PVAT from Cav-1-/- mice after 8-weeks, i) ND, ii) WD, 

16-weeks iii) ND, iv) WD and 26-weeks v) ND and vi) WD. Examples of white adipocytes are 

highlighted by arrows. B) The percentage area of aortic PVAT occupied by white adipocytes was 

significantly increased in 16-week WD-fed mice. C) White adipocyte hypertrophy was observed after 

26 weeks on a WD. Representative images obtained at 10X magnification. Scale bars represent 100 

µm. ND = normal diet, WD = Western-type diet. Data are expressed as mean ± S.E.M, n = 3-4 mice 

per group,  two-way ANOVA with Bonferroni’s post hoc tests,* P < 0.05. 
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Aortic wall 

Figure 5.6 Ageing and a Western-type diet do not alter superoxide production within the 

aortic PVAT of Cav-1-/- mice 

Sections of aortic PVAT were stained with DHE a superoxide indicator, and visualised by red 

punctate fluorescence. A) DHE+ nuclei were observed in all sections i) 8-week ND, ii) WD, iii) 16-

week ND, iv) WD and 26-week v) ND and vi) WD. B) DHE+ staining was not observed in the DHE-

omitted control. C) Superoxide production was unaffected by ageing or a WD. Representative 

images at 10 X magnification. Scale bars represent 250 µm. DHE+ nuclei were quantified in 5 fields 

of view per tissue section. DHE = dihydroethidium, ND = normal diet, PVAT = perivascular adipose 

tissue, WD = Western-type diet. Data are expressed as mean ± S.E.M., Data presented as 

cells/mm2 of PVAT, n = 3-4 mice per group, two-way ANOVA with Bonferroni’s post hoc tests. 
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5.4.7 Macrophage infiltration, within the aortic PVAT of Cav-1 mice is unaffected by ageing 

or a Western-type diet 

The aortic PVAT of Cav-1-/- mice underwent immunostaining for Mac-3 to determine if ageing 

altered inflammation within the PVAT (Figure 5.11Bi-viii). Ageing did not alter the number of Mac-

3+ cells infiltrating the aortic PVAT and no changes in Mac-3+ cells were observed between the 

different groups PVAT (8-weeks versus 16-weeks: P > 0.99; 16-weeks versus 26-weeks: P > 

0.99; 8-weeks versus 26-weeks; P = 0.68; n = 3 mice per group, Figure 5.12). 

Furthermore, a WD did not induce more Mac-3+ cells in infiltrate the aortic PVAT of Cav-1-/- mice, 

even after extensive feeding of a WD (ND versus WD: 8-weeks P > 0.99; 16-weeks P = 0.87; 26 

weeks: P > 0.99; n = 3-4 mice per group, Figure 5.12). 

Moreover, when Mac-3+ staining of ND-fed Cav-1-/- mice was compared to C57BL/6s, no 

significant differences were observed between the groups (P > 0.99 each diet time-point; n = 3-4 

mice per group, Appendix 2.8 E). 
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Figure 5.7 Macrophages are present in the aortic PVAT of normal diet and Western-type 

diet fed Cav-1-/- mice at each time-point 

Macrophages were stained with a Mac-3 antibody A) The aortic arch of an atherosclerotic ApoE-

/- mouse was used as the control i) IgG and ii) positive control, with specific brown staining within 

the atherosclerotic plaque. B) Representative images of Cav-1-/- mice at:  i) 8-week ND and ii) 

WD, iii) 16-week ND and iv) WD and 26-week v) ND and vi) WD. Images were obtained at 10X 

magnification. Scale bars represent 100 µm and examples of Mac-3+ staining are highlighted by 

arrows. ND = normal diet, WD = Western-type diet.   
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5.5 Discussion 

This present study aimed to characterise the morphology and influence of aortic PVAT on 

vascular function in Cav-1-/- mice. In the present study, Cav-1-/- mice were demonstrated to be 

athero-resistant even though WD-fed mice displayed hypercholesterolaemia. Therefore, Cav-1-/- 

mice offer an intriguing insight into the effect of Cav-1 deletion on vascular ageing without the 

added complication of atherogenesis. 

The key findings of this chapter were: 

 The aortic PVAT of Cav-1-/- mice did not exert an anti-contractile effect on isolated aortic 

rings.  

 The aortic PVAT of Cav-1-/- mice fed a WD for 26 weeks exerted a pro-contractile effect 

on aortae and this was associated white adipocyte hypertrophy within the aortic PVAT. 

 In the presence of the NOS inhibitor, L-NNA, the aortic PVAT of Cav-1-/- mice exerted a 

pro-contractile effect on aortic ring preparations. 

 Extensive feeding of a WD induced white adipocyte hypertrophy within the aortic PVAT 

of Cav-1-/- mice. 

Figure 5.8 The number of Mac-3+ cells present within the aortic PVAT of Cav-1-/- mice is 

unchanged with ageing or a Western-type diet  

Macrophage numbers within the aortic PVAT of Cav-1-/- mice were not significantly affected by 

ageing. Additionally, no differences were observed between ND or WD-fed mice at any of the 

time-points. ND = normal diet, WD = Western-type diet.  Data are expressed as Mac3+ cells/mm2 

PVAT, mean ± S.E.M., n = 3-4 mice per group, two-way ANOVA with Bonferroni’s post hoc 

multiple comparisons test. 
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5.5.1 Phenotyping of normal and Western-type diet-fed Cav-1-/- mice 

5.5.1.1 The lipidaemic and glycaemic profiles of normal diet-fed Cav-1-/- mice are 

unchanged with increasing age  

The lipid and glucose profiles of ageing Cav-1-/- mice were assessed because Cav-1 has been 

demonstrated to play a role in cholesterol metabolism and insulin signalling (Nystrom et al. 1999; 

Fielding and Fielding 2000). There were no overt differences between the non-fasted lipid or 

glucose levels of ageing Cav-1-/- mice. Furthermore, no differences were observed between the 

Cav-1-/- serum lipid or glucose profiles of age and diet-matched C57BL/6 mice. These findings 

are in contrast with published work which observed that Cav-1-/- mice display 

hypertriglyceridaemia in comparison to C57BL/6 controls and this state is exaggerated in samples 

obtained postprandially (Razani et al. 2002a; Cohen et al. 2003b). These differences could have 

occurred due to the use of different assays to measure the triglyceride content or, more likely, 

due to the use of different rodent chow diets. In the present study, a normal chow diet with 7.52% 

fat was used whereas; in the previous study mice were maintained on a 10% fat diet (Razani et 

al. 2002a). Furthermore, a different study observed no differences in the triglyceride levels of Cav-

1-/- and C57BL/6 mice at 12 weeks of age (Cohen et al. 2005). The data from this study suggest 

that Cav-1-/- mice maintained on a ND do not develop dyslipidaemia, a condition which is strongly 

linked to  atherosclerosis and increased cardiovascular risk (Catapano et al. 2011). In line with 

this finding, atherosclerotic lesions were not observed within the aortae of Cav-1-/- mice, 

demonstrating that this strain does not spontaneously develop atherosclerosis after 26 weeks of 

feeding a WD (post weaning). 

5.5.1.2 Western-type diet-fed Cav-1-/- mice develop hypercholesterolaemia but are resistant 

to the development of aortic atherosclerotic lesions 

Cav-1-/- mice fed a WD exhibited elevated cholesterol levels and transiently increased HDL after 

8 weeks of high fat feeding in comparison to age-matched ND-fed Cav-1-/- mice. However, 

triglyceride and glucose levels remained similar between ND and WD-fed groups. Moreover, 

previous studies in Cav-1-/- mice fed a high fat diet, containing 34.9% fat, demonstrated increased 

HDL-cholesterol esters, free cholesterol, pre-β-HDL, and triglycerides further demonstrating a role 

of Cav-1 in cholesterol metabolism (Heimerl et al. 2008). These data suggest that Cav-1-/- mice 

are not resistant to diet-induced hypercholesterolaemia. In humans hypercholesterolaemia is a 

well-known risk factor for atherosclerosis (Singh et al. 2002). En face lesion analysis 

demonstrated that atherosclerotic lesions were not present along the luminal surface of the aortae 

of Cav-1-/- mice after extended high fat feeding (26 weeks WD). Therefore, the athero-resistant 

phenotype of Cav-1-/- mice is likely to be the result of a lack of uptake and transcytosis of LDL 

(native or oxidised) into the sub-endothelial space of the vascular wall, which is an important 

factor in the pathogenesis of atherosclerosis (Cohen et al. 2004a; Fernandez-Hernando et al. 

2009; Frank 2010). 

5.5.1.3 Normal diet-fed Cav-1-/- mice develop cardiac hypertrophy with ageing  

An age-associated increase in body weight was observed in the Cav-1-/- mice and epididymal fat 

pad weight, but not adipocyte area, was increased after 26 weeks on a ND, in comparison to the 
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8-week group. However, no other effects of ageing were observed when heart weights, heart 

weight: body weight ratio, liver and spleen weights were compared. 

Although the body weights of Cav-1-/- and C57BL/6 mice were reported to be indistinguishable in 

the first few months of life, the Cav-1-/- strain has, in previous studies been demonstrated to be 

leaner than C57BL/6 mice by 12 months of age (Razani et al. 2002a; Cohen et al. 2005). This 

leaner phenotype of Cav-1-/- mice has been attributed to a reduced cross sectional diameter of 

adipocytes due to the proposed role of Cav-1 in modulating the structure and biogenesis of lipid 

droplets and the storage/transport of fatty acids (Razani et al. 2002a; Cohen et al. 2004b). In this 

present study, no differences were observed between the body weights of C57BL/6 and Cav-1-/- 

mice after 26 weeks on a ND (post weaning). However, the epididymal fat pads in the 26 week 

ND group were significantly smaller than the age-matched C57BL/6 group whereas, no 

differences in epididymal adipocyte size were observed between these groups. Previous studies 

have demonstrated that the epididymal fat pads of Cav-1-/- mice at approximately 12 weeks old 

do not display a reduced adipocyte size or aberrations in lipid droplet size (Razani et al. 2002a; 

Cohen et al. 2004b). These data could suggest that after 26 weeks on a ND the fat depots of Cav-

1-/- mice retain characteristics similar to the C57BL/6 mice and age-associated alterations to the 

adipocytes within the fat pads had not yet occurred. 

Whilst no significant differences in the weight of hearts obtained from Cav-1-/- and C57BL/6 mice 

after 8 weeks on a ND, cardiac hypertrophy was observed after 16 weeks on a ND, evidenced by 

a significantly increased heart weight and heart weight: body weight ratio compared to C57BL/6 

mice. Similar findings have been reported in several different studies of Cav-1-/- mice (Cohen et 

al. 2003a; Park et al. 2003). It has been suggested that the reported reduction of lifespan of Cav-

1-/- mice is potentially due to the development of cardiac hypertrophy with ageing in these mice 

(Le Lay and Kurzchalia 2005). 

Cav-1 is not highly expressed in the liver parenchyma therefore it was not surprising that the liver 

weights of Cav-1-/- and C57BL/6 mice were similar in all ND-fed groups (Razani et al. 2002a). 

Nevertheless, splenomegaly was observed after 16 weeks on a ND and this was sustained in the 

26-week ND group and this is in line with previous findings and may be indicative of systemic 

inflammation in Cav-1-/- mice (Percy et al. 2008; Bai et al. 2014). 

5.5.1.4 Western-type diet-fed Cav-1-/- mice are resistant to diet-induced weight gain but 

develop hepatomegaly and splenomegaly 

In this present study, Cav-1-/- mice were fed a WD and, except for the 8-week group, were 

resistant to diet-induced weight gain, an observation which has previously been demonstrated 

(Razani et al. 2002a). Interestingly, the epididymal fat pads of Cav-1-/- mice were significantly 

heavier and the epididymal adipocytes enlarged compared to ND-fed mice after 8 and 16 weeks 

on the WD. However, this effect was lost after 26 weeks on the WD. Previous studies have 

demonstrated that Cav-1/- mice exhibit only a small gain in fat mass when fed a high fat diet and 

this is drastically reduced compared to C57BL/6, which suggests that the Cav-1-/- mice are 

incapable of significant gains in fat mass and display significant adipocyte abnormalities (Razani 

et al. 2002a). Moreover, in Cav-1-/- mice at 9 months of age the white adipose fat depots were 

composed of predominantly small adipocytes and were hyper-cellular in comparison to C57BL/6 
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mice, which could indicate that the adipocytes of Cav-1-/- mice, in response to a high fat diet, are 

unable to undergo lipogenesis (Razani et al. 2002a). Hepatomegaly was observed in WD-fed 

Cav-1-/- mice after 8 weeks of feeding and splenomegaly was observed after 26 weeks of feeding 

(post weaning). This could suggest that a compensatory mechanism occurred in response to the 

hypercholesterolaemia and explain, in part, why the Cav-1-/- mice did not exhibit diet-induced 

weight gain, because of an increased uptake of lipids within the liver and spleen and potentially 

other organ systems.  

5.5.2 Vascular reactivity studies assessing the effect of aortic PVAT on vascular responses 

Previous experiments on isolated aortic tissue segments from Cav-1-/- mice have been performed 

in PVAT-denuded conditions. Consequently, the influence of PVAT on vascular reactivity in the 

Cav-1-/- mouse has not previously been investigated. Therefore, the influence of PVAT, age and 

a WD on the vascular reactivity of aortic rings from Cav-1-/- mice was investigated.  

A high potassium solution, 100 mM KPSS (as used by other studies of large artery preparations), 

was used to produce membrane depolarisation and stimulate Ca2+ entry via voltage-gated 

channels independently of agonist-induced receptor stimulation (Murphy et al. 2000; Russell et 

al. 2000; Pojoga et al. 2014; Wheeler et al. 2015). In this study, the presence of PVAT did not 

significantly alter contractions to KPSS. Furthermore, no significant differences in contractions 

were observed with increasing age or a WD in PVAT-intact or PVAT-denuded aortic rings. 

However, there was a substantial amount of variability between the groups and therefore firm 

conclusions should not be drawn from this data.  

A previous study using this specific strain of Cav-1-/- mice demonstrated a reduced constriction of 

isolated aortic rings to KPSS in comparison to age-matched C57BL/6 mice (Pojoga et al. 2014). 

This was not observed in the present study and may be due to differences in experimental 

technique such as the use of different experimental conditions, method of stretching and altered 

resting tension. In the context of this study, the data suggests that in Cav-1-/- mice the responses 

of aortic preparations to depolarisation are unaffected by ageing or a WD and contractions are 

similar to the C57BL/6 strain. 

5.5.2.1 Endothelial function is retained in the aorta of normal or Western-type diet-fed Cav-

1-/- mice  

Cav-1-/- mice have been proposed as a model of premature vascular ageing and one of the main 

characteristics of vascular ageing is endothelial dysfunction (Taddei et al. 2001; Cho and Park 

2005; Ungvari et al. 2010). In this study, neither ageing nor the presence of PVAT altered 

relaxation responses in ND-fed Cav-1-/- mice which suggests that endothelial function is retained 

in the Cav-1-/- mice during the studied time-frame and therefore premature vascular ageing is not 

yet apparent. Furthermore, endothelium-dependent relaxation responses were not significantly 

altered with increasing age in Cav-1-/- mice fed a WD. Hypercholesterolaemia is strongly 

associated with dysfunction of endothelial nitric oxide-dependent vasodilation (Bonthu et al. 1997; 

Kurtel et al. 2013; Brinkmann et al. 2014). Previous studies have demonstrated that this could, at 

least in part, be due to a mechanism involving an increase in the expression of Cav-1 and 

caveolae stimulated by increased uptake of cholesterol by endothelial cells and therefore, 

increased inhibitory Cav-1-eNOS interactions resulting in impaired NO production (Feron et al. 
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1999; Grayson et al. 2013). However, Cav-1 is not expressed within the vasculature of Cav-1-/- 

mice and the data from the present study suggest that the bioavailability of NO was unaffected 

by the development of hypercholesterolaemia and therefore, the aortae of WD-fed Cav-1-/- mice 

did not display signs of premature vascular ageing after 26 weeks of high fat feeding. 

Studies in Cav-1-/- mice have reported an enhanced vaso-relaxation response to acetylcholine in 

comparison to C57BL/6 mice (Razani et al. 2001; Pojoga et al. 2014). In agreement, this study 

found that whilst no significant differences in relaxation were observed after 8 or 16 weeks on a 

ND, relaxation of PVAT-denuded aortic rings was significantly greater after 26 weeks on a ND in 

comparison to the C57BL/6 strain. Therefore, these data suggest that a healthy endothelium is 

maintained in ND Cav-1-/- mice for a longer period than in C57BL/6 mice (during the time-frame 

of this study) due to enhanced eNOS activity and increased basal NO production, an observation 

previously reported in Cav-1-/- mice (Razani et al. 2001).  

Interestingly, the presence of PVAT was not found to significantly alter the vaso-relaxation 

responses of aortic rings from Cav-1-/- mice in either ND or WD-fed conditions. These data could 

suggest that either the aortic PVAT of Cav-1-/- mice does not modulate acetylcholine-induced 

relaxation or, that the aortic rings of Cav-1-/- mice reached their maximal endothelium-dependent 

relaxation response and this could not be further modulated by PVAT. 

5.5.2.2 The aortic PVAT of normal diet-fed Cav-1-/- mice does not exert an anti-contractile 

effect  

PVAT has been proven to modulate vascular reactivity in a range of species, and in various 

vascular beds, by the release of PVAT-derived vasoactive factors (Brown et al. 2014). However, 

the influence of PVAT on the vascular reactivity of Cav-1-/- mice has not previously been 

investigated.  

The first study to characterise Cav-1-/- mice demonstrated a diminished vasoconstrictor response, 

in PVAT-denuded aortic rings, to phenylephrine and this finding has been supported by 

subsequent works (Razani et al. 2001; Hausman et al. 2012; Pojoga et al. 2014). This observed 

attenuated vasoconstriction has been attributed to the loss of the Cav-1-eNOS inhibitory 

interaction resulting in an increase in NO bioavailability (Rahman and Sward 2009; Rath et al. 

2009). Previously, (Chapter 3) NO was observed to mediate the anti-contractile effect of PVAT in 

C57BL/6 mice, and this finding is supported by other works which demonstrate a loss of the anti-

contractile effect of PVAT with NOS inhibition (Gao et al. 2007b; Victorio et al. 2016). The recent 

detection of eNOS within rodent PVAT further supports the theory that NO contributes to the anti-

contractile capacity of PVAT (Araujo et al. 2015; Xia et al. 2016). Consequently, the influence of 

aortic PVAT of Cav-1-/- mice on aortic contractions was assessed. Surprisingly, the aortic PVAT 

of Cav-1-/- mice did not exert an anti-contractile effect in response to cumulative doses of 

phenylephrine or a single 10 µm dose of serotonin (data not shown).  

5.5.2.3 The aortic PVAT of Cav-1-/- mice fed a WD for 26 weeks exerts a pro-contractile 

effect on aortae 

The effect of a WD on the contractions of arteries from Cav-1-/- mice has not been well-

characterised. In this study, the aortic PVAT of WD-fed Cav-1-/- mice did not modulate vascular 
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contractions, up to 26 weeks of age. However, after 26 weeks on a WD, PVAT-intact aortic rings 

began to exert a pro-contractile effect on the aortic rings of Cav-1-/- mice, which may suggest that 

PVAT released a vaso-constricting factor. Similar observations of aortic PVAT exerting a pro-

contractile effect on the vasculature have been reported in murine diet-induced weight gain 

studies. In those studies, the loss of the anti-contractile effect of PVAT was associated with 

alterations to the brown adipocyte progenitor cell population, increased oxidative stress with the 

PVAT and the release of pro-inflammatory cytokines (Ketonen et al. 2010; Xu et al. 2012).  

5.5.2.4 The contractions of PVAT-denuded aortic rings from Cav-1-/- mice were initially 

attenuated in comparison to age and diet matched C57BL/6 mice 

The contractions of ND-fed Cav-1-/- mice were compared to age and diet-matched C57BL/6 mice 

to determine if the observed responses were similar to those reported in other studies and if there 

were differences in the responses of PVAT-intact aortic preparations. In agreement with previous 

studies, the contraction of the 8 and 16-week ND fed mice were significantly attenuated in 

comparison to age and diet-matched C57BL/6 mice which suggests enhanced NO bioavailability 

within the aortae of Cav-1-/- mice in these experimental groups (Razani et al. 2001; Hausman et 

al. 2012; Pojoga et al. 2014). However, a significant increase in the contraction of PVAT-denuded 

aortic rings from Cav-1-/- mice was observed after 26 weeks on a ND, resulting in a similar level 

of constriction to the PVAT-denuded aortic rings of age-matched C57BL/6 mice. These findings 

are in contrast with a study on the mesenteric arteries of Cav-1-/- mice which demonstrated no 

age-associated changes between 3 and 12-month-old Cav-1-/- mice (Hausman et al. 2012). This 

discrepancy may be due to the use of a different vascular bed, the use of a different agonist 

(phenylephrine versus noradrenaline) and the significantly different ages of mice at the final time-

point, 30 weeks in this study (mice were weaned at 4 weeks of age) versus 52 weeks old. The 

mechanism behind this increase in contraction of PVAT-denuded aortic rings from the 26-week 

ND fed mice has not been identified. Endothelium-dependent relaxation responses to 

acetylcholine were preserved in the Cav-1-/- mice which could potentially suggest that decreased 

NO production was not a factor in the increased vasoconstrictor responses. However, NO 

bioavailability was not directly assessed in this study and therefore further investigation is required 

in order to elucidate the mechanism behind the observed increase in contraction.  

Strikingly, the contractile responses of PVAT-intact aortic rings from ND-fed Cav-1-/- mice were 

similar to the contractions of C57BL/6 mice. In C57BL/6 mice (Chapter 3) aortic PVAT exerted an 

anti-contractile effect on aortic rings in mice fed a ND for 8 and 16 weeks, post weaning. The 

similar responses of the aortic PVAT from Cav-1-/- and C57BL/6 mice could potentially point to 

the aortic PVAT of Cav1-/- mice being functional and may indicate that the PVAT was unable to 

exert an anti-contractile effect due to the dampened vasoconstrictor responses of the PVAT-

denuded aortic rings. In addition, the PVAT-intact aortic rings of the 26-week ND-fed Cav-1-/- mice 

displayed similar contractility to the age-matched C57BL/6 group. After 26 weeks on a ND (post 

weaning) the aortic PVAT of C57BL/6 mice no longer exerted an anti-contractile effect on aortic 

preparations and was dysfunctional. This may suggest that the aortic PVAT of Cav-1-/- mice was 

beginning to display dysfunctional characteristics. 
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In summary, isolated PVAT-intact aortic rings from ND-fed Cav-1-/- mice did not exert any anti-

contractile effects in response to cumulative doses of phenylephrine. However, after extensive 

feeding of a WD (26 weeks) the aortic PVAT of Cav-1-/- mice was found to exert a pro-contractile 

effect on aortic preparations. This may indicate that the aortic PVAT of Cav-1-/- mice releases an 

unidentified PVAT-derived constricting factor which was potentially the cause of the increased 

contractions observed in the 26-week WD-fed Cav-1-/- mice. These findings led to an investigation 

of the effects of NOS inhibition on the aortic responses of Cav-1-/- mice. 

5.5.2.5 The aortic PVAT of Cav-1-/- mice exerts a pro-contractile effect on aortic ring 

preparations in the presence of the NOS inhibitor, LNNA 

There is evidence that rodent aortic PVAT expresses eNOS and therefore produces NO (Araujo 

et al. 2015; Xia et al. 2016). Furthermore, previous studies performed in Cav-1-/- mice have 

demonstrated a key role for eNOS activity and subsequent excess NO contributing to the 

diminished vasoconstrictor effect observed in the arteries of Cav-1-/- mice (Rath et al. 2009; 

Raman et al. 2011). Therefore, the NOS inhibitor L-NNA was used to discern the contribution of 

NO-mediated relaxation from the phenylephrine-induced constriction of aortic rings in the Cav-1-

/- mice. 

In the presence of L-NNA, PVAT-intact aortic rings exerted a substantial pro-contractile effect in 

comparison to PVAT-denuded aortic rings, with the exception of the 8-week WD-fed group. These 

results potentially indicate that, in Cav-1-/- mice, a PVAT-derived constricting factor is released 

but its effect is counteracted by the antagonistic action of NO. This is in agreement with emerging 

evidence that PVAT has the capacity to significantly constrict VSM through the release of PVAT-

derived constricting factors (Villacorta et al. 2015). PVAT from the thoracic aortae, carotid and 

mesenteric arteries of C57BL/6 mice has been reported to release epinephrine and prostaglandin 

which contribute to vascular contraction and these effects were subsequently blocked through 

incubation of PVAT with a COX inhibitor or α-adrenergic receptor antagonist (Chang et al. 2012b). 

Furthermore, studies of obese mice have demonstrated that aortic PVAT potentiates aortic 

contraction as a result of the release of PVAT-derived COX products (Meyer et al. 2013).  

Endothelial function was not found to decline significantly in Cav-1-/- mice even after extensive 

feeding. However, a trend of reduced relaxation was observed in PVAT-intact aortic rings from 

26 week WD-fed mice. This reduction in relaxation was associated with PVAT exerting a pro-

contractile effect on aortic rings in the absence of L-NNA. Taken together, this could suggest that 

a small decrease in NO bioavailability disrupts the balance between NO and the PVAT-derived 

constricting factor thus causing the constricting agent to become predominant. 

Successful inhibition of eNOS was achieved in the aortic preparations of C57BL/6 and ApoE-/- 

mice using 50 µM L-NNA (Chapters 3 and 4 respectively). However, in contrast to previous works, 

eNOS inhibition in this present study did not result in a substantial increase in contraction of 

PVAT-intact or PVAT-denuded aortic rings from Cav-1-/- mice (Razani et al. 2001; Hausman et al. 

2012; Pojoga et al. 2014). This discrepancy may be due to the use of a lower concentration of 

NOS inhibitor in this present study (50 µM). In previous studies of isolated aortic and mesenteric 

preparations from Cav-1-/- mice, higher concentrations of NOS inhibitor (ranging from 100-300 

µM) were utilised and this elicited a significant increase in vasoconstriction (Razani et al. 2001; 
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Hausman et al. 2012; Pojoga et al. 2014). Taken together, these data may suggest that NOS 

inhibition with 50 µM L-NNA, whilst effective in C57BL/6 and ApoE-/- mice, is insufficient for 

inhibiting a substantial amount of constitutively active eNOS within the aortae of Cav-1-/- mice. If 

eNOS inhibition had only partially occurred, some NO may have remained present within the 

aortae and therefore a true picture of the influence of NO on the contractile responses of Cav-1-/- 

mice may not have been observed.  

Responses to the exogenous NO donor, sodium nitroprusside, were similar in ageing ND and 

WD-fed Cav-1-/- mice and were relaxation responses were unaffected by the presence of PVAT. 

Furthermore, no overt differences were observed between age and diet-matched C57BL/6 mice. 

These findings are in line with other observations of the aortic responses of Cav-1-/- and C57BL/6 

mice (Pojoga et al. 2014). These data suggest that the differing contractile responses of PVAT-

denuded aortic rings from Cav-1-/- and C57BL/6 mice is not the result of differences in NO 

sensitivity. 

5.5.3 Prolonged feeding of a Western-type diet induces white adipocyte hypertrophy in the 

aortic PVAT of Cav-1-/- mice but no associated changes in superoxide or Mac3+ cells are 

observed  

The composition of aortic PVAT from Cav-1-/- mice was assessed to determine if ageing or a WD 

induced any morphological changes. Moreover, Cav-1-/- aortic PVAT composition was compared 

to that of C57BL/6 mice to ascertain if the lack of an anti-contractile effect of PVAT in Cav-1-/- 

mice was in-part due to altered aortic PVAT composition. 

5.5.3.1 A Western-type diet does not alter the weight of PVAT encompassing the aorta  

The PVAT surrounding the aortic arch and thoracic aortae of mice is comprised of predominantly 

brown adipocytes with a small population of white adipocytes dispersed throughout the tissue. 

Previous studies have reported that the brown fat depot of high fat fed Cav-1-/- mice (from the 

sub/intrascapular region) was significantly enlarged (∼3- to 4-fold larger) in comparison to diet-

matched C57BL/6 mice, after approximately 34 weeks of high fat feeding. However, the 

composition of lipid droplets and cellular morphology within the fat depot was unaltered; 

suggesting that the increase in brown adipocyte mass was due to hyper-proliferation resulting 

from a compensatory response to hypertriglyceridemia (Razani et al. 2002a). Nevertheless, the 

ND-fed Cav-1-/- mice in this study did not display hypertriglyceridemia whereas, 

hypercholesterolaemia was induced in WD-fed mice. Subsequently, no significant changes in 

aortic PVAT weight were observed with increasing age or a WD in the Cav-1-/- mice. This may 

have been due to low experimental numbers in certain experimental groups because of a lack of 

available Cav-1-/- mice as a result of a decline in the breeding rates of the Cav-1-/- colony.  

Interestingly, whilst no differences in aortic PVAT weight were observed between the 8-week ND 

Cav-1-/- and C57BL/6 mice, the PVAT encasing the aortae of the 16 week ND-fed Cav-1-/- mice 

was significantly heavier than the PVAT collected from the age-matched C57BL/6 strain. This 

effect was transient and no significant differences were observed between the 26-week groups. 

This may indicate that the total amount of PVAT encasing the aortae of Cav-1-/- mice was not a 

contributing factor towards the absence of an anti-contractile effect of aortic PVAT in Cav-1-/- 

mice. This contrasts with observations from studies of human and rodents, which demonstrated 
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that an increase in PVAT mass was associated with increased risk of CVD and resulted in the 

loss of an anti-contractile effect of PVAT in studies of isolated arteries (Ketonen et al. 2010; Britton 

et al. 2012; Szasz 2012). Of note, the area occupied by white adipocytes within the aortic PVAT 

of ND-fed Cav-1-/- mice was not significantly different to observations from the C57BL/6 mice. In 

addition, after 26 weeks on a ND, the white adipocytes of the Cav-1-/- mice were substantially 

smaller than the adipocytes of the C57BL/6 mice at the same age. These data could suggest that 

the lack of an anti-contractile effect in ND-fed Cav-1-/- mice was not due to changes in the area 

occupied by white adipocytes or altered white adipocyte size within the aortic PVAT.  

5.5.3.2 White adipocyte hypertrophy is observed after 26 weeks feeding of a Western-type 

diet 

The area occupied by white adipocytes within the aortic PVAT of Cav-1-/- mice was altered by 

feeding the mice a Western-type diet. After 16 weeks of high fat feeding, a significant increase in 

the amount of PVAT inhabited by white adipocytes was observed; this increase was sustained in 

the 26-week WD-fed mice although this was not statistically significant. Furthermore, white 

adipocyte hypertrophy accompanied the increase in area populated by white adipocytes, 

indicating that the white adipocytes of the aortic PVAT were not hyper-cellular but underwent 

expansion in response to the WD. The observed white adipocyte hypertrophy is like previous 

reports from a study of C57BL/6 mice. The study reported that when C57BL/6 mice were fed a 

high fat for 20 weeks, aortic PVAT morphology was significantly altered and large white lipid 

droplets were apparent within the PVAT (Fitzgibbons et al. 2011). Also, a similar high fat feeing 

study reported that altered PVAT composition in high fat fed C57BL/6 mice was associated with 

a decrease in the anti-contractile capacity of PVAT as a result of decreased NOS activity and a 

subsequent decrease in NO bioavailability (Xia et al. 2016).  

In this present study, the white adipocyte population within the aortic PVAT of 16 and 26-week 

WD-fed Cav-1-/- mice could be considered hypoxic, as the mean white cell size was greater than 

100 µm, the diffusional limit of oxygen (Hosogai et al. 2007). There are conflicting reports 

surrounding the effects of hypoxia and PVAT on vascular reactivity, with studies demonstrating 

an attenuation or potentiation of the anti-contractile effect of PVAT (Greenstein et al. 2009; 

Maenhaut et al. 2010).  

The findings of this Cav-1-/- study could indicate a link between the observed increase in aortic 

white adipocyte size (and potential hypoxic conditions) after 26 weeks on a WD, and the aortic 

PVAT exerting a pro-contractile effect on the aortae of Cav-1-/- mice. Taken together, these 

findings indicate that the aortic PVAT of Cav-1-/- mice is not protected from the effects of diet-

induced weight gain. Furthermore, in WD-fed mice, a significant increase in aortic white adipocyte 

size may have been associated with PVAT-intact aortic rings exhibiting increased 

vasoconstriction to phenylephrine. 

5.5.3.3 Neither ageing nor a Western-type diet results in changes to the production of 

superoxide within the aortic PVAT of Cav-1-/- mice  

Enhanced levels of oxidative stress have been linked to increased cellular ageing and play a role 

in the development of CVD (Elahi et al. 2009). In health, eNOS activation produces NO, a vaso-

protective molecule (Dudzinski and Michel 2007). However, a role for eNOS uncoupling and 
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subsequent production of superoxide within the vasculature has been demonstrated (Guzik et al. 

2002; Stapleton et al. 2010). Furthermore, studies of Cav-1-/- mice have reported enhanced 

oxidative stress and increased superoxide production within the vasculature, which suggests that 

augmented activity of eNOS may cause some degree of damage to the blood vessels (Wunderlich 

et al. 2008a; Wunderlich et al. 2008b). Within the vasculature, the major contributors to the 

generation of ROS are mitochondria and macrophages (Harrison 1997). Aortic PVAT is 

comprised predominantly of brown adipocytes which are packed with mitochondria therefore, it 

was of interest to assess superoxide production within the aortic PVAT of Cav-1-/- mice.  

Furthermore, previous studies of high fat fed C57BL/6 mice have reported increased oxidative 

stress within PVAT due to adipocyte hypertrophy and the release of pro-inflammatory cytokines 

(Eriksson 2007; Park et al. 2007; Vincent et al. 2007; Pereira et al. 2012). This Cav-1-/- study 

observed white adipocyte hypertrophy of aortic adipocytes after 26 weeks on a WD. 

Consequently, PVAT-derived ROS generation was assessed in WD-fed Cav-1-/- mice to 

determine if a high fat diet resulted in augmented superoxide production as a result of adipocyte 

expansion. 

The generation of superoxide within the aortic PVAT of Cav-1-/- mice was unaffected by increasing 

age or a WD. These findings are not in line with previous research, which clearly demonstrated a 

link between diet-induced weight gain, elevated ROS production and an attenuation of the anti-

contractile effect of PVAT in isolated small and large arterial preparations from obese humans 

and mouse models of diet-induced weight gain (Greenstein et al. 2009; Marchesi et al. 2009). 

This may suggest that the oxidative state of PVAT from Cav-1-/- mice is elevated but does not 

undergo anymore oxidative stress in response to ageing or a WD. 

Nevertheless, superoxide production in the aortic PVAT of 8-week ND-fed Cav-1-/- mice was 

significantly elevated in comparison to age-matched C57BL/6 mice and this trend was continued 

after 16 weeks on the ND however, this was not statistically significant. There were no apparent 

differences between the amount of superoxide in Cav-1-/- or C57BL/6 mice after 26 weeks on a 

ND. In conjunction with this, the PVAT of C57BL/6 mice was no longer observed to exert an anti-

contractile effect. These data potentially indicate that baseline superoxide production is elevated 

in Cav-1-/- mice and may have contributed to the lack of an anti-contractile effect of PVAT. 

5.5.3.4 The number of Mac-3+ cells within the aortic PVAT were unchanged with ageing or 

a Western-type diet 

Murine thoracic PVAT has been reported to exhibit a less inflammatory profile than other fat 

depots due to its brown adipose tissue characteristics (Ketonen et al. 2010; Fitzgibbons et al. 

2011). In addition, Cav-1 has been reported to promote monocyte to macrophage differentiation 

(Fu et al. 2012). Macrophage infiltration within the aortic PVAT of Cav-1-/- mice was investigated 

to determine if loss of Cav-1 altered the inflammatory profile of aortic PVAT and to determine if a 

WD. influenced this 

A Mac-3 marker was used to detect infiltrating macrophages within the aortic PVAT of the Cav-1-

/- mice. No significant changes in infiltrating Mac-3+ cells were observed with increasing age or a 

WD in the aortic PVAT of Cav-1-/- mice, which is in line with previous reports indicating that the 

aortic PVAT of high fat-fed C57BL/6 mice was resistant to inflammation (Ketonen et al. 2010; 
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Fitzgibbons et al. 2011). Mac-3 expression is associated with macrophage differentiation 

therefore it was expected that loss of Cav-1-/- would result in a decrease in Mac-3+ cells within the 

aortic PVAT in comparison to C57BL/6 mice because of the role Cav-1 plays in promoting this 

process. Nonetheless, no differences in Mac-3+ cells were observed between the aortic PVAT of 

Cav-1-/- and C57BL/6 mice. These data suggest that the process of monocyte to macrophage 

differentiation is preserved in the Cav-1-/- mouse, which is similar to other published reports (Fu 

et al. 2012).  This study cannot definitively state that the inflammatory profile of Cav-1-/- mice is 

unaffected by ageing or a WD as the presence of other inflammatory cells, such as lymphocytes, 

neutrophils and eosinophils within the aortic PVAT was not confirmed. 

5.6 Limitations and future work 

Although it is widely acknowledged that Cav-1-/- mice lack identifiable caveolae structures and do 

not express Cav-1-/- within the different component vasculature, including aortic SM and 

adipocytes, this was not confirmed in the present study (Razani et al. 2001; Adebiyi et al. 2007; 

Peterson et al. 2009). Therefore, in future studies of Cav-1-/- mice, the lack of Cav-1-/- expression 

in VSM and aortic PVAT should be ideally confirmed by Western blot. 

Furthermore, the concentration of NOS inhibitor used in this study appeared to be insufficient for 

the enhanced amount of active eNOS present in the Cav-1-/- mice. Previous vascular reactivity 

studies involving Cav-1-/- mice used significantly higher concentrations of NOS inhibitors (100 µM 

and upwards) and consequently, reported an increase in aortic contractions (Razani et al. 2001; 

Martin et al. 2012; Pojoga et al. 2014). If this study were to be repeated, a higher concentration 

of inhibitor, of at least 100 µM, should be utilised to appropriately determine the contribution of 

NO-induced vaso-relaxation to the observed dampened vasoconstrictor responses of 

phenylephrine in Cav-1-/- mice, and to assess if NO modulates the vascular reactivity of PVAT-

intact aortic rings. In addition, eNOS expression could be assessed within the aortic PVAT and 

VSM by Western blot to elucidate if eNOS activation or expression is enhanced in the aortae of 

Cav-1-/- mice in comparison to C57BL/6 mice. 

Previous studies in Cav-1-/- mice have demonstrated a role of endothelium-derived vasodilators 

in contributing to the dampened vasoconstrictor responses in Cav-1−/− mice (Pojoga et al. 2014). 

This finding could be investigated, in the presence or absence of PVAT, by mechanical removal 

of the endothelium. These experiments would give an insight into the ability of PVAT to modulate 

the vascular reactivity of smooth muscle without the added complication of endothelium-derived 

vasoactive factors. 

In this study, after 26 weeks on a WD, the PVAT of Cav-1-/- mice was indicated to release an 

unknown PVAT-derived constricting factor. It would be of considerable interest to identity this 

factor using pharmacological tools in myography experiments.  

5.7 Summary and conclusions 

This present study demonstrated that the aortic PVAT of Cav-1-/- mice does not exhibit an anti-

contractile capacity. However, the aortic PVAT itself may have been functional but unable to 

modulate vascular reactivity due to the observed dampened vasoconstrictor responses of PVAT-
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denuded aortic rings. After extensive feeding of a WD, the aortic PVAT of Cav-1-/- mice exerted a 

significant pro-contractile effect on aortic rings and this was associated with white adipocyte 

hypertrophy. Furthermore, NOS inhibition revealed a pro-contractile effect of aortic PVAT from 

Cav-1-/- mice which may have been due to the release of a PVAT-derived vaso-constricting factor. 

The bioavailability of NO within the aortae of Cav-1-/- mice requires further investigation. 

The principal findings of this chapter were: 

 The aortic PVAT of Cav-1-/- mice did not exert an anti-contractile effect on isolated 

aortic rings.  

 The aortic PVAT of Cav-1-/- mice fed a WD for 26 weeks exerted a pro-contractile 

effect on aortae and this was associated white adipocyte hypertrophy within the 

aortic PVAT. 

 In the presence of the NOS inhibitor, L-NNA, the aortic PVAT of Cav-1-/- mice 

exerted a pro-contractile effect on aortic ring preparations. 

 Extensive feeding of a WD induced white adipocyte hypertrophy within the aortic 

PVAT of Cav-1-/- mice. 
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~ Chapter Six ~ 

A study of aortic perivascular adipose tissue in ApoE-/-Cav-1-/- double 

knockout mice 

Abstract 

Background: Apolipoprotein E-Caveolin-1 double knockout mice (ApoE-/-Cav-1-/-) have 

previously revealed a key involvement of Cav-1 in the pathogenesis of atherosclerosis. ApoE-/-

Cav-1-/- mice display a severely pro-atherogenic lipid profile yet Cav-1 ablation confers significant 

protection against the development of atherosclerosis within the aortae of these mice. The 

vascular reactivity of ApoE-/-Cav-1-/- mice and the potential influence of aortic PVAT has not 

previously been investigated. The atheroprotected phenotype of ApoE-/-Cav-1-/- mice may be in 

part due to enhanced nitric oxide (NO) production within the components of the aortae due to the 

loss of the Cav-1-eNOS inhibitory complex.  

Purpose: The following experiments were conducted to characterise the morphology of aortic 

PVAT from ApoE-/-Cav-1-/- mice and to determine the influence of PVAT, age, and Western-type 

diet (WD) on isolated aortic reactivity. 

Methods: Upon weaning, at approximately 4 weeks old, male ApoE-/-Cav-1-/- mice were fed a 

normal diet (ND) or high fat WD for 8, 16 or 26-weeks.  Vascular reactivity studies were performed 

on aortic rings with or without PVAT. The effect of NO on contractile responses to phenylephrine 

were assessed via nitric oxide synthase (NOS) inhibition. The structure of the aortic PVAT was 

assessed using histology and immunostaining. 

Results: ApoE-/-Cav-1-/- mice were successfully generated by interbreeding ApoE-/- and Cav-1-/- 

mice. However, less than 50% of viable. offspring produced survived to weaning. ApoE-/-Cav-1-/- 

mice exhibited a pro-atherogenic lipid profile which was further exacerbated by feeding of a WD. 

Nevertheless, atherosclerotic lesion burden within the aortae of WD-fed ApoE-/-Cav-1-/- mice was 

significantly lower than age and diet-matched ApoE-/- mice. ApoE-/-Cav-1-/- mice were not resistant 

to diet induced weight gain after 16 weeks on a WD and this was sustained in the 26-week group 

(16-weeks: P = 0.002; 26-weeks: P = 0.005). In addition, splenomegaly was observed at each 

time-point in the WD-fed mice and hepatomegaly was recorded after 16 weeks on the WD. 

Although atherosclerosis occurred within the aortae of the ApoE-/-Cav-1-/- mice, endothelial 

function was maintained. PVAT did not modulate vascular reactivity at any of the time-points and 

a WD had no effect on contractions to phenylephrine. Furthermore, incubation with a NOS 

inhibitor revealed a pro-contractile effect of PVAT in 8-week ND-fed ApoE-/-Cav-1-/- mice however, 

NOS inhibition had no effect on the other experimental groups. Hypertrophy of the aortic white 

adipocytes was observed after 26-weeks on a WD although no associated effects on vascular 

reactivity were observed. ROS production and Mac-3+ infiltration of aortic PVAT was unaltered by 

ageing or a WD in ApoE-/-Cav-1-/- mice. 

Conclusions: WD-fed ApoE-/-Cav-1-/- mice exhibit an athero-protected phenotype. In addition, 

endothelial function is preserved within the aortae of these mice. Furthermore, PVAT does not 
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influence the vascular reactivity of aortic rings in ND or WD-fed conditions. However, NOS 

inhibition revealed a pro-contractile effect of aortic PVAT in the 8-week ND mice which may have 

been due to the release of a pro-contractile factor. These data demonstrate the importance of 

Cav-1 in the development of atherosclerosis. 

6.1 Introduction 

Deletion of Caveolin-1 was discovered to confer significant protection against the development of 

atherosclerotic disease within ApoE-/- mice (Frank et al. 2004a). A key role of Cav-1 in the 

pathogenesis of atherosclerosis was highlighted by the athero-protective phenotype displayed by 

ApoE-/-Cav-1-/- double knockout mice despite an atherogenic lipoprotein profile characterised by 

elevated serum cholesterol and triglycerides in comparison to ApoE-/- mice (Frank et al. 2004a). 

These findings indicate that caveolae and Cav-1 are crucial mediators of cholesterol homeostasis 

and transcytosis of lipoproteins into the sub-endothelial space, a vital initiating step in the 

development of atherosclerosis within the arteries (Vasile et al. 1983; Ghitescu et al. 1986; Kim 

et al. 1994; Schubert et al. 2001). Moreover, additional mechanisms for how genetic lack of Cav-

1-/- confers an atheroprotected phenotype have been proposed. These include a role of elevated 

NO bioavailability exerting cardio-protective effects within the endothelial cells of ApoE-/-Cav-1-/- 

mice, due to loss of tonic inhibition of eNOS by Cav-1, resulting in enhanced eNOS activity and 

thus increased NO production (Garcia-Cardena et al. 1996; Fernandez-Hernando et al. 2009). 

Furthermore, follow-up studies of ApoE-/-Cav-1-/- double knockout mice have highlighted that Cav-

1 exerts significant pro-or anti-atherogenic effects depending on specific cell type. Expression of 

Cav-1 in endothelial cells has been reported to promote and even accelerate atherosclerosis 

whilst lack of Cav-1 in macrophages promotes apoptosis and increases inflammation (Fernandez-

Hernando et al. 2009), (Pavlides et al. 2014).  

The vascular reactivity of ApoE-/-Cav-1-/- mice and the potential influence of PVAT on vascular 

contractility has not previously been explored. Lack of Cav-1 within the aortic PVAT of ApoE-/-

Cav-1-/- mice may promote an atheroprotected phenotype due to enhanced PVAT-derived NO 

production. Augmented NO bioavailability could potentially contribute to an attenuation of 

vasoconstrictor responses, prevention of turbulent blood flow and thus protect against the 

development of atherosclerotic lesions within the aortae of ApoE-/-Cav-1-/- mice. Therefore, the 

aim of this study was to characterise the effects of ageing on vascular reactivity of the aortae of 

ApoE-/-Cav-1-/- mice in the presence or absence of PVAT. The effect of feeding ApoE-/-Cav-1-/- 

mice a Western-type diet and its potential influence on vascular reactivity was investigated. In 

addition, the morphological characteristics of aortic PVAT were assessed.  

6.2 Aim and objectives 

The chapter aims to investigate the influence of PVAT on the vascular function of aortic rings from 

ApoE-/-Cav-1-/- mice, the role of NO, and establish if PVAT function is altered by ageing or a 

Western-type diet and atherosclerosis. This will be achieved by: 
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 Characterising the effect of ageing and a WD on ApoE-/-Cav-1-/- mice by evaluating lipid 

and glucose parameters, measuring body and organ weights, and assessing the 

development of atherosclerosis using en face aortic preparations. 

 Establishing if the presence of aortic PVAT modulates vascular responses to 

vasoconstrictor or vasodilator agents, and if ageing or high fat feeding alter this. 

 Determining the extent to which NO affects vascular responses by pharmacological 

inhibition of NOS. 

 Assessing if the aortic PVAT of the ApoE-/-Cav-1-/- mice is altered by ageing or a WD, 

using histology and immunohistochemistry. 

6.3 Methods 

Male ApoE-/-Cav-1-/- double knockout mice were bred in-house by crossing ApoE-/- and Cav-1-/- 

mice and the subsequent mating of specific offspring. Genotyping of ear snips was performed to 

determine the specific genotype of the offspring. At approximately 4-5 weeks of age, ApoE-/-Cav-

1-/- mice were weaned and maintained on either a standard rodent chow diet (normal diet ND) or 

a high fat (21%) WD for 8, 16 or 26 weeks. The effects of ageing and a WD were characterised 

in ApoE-/-Cav-1-/- mice by analysis of serum lipid and glucose levels and recording of body and 

organ weights. Atherosclerotic disease progression was assessed via en face lipid lesion analysis 

of aortic preparations. Endothelial relaxation, in response to acetylcholine, was measured to 

determine whether the development of atherosclerosis impeded endothelial function. Contractility 

studies were performed in PVAT-intact or PVAT-denuded thoracic aortic rings to determine if 

PVAT influenced vascular reactivity to phenylephrine. The involvement of NO in vascular 

responses in aortic rings with or without PVAT was evaluated by incubation with 50 µM L-NNA, a 

NOS inhibitor. Sensitivity of aortic rings to exogenous NO was determined through the use of 

sodium nitroprusside, a potent NO donor. The aortic PVAT environment was assessed via a 

combination of histology, the use of a superoxide indicator and immunostaining to determine if 

macrophages were present. Full methods are available in Chapter 2. 

6.4 Results 

6.4.1 Genetic screening of ApoE and Cav-1 deletions 

The ApoE-/-Cav-1-/- colony was generated by an initial cross between ApoE-/- and Cav-1-/- mice 

and selection of the desired offspring for subsequent breeding (refer to breeding strategy in 

Chapter 2, Figure 2.1). Genotypes were confirmed by performing PCR amplification on DNA 

extracted from ear snips using two different PCR reactions for Cav-1 and ApoE alleles.  

The knockout alleles for Cav-1 and ApoE were amplified to 410 bp and 245 bp, respectively whilst 

wild type alleles were amplified to 690 bp for Cav-1 and 155 bp for ApoE (Figure 6.1A and B). No 

bands were observed in the negative water control. 
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6.4.2 Colony maintenance 

The ApoE-/-Cav-1-/- colony was difficult to maintain and the output of experimental mice was low 

due to the relatively poor survival rates of the offspring. The table below (Table 6.1) is 

representative of the general breeding patterns observed, with greater than 50% of litters lost to 

cannibalism or found dead soon after birth. Numerous methods to improve breeding outcomes 

were implemented including: placing breeding cages in a quieter room on an opposite light/dark 

cycle, separating sires from dams prior to litters being born, fostering pups with FVB mice and 

using full Cav-1 knockout ApoE heterozygotes for breeding. however, none of these approaches 

resulted in an improvement. 

Cav-1: WT 690 bp, KO 410 bp  

400 bp 

HET       KO                                                                                       +      - 
        

 

A 

  

  

  

  

 B ApoE: WT 155 bp, KO 245 bp  

200 bp 

100 bp 

WT      HET                          KO                                         +     - 

          

700 bp 

Figure 6.9 Genotyping of the Apoe-/-Cav-1-/- double knockout mouse  

Lanes show the DNA extracted from the interbreeding of ApoE
-/-

 and Cav-1
-/-

 mice at the second 

and third stages of the ApoE-/-Cav-1-/- breeding strategy. A) Cav-1 PCR, DNA was amplified using 

primers oIMR1972, oIMR1973 and oIMR1974. Observed bands were 690 base pairs (bp) and 

410 bp for WT and KO DNA respectively. Lanes 1 and 18 depict a 100 bp ladder whilst lane 2 

depicts HET bands, and lanes 3,4, 6-8 and 11-15 depict KO bands. A positive control (+) band is 

in lane 16 whilst a negative water control (-) is in lane 17 with no observable bands. Lanes 9 and 

10 were empty due to a broken gel comb whilst lane 5 is a failed PCR. B) ApoE PCR, DNA was 

amplified with primers oIMR0180, oIMR0181 and oIMR0182. The targeted KO allele was 

amplified to 245 bp whilst the WT produced a band at 155 bp. Lanes 1 and 16 depict a 100 bp 

ladder whilst lane 2 depicts a WT  band, lanes 3,4,6,7 and 9 depict HET bands whilst lanes 8 and 

12  demonstrate KO bands. A positive control (+) band is in lane 14 whilst a negative water control 

(-) is in lane 15. Lane 5 is an unsuccessful PCR. Lane 8 in both gels demonstrates the successful 

generation of the ApoE-/-Cav-1-/- mouse. HET (heterozygous) KO (knockout) WT (wild-type).  

 1     2      3     4      5      6      7     8     9    10    11   12   13   14    15    16   17    18 

 1     2      3     4      5      6      7    8     9    10    11   12   13   14    15    16    
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Table 6.1 Representative breeding outcomes from the ApoE-/-Cav-1-/- double knockout colony 

Breeders Sire Dam Set-up Litter ID DOB Born Weaned Males Females 

Trio 18  #83 
DOB 15/03/14  
batch 9:3 

#129  
DOB 21/05/14  
batch 10:3 
#133 
DOB 23/05/14  
batch 9:6 

23/07/14 18:1 
18:2  
18:3 
18:4  

27/8/14   
29/8/14   
30/9/14  
20/10/14   

5 
5 
7 
† 

0 
0 
2 
--- 

--- 
--- 
1 
--- 

--- 
--- 
1 
--- 
 

Trio 19  #126 
DOB 23/05/14  
batch 9:6 

#107  
DOB 07/05/14  
batch 6:3 
#108  
DOB 07/05/14  
batch 6:3 

19/08/14 19:1 
19:2 
19:3 
19:4 

10/09/14 
24/09/14 
26/11/14 
30/12/14 

6 
7 
8 
† 

4 
0 
7 
--- 

2 
--- 
--- 
--- 
 
 

2 
--- 
--- 
--- 

Trio 21  #147  
DOB 13/06/14  
batch 14:1 

#148  
DOB 13/06/14  
batch 14:1 
#163  
DOB 01/07/14  
batch 10:4 

19/08/14 21:1 
21:2 
21:3 
21:4 
21:5 
21:6 
21:7  

09/09/14 
12/10/14 
15/10/14 
06/12/14 
10/12/14 
22/01/15 
24/01/15 

10 
10 
10 
7 
5 
† 
† 

0 
7 
9 
0 
0 
--- 
--- 

--- 
5 
3 
--- 
--- 
--- 
--- 

--- 
2 
6 
--- 
--- 
--- 
--- 

Trio 30 #271 
DOB 16/11/14  
batch 22:1 

#261 
DOB 26/10/14  
batch 19:3 
#273 
DOB 16/11/14  
batch 22:1 

21/01/15 30:1 
30:2 
30:3 
30:4 
30:5 
30:6 
30:7 
30:8 
30:9 

18/02/15 
17/03/15 
26/03/15 
06/05/15 
20/05/15 
28/06/15 
05/07/15 
13/08/15 
20/11/15 

4 
1 
6 
8 
† 
3 
6 
10 
† 

4 
--- 
6 
7 
--- 
--- 
2 
3 
--- 

2 
--- 
3 
2 
--- 
--- 
1 
2 
--- 

2 
--- 
3 
5 
--- 
--- 
1 
1 
--- 

† Litter found dead or no pups were found. Litters highlighted in bold survived to weaning 
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6.4.3 Characteristics of ageing in normal diet-fed ApoE-/-Cav-1-/- double knockout mice and 

the impact of a Western-type diet 

6.4.3.1 The lipid profile of normal diet-fed ApoE-/-Cav-1-/- mice is markedly more pro-

atherogenic than ApoE-/- mice 

Increasing age had no effect on the lipid or glycaemic profiles of ND-fed ApoE-/-Cav-1-/- mice (P 

= NS all parameters; n = 5-6 mice per group, Table 6.2).  

The lipid profiles of ND-fed ApoE-/-Cav-1-/- mice was compared to the profiles of ApoE-/- and Cav-

1-/- mice (Appendix 2.2A-D). The lipid profile of ApoE-/-Cav-1-/- mice was more pro-atherogenic 

than age and diet-matched ApoE-/- mice. Total cholesterol and triglycerides were substantially 

elevated in ND-fed ApoE-/-Cav-1-/- mice in comparison to age and diet-matched ApoE-/- mice (P < 

0.0001; cholesterol and triglycerides, n = 4-6 mice per group, Appendix 2.2A-B). No significant 

differences were observed between HDL measurements of ApoE-/- and ApoE-/-Cav-1-/- mice at 

any of the time-points (P = NS for all comparisons; n = 4-6 mice per group Appendix 2.2C) and 

glucose levels of ApoE-/- and ApoE-/-Cav-1-/- mice were similar (P = NS for all comparisons; n = 4-

6 mice per group, Appendix 2.2D). 

Cholesterol and triglyceride levels were significantly augmented in ND-fed ApoE-/-Cav-1-/- mice in 

comparison to Cav-1-/- mice (P < 0.0001; cholesterol and triglycerides, n = 4-6 mice per group 

Appendix 2.2A-B). However, in comparison to Cav-1-/- mice, the HDL levels of the ApoE-/-Cav-1-/- 

double knockout were substantially lower at each time-point (P < 0.0001; n = 4-6 mice per group 

Appendix 2.2C). No significant differences in glucose levels were observed between the ApoE-/-

Cav-1-/- double knockout, or Cav-1-/- mice (P = NS for all comparisons; n = 4-6 mice per group, 

Appendix 2.2D). 

6.4.3.2 The lipid profile of Western-type diet fed ApoE-/-Cav-1-/- double knockout mice is 

severely pro-atherogenic  

Hypercholesterolemia was more severe in WD-fed ApoE-/-Cav-1-/- mice compared to ND strain-

matched mice at each time-point (ND versus WD: 8-weeks P = 0.0002; 16-weeks P = 0.0001; 26-

weeks P < 0.0001, n = 6 mice per group, Table 6.2). Also, there was a trend of reduced HDL-

cholesterol in WD-fed ApoE-/-Cav-1-/- mice although this was only significantly depleted after 16 

weeks on the WD compared to ND mice (ND versus WD: P = 0.03; n = 6 mice per group, Table 

6.2). However, serum triglyceride and glucose levels were not significantly affected by a WD (P 

= NS for triglyceride and glucose for all time-point comparisons; n = 5-6 mice per group, Table 

6.2). 
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Table 6.2 Lipidemic and glycaemic profiles of ApoE-/-Cav-1-/- double knockout mice after 8, 

16 or 26 weeks on a normal diet or Western-type diet 

ND 8-weeks 16-weeks 26-weeks 
P values for all diet-

matched comparisons 

Total cholesterol 13.50 ± 1.98 15.18 ± 1.68 16.52 ± 1.96 P = NS 

HDL 0.48 ± 0.06 0.55 ± 0.08 0.39 ± 0.07 P = NS 

Triglycerides 4.24 ± 0.81 4.79 ± 0.37 4.03 ± 0.79 P = NS 

Glucose 21.01 ± 2.21 19.78 ± 2.58 14.75 ± 2.75 P = NS 

WD 8-weeks 16-weeks 26-weeks 
P values for all diet-

matched comparisons 

Total cholesterol 35.65 ± 3.96 38.08 ± 3.92 47.43 ± 3.63 P = NS 

HDL 0.36 ± 0.08 0.23 ± 0.06 0.17 ± 0.05 P = NS 

Triglycerides 3.76 ± 0.64 4.87 ± 0.78 6.41 ± 0.91 P = NS 

Glucose 28.27 ± 1.56 22.21 ± 3.08 18.24 ± 3.45 P = NS 

ND versus WD 8-weeks 16-weeks 26-weeks  

Total cholesterol *** 0.0002 *** 0.0001 **** P < 0.0001  

HDL NS > 0.999 * 0.03 NS 0.39  

Triglycerides NS > 0.999 NS > 0.999 NS > 0.999  

Glucose NS > 0.999 NS > 0.999 NS > 0.999  

Serum derived from blood obtained at time of sacrifice (mice were weaned at 4-5 weeks of age 

then maintained on a normal chow diet (ND) or Western-type diet (WD) for the appropriate length 

of time. Data are expressed as mean ± S.E.M and measurements are shown in mmol/L. Statistical 

analysis was carried out by two-way ANOVA, with Bonferroni’s post hoc test, n = 5-6 mice per 

group. 

6.4.3.3 The body and organ weights of normal diet-fed ApoE-/-Cav-1-/- double knockout mice 

are largely unaffected by increasing age; however, the mice develop cardiac hypertrophy 

ApoE-/-Cav-1-/- mice fed a ND displayed a significant increase in body weight at the 16-week time-

point (8-weeks versus 16-weeks: P = 0.03; n = 17 mice each, Table 6.3). However, no further 

differences were observed between the time-points (P = NS for all comparisons, n = 8-17 mice 

per group, Table 6.3). Moreover, heart weight, heart weight: body weight ratio, liver, spleen, 

epididymal fat pad weights and mean epididymal adipocyte sizes were unaffected by increasing 

age (P = NS for all parameters and time-point comparisons, n = 8-17 mice per group, Table 6.3). 

There were no differences in body weight between the ApoE-/-Cav-1-/- double knockout mice and 

the ApoE-/- or Cav-1-/- strains after feeding of a ND (P = NS for all comparisons n = 8-26 mice per 

group, Appendix 2.3A). However, cardiac hypertrophy was observed in the 16 week ND-fed ApoE-

/-Cav-1-/-  mice in comparison to age-matched ApoE-/- mice when isolated heart weights and heart 

weight: body weight ratios were compared (ApoE-/-Cav-1-/- versus ApoE-/-: heart weight: P = 0.007; 

heart weight: body weight ratio: P = 0.002; n = 15 and 24 mice, respectively, Appendix 2.3B and 

C). No differences in heart weight or heart weight: body weight ratio, were observed between the 
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ApoE-/-Cav-1-/- and Cav-1-/- mice (P = NS for all time-point comparisons; n = 14-18 mice per group 

Appendix 2.3B and C). 

The liver weights of ApoE-/-Cav-1-/- double knockout mice and the ApoE-/- and Cav-1-/- strains were 

similar (P = NS; all comparisons, n = 8-26 mice per group, Appendix 2.3D). However, 

splenomegaly was observed in the 16 week ND-fed ApoE-/-Cav-1-/- double knockout mice in 

comparison to the ApoE-/- and Cav-1-/- strains (ApoE-/-Cav-1-/- versus ApoE-/-: P = 0.007; ApoE-/-

Cav-1-/- versus Cav-1-/-: P = 0.003; n = 8-26 mice per group, Appendix 2.3E). Epididymal fat pads 

were assessed and there were no differences in epididymal fat pad weights or adipocyte size 

between age-matched ApoE and ApoE-/-Cav-1-/- mice (P = NS; all comparisons, n = 8-24 mice 

per group Appendix 2.3F and G). Epididymal fat pads of ApoE-/-Cav-1-/- mice were significantly 

smaller than Cav-1-/- mice (P < 0.0001; all comparisons, n = 8-21 mice per group, Appendix 2.3F) 

although no significant differences in epididymal adipocyte sizes were observed (P = NS; all 

comparisons, n = 8-21 mice per group, Appendix 2.3G).  

6.4.3.4 A Western-type diet resulted in diet-induced weight gain, hepatomegaly and 

splenomegaly in the ApoE-/-Cav-1-/- double knockout mice  

In comparison to ND-fed ApoE-/-Cav-1-/- mice, a WD significantly augmented the body weights of 

the 16 and 26-week time-point groups (ND versus WD: 16-weeks; P = 0.002; 26-weeks P = 0.005, 

n = 8-17 mice per group, Table 6.3) although heart weights and heart weight: body weight ratio 

remained unchanged (P = NS for both heart weight and HW:BW and each age comparison; n = 

8-17 mice per group, Table 6.3). Hepatomegaly was observed after 16 weeks on a WD (ND 

versus WD: P = 0.0008; n = 17 and 15 mice, Table 6.3) and persisted at the 26-week time-point 

(ND versus WD: P = 0.0001; n = 8 and 13 mice, respectively, Table 6.3). Similarly, splenomegaly 

occurred in all WD groups compared to their age-matched counterparts (ND versus WD: 8-weeks 

P = 0.02; 16-weeks P = 0.0001; 26-weeks P = 0.0008, n = 8-17 mice per group, Table 6.3).  An 

increase in epididymal fat pad weight was observed in both the 8-week (ND versus WD: P = 

0.007; n = 17 and 14 mice, Table 6.2) and 16-week time-points (ND versus WD: P < 0.0001; n = 

17 and 15 mice, Table 6.3). Conversely, this increase was not sustained by the 26-week time-

point (ND versus WD: P = 0.22; n = 8 and 13 mice, Table 6.3). Epididymal adipocyte hypertrophy 

was only observed in the 16-week WD group (ND versus WD: 16 weeks; P < 0.002, Table 6.3). 

ApoE-/-Cav-1-/- mice displayed a markedly more pro-atherogenic cholesterol profile than age and 

diet-matched ApoE-/- mice. Additionally, ApoE-/-Cav-1-/- mice were more susceptible to diet-

induced weight gain, which was observed from the 16-week time-point. Furthermore, 

splenomegaly and hepatomegaly occurred in WD-fed ApoE-/-Cav-1-/- mice, which suggests that 

as in the Cav-1-/- mice, fat had begun to accumulate within these organs. Similarly, to the Cav-1-

/- mice, epididymal fat pads were only significantly enlarged compared to age-matched ND-mice 

at the 8 and 16-week time-points however, epididymal adipocytes were only significantly enlarged 

at the 16-week time-point 

.  
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Table 6.3 Body weight, organ weights and epididymal adipocyte size of the ApoE-/-Cav-1-/- double knockout (ApoE-/-Cav-1-/-, ApoE-/-Cav-1-/-) mice 

ND 8 weeks (A) 16 weeks (B) 26 weeks (C) P 

Body weight (g) 28.27 ± 0.57 32.27 ± 0.43 31.79 ± 1.22 A vs B * 0.03 

Heart weight (mg) 174.0 ± 5.62 200.6 ± 7.53 190.7 ± 10.01 
 

Heart weight: body weight ratio (mg/g) 6.16 ± 0.16 6.22 ± 0.21 5.99 ± 0.19 
 

Liver (g) 2.08 ± 0.07 2.16 ± 0.08  2.10 ± 0.14 
 

Spleen (mg) 118.3 ± 4.63 149.0 ± 7.58 140.9 ± 7.70 
 

Epididymal fat pad weight (g) 0.26 ± 0.01 0.27 ± 0.02 0.33 ± 0.04 
 

Epididymal adipocyte area (x103 µm2) 1.79 ± 0.24 2.19 ± 0.13 2.72 ± 0.18 
 

WD 8 weeks (D) 16 weeks (E) 26 weeks (F) P 

Body weight (g) 32.02 ± 0.73 37.52 ± 1.71 37.85 ± 0.75 D vs E ** 0.002, D vs F ** 0.001 

Heart weight (mg) 183.2 ± 9.48 214.8 ± 14.17 210.76 ± 8.88 
 

Heart weight: body weight ratio (mg/g) 5.71 ± 0.33 5.82 ± 0.40 5.58 ± 0.23 
 

Liver (g) 2.30 ± 0.10 3.93 ± 0.51 5.82 ± 0.55 D vs E ** 0.004, D vs F **** P < 0.001,  

E vs F *** 0.0008 

Spleen (mg) 165.3 ± 5.91 228.5 ± 20.56 219.7 ± 9.15 D vs E *** 0.0008, D vs F ** P < 0.01 

Epididymal fat pad weight (g) 0.59 ± 0.07 0.92 ± 0.13 0.62 ± 0.05 D vs E * 0.01  

Epididymal adipocyte area (x103 µm2) 3.10 ± 0.76 5.12 ± 0.53 4.65 ± 0.27 
 

ND versus WD 8 weeks 16 weeks 26 weeks   

Body weight (g) NS 0.07 ** 0.002 ** 0.005   

Heart weight (mg) NS > 0.999 NS > 0.999 NS > 0.999   

HW: BW (mg/g) NS > 0.999 NS > 0.999 NS > 0.999   

Liver (g) NS > 0.999 *** P = 0.0008 **** P = 0.0001   

Spleen (mg) * P < 0.02 **** P = 0.0001 *** P = 0.0008   

Epididymal fat pad weight (g) ** 0.007 **** P < 0.0001 NS 0.22   

Epididymal adipocyte area (x103 µm2) NS 0.87 ** 0.002 NS 0.07   

 ND = normal chow diet, WD = Western-type diet. Data are expressed as mean ± S.E.M and weights are shown in milligrams or grams. Heart weight: body weight 

ratio was presented as milligrams/grams and epididymal adipocyte area x103 µm2. Two-way ANOVA with Tukey’s multiple comparison post-hoc tests, body and 

organ weights n = 8-17 mice per group, adipocyte area n = 3-4 mice per group, 100 adipocytes measured per mouse. 
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6.4.4 Loss of Cav-1 confers protection against the development of atherosclerosis in 

Western-type diet-fed ApoE-/-Cav-1-/- double knockout mice  

A WD did not significantly alter the atherosclerotic lesion burden of ApoE-/-Cav-1-/- mice, in 

comparison to ND-fed ApoE-/-Cav-1-/- mice, until 26 weeks of high fat feeding (ND versus WD: 

0.94 ± 0.40% versus 6.85 ± 0.68% P = 0.02, n = 5-6 mice per group, Figure 6.2A and B).  

No differences were apparent between ND-fed ApoE-/-Cav-1-/- and age-matched ApoE-/- mice at 

any of the experimental time-points (P = NS for all comparisons; 26-weeks: n = 5-7 mice per 

group, Figure 6.2B). However, ApoE-/-Cav-1-/- mouse were more resistant to the development of 

atherosclerotic lesions when fed a WD compared to ApoE-/- mice (Figure 6.2 B).  

In the initial stages of atherosclerosis, the 8-week time-point, no significant differences in 

atherosclerotic burden were observed between ApoE-/-Cav-1-/- or ApoE-/- mice fed a WD (P = NS, 

n = 6 mice per group, Figure 6.2B). Nevertheless, by the 16-week time-point, atherosclerosis was 

markedly more severe in the aortae of WD-fed ApoE-/- mice compared to age and diet-matched 

ApoE-/-Cav-1-/- mice (P = 0.04, n = 4-6 mice per group, Figure 6.2B). By the final 26-week time-

point the extent of atherosclerotic disease within the aortae of WD-fed ApoE-/- mice remained 

significantly enhanced compared to ApoE-/-Cav-1-/- mice (P < 0.0001; n = 6-7 mice per group, 

Figure 6.2B). 
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Figure 6.2 Atherosclerotic lesion burden within the aortae of Western-type diet-fed ApoE-

/-Cav-1-/- double knockout mice is drastically reduced compared to age and diet-matched 

ApoE-/- mice  

A) En face Oil red O staining of lipid lesions along the luminal surface of the aortae of ApoE-/-

Cav-1-/- mice at 8-weeks on a i) ND, or ii) WD, 16-weeks on a iii) ND, or WD iv) WD, and 26-

weeks on a v) ND or vi) WD. Atheromatous lesions are stained red and highlighted by arrows. 

B) Atherosclerotic disease progression was accelerated in WD fed ApoE-/-Cav-1-/- and ApoE-/- 

mice. However, WD-fed ApoE-/-Cav-1-/- mice were more resistant to the development of 

atherosclerosis than age and diet-matched ApoE-/- mice. Representative images. scale bar, top 

right-hand corner, = 1 mm, ND = normal diet, WD = Western-type diet. Data are presented as 

mean ± S.E.M, n = 4-7 mice per group, * P <0.05, *** P < 0.001, **** P < 0.0001. Two-way 

ANOVA with post hoc Bonferroni’s test. ApoE-/- data previously shown in Chapter 3, Figure 4.1. 
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6.4.5 Vascular reactivity studies assessing the effect of aortic PVAT on vascular responses 

6.4.5.1 The contraction of aortic rings to 100 mM KPSS were unaltered by the presence of 

PVAT in the ApoE-/-Cav-1-/- double knockout mice 

The contractile responses of PVAT-intact or PVAT-denuded aortic rings were similar in response 

to 100 mM KPSS (+PVAT versus -PVAT: P = NS; n = 5-8 mice per group, Figure 6.3). In addition, 

no significant changes in contraction were observed between the aortic rings of ND and WD-fed 

ApoE-/-Cav-1-/- double knockout mice in the presence of PVAT (ND versus WD: P = NS, n = 5-8 

mice per group) or in PVAT-denuded preparations (ND versus WD: P = NS). 

 

Additionally, the responses of aortic rings to KPSS from ND-fed ApoE-/-Cav-1-/- double knockout 

mice were compared to ApoE-/- and Cav-1-/- mice (Appendix 2.4Ai and ii). No significant 

differences were observed between the ApoE-/-Cav-1-/- or Cav-1-/- mice ether in the presence or 

absence of PVAT (ApoE-/-Cav-1-/- versus Cav-1-/-: P = NS for all comparisons n = 4-8 mice per 

group, Appendix 2.4Ai and ii).  

The contractions of PVAT-intact aortic rings from ApoE-/-Cav-1-/- mice were similar to those 

observed from the ApoE-/- mice (Appendix 2.4Ai). However, the contraction of PVAT-denuded 

aortic rings from 8 week ND-fed ApoE-/-Cav-1-/- mice was significantly reduced in comparison to 

aortic rings from age and diet-matched ApoE-/- mice (ApoE-/-Cav-1-/- versus ApoE-/-: -PVAT: P = 

0.004, n = 6-8 mice per group, Appendix 2.4Aii).   

 

Figure 6.3 The contractility of aortic rings, in response to 100 mM KPSS, were unaltered 

by the presence of PVAT in the ApoE-/-Cav-1-/- double knockout mice.  

The contraction of PVAT-intact or PVAT-denuded aortic rings were similar at each time-point. 

ND = normal diet, PVAT = perivascular adipose tissue WD = Western-type diet. Data are 

presented as mean ± S.E.M, n = 5-8 mice per group, Two-way ANOVA with post hoc Bonferroni’s 

multiple comparisons test.  

NS 
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6.4.5.2 A functional endothelium is retained during the progression of atherosclerosis in 

ApoE-/-Cav-1-/- double knockout mice 

Although atherosclerotic lesions were present along the luminal surface of the aortae of the ApoE-

/-Cav-1-/- mice endothelial relaxations were not significantly altered in either the ND or WD-groups 

(P = NS for all comparisons, n = 5-8 mice per group , Figure 6.4). In addition, no differences were 

found between the relaxations of ND and WD aortic rings in the presence, or absence of PVAT 

(ND versus WD: P = NS; n = 4-8 mice per group, Figure 6.4).  

The presence of PVAT had no effect on the relaxation of aortic rings to 10 µM acetylcholine in 

ND or WD conditions (+/-PVAT: P = NS for all comparsons; n = 5-8 mice per group, Figure 6.4).  

 

 

Endothelium-dependent relaxation responses of ND-fed ApoE-/-Cav-1-/- double knockout mice 

were similar to those observed from the aortic rings of ApoE-/- mice (ApoE-/-Cav-1-/- versus ApoE-

/- P = NS for each age-matched comparison, n = 5-8 mice per group (Appendix 2.4Bi and ii).  

However, in comparison to Cav-1-/- mice, the endothelium-dependent relaxation responses of 

PVAT-denuded aortic rings from ApoE-/-Cav-1-/- mice were significantly reduced after 26 weeks 

on a ND (post weaning) (ApoE-/-Cav-1-/- versus Cav-1-/-: -PVAT: P = 0.01; n = 4-5 mice per group, 

Appendix Bii).   

Figure 6.4 Endothelial dysfunction does not occur in the aortae of the ApoE-/-Cav-1-/- 

double knockout mice at any of the examined time-points 

 Phenylephrine pre-constricted aortic rings from 26-week time-point ND and WD-fed mice did 

not display significantly altered vasodilatory responses to 10 µM acetylcholine in comparison to 

the younger diet-matched groups. In addition, the presence of PVAT did not affect the relaxations 

of aortic rings Data are presented as mean ± S.E.M, n = 5-8 mice per group, with Two-way 

ANOVA and post hoc Bonferroni’s multiple comparison tests. 

NS 
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6.4.5.3 The aortic PVAT of ApoE-/-Cav-1-/- double knockout mice does not exert an anti-

contractile effect in normal diet or Western-type diet-fed mice 

PVAT did not modulate contractions to phenylephrine in ND-fed ApoE-/-Cav-1-/- mice at any of the 

examined time-points (+/-PVAT: P = NS, n = 5-8 mice per group, Figure 6.A-C). Moreover, these 

findings were replicated in age-matched WD-fed ApoE-/-Cav-1-/- mice; the contractility of aortic 

rings were similar in the presence or absence of PVAT at each time-point (+PVAT versus -PVAT: 

P =NS, n = 5-8 mice per group, Figure 6.5A-C). 

6.4.5.4 A Western-type diet does not alter the contractions of aortic rings in the ApoE-/-Cav-

1-/- double knockout mice in comparison to normal diet-fed mice 

High fat feeding ApoE-/-Cav-1-/- mice did not have a significant impact on aortic ring contractions. 

No differences in contractile responses were observed between PVAT-denuded aortic rings of 

ND and WD-fed ApoE-/-Cav-1-/- mice (ND versus WD: P = NS for each comparison; n = 4-8 mice 

per condition, Figure 6.5A-C). Furthermore, a WD had no impact on the contraction of aortic rings, 

in the presence of PVAT, in comparison to ND-fed mice at any of the time-points (ND versus WD: 

P = NS for each comparison n = 5-8 mice per condition, Figure 6.5A-C). 

6.4.5.5 Ageing increases the contractility of PVAT-denuded aortic rings from normal and 

Western-type diet-fed ApoE-/-Cav-1-/- double knockout mice 

The effect of ageing on vascular reactivity in ND ApoE-/-Cav-1-/- mice was evaluated. In the 

absence of PVAT, the contractility of aortic rings significantly increased after the initial 8-week ND 

time-point (8-weeks versus 16-weeks: P = 0.04, 8-weeks versus 26-weeks: P = 0.02, n = 5-7 mice 

per group, Figure 6.6Ai) although no differences in contraction were observed between the 16 

and 26-week groups. However, ageing had no effect on the vascular reactivity of PVAT-intact 

aortic rings from ND-fed ApoE-/-Cav-1-/- mice (P = NS for each time-point comparison, n = 5-7 

mice per group, Figure 6.6Aii).  

Similar findings were observed with ageing on a WD in ApoE-/-Cav-1-/- mice. A significant increase 

in contraction was observed between the 8 and 26 week WD-fed groups when the contractile 

responses of PVAT-denuded aortic rings were compared (8-weeks versus 26-weeks: P = 0.008, 

n = 4 and 7 mice, respectively, Figure 6.6Bi) although no differences were observed between the 

8 and 16-week WD-fed responses (8-weeks versus 16-weeks: P = NS, n = 4 and 8 mice, 

respectively, Figure 6.6Bi). No differences in the contractile responses of PVAT-intact aortic rings 

from ageing WD-fed mice were observed (P = NS; n = 7-10 mice per group, Figure 6.6Bii).  

In summary, the aortic PVAT of ApoE-/-Cav-1-/- mice did not exert an anti-contractile effect and a 

WD did not augment the contractions of aortic rings in comparison to age-matched ND-fed ApoE-

/-Cav-1-/-. Furthermore, a significant increase in the contractile responses of PVAT-denuded aortic 

rings were observed with ageing on a ND and WD although no such age-associated changes 

were observed in PVAT-intact aortic preparations.   
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Figure 6.5 Aortic PVAT does not modulate vascular reactivity in normal or Western-type diet-fed ApoE-/-Cav-1-/- double knockout mice 

Aortic rings were challenged with cumulative doses of phenylephrine (1 x 10-10 - 3 x 10-5 mol/L) in the presence or absence of PVAT. A) Aortic PVAT did not exert an 

anti-contractile effect on aortic rings from ApoE-/-Cav-1-/- mice when fed either a ND or WD for 8 weeks (post weaning). In addition, the contractions of aortic rings, in 

the presence or absence of PVAT, were similar when WD and ND-fed responses were directly compared. B) A similar pattern was observed in the 16 week ND and 

WD-fed groups and PVAT did not modulate aortic contractions. The contractions of aortic rings from ND and WD-fed ApoE-/-Cav-1-/- mice were comparable with or 

without PVAT. C) The presence of aortic PVAT did not alter vascular contractions after 26 weeks on a ND or WD (post weaning) and a WD did not alter the contractions 

of PVAT-denuded or PVAT-intact aortic rings in comparison to ND responses. ND = normal diet, PVAT = perivascular adipose tissue, WD = Western-type diet. Dose 

response data are expressed as mean ± S.E.M., n = 4-7 mice per group, two-way ANOVA with Bonferroni’s post hoc tests, n = 4-10 mice per group, two-way ANOVA 

with Bonferroni’s post hoc test.  

 

NS NS NS 

A                               B                                             C              
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Figure 6.6 Ageing increases the contractility of PVAT-denuded aortic rings from normal diet and Western-type diet fed ApoE-/-Cav-1-/- double knockout 

mice Ai) The contractions of PVAT-denuded aortic rings from ND-fed ApoE-/-Cav-1-/- mice were significantly increased with ageing on a ND. Aii) No age-related 

changes in contraction were observed in PVAT-intact aortic rings. Bi) A significant increase in contraction of PVAT-denuded aortic rings was observed between the 8 

and 26-week WD-fed ApoE-/-Cav-1-/- mice. Bii) PVAT-intact aortic rings from WD-fed ApoE-/-Cav-1-/- mice were unaffected by increasing age. ND = normal diet, PVAT 

= perivascular adipose tissue, WD = Western-type diet. Dose response data are expressed as mean ± S.E.M., n = 4-8 mice per group, two-way ANOVA with 

Bonferroni’s post hoc tests. * P < 0.05, ** P < 0.01. 

 

Ai                         ii 
 
 
 
 
 
 
 
 
 
 
 
Bi                        ii 
 
   

 

NS 

NS 
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6.4.5.6 The aortic ring preparations of normal diet-fed ApoE-/-Cav-1-/- double knockout mice 

exhibit characteristics of both ApoE-/- and Cav-1-/- mice 

The contractions of PVAT-denuded aortic rings from ND-fed ApoE-/-Cav-1-/- mice were compared 

to age and diet-matched ApoE-/- and Cav-1-/- mice (Appendix 2.7Ai-iii). The constriction of PVAT-

denuded aortic rings from 8-week ND-fed ApoE-/-Cav-1-/- mice was significantly lower than the 

ApoE-/- responses (ApoE-/-Cav-1-/- versus ApoE-/-: 8-weeks P = 0.002, n = 7 and 8, respectively, 

Appendix 2.7Ai). However, the contractions of ApoE-/-Cav-1-/- mice were similar to Cav-1-/- mice 

at this time-point (P = NS, n = 4-7 mice per group, Appendix 2.7Ai). After 16 weeks on a ND no 

significant differences were observed between PVAT-denuded aortic rings from ApoE-/- and 

ApoE-/-Cav-1-/- mice (P = NS, n = 5-8 mice per group, Appendix 2.7Aii) although the contractions 

of aortic rings from the ApoE-/-Cav-1-/- mice were significantly increased compared to their Cav-1-

/- counterparts (ApoE-/-Cav-1-/- versus Cav-1-/-: 16-weeks P = 0.002 n = 6 and 4 mice, respectively, 

Appendix 2.7Aii).  After 26 weeks on a ND, the contractile responses of ApoE-/-Cav-1-/- mice were 

similar to those observed in the ApoE-/- and Cav-1-/- mice (P = NS, n = 4-8 mice per group, 

Appendix 2.7Aiii). 

Furthermore, PVAT-intact aortic responses from ND-fed ApoE-/-Cav-1-/- mice were compared to 

age and diet-matched ApoE-/- and Cav-1-/- mice (Appendix 2.7Bi-iii). When the contraction of aortic 

rings, in the presence of PVAT, were compared to ApoE-/- responses, the contractions of ApoE-/-

Cav-1-/- aortic rings were found to be significantly diminished in both the 8 and 16-week groups 

(ApoE-/-Cav-1-/- versus ApoE-/-: 8-weeks P < 0.0001; 16-weeks P < 0.0001; n = 8 for all groups, 

Appendix 2.7Bi and ii). However, by the 26-week time-point no differences in contractions were 

apparent (P = NS, n = 5 and 6 mice, Appendix 2.7Biii and iii). The responses of PVAT-intact aortic 

rings from ApoE-/-Cav-1-/- mice were similar to those of Cav-1-/- mice at each time-point (P = NS 

for each group comparison; n = 4-8 mice per group, Appendix 2.7Bi-iii).  

In summation, the contractile responses of aortic rings from ND-fed ApoE-/-Cav-1-/- mice displayed 

characteristics of both ApoE-/- and Cav-1-/- mice. Initially, contractions to phenylephrine were 

dampened in PVAT-denuded aortic rings in a similar fashion to Cav-1. However, this reduced 

contraction, compared to ApoE-/- mice, was lost after 16-weeks on a ND post weaning. The 

contractile responses of PVAT-intact aortic rings were again similar to Cav-1-/- mice and displayed 

significantly reduced contractions compared to ApoE-/- mice at the 8 and 16-week time-points.  

6.4.5.7 Nitric oxide synthase inhibition causes a pro-constrictor effect in PVAT from 8-week 

normal diet-fed ApoE-/-Cav-1-/- mice but exerts no effect in the other groups 

Incubation with 50 µM L-NNA, a NOS inhibitor revealed a significant pro-constrictor effect of PVAT 

in the 8-week ND-fed ApoE-/-Cav-1-/- mice (+PVAT + L-NNA versus -PVAT + L-NNA: P = 0.02; n= 

8 and 7 mice, Figure 6.7Ai). However, this effect did not persist in ageing ND ApoE-/-Cav-1-/- mice 

and contractions were similar in NOS-inhibited PVAT-intact and PVAT-denuded aortic rings (P = 

NS in the presence of L-NNA for the 16 and 26-week ND-fed groups; n= 5-9 mice per group, 

Figure 6.7Aii and iii). Additionally, NOS inhibition had no effect on contractile responses of aortic 

rings, in the presence or absence of PVAT, in the WD-fed groups (P = NS in the presence of L-

NNA for each WD-fed time-point n = 7-9 mice per group, Figure 6.7Bi-iii).  
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Figure 6.7 Nitric oxide synthase inhibition reveals a pro-constrictor effect in PVAT from 8-week normal diet-fed ApoE-/-Cav-1-/- mice but exerts no effect in 

the other groups 

NOS inhibition with 50 µM L-NNA revealed a pro-contractile effect of PVAT in Ai) 8-week ND-fed ApoE-/-Cav-1-/- mice. However, this effect did not persist and no 

significant differences in contractions were observed in the presence of NOS in Aii) 16 or iii) 26-week ND-fed ApoE-/-Cav-1-/- mice. Furthermore, NOS inhibition had no 

effect on B) WD-fed ApoE-/-Cav-1-/- mice at any of the time-points i) 8, i) 16 or iii) 26-weeks on the diet post weaning. ND = normal diet, NOS = nitric oxide synthase, 

WD = Western-type diet. Dose response data are expressed as mean ± S.E.M., **** P < 0.0001, n = 4-10 mice per group, two-way ANOVA with  post hoc tests. 

 

NS NS 

NS NS NS 
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6.4.5.8 The aortic rings of double knockout mice do not exhibit reduced sensitivity to 

exogenous nitric oxide 

Vaso-relaxation of aortic rings from ApoE-/-Cav-1-/- mice to the NO donor sodium nitroprusside, 

were unchanged with ageing, a WD or the presence of PVAT (P = NS; n = 4-10 mice per group, 

Figure 6.8).  

 

These findings reflect the observations of the ApoE-/- and Cav-1-/- mice, that upon exposure to 10 

µM sodium nitroprusside the aortic rings relax back to baseline regardless of age, diet or the 

presence or absence of PVAT (Appendix 2.4Ci and ii). 

  

Figure 6.8 Endothelial-independent relaxation is unaffected by PVAT, ageing or the 

development of atherosclerosis in ApoE-/-Cav-1-/- double knockout mice 

The sensitivity of phenylephrine-constricted aortic rings to 10 µM sodium nitroprusside, a NO 

donor, was unaltered by the presence of PVAT, ageing or atherosclerosis in ND or WD-fed 

ApoE-/-Cav-1-/- mice. ND = normal diet, WD = Western-type diet. Data are presented as mean 

± S.E.M, n = 4-7 mice per group, two-way ANOVA with post hoc Bonferroni’s multiple 

comparisons test.

NS 
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6.4.6 White adipocyte hypertrophy occurs within the aortic PVAT of ApoE-/-Cav-1-/- double 

knockout mice after extensive duration on a Western-type diet  

Aortic PVAT weight could not be assessed in the ApoE-/-Cav-1-/- because of incomplete data sets 

due to breeding issues within the colony. 

The impact of ageing and a WD on aortic PVAT morphology was assessed in the ApoE-/-Cav-1-/- 

mouse using haematoxylin and eosin staining (Figure 6.9Ai-vi). Ageing of ApoE-/-Cav-1-/- mice on 

a ND from 8 to 26-weeks did not produce any alterations in the proportion of white adipocytes 

within the aortic PVAT (P = NS between each time-point; n = 3-4 mice per group, Figure 6.9B). 

Furthermore, a WD did not elicit any further changes (ND versus WD: P = NS, comparisons 

between groups; n = 3-4 mice per group, Figure 6.9B).  

Additionally, upon examination of individual white adipocyte size, no age-associated changes in 

size were observed in ND-fed ApoE-/-Cav-1-/- mice (P > 0.99 each time-point comparison; n = 3-

4 mice per group, Figure 6.9C). Whilst no effects of a WD were observed after 8 or 16 weeks on 

a WD (ND versus WD: P = NS; n = 3-4 mice per group Figure 6.9C) prolonged high fat feeding 

induced white adipocyte hypertrophy within the aortic PVAT (ND versus WD: 26-weeks: P = 0.01; 

n = 4 ND and 3 WD-fed mice, Figure 6.9C). 

The aortic PVAT of ApoE-/-Cav-1-/- mice displayed hybrid characteristics relating to the ApoE-/- 

and Cav-1-/- mice. Whilst the proportion of white adipocytes occupying the aortic PVAT remained 

unaltered by increasing age or a WD, which was an ApoE-/--like phenotype (Appendix 2.8B), after 

26 weeks of a WD the adipocytes became hypertrophied, similar to the Cav-1-/- mice (Appendix 

2.8C).  

In 26-week ND-fed C57BL/6 mice and 26-week WD-fed Cav-1-/- mice, white adipocyte 

hypertrophy was associated with PVAT causing vasoconstriction of aortic rings and exerting a 

pro-contractile effect. However, in age-matched WD-fed ApoE-/-Cav-1-/- mice PVAT was still 

unable to modulate vascular reactivity.  
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Figure 6.9 The proportion of aortic PVAT occupied by white adipocytes is unaltered by ageing 

or a Western-type diet; however, white adipocyte hypertrophy is observed after prolonged high 

fat feeding in the ApoE-/-Cav-1-/- double knockout mice 

A) Haematoxylin and eosin-stained thoracic PVAT and aortae sections from ApoE-/-Cav-1-/- mice at 8-

weeks, i) ND, ii) WD, 16-weeks iii) ND, iv) WD and 26-weeks v) ND and vi) WD. Examples of white 

adipocytes are highlighted by arrows. B) The percentage area of aortic PVAT occupied by white 

adipocytes did not change with ageing or a WD. C) White adipocyte hypertrophy was observed after 

26 weeks on a WD. Representative images obtained at 10X magnification. Scale bars represent 100 

µm. ND = normal diet, WD = Western-type diet. Data are expressed as mean ± S.E.M, * P < 0.05, n = 

3-4 mice per group, two-way ANOVA with Bonferroni’s post hoc tests. 

 

NS 
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6.4.7 The PVAT of ApoE-/-Cav-1-/- double knockout mice does not display elevated levels of 

superoxide with ageing or a Western-type diet 

The presence of superoxide within the aortic PVAT of ApoE-/-Cav-1-/- mice was visualised via DHE 

fluorescent staining. Superoxide was detected in each of the experimental groups (Figure 6.10Ai-

vi). Ageing had no effect on superoxide levels within the aortic PVAT of ApoE-/-Cav-1-/- mice (P = 

NS for each group comparison; n = 3-5 mice per group, Figure 6.10C). Furthermore, a high fat 

WD did not promote an increase in superoxide production within the aortic PVAT (ND versus WD: 

P = NS for each comparison; n = 3-5 mice in each group, Figure 6.10C). 

Atherosclerotic lesion burden was markedly less severe in WD-fed ApoE-/-Cav-1-/- mice at both 

the 16 and 26-week time-points in comparison to age and diet-matched ApoE-/- mice. However, 

superoxide production within the aortic PVAT of ApoE-/-Cav-1-/- was similar to the PVAT of ApoE-

/- mice (Appendix 2.8D). Also, the amount of ROS within the PVAT of ApoE-/-Cav-1-/- mice did not 

differ when compared to age and diet-matched Cav-1-/- mice. ROS levels were not elevated in 

either of the 26 week WD-fed Cav-1-/- or ApoE-/-Cav-1-/- mice even though adipocyte hypertrophy 

was observed in the white adipocyte population of the aortic PVAT. 

 

6.4.8 Ageing and a Western-type diet does not affect the number of macrophages 

infiltrating the aortic PVAT of ApoE-/-Cav-1-/- double knockout mice 

Inflammation was assessed in the aortic PVAT of ageing and WD-fed ApoE-/-Cav-1-/- mice via 

Mac-3 immunostaining (Figure 6.11Bi-vi).  

The number of macrophages infiltrating the PVAT was unchanged by ageing (P = NS for each 

time-point comparison; n = 3-5 mice per group, Figure 6.12). In addition, a WD did not alter the 

numbers of infiltrating macrophages observed within the aortic PVAT of ApoE-/-Cav-1-/- mice when 

compared to age-matched ND-fed mice (ND versus WD: P = NS for each comparison; n = 3-5 

mice per group, Figure 6.12). 

These data could suggest that the development of atherosclerosis within the aortae of the ApoE-

/-Cav-1-/- mice has no impact on the infiltration of Mac-3+ macrophages within the surrounding 

aortic PVAT. 

Additionally, the macrophage infiltration of aortic PVAT from ApoE-/-Cav-1-/- mice was compared 

to ApoE-/- and Cav-1-/- mice and no significant differences in macrophage numbers were observed 

between the different groups of mice (P = NS for each time-point, n = 3-4 mice per group, 

Appendix 2.8E).  
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Figure 6.10 ROS generation within the PVAT of ApoE-/-Cav-1-/- double knockout mice is 

unaltered by ageing or a Western-type diet 

Thoracic aortae with PVAT were sectioned and incubated with DHE to detect ROS, indicated by red 

punctate fluorescence. A) DHE+ nuclei were observed in all sections i) 8-week ND, ii) WD, iii) 16-

week ND, iv) WD and 26-week v) ND and vi) WD. B) No DHE+ nuclei were observed in the DMSO 

control. C) ROS production within the aortic PVAT was unaffected by ageing or a WD. 

Representative images at 10 X magnification. Scale bars represent 250 µm. DHE+ nuclei were 

quantified in 5 fields of view per section per mouse. DHE =dihydroethidium, ND = normal diet, WD 

= Western-type diet. Data are expressed as mean ± S.E.M., DHE+ nuclei presented as cells/mm2 of 

PVAT, n = 3-5 mice per group, two-way ANOVA with Bonferroni’s post hoc test. 
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Figure 6.11 Macrophages are present in the aortic PVAT of ApoE-/-Cav-1-/- double knockout 

mice 

Inflammation was assessed in the aortic PVAT of ApoE-/-Cav-1-/- mice using a Mac-3 macrophage 

marker. A) The aortic arch of an atherosclerotic ApoE-/- mouse was used as a control i) IgG and ii) 

positive control, macrophages were stained brown in the atherosclerotic plaque. B) Representative 

images of ApoE-/-Cav-1-/- mice at:  i) 8-week ND and ii) WD, iii) 16-week ND and iv) WD and 26-

week v) ND and vi) WD. Images were obtained at 10X magnification. Scale bars represent 100 µm 

and examples of Mac-3+ staining are highlighted by arrows. ND = normal diet, WD = Western-type 

diet.   
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6.5 Discussion 

This study was the first to characterise the aortic PVAT composition of the ApoE-/-Cav-1-/- double 

knockout mice and assess the influence of PVAT on isolated aortic reactivity in ageing and WD-

fed mice.  

The key findings of this chapter were: 

 The lipid profile of ApoE-/-Cav-1-/- mice was significantly more pro-atherogenic than age 

and diet-matched ApoE-/- mice. However, atherosclerotic lesion burden was significantly 

attenuated in WD-fed ApoE-/-Cav-1-/- mice in comparison to the ApoE-/- mice.   

 Endothelial function was retained in ND and WD-fed ApoE-/-Cav-1-/- mice, despite the 

development of atherosclerotic lesions along the luminal surface of the aortae. 

 The aortic PVAT of ApoE-/-Cav-1-/- mice did not exert an anti-contractile effect on aortic 

rings. 

 A WD did not alter the influence of aortic PVAT on vascular reactivity in ApoE-/-Cav-1-/- 

mice. 

 NOS inhibition revealed a pro-constrictor effect in PVAT from 8-week ND-fed ApoE-/-Cav-

1-/- mice.  

 A WD induced white adipocyte hypertrophy within the aortic PVAT of ApoE-/-Cav-1-/- mice. 

Figure 6.11 Ageing and a Western-type diet do not alter the number of infiltrating 

macrophages within the aortic PVAT of the ApoE-/-Cav-1-/- double knockout mice 

The macrophages within the aortic PVAT were quantified. No differences in macrophage number 

were observed with ageing or in WD-fed ApoE-/-Cav-1-/- mice. Images were obtained at 10X 

magnification. ApoE-/-Cav-1-/- (double knockout) ND = normal diet, WD = Western-type diet.  Data 

are expressed as Mac-3+ cells/mm2 PVAT, mean ± S.E.M., n = 3-5 mice per group, two-way 

ANOVA with Bonferroni’s post hoc multiple comparisons test. 

 

NS 
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6.5.1 Generation and maintenance of the ApoE-/-Cav-1-/- double knockout colony 

The generation of the ApoE-/-Cav-1-/- mouse took significantly longer than expected; the length of 

time between the first ApoE-/- and Cav-1-/- cross and the successful generation of male 

experimental ApoE-/-Cav-1-/- mice was approximately 18 months. Furthermore, once the ApoE-/-

Cav-1-/- mouse was established, the breeding and survival rate of litters was poor. This finding is 

in line with those observed in the Cav-1-/- mice which demonstrated a diminished reproductive 

performance on the C57BL/6J background (Razani et al. 2001). The low weaning survival rate of 

male ApoE-/-Cav-1-/- mice was reflected in reduced numbers for some of the following 

experiments. The genotypes of ApoE-/-Cav-1-/- mice were verified throughout the study to ensure 

the veracity of the mouse strain. 

6.5.2 Phenotyping of normal and Western-type diet-fed ApoE-/-Cav-1-/- double knockout 

mice 

The phenotypic characteristics of the ApoE-/-Cav-1-/- mice were assessed to determine whether 

they displayed similar characteristics as those previously reported in the literature. As such, lipid 

and glucose profiles, body and organ weights and the development of atherosclerosis within the 

aortae were determined. 

6.5.2.1 The lipid profile of normal diet-fed ApoE-/-Cav-1-/- double knockout mice is markedly 

more pro-atherogenic compared with ApoE-/- mice, although no associated increase in 

atherosclerotic disease progression is observed 

Ageing was not associated with any significant alterations in lipid or glucose measurements in 

ND-fed ApoE-/-Cav-1-/- double knockout mice. ApoE-/-Cav-1-/- mice have been observed to display 

a shift towards a more pro-atherogenic lipid profile than age and diet-matched ApoE-/- mice when 

fed a ND (Frank et al. 2004a; Engel et al. 2011). In line with these reports, total cholesterol and 

triglycerides were substantially elevated in ND-fed ApoE-/-Cav-1-/- mice in comparison to age and 

diet-matched ApoE-/- and Cav-1-/- mice. Furthermore, whilst no changes were observed in HDL 

measurements between ApoE-/- and ApoE-/-Cav-1-/- mice, in comparison to Cav-1-/- mice, HDL 

was significantly lower and these data are similar to previous reports (Engel et al. 2011).  

En face lesion analysis with Oil Red O was performed along the aortic arch and thoracic aortae 

of the ApoE-/-Cav-1-/- mice. Atherosclerotic lesions were present in each ND-fed group. However, 

no statistically significant increases in lesion burden were observed with ageing in these mice. 

Furthermore, despite the enhanced pro-atherogenic lipid profile of the ApoE-/-Cav-1-/- mice, lesion 

burden appeared to be reduced in comparison to age and diet-matched ApoE-/- mice, although 

this was not statistically significant. These findings contrast with those observed previously. In the 

original study of the ApoE-/-Cav-1-/- mice, atherosclerotic lesion burden was significantly reduced 

in comparison to ApoE-/- mice. However, this comparison was performed at 11 months of age and 

could therefore account for the observed differences (Frank et al. 2004a). An additional study in 

ND-fed ApoE-/-Cav-1-/- and ApoE-/- mice, at similar ages to those used in this study, 17 and 26 

weeks old, observed a significant reduction in atherosclerotic lesions in haematoxylin and eosin-

stained sections of aortic arch from the ApoE-/-Cav-1-/- double knockout mice at both ages (Engel 

et al. 2011). Moreover, the plaques of ApoE-/-Cav-1-/- mice were observed to exhibit lower levels 

of inflammation, with fewer macrophages, neutrophils and T-cells present. The differences 
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between those findings and the ones reported in this present study may be a result of the different 

quantification methods to assess atherosclerotic lesions, with the current study assessing the 

presence of lesions along the aortic arch and thoracic aortae whilst the previous study focussed 

on one specific area. Nevertheless, these data could demonstrate that whilst no age-associated 

changes occur in the lipid or glucose profiles of ApoE-/-Cav-1-/- mice, the strain exhibits a pro-

atherogenic lipid profile due to the loss of Cav-1 and caveolae structures. Therefore, this loss 

could potentially limit the transcytosis of LDL into the sub-endothelial space of the vascular wall 

which is a key initiating step in atherogenesis (Frank et al. 2004a). 

6.5.2.2 Western-type diet-fed ApoE-/-Cav-1-/- double knockout mice exhibit protection 

against the development of atherosclerosis despite a proatherogenic lipidaemic serum 

profile in comparison to ApoE-/- mice 

Maintaining the ApoE-/-Cav-1-/- mice on a WD was observed to further exacerbate their pro-

atherogenic lipid profile resulting in severe hypercholesterolaemia in comparison to ND-fed ApoE-

/-Cav-1-/- mice. Furthermore, when compared to age-matched WD-fed ApoE-/- mice, the ApoE-/-

Cav-1-/- strain showed substantially augmented cholesterol and triglyceride levels. Similar 

observations were recorded in the original study of the ApoE-/-Cav-1-/- mice, further validating the 

findings of the current study (Frank et al. 2004a).  

The extent of atherosclerotic disease progression within the aortae of the ApoE-/-Cav-1-/- was 

assessed using the Oil Red O lipid stain. A WD resulted in a significant increase in lesion burden 

after 26 weeks of feeding in comparison to age-matched ND-fed ApoE-/-Cav-1-/- mice. 

Subsequently, the extent of atherosclerotic disease within the aortae of ApoE-/-Cav-1-/- mice was 

compared to the age and diet- matched ApoE strain. Strikingly, atherosclerotic lesions were 

substantially more prevalent in the aortae of ApoE-/- mice after 16 and 26-weeks of a WD in 

comparison to the ApoE-/-Cav-1-/- mice. These data reflect the observations of previous studies of 

the ApoE-/-Cav-1-/- mice, which demonstrated that deletion of Cav-1 conferred significant 

protection against the development of atherosclerosis in WD-fed mice (Frank et al. 2004a; 

Fernandez-Hernando et al. 2009). Furthermore, a crucial role for endothelial Cav-1 expression in 

the pathogenesis of atherosclerosis has been identified previously. Cav-1 was observed to 

promote the development of atherosclerosis when expressed specifically in the endothelium, and 

over-expression accelerated atherosclerotic disease progression (Fernandez-Hernando et al. 

2009; Fernandez-Hernando et al. 2010). Overall, the lipid profile and athero-protected phenotype 

of ApoE-/-Cav-1-/- mice suggests a critical role for Cav-1 in facilitating the infiltration of lipids into 

the wall of the artery thus, loss of Cav-1 potentially results in an attenuation of LDL transcytosis 

into the sub-endothelial space therefore reducing the progression and development of 

atherosclerosis (Fernandez-Hernando et al. 2009). 

6.5.2.3 The body and organ weights of normal diet-fed ApoE-/-Cav-1-/- double knockout mice 

are largely unaffected by increasing age; however, the mice develop cardiac hypertrophy 

The ApoE-/-Cav-1-/- mouse has not been extensively characterised and therefore little is known 

about the effect of combined ApoE and Cav-1 deletion on the organ weights. Except for an 

increase in body weight after 16 weeks on a ND, in comparison to the 8-week group, ageing in 

the ApoE-/-Cav-1-/- mice did not result in any major differences between the different experimental 
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groups when body and organ weights were assessed. This study found that there were no 

differences in body weight between the ApoE-/-Cav-1-/- double knockout mice and the ApoE-/- or 

Cav-1-/- strains after feeding a ND. In agreement with this, the original ApoE-/-Cav-1-/- study 

observed that there were no significant differences in body weight at 11 months of age in ND-fed 

ApoE-/-Cav-1-/- and ApoE-/- mice (Frank et al. 2004a).  

However, when other characteristics were assessed, some differences between the ApoE-/-Cav-

1-/- double knockout mice and the ApoE-/- and Cav-1-/- strains were recorded. Cardiac hypertrophy 

was observed after 8 and 16 weeks on the ND but no differences were found after 26 weeks of 

feeding. These data are not surprising because Cav-1-/- mice have been reported to develop 

cardiac hypertrophy (and this was observed in Chapter 5) and in line with these findings, no 

differences in heart weight or heart weight: body weight ratio were observed between the ApoE-/-

Cav-1-/- and Cav-1-/- mice (Cohen et al. 2003b; Park et al. 2003). Furthermore, whilst there were 

no differences in epididymal fat pad weights between age-matched ApoE and ApoE-/-Cav-1-/- 

mice, the fat pads of ApoE-/-Cav-1-/- mice were significantly smaller than Cav-1-/- mice after 16 

weeks on a ND. However, no significant differences in epididymal adipocyte size were found 

between the ApoE-/-Cav-1-/- and ApoE-/- or Cav-1-/- mice. These data suggest that the increased 

fat deposition in Cav-1-/- mice is due to hyperplasia, as previously reported, and that this does not 

occur within the epididymal fat depots of ApoE-/-Cav-1-/- mice, suggesting regulation of fat depots 

and adipocytes is altered in these mice (Razani et al. 2001; Razani et al. 2002a).  

6.5.2.4 A Western-type diet causes diet-induced weight gain, hepatomegaly and 

splenomegaly in the ApoE-/-Cav-1-/- double knockout mice 

The impact of a WD on the organ weights of ApoE-/-Cav-1-/- mice has not previously been 

assessed. A WD resulted in diet induced weight gain, after 16 weeks of feeding, in comparison 

to age-matched ApoE-/-Cav-1-/- mice. High fat feeding resulted in significant increases in liver and 

spleen weight but no changes to heart weight or heart weight: body weight ratio. Furthermore, 

although the epididymal fat pads of the ApoE-/-Cav-1-/- mice were initially enlarged, no differences 

were found between ND or WD-fed ApoE-/-Cav-1-/- mice at the 26-week time-point and a 

significant difference in adipocyte size was only observed after 16 weeks on a WD. Taken 

together, these data suggest that ApoE-/-Cav-1-/- mice are not resistant to diet induced weight 

gain. However, the combined lack of ApoE-/- and Cav-1-/- appears to result in a compensatory 

shunting of the excess circulating lipids into other organs such as the liver and spleen. Moreover, 

in humans a fatty liver can develop in response to increased adiposity (Stapleton et al. 2010).  

6.5.3 Vascular reactivity studies assessing the effect of aortic PVAT on vascular responses 

in normal diet and Western-type diet fed ApoE-/-Cav-1-/- double knockout mice 

Until now, the vascular reactivity of the ApoE-/-Cav-1-/- mouse has not been investigated. 

Furthermore, the influence of PVAT on vascular responses in this mouse model is unknown thus, 

experiments were conducted on PVAT-intact or PVAT-denuded aortic rings to determine the 

effect of PVAT, age and a WD on vascular reactivity in the ApoE-/-Cav-1-/- mouse. 

The responses of aortic rings to a depolarising solution, KPSS, were not significantly affected by 

the presence of PVAT, age or a WD. Furthermore, the constrictions of aortic rings from ND-fed 

ApoE-/-Cav-1-/- mice did not differ significantly from the responses of ApoE-/- or Cav-1-/- mice.  
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6.5.3.1 Endothelial function does not significantly decline in the aortae of normal or 

Western-type diet-fed ApoE-/-Cav-1-/- double knockout mice despite the presence of 

atherosclerotic lesions  

Endothelial dysfunction, characterised by altered NO signalling, is a risk factor for the 

development of atherosclerosis and is a hallmark of vascular ageing. Furthermore, 

hypercholesterolaemia has been demonstrated to contribute to endothelial dysfunction and 

promote the development of atherosclerosis in humans (Feron et al. 1999; Landmesser et al. 

2004; Fu et al. 2010). Previous studies have described a decline in aortic endothelial function in 

ApoE-/- mice which was associated with hypercholesterolaemia and the development of 

atherosclerotic lesions (Bonthu et al. 1997; Vasquez et al. 2012). However, aortic endothelial 

function did not decline in ApoE-/- mice in this study (Chapter 4). In addition, endothelial integrity 

was assessed in Cav-1-/- mice and observed to be retained with ageing in both ND and 

hypercholesterolaemic WD-fed Cav-1-/- mice. Furthermore, endothelial function was discovered 

to be enhanced, similarly to previous studies, in comparison to the C57BL/6 group in PVAT-

denuded aortic rings from 26 week ND-fed mice (Razani et al. 2001; Pojoga et al. 2008).  

ApoE-/-Cav-1-/- mice exhibit severe hypercholesterolaemia in ND and WD-fed conditions however, 

the mice exhibit a certain degree of protection against the development of atherosclerosis. It was 

therefore of significant interest to determine if the endothelial relaxation responses of ApoE-/-Cav-

1-/- mice were preserved with advancing age and extreme hypercholesterolaemia. Furthermore, 

aortic PVAT has previously been reported to promote endothelial dysfunction in atherosclerosis 

and in states of metabolic disturbance thus, the influence of PVAT on endothelium-independent 

vaso-relaxation was assessed (Gao et al. 2005; Marchesi et al. 2009; Ketonen et al. 2010; Payne 

et al. 2010). 

Endothelial function was not altered by the presence of PVAT, increasing age or a WD in the 

aortic rings of ApoE-/-Cav-1-/- mice. Moreover, severe hypercholesterolaemia and the presence of 

atherosclerotic lesions did not lead to a significant decline in relaxation responses to 

acetylcholine. In addition, the relaxation responses of age and diet-matched ApoE-/- and Cav-1-/- 

mice were compared and no significant differences were observed between the different mouse 

genotypes. The preserved endothelial relaxation responses of aortic rings from ND and WD-fed 

ApoE-/-Cav-1-/- mice potentially lends further support to the argument that genetic deletion of Cav-

1 confers protection against the development of atherosclerosis as a result of reduced cholesterol 

transcytosis into the sub-endothelial space (Everson et al. 2001; Frank et al. 2006; Sun et al. 

2010). 

6.5.3.2 The aortic PVAT of ApoE-/-Cav-1-/- double knockout mice does not exert an anti-

contractile effect  

Vascular reactivity of the aortae from ApoE-/-Cav-1-/- mice had not been investigated prior to the 

commencement of this study. Furthermore, the influence of aortic PVAT on the contractile 

responses of the ApoE-/-Cav-1-/- mice was unknown. 

The responses of PVAT-intact and PVAT-denuded aortic rings from ND-fed ApoE-/-Cav-1-/- mice 

exhibited similar constriction in response to cumulative doses of phenylephrine, indicating that 

PVAT did not exert an anti-contractile effect on the aortic rings of ApoE-/-Cav-1-/- double knockout 
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mice. Furthermore, a WD did not influence the vascular responses of PVAT-intact aortic rings. 

The lack of an anti-contractile effect in the ApoE-/-Cav-1-/- mice is in line with the previous findings 

of this study, that the aortic PVAT of ND-fed ApoE-/- and Cav-1-/- mice did not exert an anti-

contractile effect. Nonetheless, this study concluded that a WD did not modulate the responses 

of PVAT-intact aortic rings when challenged with cumulative doses of phenylephrine. These data 

may suggest that there are significant differences in the factors release by the PVAT of Cav-1-/- 

and ApoE-/-Cav-1-/- mice in response to a WD and this requires further investigation.  

In addition, when the responses of ND and WD aortic rings were compared no significant 

differences were observed between the PVAT-intact or PVAT-denuded- aortic rings. This data 

further demonstrates that a WD did not significantly alter the contractions of aortic rings from the 

ApoE-/-Cav-1-/- mice regardless of the presence of PVAT. Both the ND and WD-fed ApoE-/-Cav-1-

/- mice exhibited severe hypercholesterolaemia. Previous reports have suggested that 

hypercholesterolaemia may augment vascular reactivity via a Cav-1 dependent mechanism 

(Feron et al. 1999; Grayson et al. 2013). It has been reported that in hypercholesterolaemic 

conditions there is increased uptake of cholesterol by endothelial cells with results in upregulation 

of Cav-1 expression (Feron et al. 1999). Elevated Cav-1 expression increases the number of Cav-

1-eNOS inhibitory interactions and therefore hinders NO signalling within the endothelium, which 

in turn can result in decreased NO and potentially, an imbalance in the release of pro and anti-

contractile factors within the arteries leading to increased contraction (Feron et al. 1999). If this is 

indeed the case, then the aortae of ApoE-/-Cav-1-/- mice should be protected from 

hypercholesterolaemic-induced endothelial damage due to the absence of Cav-1-/- within the 

vasculature of the ApoE-/-Cav-1-/- mice (Frank et al. 2004a). However, there are conflicting findings 

surrounding the effect of hypercholesterolaemia on the contractile responses of arteries. 

Furthermore, this present study demonstrated that in ApoE-/- mice there were no changes in aortic 

contraction associated with augmented hypercholesterolaemia when fed a WD. Nevertheless, 

both mouse models are genetically modified and exhibit hypercholesterolaemia in ND-fed 

conditions thus, the effect of hypercholesterolaemia on aortic contractility should be investigated 

in a mouse model, such as C57BL/6 mice, that does not display elevated cholesterol levels, under 

normal chow conditions, and subsequent hypercholesterolaemia can be induced via feeding of a 

WD. 

The PVAT-denuded aortic rings from 8 week ND and WD-fed ApoE-/-Cav-1-/- mice exhibited lower 

contractions than the diet-matched 16 and 26-week groups suggesting that this was an age-

associated effect. To tease out the separate effects of ApoE-/- and Cav-1-/- deletion, the 

contractions of ND-fed ApoE-/-Cav-1-/- mice were compared to age and diet matched ApoE-/- or 

Cav-1-/- mice.  

This current study reported similar findings in PVAT-denuded aortic segments from young Cav-

1-/- mice (a dampened vasoconstrictor response to phenylephrine) but not ApoE-/- mice. In the 

ApoE-/- study, it was proposed that aortic PVAT exhibited a reduced basal activity of eNOS 

whereas, it has been widely reported that eNOS activity and therefore NO production is enhanced 

in Cav-1-/- mice resulting in a significantly attenuated vasoconstrictor response, in previous 

studies and in the present investigation (Razani et al. 2001; Hausman et al. 2012; Pojoga et al. 
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2014). The reasons behind the altered contractility of ApoE-/-Cav-1-/- mice with ageing is unclear. 

However, the increased aortic contractions are unlikely to be attributed to a decrease in NO, as a 

result of increased presence of atherosclerotic lesions within the aortae, because there were no 

significant differences in atherosclerotic lesion burden at these time-points and consequently, 

there were no alterations in endothelium-dependent vaso-relaxations.  

6.5.3.3 The presence of a NOS inhibitor, L-NNA, does not augment contractions to 

phenylephrine in PVAT-intact or PVAT-denuded aortic rings in ApoE-/-Cav-1-/- double 

knockout mice 

Recently, evidence has been provided that rodent aortic PVAT expresses NO and is therefore a 

source of NO (Araujo et al. 2015; Xia et al. 2016). Therefore, the contribution of NO-mediated 

vaso-relaxation to phenylephrine-induced contraction of the aortic rings of the ApoE-/-Cav-1-/- mice 

was assessed using L-NNA because of the presumed enhanced eNOS activity due to the loss of 

Cav-1. 

In the presence of a NOS inhibitor, the aortic rings of 8-week ND-fed ApoE-/-Cav-1-/- mice exhibited 

Cav-1-/--like responses; the contraction of PVAT-intact+L-NNA aortic rings was significantly 

enhanced compared to PVAT-denuded+L-NNA responses. This increase in contraction may have 

resulted from a reduction of NO bioavailability due to the inhibition of eNOS. However, NO 

bioavailability was not directly assessed therefore firm conclusions cannot be drawn. An increase 

in contraction in the presence of L-NNA was not observed in any of the other experimental groups, 

regardless of diet. This data could indicate that the aortic rings of ApoE-/-Cav-1-/- mice, preceding 

the development of overt atherosclerosis (8-week ND-fed mice) have an enhanced eNOS/NO 

bioavailability than the other groups as part of a compensatory mechanism prior to the onset of 

atherosclerosis. However, this requires further investigation of NO bioavailability within the aortic 

PVAT and aortae. Alternatively, the PVAT from the 8-week ND-fed ApoE-/-Cav-1-/- mice may have 

released a vaso-constricting factor although the lack of a similar response, increased 

vasoconstriction of PVAT in response to NOS inhibition, in the other experimental groups make 

this seem unlikely. 

In the previous Cav-1-/- experiments from this study, it was suspected that the concentration of 

inhibitor used did not result in complete inhibition of NOS and thus, did not result in a significant 

increase in contraction of the aortic rings which was observed in other Cav-1-/- studies (Razani et 

al. 2001; Hausman et al. 2012; Pojoga et al. 2014). Therefore, it is possible that eNOS was not 

fully inhibited in the aortic rings of the ApoE-/-Cav-1-/- mice indicating that some NO may have 

been present within the vasculature and may have continued to suppress phenylephrine-induced 

constrictions. Nevertheless, in the ApoE-/- study, NOS inhibition did not result in a significant 

increase in contraction of PVAT-intact or PVAT-denuded aortic rings and this was proposed to be 

due to a reduced basal activity of eNOS. Taken together, it is difficult to draw firm conclusions 

from this data without conducting further experiments to verify NOS inhibition occurred within the 

aortic rings of the ApoE-/-Cav-1-/- mice. 

The sensitivity of the aortic rings to sodium nitroprusside, a potent NO donor, was tested. The 

relaxation responses were similar in the presence or absence of PVAT regardless of age or diet 

type. Moreover, no differences were observed between age and diet-matched ApoE-/- and Cav-
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1-/- mice. These findings suggest that the sensitivity of aortic rings to NO is unaltered in the ApoE-

/-Cav-1-/- mice and is unaffected by the development of atherosclerosis or hypercholesterolaemia. 

These findings are in agreement with previous studies demonstrating no change in NO sensitivity 

with ageing or across the different mouse genotypes used in this study (Deckert et al. 1999; 

Kauser et al. 2000; Ketonen et al. 2010; Pojoga et al. 2014). 

6.5.4 A WD induces white adipocyte hypertrophy within the aortic PVAT of ApoE-/-Cav-1-/- 

double knockout mice after 26 weeks of feeding; however, no associated changes in the 

generation of superoxide or Mac-3+ cells are observed 

The composition of aortic PVAT from the ApoE-/-Cav-1-/- mice has not previously been 

morphologically assessed. Therefore, the effect of increasing age and a WD on the structure of 

aortic PVAT was evaluated to determine if there were any overt differences between the different 

ApoE-/-Cav-1-/- groups. Furthermore, these findings were compared to the ApoE-/- and Cav-1-/- 

mice to highlight any similarities or differences between the three strains which could explain the 

altered vascular responses between the groups.  

The amount of PVAT encasing the aorta could not be assessed in the ApoE-/-Cav-1-/- mice 

because of breeding issues within the colony and subsequent low numbers of ApoE-/-Cav-1-/- 

mice. 

6.5.4.1 A WD induces white adipocyte hypertrophy within the aortic PVAT of ApoE-/-Cav-1-

/- double knockout mice after 26 weeks of feeding 

Alterations to the morphology of PVAT have been associated with changes in function and loss 

of the anti-contractile effect of PVAT (Greenstein et al. 2009; Fitzgibbons et al. 2011; Bussey et 

al. 2016). This study found that the amount of total aortic PVAT area occupied by white adipocytes 

was unchanged by ageing or a WD. A similar observation was made in the ApoE-/- mice whereas, 

in the Cav-1-/- strain, a WD resulted in an increase in the area occupied by white adipocytes after 

16 weeks of high fat feeding.  

Upon assessment of white adipocyte size, a WD was observed to induce white adipocyte 

hypertrophy within the aortic PVAT of the ApoE-/-Cav-1-/- mice after 26 weeks on a WD, which 

was analogous to the observation of the aortic PVAT of Cav-1-/- mice. In contrast, no significant 

white adipocyte hypertrophy was observed in ApoE-/- mice. Nevertheless, the percentage area 

occupied by white adipocytes was similar in ND-fed ApoE-/-Cav-1-/- mice, Cav-1-/- and the ApoE-/- 

mice and in addition, there were no significant differences in mean adipocyte area between the 

different groups of mice under ND conditions. 

The average white adipocyte size within the aortic PVAT of the ApoE-/-Cav-1-/- mice was greater 

than 100 µm for each experimental group, which could have resulted in the adipocytes 

experiencing chronic hypoxic conditions (Hosogai et al. 2007; Lee et al. 2014; Rutkowski et al. 

2015).. When a cell exceeds 100 µm in size the ability of oxygen to diffuse across the cell is 

reduced and hypoxia followed by necrosis and apoptosis may be induced, causing a highly 

inflammatory environment (Hosogai et al. 2007).  As stated previously, the data surrounding 

hypoxia and its modulation of the anti-contractile effect of PVAT is conflicting (Greenstein et al. 

2009; Maenhaut et al. 2010). However, in 26-week ND-fed C57BL/6 mice and 26-week WD-fed 
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Cav-1-/- mice, white adipocyte hypertrophy and potentially hypoxic conditions was associated with 

PVAT causing vasoconstriction of aortic rings and exerting a pro-contractile effect. However, in 

age-matched WD-fed ApoE-/-Cav-1-/- mice, PVAT was still unable to modulate vascular reactivity. 

This data could suggest that lack of ApoE-/- is protective and prevents the release of constricting 

factors or lessens the damage associated with adipocyte hypertrophy.  

6.5.4.2 The aortic PVAT of ApoE-/-Cav-1-/- double knockout mice does not undergo any 

changes in superoxide production with ageing or a Western-type diet 

Elevated levels of oxidative stress through enhanced production of free radicals, such a 

superoxide anion, have been associated with vascular damage, and this is a risk factor for the 

development of CVD (Elahi et al. 2009). ApoE confers anti-inflammatory and anti-oxidant 

properties therefore; its loss has been linked with high basal oxidative stress in ApoE-/- mice (Mayr 

et al. 2005; Tarnus et al. 2009; Pereira et al. 2012). In addition, Cav-1-/- mice exhibit increased 

oxidative stress and superoxide production within their arteries (Wunderlich et al. 2008a; 

Wunderlich et al. 2008b). Therefore, superoxide production within the aortic PVAT of ApoE-/-Cav-

1-/- mice was assessed.  

Increasing age of the ND ApoE-/-Cav-1-/- mice did not result in a significant alteration of superoxide 

within the aortic PVAT. Surprisingly, when compared to ND ApoE-/- and Cav-1-/- mice, no 

significant differences were observed between the different genotypes. This suggests that 

deletion of ApoE-/- and Cav-1-/- does not augment thoracic PVAT-derived superoxide production. 

Furthermore, feeding the ApoE-/-Cav-1-/- mice a WD did not result in any changes in the generation 

of superoxide. This is in line with the previous observations of WD-fed ApoE-/- and Cav-1-/- mice 

in this study. Aortic PVAT is a heterogeneous mix of white and brown adipose tissue (BAT) and 

whilst white adipocytes are present within thoracic PVAT, the majority of aortic PVAT is composed 

of BAT. BAT is a thermogenic tissue and is abundantly packed with mitochondria and upon 

activation, promotes thermogenesis through the dissipation of chemical energy as heat, a process 

facilitated by mitochondrial uncoupling protein 1 (UCP-1) (Rebiger et al. 2016). UCP-1 has been 

demonstrated to play a key role in modulating the oxidative status of BAT through mediating the 

uncoupling of oxidative phosphorylation and thus limits oxidative stress in BAT thus his may 

explain why superoxide production was unchanged in the aortic PVAT of the ApoE-/-Cav-1-/- mice 

(Oelkrug et al. 2010; Rebiger et al. 2016). 

6.5.4.3 The number of infiltrating Mac3+ cells within the aortic PVAT of ApoE-/-Cav-1-/- 

double knockout mice is unaffected by increasing age or a WD 

Previous studies have demonstrated that thoracic aortic PVAT is resistant to inflammation 

(Ketonen et al. 2010; Fitzgibbons et al. 2011). The population of infiltrating Mac3+ cells was 

assessed in the aortic PVAT of the ApoE-/-Cav-1-/- mice and no significant differences were 

observed with increasing age in ND-fed ApoE-/-Cav-1-/- mice. In addition, a WD and the presence 

of atherosclerotic lesions within the aortae did not alter the number of Mac3+ cells observed 

infiltrating the aortic PVAT. These findings agree with the observations of WD-fed Cav-1-/- and 

ApoE-/- mice used in this study and reports from other investigations of murine aortic PVAT 

(Ketonen et al. 2010; Fitzgibbons et al. 2011). However, the populations of other inflammatory 
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cells were not assessed and therefore it is not possible to draw firm conclusions regarding the 

inflammatory profile of the aortic PVAT from the ApoE-/-Cav-1-/- mice. 

6.6 Limitations and future experiments 

A limiting factor of this study was the amount of time taken to generate the ApoE-/-Cav-1-/- mouse 

and the subsequent poor breeding output resulting in the generation of fewer ApoE-/-Cav-1-/- mice 

for use in experiments than required.  

Although the genotype of all experimental ApoE-/-Cav-1-/- mice was confirmed by PCR, Western 

blots confirming the absence of ApoE and Cav-1 were not performed. In previous studies, Cav-1-

/- mice have been demonstrated to lack caveolae structures and do not express Cav-1-/- within the 

vasculature, specifically the aortic SM and adipocytes. However, due to low numbers of mice this 

was not confirmed in the present study thus, in future investigations of the ApoE-/-Cav-1-/- mice 

the absence of Cav-1 and ApoE-/- should be confirmed by performing a Western blot on the PVAT 

and aortae of the mice. 

The Cav-1-/- eNOS inhibition experiments indicated that the concentration of L-NNA, a NOS 

inhibitor, was too low. This may have resulted in incomplete inhibition of eNOS in the aortic 

preparations of the ApoE-/-Cav-1-/- mice. Therefore, it would be important to determine if NO 

bioavailability was substantially depleted after NOS inhibition, using 50 µM L-NNA, via confocal 

microscopy utilising an indicator of NO. Additionally it would be interesting to repeat the 

myography and proposed confocal experiments using a higher concentration of L-NNA, 100 µM 

for example, to determine if this resulted in altered aortic contractility or diminished NO 

bioavailability. 

Atherosclerotic lesion burden was assessed via en face lesion analysis using an Oil Red O stain. 

However, additional histological quantifications of lesions should be performed, for example 

examination of the aortic root using Elastin Van Gieson’s stain, in order to verify the findings of 

this study, that the ApoE-/-Cav-1-/- mice are athero-protected in comparison to ApoE-/- mice. 

Although aortic PVAT has been demonstrated to be resistant to inflammation it would be of 

interest to perform a more detailed characterisation of the inflammatory profile of the aortic PVAT 

and determine if other inflammatory cells populate the aortic PVAT of the ApoE-/-Cav-1-/- mice 

(Ketonen et al. 2010; Fitzgibbons et al. 2011).  

6.7 Summary and conclusions 

This present study demonstrated that when fed a WD, ApoE-/-Cav-1-/- mice display an athero-

protected phenotype despite a severely pro-atherogenic lipid profile. Furthermore, the aortic 

PVAT of ApoE-/-Cav-1-/- double knockout mice did not influence vascular reactivity although the 

morphology of white adipocytes within the aortic PVAT was altered after extensive high fat 

feeding. In addition, the PVAT from 8-week ND fed ApoE-/-Cav-/- mice exerted a pro-contractile 

effect in response to NOS inhibition however, the reason for this remains unclear. The athero-

protected phenotype of ApoE-/-Cav-1-/- mice has previously been proposed to be due to the 

reduced transcytosis of LDL into the sub-endothelial space of the vascular wall, which may 

provide a potential therapeutic target for the treatment or prevention of atherosclerosis. 
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The main findings of this chapter were: 

 The lipid profile of ApoE-/-Cav-1-/- mice was significantly more pro-atherogenic than 

age and diet-matched ApoE-/- mice. However, atherosclerotic lesion burden was 

significantly attenuated in WD-fed ApoE-/-Cav-1-/- mice in comparison to the ApoE-

/- mice.   

 Endothelial function was retained in ND and WD-fed ApoE-/-Cav-1-/- mice, despite 

the development of atherosclerotic lesions along the luminal surface of the aortae. 

 The aortic PVAT of ApoE-/-Cav-1-/- mice did not exert an anti-contractile effect on 

aortic rings. 

 A WD did not alter the influence of aortic PVAT on vascular reactivity in ApoE-/-Cav-

1-/- mice. 

 NOS inhibition revealed a pro-constrictor effect in PVAT from 8-week ND-fed ApoE-

/-Cav-1-/- mice.  

 A WD induced white adipocyte hypertrophy within the aortic PVAT of ApoE-/-Cav-

1-/- mice. 
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~ Chapter Seven ~ 

General Discussion 

7.1 Main findings of this thesis 

Refer to Figure 7.1 and 7.2 for a schematic summary of the findings. 

The effect of ageing and the role of nitric oxide in PVAT and vascular function in C57BL/6 

mice: 

 Endothelial function was maintained in C57BL/6 mice aged to pre-middle age whilst the 

anti-contractile effects of aortic perivascular adipose tissue (PVAT) were attenuated in 

the 26-week normal diet (ND) -fed C57BL/6 mice.  

 Nitric oxide synthase (NOS) inhibition revealed that nitric oxide (NO) mediated the anti-

contractile effect of PVAT in the 8 and 16-week ND-fed groups however, NOS inhibition 

had no effect in the 26-week ND group, which may be indicative of a decrease in PVAT-

derived NO.  

 The morphology of aortic PVAT was altered with increasing age; an increase in the weight 

of PVAT surrounding the aortae in combination with white adipocyte hypertrophy and 

increased superoxide production and an altered adipokine profile may have contributed 

to the loss of the anti-contractile effect of PVAT in the 26-week ND cohort. 

The effect of ageing, a Western-type diet and the contribution of nitric oxide to the function 

of PVAT in atherosclerotic ApoE-/- mice: 

 Endothelial dysfunction was not observed in the aortae of ND or Western-type diet (WD) 

-fed ApoE-/- mice despite the presence of atherosclerotic lesions along the luminal surface 

of the aortae. 

 The aortic PVAT of ApoE-/- mice was dysfunctional and did not exert an anti-contractile 

effect on aortic rings; this was potentially due to decreased basal endothelial NOS 

(eNOS) activity resulting in an attenuation of PVAT-derived NO.  

 Feeding the ApoE-/- mice a WD did not alter the vascular reactivity of aortic PVAT. 

 The aortic PVAT of ApoE-/- mice exhibited an aged phenotype when assessed 

morphologically.  

The influence of nitric oxide and PVAT on vascular function in ageing and Western-type 

diet-fed athero-resistant Cav-1-/- mice 

 The aortic PVAT of Cav-1-/- mice did not exert an anti-contractile effect on isolated aortic 

rings.  
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 The aortic PVAT of Cav-1-/- mice fed a WD for 26 weeks exerted a pro-contractile effect 

on isolated aortic rings and this was associated with white adipocyte hypertrophy within 

the aortic PVAT. 

 In the presence of the NOS inhibitor, L-NNA, the aortic PVAT of Cav-1-/- mice exerted a 

pro-contractile effect on aortic ring preparations. 

 Extensive feeding of a WD induced white adipocyte hypertrophy within the aortic PVAT 

of Cav-1-/- mice. 

The effect of ageing, a Western-type diet and nitric oxide on PVAT and vascular function 

in athero-protected ApoE-/-Cav-1-/- mice 

 The lipid profile of ApoE-/-Cav-1-/- mice was significantly more pro-atherogenic than age 

and diet-matched ApoE-/- mice. However, atherosclerotic lesion burden was significantly 

attenuated in WD-fed ApoE-/-Cav-1-/- mice in comparison to the ApoE-/- mice.   

 Endothelial function was retained in ND and WD-fed ApoE-/-Cav-1-/- mice, despite the 

development of atherosclerotic lesions along the luminal surface of the aortae. 

 The PVAT of ApoE-/-Cav-1-/- mice did not exert an anti-contractile effect on aortic rings. 

 A WD did not alter the influence of aortic PVAT on vascular reactivity in ApoE-/-Cav-1-/- 

mice. 

 NOS inhibition revealed a pro-contractile effect in PVAT from 8-week ND-fed ApoE-/-Cav-

1-/- mice.  

 A WD induced white adipocyte hypertrophy within the aortic PVAT of ApoE-/-Cav-1-/- mice. 
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NOS inhibition had no effect on aortic ring contractility with or 
without PVAT and this was attributed to reduced basal eNOS 
activity.  

PVAT dysfunction in pre-middle aged mice was 
associated with increased aortic PVAT weight, 
white adipocyte hypertrophy, increased 
superoxide and altered adipokine profile.  

Aortic PVAT exerted an anti-contractile effect in young C57BL/6 
mice. This effect was lost with ageing. 

C57BL/6 

ApoE
-/-

 

Summary 
of key 

findings 

ND    WD    ND   WD    ND    WD 

Atherosclerotic lesion 
development was 
accelerated within the 
aortae of WD-fed mice.  

The amount of PVAT surrounding the aortae 
did not alter with age or a WD nor did the 
population or mean size of the white 
adipocytes within the PVAT.  

Endothelium-dependent 
relaxations did not decline 
with age or a WD. The 
presence of PVAT did not 
alter relaxation responses. 

PVAT was dysfunctional and had an ‘aged’ phenotype that was 
unaffected by diet.   

PVAT dysfunction preceded endothelium 
dysfunction and therefore could be used 
as an early indicator of cardiovascular 
disease. PVAT did not modulate 
endothelium-dependent relaxation. 

NOS inhibition experiments in young C57BL/6 mice abolished 
the anti-contractile effect of PVAT in young C57BL/6 mice 
indicating that PVAT-derived NO mediates the anti-contractile 
effect of aortic PVAT. NOS inhibition had no effect in pre-
middle age mice indicating diminished PVAT-derived NO 
bioavailability 

Figure 7.12 Summary of key findings in C57BL/6 and ApoE-/- mice 



 

196 
 

  

 

 

 

Atherosclerotic lesion burden was 
reduced in 5 and 7 ½ month old WD-
fed mice compared to ApoE-/- mice.  

Endothelium-dependent relaxations were unchanged with 
ageing or a WD and PVAT did not modulate relaxation 
responses 

 ND  WD  ND   WD   ND  WD 

NOS inhibition revealed a Cav-1-/--like response 
in the 8 week ND-fed group, which may suggest 
enhanced eNOS activity prior to the onset of 
overt atherosclerosis. However, no effects of 
NOS inhibition were observed in the rest of the 
groups, similar to the ApoE-/- responses. 

 ND  WD  ND   WD   ND  WD 

White adipocytes within the PVAT of 26 week WD-fed 
mice were significantly enlarged compared to ND mice. 
Also, this was observed in the ApoE-/-Cav-1-/- mice 

ApoE
-/-

Cav-1
-/-

 

Summary 
of key 

findings 

Cav-1
-/-

 

PVAT did not modulate 
endothelium-dependent 
relaxations and no significant 
changes in were observed with 
ageing or a WD. 

NOS inhibition revealed a pro-
contractile effect of PVAT 
which may indicate the release 
of a PVAT-derived constricting 
factor. 

PVAT did not exert an anti-contractile effect this may have been 
due to dampened vasoconstrictor responses of PVAT-denuded 
aortic rings preventing further modulation of relaxation or, the 
release of a contracting factor opposing the effect of excess NO. 
Aortic PVAT exerted a pro-contractile effect after 26 weeks on a 
WD and this was associated with white adipocyte hypertrophy 

 
Atherosclerotic lesions did not 
form within the aorta.  

PVAT did not 
modulate 
vascular 
reactivity 
with ageing 
or a WD.   

Figure 7.2 Summary of key findings from Cav-1-/- and ApoE-/-Cav-1-/- mice 
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7.2 Summary of the main findings of this thesis and future directions  

7.2.1 Nitric oxide mediates the anti-contractile effect of aortic PVAT in young C57BL/6 

mice, but this is attenuated with ageing to pre-middle age and this is potentially due to a 

decrease in PVAT-derived NO bioavailability and alterations to PVAT composition  

The data in this thesis indicate that NO within the thoracic aortic PVAT of C57BL/6 mice is a key 

mediator of the anti-contractile effect of PVAT, as inhibition of NOS attenuated the anti-contractile 

influence of PVAT in the 8 and 16-week ND fed mice. However, this anti-contractile effect of aortic 

PVAT was abolished in ageing C57BL/6 mice and was attributed to a loss of PVAT-derived NO 

bioavailability, as NOS inhibition no longer influenced aortic preparations from mice of this age 

group. Similar findings have been observed in the small arteries of humans and rodents, where 

inhibition of NOS diminished the anti-contractile effect of PVAT although this was absent in states 

of diet-induced weight gain (Greenstein et al. 2009; Gil-Ortega et al. 2010; Lynch et al. 2013; 

Bussey et al. 2016; Zaborska et al. 2016). Additionally, eNOS and NO in PVAT have been 

demonstrated to be substantially downregulated in diet-induced weight gain, with C57BL/6 mice 

fed a high fat diet for 32 weeks exhibiting undetectable levels in mesenteric PVAT (Fernández-

Alfonso et al. 2013). This study did not investigate the mechanism of action of aortic PVAT-derived 

NO on the aortic SM. Nevertheless, it has been demonstrated previously that NO modulates 

vasoconstriction of vascular SM predominantly through stimulating sGC to cGMP and activates 

protein kinase G, which subsequently stimulates the re-uptake of cytosolic Ca2+ into the 

sarcoplasmic reticulum and the opening of Ca2+-activated K+ channels resulting in relaxation of 

SM (Furchgott and Vanhoutte 1989; Carvajal et al. 2000; Derbyshire and Marletta 2012; Zhao et 

al. 2015). Furthermore, a role for the activation of protein kinase G in the anti-contractile effect of 

murine PVAT has recently elucidated (Withers et al. 2014). 

In the present study, the altered influence of aortic PVAT on the vasculature was associated with 

an increased amount of aortic PVAT, white adipocyte hypertrophy, increased superoxide 

production and an altered adipokine profile. Furthermore, NOS inhibition experiments indicated 

that PVAT-derived NO bioavailability may have been diminished in the ageing C57BL/6 mice.  

Together, these changes may have promoted the observed age-associated aortic PVAT 

dysfunction. These findings agree with previous studies which clearly demonstrated a link 

between an overabundance of PVAT with altered vascular reactivity in ageing and obese mice 

and a greater cardiovascular (CVD) risk in humans (Ketonen et al. 2010; Britton et al. 2012; Szasz 

2012). Furthermore, the loss of the anti-contractile effect of PVAT has been linked to decreases 

in PVAT-derived NO bioavailability in humans and rodent models (Gao et al. 2007b; Greenstein 

et al. 2009; Zaborska et al. 2016).  

This study demonstrated that the ageing C57BL/6 mice exhibited a greater percentage area of 

PVAT occupied of white adipocytes within the aortic PVAT and these adipocytes were enlarged. 

Also, similar findings in much older mice have been recorded (Bailey-Downs et al. 2013).  

Furthermore, the size of the white adipocytes indicated that they could have been under chronic 

hypoxic conditions due to exceeding the oxygen diffusion limit which can lead to hypoxia, 

necrosis, and an inflammatory environment (Hosogai et al. 2007; Lee et al. 2014; Rutkowski et 

al. 2015). Intriguingly, these alterations to the influence and morphology of aortic PVAT occurred 



 

198 
 

prior to endothelial dysfunction or dyslipidaemia, which has long been used as an indicator of 

cardiovascular health.  

These findings pose two main questions for future research. Firstly, do the findings in ageing 

C57BL/6 mice translate to those observed in vivo in humans? If normal vascular ageing induces 

a loss of the net beneficial anti-contractile capacity of PVAT in humans, imaging of sites such as 

the coronary artery, to assess the amount of PVAT, or as referred to in humans at this site, 

epicardial adipose tissue (EAT), surrounding the artery could be important for determining if 

detrimental changes are present within the fat. An increase in the amount of EAT could be used 

as an early indicator of increase CV risk. Currently, echocardiography, CT and MRI have been 

used to assess EAT thickness in humans and a link between larger quantities of EAT encasing 

the coronary arteries has been linked to increased CVD incidence (Britton et al. 2012; Fitzgibbons 

et al. 2014). Furthermore, diet, exercise and gastric bypass have been demonstrated to decrease 

visceral and epicardial fat mass and could have potentially improved the function of EAT with 

regards to vascular reactivity as an added a side-effect (Willens et al. 2007; Iacobellis et al. 2008; 

Kim et al. 2009; Fitzgibbons and Czech 2014). However, there is conflicting evidence concerning 

the morphology of the EAT surrounding human coronary arteries, with some studies finding brown 

adipose tissue characteristics and others a white adipose tissue profile (Chatterjee et al. 2009; 

Sacks et al. 2009; Miao and Li 2012). 

Functional or histological assessment of human arteries to determine if PVAT undergoes similar 

age-related changes, such as a loss of anti-contractile capacity, adipocyte hypertrophy, increased 

superoxide production and altered adipokine profile, as observed in the ageing C57BL/6 mice, 

would be of interest. However, collecting human arteries for PVAT studies is understandably 

difficult. The internal thoracic artery is one of the most accessible human arteries and is obtained 

during coronary artery bypass graft operations (Gao et al. 2005; Malinowski et al. 2008). Also, in 

relation to the findings of this study, it is the most clinically relevant as it has been demonstrated 

to exert an anti-contractile effect ex vivo in response to various agonists including phenylephrine 

(Gao et al. 2005). Furthermore, additional studies demonstrated that the PVAT of the internal 

thoracic artery and not adipose tissue in general, i.e. fat derived from another fat depot, elicited 

the anti-contractile effect of PVAT through the release of vasoactive factors and adipokines, as 

pleural fat had no effect on vascular reactivity (Malinowski et al. 2008). However, in contrast to 

this study, the anti-contractile effect of PVAT from the internal thoracic artery was determined to 

occur through two discrete mechanisms via an endothelium-dependent pathway involving NO 

release and subsequent KCa channel activation but also by a NO-independent pathway involving 

hydrogen peroxide (H2O2) (Gao et al. 2005; Gao et al. 2007b; Malinowski et al. 2008).  

If similar alterations occurred in the PVAT of humans, as observed in ageing mice in this study, 

this raises the second important question, can the age-associated changes in PVAT morphology 

and vascular reactivity be reversed? As stated previously, diet, exercise and gastric bypass have 

been proven to decrease visceral and epicardial fat mass (Willens et al. 2007; Iacobellis et al. 

2008; Kim et al. 2009; Fitzgibbons and Czech 2014). These findings may translate to other PVAT 

depots. The current study demonstrated that the aortic PVAT of ageing C57BL/6 mice displayed 

white adipocyte hypertrophy. However, adipose tissue is known to exhibit plasticity, to a certain 
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extent, and it is possible that white adipocyte hypertrophy, which may have contributed to the 

PVAT dysfunction observed, may be reversible. Previous studies in rodents have demonstrated 

that exercise can lead to the ‘browning’ of white adipocytes within aortic PVAT and led to 

increased eNOS expression and NO production (Araujo et al. 2015; DeVallance et al. 2016). 

However, a period of exercise training over 8 weeks was not sufficient to alter the anti-contractile 

capacity of PVAT in rat aortic preparations. In addition, PVAT-derived adipokine profiles were 

unchanged although a reduction in PVAT amount was observed (Araujo et al. 2015). Furthermore, 

studies on the left circumflex coronary artery in swine demonstrated no effect of exercise on PVAT 

function (Bunker and Laughlin 2010). Nevertheless, the effect of exercise on the influence of 

PVAT on vascular function in humans has not yet been assessed and its potential therapeutic 

effects remain to be seen. Alternative approaches such as cold exposure and pharmacological 

targeting of brown adipose tissue are currently under investigation. Therapeutic ‘browning’ of 

adipose tissue may be a potential method to rescue PVAT function and reverse the effects of 

white adipocyte hypertrophy observed in PVAT with ageing, diet-induced weight gain and other 

CVD in humans (Cypess et al. 2012; Kiefer et al. ; Sharp et al. 2012; Wu et al. 2012; Park et al. 

2014). 

In conjunction with the observed morphological and compositional changes within the aortic PVAT 

of pre-middle aged C57BL/6 mice, NOS inhibition experiments indicated a reduction in PVAT-

derived NO in the ageing C57BL/6 mice and this may have contributed to the loss of the anti-

contractile effect of PVAT. This finding may reveal eNOS and NO as a potential therapeutic target 

for the restoration of the PVAT effect. Specific targeting of the NO pathway in order to maintain 

or restore PVAT anti-contractile function could potentially reduce CVD incidence, as diminished 

NO bioavailability is a key factor in the pathogenesis of many CVDs. Current mainstream 

therapeutic strategies in the treatment of reduced NO bioavailability involve the use of NO donors 

and agents to increase NO bioactivity in vivo (Lundberg et al. 2015). However, a better 

understanding of NO signalling may lead to therapies which can enhance eNOS activity in vivo 

and limit the reaction of NO with ROS in the vasculature and thus maintain PVAT and endothelium 

function.  

7.2.2 The aortic PVAT of ApoE-/- mice does not exert an anti-contractile effect which may 

be due to reduced basal eNOS activity and an aged PVAT phenotype 

In this study the aortic PVAT of ageing ND and WD-fed ApoE-/- mice was assessed for the first 

time. Aortic PVAT was not shown to alter vascular reactivity and did not exert an anti-contractile 

effect in the early or later stages of atherosclerosis. However, in comparison to healthy C57BL/6 

mice, the contractile responses of PVAT-intact aortic rings in the 8 and 16-week ND ApoE-/- mice 

was augmented in comparison to the age and diet matched C57BL/6 strain, which indicated a 

dysfunction of the PVAT. Additionally, a WD did not have an impact on vascular responses. The 

PVAT dysfunction in the ApoE-/- mice could potentially be attributed to reduced basal eNOS 

activity in comparison to C57BL/6 mice, as NOS inhibition had no effect on the ApoE-/- aortic 

preparations. However, this needs to be explored further and eNOS activity and NO bioavailability 

experiments performed on the aortae and its PVAT in order to verify or refute this assertion. 
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In addition to vascular reactivity studies, the morphology of aortic PVAT from ApoE-/- mice was 

assessed and found to be unchanged with ageing or a WD. However, the aortic PVAT of ApoE-/- 

mice appeared to differ to that of the C57BL/6 strain. Ageing and a WD did not alter the weight of 

PVAT encasing the aortae of ApoE-/- mice whereas in the C57BL/6 study, PVAT amount 

increased significantly with age. In addition, studies of C57BL/6 mice have clearly demonstrated 

high fat feeding results in an increase in PVAT amount and a loss of the anti-contractile capacity 

(Ketonen et al. 2010). Although not statistically significant, the area occupied by white adipocytes 

within the aortic PVAT of ApoE-/- mice, and indeed the size of the white adipocytes themselves 

were initially greater than age-matched C57BL/6 mice. The enlarged white adipocyte size within 

the aortic PVAT of the ApoE-/- mice may have contributed to a hypoxic environment and therefore 

contributed to the lack of an anti-contractile effect of the PVAT from ApoE-/- mice. Furthermore, 

superoxide production was substantially elevated in the younger ApoE-/- mice in comparison to 

the C57BL/6 strain. Taken together, this data may indicate that the morphology and oxidative 

status of aortic PVAT from ApoE-/- mice contributes to the observed PVAT dysfunction, as these 

characteristics, increased white adipocyte size and superoxide, were observed in the ageing 

C57BL/6 mice when age-associated PVAT dysfunction occurred. Furthermore, previous studies 

in high fat-fed C57BL/6 mice have demonstrated that changes to PVAT composition, such as 

increases in white adipocyte number and adipocyte hypertrophy (as observed from the outset in 

the aortic PVAT of ApoE-/- mice) results in a decrease in PVAT-derived NO bioavailability (Xia et 

al. 2016).  

The ApoE-/- mouse is a model of atherosclerosis and ageing and as such, it would be interesting 

to assess NO bioavailability and eNOS activity in the PVAT of humans in close proximity to 

atherosclerotic plaques to determine if the characteristics of PVAT from ApoE-/- mice, e.g. 

decreased NO, increased white adipocyte hypertrophy and enhanced superoxide production, are 

observed in humans. In addition, investigations using samples of arteries from humans where 

atherosclerotic lesions are present, and determining if PVAT could modulate vascular reactivity 

and exert an anti-contractile effect would be of interest. Furthermore, if NO bioavailability and 

eNOS activity were found to be reduced in the PVAT surrounding atherosclerotic lesions, current 

treatments such as statins, and therapies aimed at increasing NO production in vivo could 

potentially restore PVAT function and prevent further development of atherosclerosis. 

However, significant differences between the findings of this study and that of PVAT and 

atherosclerosis in humans were observed. The aortic PVAT of ApoE-/- mice was observed to be 

resistant to the effects of diet induced weight gain and no significant increases in Mac-3+ 

macrophage infiltration were observed in the aortic PVAT. This is not representative of the human 

condition. A recent theory of ‘outside-in’, regarding vascular inflammation suggests that 

inflammation within PVAT could promote atherosclerosis. This hypothesis suggests that 

inflammation originates in the adipose tissue surrounding the vasculature and spreads inward 

towards the artery wall; this was supported by immunostaining of human atherosclerotic aortae 

demonstrating inflammatory macrophages and T cells at the junction of PVAT and adventitia 

(Henrichot et al. 2005; Maiellaro et al. 2007; Britton et al. 2011). Previous studies have 

demonstrated that atherosclerotic plaques develop predominantly within epicardial coronary 
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arteries that are surrounded by PVAT and this fat depot expands with increasing adiposity 

(Montani et al. 2004; Sarin et al. 2008; Payne et al. 2012). Furthermore, atherosclerotic burden 

has been associated with the amount of epicardial PVAT surrounding the artery (Greif et al. 2009; 

Mahabadi et al. 2010; Wang et al. 2010; Verhagen et al. 2012). However, although several 

atherosclerotic lesions were present in the aortae of ApoE-/- mice, no significant increases in the 

amount of PVAT surrounding the aortae were observed, demonstrating that the aortic PVAT of 

ApoE-/- mice is resistant to diet-induced weight gain a finding that is not observed in humans. 

7.2.3 The aortic PVAT of Cav-1-/- mice does not exert an anti-contractile effect 

The studies of aortic PVAT in C57BL/6 mice indicated that PVAT-derived NO played an important 

role in mediating the anti-contractile effect of PVAT. Therefore, the effect of excess NO production 

in the aortic PVAT of Cav-1-/- mice was assessed and, surprisingly, the aortic PVAT of Cav-1-/- 

was not observed to exert an anti-contractile effect (Razani et al. 2001). The lack of an anti-

contractile effect could potentially be due to the observed dampened contractile responses of 

PVAT-denuded aortic rings. Potentially, the reduced contraction of the aortae of the Cav-1-/- mice 

prevented any further modulation by aortic PVAT in these mice thus preventing an anti-contractile 

effect of PVAT from being revealed. However, loss of Cav-1 within the vasculature of Cav-1-/- 

mice may have led to compensatory mechanisms and the release of vaso-constricting factors. 

This theory is supported by the finding that after 26 weeks on a WD, the PVAT of Cav-1-/- mice 

significantly augmented contractile responses to phenylephrine, suggesting the release of a 

PVAT-derived constricting factor and this was observed in conjunction with white adipocyte 

hypertrophy. This finding is in line with other studies of large arteries which have demonstrated 

that PVAT can exert vaso-constricting factors and these have been identified in states of health 

and disease (Chang et al. 2012b; Meyer et al. 2013; Villacorta and Chang 2015). 

Furthermore, after incubation with the NOS inhibitor, L-NNA, PVAT-intact aortic rings were 

demonstrated to exert pro-contractile effects on aortic preparations (with the exception of the 8-

week WD-fed group) and this reinforces the idea that the aortic PVAT of Cav-1-/- mice releases a 

vaso-constricting factor but its effect is masked by PVAT-derived NO. Inhibition of eNOS may 

have resulted in diminished NO bioavailability, and therefore disrupted the balance between 

PVAT-derived NO and the constricting factor, enabling the vaso-constricting factor to modulate 

aortic contractions.  

Superoxide production was assessed within the aortic PVAT of Cav-1-/- mice and although no 

changes were observed with ageing or a WD, significant differences in superoxide production 

were observed in comparison to C57BL/6 mice. Superoxide was elevated in 8-week ND-fed Cav-

1-/- mice in comparison to age matched C57BL/6 mice and may indicate some dysfunction of the 

PVAT of Cav-1-/- mice. This is supported by findings that augmented ROS production within PVAT 

resulted in a loss of the PVAT anti-contractile effect (Greenstein et al. 2009; Marchesi et al. 2009). 

It would be interesting to observe the effects of excess NO production in another mouse model, 

for example a transgenic mouse globally over-expressing eNOS, or targeted overexpression 

within aortic PVAT to determine if the aortic PVAT exerts an anti-contractile effect or responds in 

a similar fashion to the Cav-1-/- mice. Transgenic mice overexpressing eNOS within the vascular 

wall display attenuated vasoconstrictor responses and are hypotensive which has been attributed 
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to elevated basal NO within the vasculature (Ohashi et al. 1998). In addition, another line of 

transgenic mice overexpressing eNOS demonstrated a two-fold increase in eNOS within 

epididymal adipose tissue and a six-fold increase in the aorta (Sansbury et al. 2012). Moreover, 

enhanced eNOS overexpression was demonstrated to prevent diet-induced weight gain and 

hyperinsulinaemia and increased metabolic activity was observed in the adipose tissue (Sansbury 

et al. 2012). However, enhanced NO production within the aortae of the Cav-1 mice was not 

directly confirmed therefore additional experiments are required to determine the nature of eNOS 

activity, NO bioavailability and the contribution of NO to the vascular reactivity of PVAT and the 

aortae of Cav-1-/- mice. 

7.2.4 Western-type diet fed ApoE-/-Cav-1-/- double knockout mice exhibit an athero-

protected phenotype; however, aortic PVAT from these mice does not modulate vascular 

reactivity  

The aortic PVAT of ApoE-/-Cav-1-/- double knockout mice did not modulate vascular reactivity. 

Furthermore, a WD did not alter the contractile responses of PVAT. However, white adipocyte 

hypertrophy was observed after 26 weeks of high at feeding and a link between adipocyte 

hypertrophy and PVAT dysfunction has been extensively reported on. In Cav-1-/- mice, white 

adipocyte hypertrophy was associated with PVAT exerting a pro-contractile effect although no 

change in contractility were observed in ApoE-/-Cav-1-/- mice. This potentially suggests that there 

are fundamental differences in the secretion profiles of Cav-1-/- and ApoE-/-Cav-1-/- mice in 

response to a WD and this requires further investigation. 

A contributing factor to the absence of an anti-contractile effect in the PVAT of ApoE-/-Cav-1-/- 

mice may have been that it appears to display an aged phenotype from the outset, with enlarged 

white adipocytes (greater than 100 µm in each group) and elevated superoxide production 

(Hosogai et al. 2007; Lee et al. 2014; Rutkowski et al. 2015). The aortic PVAT of ApoE-/-Cav-1-/- 

mice may have been exposed to chronic hypoxic conditions due to the enlarge white adipocytes 

which could have prevented the aortic PVAT from exerting an anti-contractile effect as reported 

in other studies (Greenstein et al. 2009).  

In the presence of the NOS inhibitor L-NNA, the aortic PVAT of 8-week ND-fed ApoE-/-Cav-1-/- 

mice exerted a pro-contractile effect (as observed in the PVAT of NOS-inhibited Cav-1-/- mice) 

although this effect was not replicated in any of the other experimental groups. The increased 

contraction may suggest the release of a vaso-constricting factor by the PVAT. On the other hand, 

it may suggest enhanced eNOS activity at this time-point and may have been a consequence of 

a compensatory mechanism prior to the development of overt atherosclerosis. Altered vaso-

relaxation responses have been reported in ApoE-/- mice prior to the development of 

atherosclerosis as a result of altered Ca2+ handling and the release of COX-2-derived products 

and these were attributed to a compensatory mechanism to counteract the effects of a 

dysfunctional endothelium (Cobb C. 2013; Ewart et al. 2014). However, this requires further 

investigation of eNOS activity/NO bioavailability within the aortic PVAT and aortae. 

It has been suggested that excess NO production within the aortae of ApoE-/-Cav-1-/- mice, due 

to the loss of the inhibitory Cav-1-eNOS complex, contributes to its atheroprotected phenotype 

(Le Lay and Kurzchalia 2005). However, eNOS activity and NO bioavailability were not directly 
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assessed in this study and therefore further investigation, through Western blot, Griess reagent 

assay or confocal microscopy, is required in order to fully evaluate eNOS activity, NO 

bioavailability and the influence of NO on vascular reactivity within the aortae and aortic PVAT of 

Cav-1-/- mice.  

Despite the fact that atherosclerosis is a major factor in the development of coronary artery 

disease, most treatments are aimed at mechanically opening occluded vessels or bypassing 

established plaques. Although atherosclerotic lesions have been recorded within the 

vasculature in the first couple of decades of life, therapies aimed at preventing the initiation 

and very early development of atherosclerosis are limited (Piepoli et al. 2016). Current statin 

treatments have been demonstrated to halt or indeed possibly reverse atherosclerosis in the 

middle-aged and elderly population (Smilde et al. 2001; Nissen et al. 2004; Taylor et al. 2004; 

Steinberg 2010). However, a genetic predisposition to low LDL cholesterol levels appears to 

confer greater protection against coronary heart disease (Cohen  et al. 2006). These data suggest 

that over a lifetime, therapeutically lowering LDL may be more effective against the development 

of CVD then targeting LDL later in life (Lloyd-Jones et al. 2003; Forrester 2010; Steinberg 2010). 

The Coronary Artery Risk Development in Young Adults study (CARDIA) demonstrated that 

in young adults, ranging in age from 18 to 30 years of age, even slightly augmented 

cholesterol levels resulted in damage to the coronary arteries and increased the likelihood 

of the development of coronary artery calcification and atherosclerosis (Pletcher et al. 2010). 

Additional research by the Framingham Offspring study suggests that lowering LDL-

cholesterol within the young adult population could reduce the incidence of CVD in later  life 

(Pletcher et al. 2016). However, much remains unclear about the long term beneficial effects 

of prophylactic statin treatment. 

Although beyond the remit of this thesis, the athero-protected phenotype of the ApoE-/-Cav-1-/- 

double knockout mice requires further investigation. The prevailing theory of how lack of Cav-1 

confers protection in this strain is that a key initiating step in atherosclerosis, the transcytosis of 

LDL into the sub-endothelial space, is impaired in this mouse (Frank et al. 2004a; Frank et al. 

2006; Fernandez-Hernando et al. 2009; Fernandez-Hernando et al. 2010; Engel et al. 2011). 

Therefore, experiments investigating LDL transcytosis in the ApoE-/-Cav-1-/- double knockout mice 

should be performed as the information obtained from these experiments could provide potential 

therapeutic targets for the treatment and prevention of atherosclerosis. 

Looking forward, the role of endothelial Cav-1 in LDL transcytosis into the sub-endothelial space 

and endothelial cell activation may provide potential therapeutic targets. Modification of LDL in 

vivo to prevent its binding with Cav-1 and subsequent transcytosis into the vascular wall could 

present a way of reducing atherosclerosis in humans. However, this would be a considerable 

undertaking due to the important role of native LDL in the body and potential side effects. 

Alternatively, the therapeutic application of a drug-eluting stent to locally inhibit Cav-1 at sites 

prone to atherosclerosis could offer another potential treatment. Local and targeted inhibition of 

Cav-1 could have the benefit of increasing eNOS activity and NO bioavailability, which are proven 

to be decreased in atherosclerosis, and could theoretically limit oxidised LDL transcytosis into the 
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artery wall thus, protecting against the development or progression of atherosclerosis. However, 

possible unwanted side-effects may occur as previously stated, cell-specific Cav-1 has been 

demonstrated to exert both anti or pro-atherogenic effect (Frank et al. 2004a; Frank and Lisanti 

2004b; Le Lay and Kurzchalia 2005; Frank et al. 2006; Sedding et al. 2006; Fernandez-Hernando 

et al. 2009; Fernandez-Hernando et al. 2010; Fu et al. 2010; Pavlides et al. 2014). 

7.3 Limitations 

7.3.1 The clinical relevance of animal models 

Although studies in humans provide invaluable understanding of human physiology and the 

mechanisms behind the pathogenesis and progression of disease, there are numerous limitations 

associated with the use of human tissue. The influence of lifestyle, diet, comorbidities and the 

availability of appropriate tissue samples necessitates the use of animal models. Furthermore, 

access to human arteries that are undergoing atherogenesis is difficult. The complex nature of 

atherogenesis has necessitated the use of a range of animal models including transgenic mice, 

rabbits, pigs and non-human primates.(Getz and Reardon 2012) This is primarily due to the ease 

with which the confounding effects of diet and environmental factors can be controlled and the 

shorter life-spans of the animals, allowing evaluation for the duration of the animal’s life cycle 

(Leong et al. 2015). The use of an inbred mouse strain, C57BL/6 mice, and genetically modified 

ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice used in the present study presented significant 

advantages due to the controlled environment the mice were housed in and a presumed lack of 

genetic variation within each mouse strain. 

As previously described, the study of healthy ageing in humans is often complicated by the 

presence of CVDs such as atherosclerosis and other comorbidities, which can make extricating 

the direct effects of ageing on the vasculature challenging. Nevertheless, the use of C57BL/6 

mice allowed for the complications often observed in humans to be circumvented. The C57BL/6 

strain does not spontaneously develop atherosclerosis, a hallmark of vascular ageing, and in this 

study displayed no signs of dyslipidaemia (Lakatta 2002; Ungvari et al. 2010). Therefore, this 

enabled a direct assessment of healthy ageing. Furthermore, the use of the ApoE-/- mouse 

provided an insight into the effects of hypercholesterolaemia and atherosclerosis, often observed 

in ageing humans, on the vascular reactivity of the aorta and its surrounding PVAT. The Cav-1-/- 

mouse did not exhibit premature vascular ageing. Nevertheless, the development of 

hypercholesterolaemia in WD-fed Cav-1 mice enabled the effects of elevated cholesterol on 

vascular responses to be assessed without the added complications of atherogenesis. Finally, 

the use of the athero-protected ApoE-/-Cav-1-/- double knockout model clearly highlighted the 

importance of Cav-1 in the pathogenesis of atherosclerosis, and Cav-1/ LDL transcytosis as a 

possible therapeutic target in humans. Additionally, this study characterised the vascular reactivity 

of the ApoE-/-Cav-1-/- double knockout mouse for the first time. 

Male mice were used in the investigations of this thesis in an effort to eliminate the effects of 

continuous polyoestrous observed in female rodents (Caligioni 2009). Previous reports have 

demonstrated gender differences in the generation of NO within the vasculature and adipose as 
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a result of a stimulatory effect induced by oestrogen on the activity of eNOS (Dominiczak et al. 

1997; Forte et al. 1998; Kypreos et al. 2014; Menazza et al. 2016).  

Studies of CVD in humans have clearly demonstrated that during their reproductive years, women 

are less susceptible to the development of CVD and atherosclerosis than men. However, men 

and post-menopausal women of a similar age display the same risk for CVD thus, women develop 

CVD an average of 10 years later than men (Perez-Lopez et al. 2010; Meyrelles et al. 2011). In 

addition, studies of mouse models of atherosclerosis, ApoE-/- or LDLR-/- mice, demonstrated that 

endogenous/exogenous oestrogen plays an athero-protective role in these mice (Thomas et al. 

2007). Nevertheless, conflicting evidence has arisen indicating that the atherosclerotic lesion 

burden in ApoE-/- mice is greater in females than in males whereas in the ApoE-/-Cav-1-/- double 

knockout mice no differences in lesions were observed (Frank et al. 2004a; Meyrelles et al. 2011). 

Furthermore, studies of gender differences in male and female ApoE-/- mice demonstrated that 

during the progression of atherosclerosis, female mice were more vulnerable to endothelial 

dysfunction (Zhou et al. 2015)  Taken together, these data indicate that the use of both male and 

female mice would have added more confounding factors to the studies. Additionally, the majority 

of rodent studies on PVAT have solely relied on male animas and therefore it is not known if 

gender differences in PVAT exist. However, this would be an intriguing future area of research. 

Studies of mouse models have contributed significantly to the understanding of the pathogenesis 

of diseases such as atherosclerosis, and ageing. However, it is important to acknowledge that 

the physiology of mice differs considerably from that of humans and the observations of this study 

may not be reflected in humans. In addition, the use of a knockout model and the lack of a specific 

gene and protein may result in compensatory changes. The development of atherosclerosis within 

the ApoE-/- mice, while providing invaluable insight into the mechanisms behind the pathogenesis 

of atherosclerosis, differs from humans in several key ways (Bentzon et al. 2010). The plasma 

cholesterol of ApoE-/- mice is predominantly carried in lipoprotein remnant particles as opposed 

to LDL, which is the most common lipid to undergo transcytosis into the sub-endothelial space in 

humans. Furthermore, it is widely recognised that a low HDL to LDL cholesterol ratio increases 

the risk of atherosclerosis and CVD in humans (Miller 1982; Getz and Reardon 2012). However, 

while incredibly rare, humans without ApoE display raised remnant cholesterol in a similar fashion 

to ApoE-/- mice (Schaefer et al. 1986). In contrast to humans, mice rarely develop atherosclerotic 

lesions within the coronary arteries but lesions are present in the aortic root. However, the 

significantly elevated heart rate of mice, resulting in turbulent flow of blood, is thought to be the 

main reason behind this (Getz and Reardon 2012). Nevertheless, mouse models of 

atherosclerosis, especially ApoE-/- mice, have revealed crucial information about the development 

of atherosclerosis, including that hyperlipidaemia is fundamental in the development of 

atherosclerosis and vital information about the pathogenesis of atherosclerosis has been obtained 

due to similarities between the lesions of the ApoE-/- mouse and those observed in man (Pendse 

et al. 2009).  

Thus, while no animal model exactly mirrors human conditions, mice offer extremely useful 

models to study the underlying mechanisms involved in the progression of diseases. 
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7.3.2 Generation and maintenance of the ApoE-/-Cav-1-/- colony 

A limiting factor for this study was the considerable length of time, (approximately 18 months) 

taken to generate the ApoE-/-Cav-1-/- mouse. Initially, this was the result of several factors 

including the smaller litter sizes produced by the ApoE-/- mice and the low output of mice from the 

Cav-1-/- colony. In the initial stages of this study, the breeding and survival rates of the Cav-1-/- 

colony were so low that the generation of the ApoE-/-Cav-1-/- mouse was hindered by lack of 

available Cav-1-/- mice. Therefore, the Cav-1-/- mice were backcrossed to the C57BL/6 

background strain to rescue the colony. The Cav-1-/-/C57BL/6 backcross significantly improved 

the breeding and survival rates of the colony and enabled the generation of the ApoE-/-Cav-1-/- 

mouse to continue. However, upon successful generation of the ApoE-/-Cav-1-/- mice the balance 

between maintenance of the colony and the production of experimental mice became 

problematic. The DKO mice were extremely poor breeders and less than half of the offspring 

survived to weaning age. Despite various attempts to improve the breeding and survival outcomes 

of the offspring, including: moving the mice to a room where they would be disturbed less, 

separating sires and dams prior to litters being born, fostering pups with FVB mice and breeding 

heterozygotes (ApoE+/-Cav-1-/-) no improvements were made. Consequently, some of the 

experiments performed, using the ApoE-/-Cav-1-/- strain, have lower than optimal numbers of mice. 

7.3.3 Myography as an ex vivo technique for the assessment of vascular function 

Myography is a useful technique for the study of isolated vessels as it allows mechanisms 

underlying vasoconstriction and dilation to be studied in a controlled manner, thus circumventing 

the problems posed by in vivo work, for example the release of endogenous hormonal and 

sympathetic activity. However, the concentration of substances used in the organ bath may not 

correspond or be comparable to those observed physiologically. In addition, the conditions that 

vessels are exposed to, specifically in the ‘open-ended’ preparation, permit the direct exposure 

of the luminal surface to substances released by the PVAT, which would not occur in vivo 

(Malinowski et al. 2008; Gollasch 2012). Nevertheless, the anti-contractile effects of PVAT have 

been demonstrated, using a murine perfused isolated mesenteric bed, to occur through the 

release of a PVAT-derived relaxant factor outside from outside the artery (Fesus et al. 2007). 

Technical issues can arise during the initial dissection and mounting of the aortic ring 

preparations. If not performed carefully the endothelium and vascular SM can easily become 

damaged. Over-stretching of the aortic segments during normalisation can also result in an insult 

to the vascular components. To overcome this, controls were introduced to ascertain the viability 

of the aortic rings by stimulation with KPSS and ensuring a stable contraction was achieved.  

The aorta was chosen to assess vascular function because this is the site of most lesion 

development within the ApoE-/- and ApoE-/-Cav-1-/- mice and one of the purposes of this study 

was to evaluate the effect of atherosclerotic lesion progression in the ApoE-/- and ApoE-/-Cav-1-/- 

mice (VanderLaan et al. 2004).  Furthermore, in health, large arteries, such as the aorta and 

carotid, display a high basal release of NO. Attenuation of NO bioavailability is an indicator of 

endothelial dysfunction, which is associated with ageing and atherosclerosis, and was another 

focus of this study (Martin et al. 1986).  
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7.4 Concluding remarks 

The data presented in this thesis have provided novel insights into the influence of aortic PVAT 

on vascular reactivity and the morphology of aortic PVAT in normally ageing mice (C57BL/6), 

atherosclerotic ApoE-/- mice, athero-resistant Cav-1-/- mice and the athero-protected ApoE-/-Cav-

1-/- double knockout mice. 

This study demonstrated that ageing to pre-middle age in C57BL/6 mice resulted in significant 

changes to the function and morphology of aortic PVAT and a loss of the anti-contractile effect of 

PVAT, prior to the development of endothelial dysfunction and in the absence of dyslipidaemia. 

This raises intriguing questions about whether the loss of the beneficial anti-contractile capacity 

of PVAT with ageing can be restored either through exercise or pharmacological intervention and 

if similar age-associated changes occur in the PVAT of humans.  

The aortic PVAT of ApoE-/- mice did not exert an anti-contractile effect and was dysfunctional from 

the outset of the experiments; this was attributed to a lack of PVAT-derived NO as a result of low 

basal eNOS activity furthermore, the PVAT exhibited an aged phenotype and displayed elevated 

superoxide production in comparison to C57BL/6 mice. However, ageing and a WD did not induce 

any further changes. This data could implicate low basal NO production within PVAT as a 

contributory factor to the development of atherosclerosis. 

Studies of Cav-1-/- mice demonstrated that the aortic PVAT of ND-fed Cav-1-/- mice did not exert 

an anti-contractile effect. However, after 26 weeks on a WD a pro-contractile effect of PVAT was 

observed and this was associated with hypertrophy of the white adipocytes within the aortic PVAT. 

NOS inhibition also revealed a pro-contractile effect of aortic PVAT which may suggest that the 

PVAT of Cav-1-/- mice releases a PVAT-derived vaso-constricting factor and its action is 

antagonised by NO. The aortic PVAT of ApoE-/-Cav-1-/- mice does not exert an anti-contractile 

effect and vascular responses are not modulated by ageing or a WD. However, aortic PVAT 

composition was altered after extensive high fat feeding. The investigation of the ApoE-/-Cav-1-/- 

double knockout mice verified that lack of Cav-1-/- confers protection against the development of 

atherosclerosis. Although beyond the remit of this study, the previously proposed mechanism of 

reduced LDL transcytosis into the sub-endothelial space, provides an exciting potential 

therapeutic target for the prevention of atherosclerosis.  
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~Appendix One~ 

Appendix 1.1 Reagents and consumables 

Product Code Supplier 

   

General   

Acetic acid 10171460 Fisher Scientific, Leicestershire, UK 

Calcium chloride 10050070 Fisher Scientific, Leicestershire, UK 

EDTA ED Sigma-Aldrich, Poole, UK 

EDTA dipotassium salt ED2P Sigma-Aldrich, Poole, UK 

Ethanol 12468750 Fisher Scientific, Leicestershire, UK 

Glucose 10141520 Fisher Scientific, Leicestershire, UK 

Hydrochloric acid 258148 Sigma-Aldrich, Poole, UK 

IMS 11482874 Fisher Scientific, Leicestershire, UK 

Magnesium sulphate 10224680 Fisher Scientific, Leicestershire, UK 

Methanol 10284580 Fisher Scientific, Leicestershire, UK 

Paraformaldehyde 441244 Sigma-Aldrich, Poole, UK 

PBS Tablets 18912-014 Gibco, Warrington, UK 

Potassium chloride 10010310 Fisher Scientific, Leicestershire, UK 

Potassium phosphate P0662 Sigma-Aldrich, Poole, UK 

Sodium bicarbonate 71630 Sigma-Aldrich, Poole, UK 

Sodium chloride 10735921 Fisher Scientific, Leicestershire, UK 

Sodium hydroxide S5881 Sigma-Aldrich, Poole, UK 

   

Animal husbandry   

Rodent breeder and grower BK001  801960 Special Diets Services, Essex, UK 

‘Western’ high fat diet (21%) 829100 Special Diets Services, Essex, UK 

   

Molecular biology   

0.2 ml PCR tubes 1402-8100  Starlab, Milton Keynes, UK 

DNA Loading Buffer Blue (5x) BIO-37045 Bioline, London, UK 

Hyperladder  V 33031 Bioline, London, UK 

Nancy-520 01494 Sigma-Aldrich, Poole, UK 

Primers  Sigma-Aldrich, Poole, UK 

REDExtract-N-Amp Tissue PCR Kit XNAT Sigma-Aldrich, Poole, UK 

SeaKem LE agarose 50004 Lonza, Castleford, UK 

   

Histology/immunostaining   

Avidin/biotin blocking kit 004303 Invitrogen, Warrington, UK 

Bovine serum albumin  A7906 Sigma-Aldrich, Poole, UK 

Coverslips No 1.5 22x50mm MIC3246 Scientific Laboratory supplies, Hessle, UK 

DAB substrate kit SK-4100 Vector Labs, Peterborough, UK 

DPX mounting medium  LAMB/DPX Raymond Lamb, Sussex, UK 

Eosin Y 230251 Sigma-Aldrich, Poole, UK 

Horse serum 16050-130 Invitrogen, Warrington, UK 

Hydrogen peroxide  H1009 Sigma-Aldrich, Poole, UK 

ImmEdge Hydrophobic Barrier Pen H-4001 Vector Labs, Peterborough, UK 

Mac-3 (CD107b Clone M3/84) rat 

anti-mouse monoclonal antibody 
550292 BD Biosciences, Oxford, UK 

Mayer’s haematoxylin  H3136 Sigma-Aldrich, Poole, UK 

Methyl green H-3402 Vector Labs, Peterborough, UK 

Oil red O powder   00625 Sigma-Aldrich, Poole, UK 
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Poly-lysine slides  631-0107 VWR International, UK 

Rabbit anti-rat, biotin conjugated 

secondary 
E0468 Dako, Cambridge, UK 

Rat IgG 559072 BD Biosciences, Oxford, UK 

Triethyl phosphate   538728 Sigma-Aldrich, Poole, UK 

Tris base  T1503 Sigma-Aldrich, Poole, UK 

Tris hydrochloride T5941 Sigma-Aldrich, Poole, UK 

Tween – 20 P1379 Sigma-Aldrich, Poole, UK  

Vectastain elite ABC kit PK-6100 Vector Labs, Peterborough, UK 

Xylene 10784001 Fisher Scientific, Leicestershire, UK 

   

Myography   

Acetylcholine  A6625 Sigma-Aldrich, Poole, UK 

L-NNA  N5501 Sigma-Aldrich, Poole, UK 

Phenylephrine  P6126 Sigma-Aldrich, Poole, UK 

Sodium nitroprusside   13451 Sigma-Aldrich, Poole, UK 

   

PVAT secretome   

Mouse Adipokine Array  ARY013 R&D systems, Minneapolis, USA 

   

Serum analysis   

Cholesterol assay  Randox Laboratories, Crumlin, UK 

Glucose assay  Randox Laboratories, Crumlin, UK 

HDL assay  Randox Laboratories, Crumlin, UK 

Triglyceride assay  Randox Laboratories, Crumlin, UK 
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Appendix 1.2 Recipes 

 

Molecular biology  

TAE buffer, 50X, pH 8.5 (1 litre)  

242 g Tris base  

57.1 ml acetic acid  

100 ml 0.5M EDTA  

Make up to volume with distilled water  

  

Histology and Immunohistochemistry  

Oil Red O, 0.5% (50ml)   

0.25g Oil Red O dissolved in 60% aqueous triethyl 

phosphate  

 

Filter and use immediately  

  

100 mM Tris-HCl, pH 8.2 (100 ml)  

1.21 g Tris-HCl  

Make up to volume with distilled water 

pH to 8.2 with HCl 

 

  

1 x TBS (1 litre)  

6.06 g Tris-base  

8.76 g sodium chloride  

800 ml distilled water  

Make up to 1 litre with distilled water  

pH to 7.5  

  

1 x TBS/T (1 litre)  

1 mL of Tween 20 in 1 litre of TBS buffer  

  

Citrate Buffer (1 litre)  

2.94 g tri-sodium citrate  

0.5 ml Tween  

Make up to 1 litre with distilled water,  

pH to 6.0 

 

 

 

 

 

Myography 

 

PSS, pH 7.4, 10 litres 100 mM KPSS, pH 7.4, 2 litres 

69.544 g   NaCl (119 mmol/L) 2.770 g      NaCl (23.7 mmol/L) 

3.504 g     KCl (4.7 mmol/L) 14.912 g    KCl (100 mmol/L) 

2.884 g     MgSO4
.7H2O (1.17 mmol/L) 0.577 g      MgSO4

.7H2O (1.17 mmol/L) 

21.003 g   NaHCO3 (25 mmol/L) 4.201 g      NaHCO3 (25 mmol/L) 

1.592 g     KH2PO4 (1.17 mmol/L) 0.318 g      KH2PO4 (1.17 mmol/L) 

*0.121 g   K2EDTA (0.03 mmol/L) *0.0241 g   K2EDTA (0.03 mmol/L) 

9.909 g     Glucose (5.5 mmol/L) 1.982 g      Glucose (5.5 mmol/L) 

*2.352 g   CaCl2 (1.6 mmol/L) *0.470 g    CaCl2 (1.6 mmol/L) 

Made up to 10 litres with distilled water Made up to 2 litres with distilled water 

*dissolved in distilled water prior to addition to solution 
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Appendix 1.3 Tissue processing for Immunohistochemistry 

Automatic schedule for the Shandon Citadel 2000 processor: 

50% IMS      90 minutes 

70% IMS     60 minutes 

99% IMS     60 minutes 

99% IMS     60 minutes 

99% IMS     60 minutes 

99% IMS     90 minutes 

99% IMS     90 minutes 

Xylene     90 minutes 

Xylene     90 minutes 

Xylene     90 minutes 

Molten wax    90 minutes 

Molten wax    120 minutes 
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Appendix 1.4 Haematoxylin and Eosin automatic staining protocol (program 1) 

Xylene       5 minutes 

Xylene     3 minutes 

Xylene     3 minutes 

Ethanol     3 minutes 

Ethanol     2 minutes 

90% IMS     2 minutes 

70% IMS     2 minutes 

Distilled water    2 minutes 

Gill’s haematoxylin #2  2 minutes 

Distilled water    1 minute 

5% acetic acid    10 seconds 

Distilled water    1 minute 

Blueing agent    30 seconds 

Distilled water    2 minutes 

70% IMS    1 minute 

90% IMS    1 minute 

Ethanol     1 minute 

Eosin alcoholic   1 ½ minutes 

Ethanol     2 minutes 

Ethanol     2 minutes 

Ethanol     2 minutes 

Xylene     2 minutes 

Xylene     3 minutes 

Xylene     5 minutes 
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Appendix 1.5 Field of view reproducibility study for the quantitation of superoxide within 

sections of aortic perivascular adipose tissue  

 

 

 

 

 

  

Appendix 1.5 Preliminary study to determine the number of fields of view required for 

quantitation of superoxide within aortic PVAT using dihydroethidium staining.  

An increasing number of fields of view (FOV, 200 x 150 µm) were used to determine when the 

number of dihydroethidium+ (DHE+) nuclei within the aortic PVAT would become consistent. The 

number of DHE+ nuclei within each FOV was quantified. Each bar represents the number of FOV 

measured and the number of DHE+ stained nuclei. It was concluded that the number of DHE+ 

stained nuclei ceased to increase significantly after 5 FOV. Representative results from a section 

of aortic PVAT from one mouse. 
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Appendix 1.6 Mouse adipokine array 

 

 

 

 

Coordinate Adipokine/control Alternative nomenclature 

A1, A2 Reference spots ------ 

A23, A24 Reference spots ------ 

B1, B2 Adiponectin GBP-28, apM1, AdipoQ, 
Acrp30 

B3, B4 Agouti-related peptide  AgRP, ART 

B5, B6 Angiopoietin-like 3  ANGPTL3 

B7, B8 C-reactive protein CRP 

B9, B10 Dipeptidylpeptidase IV  DPPIV, CD26,DPP4 

B11. B12 Endocan ESM-1 

B13, B14 Fetuin A AHSG 

B15, B16 Fibroblast growth factor acidic  FGF acidic, FGF-1 

B17, B18 Fibroblast growth factor-21  FGF-21) 

B19, B20 Hepatocyte growth factor  HGF 

B21, B22 Intercellular Adhesion Molecule 1  ICAM-1, CD54 

B23, B24 Insulin-like growth factor-I  IGF-I, Somatomedin C 

C1, C2 Insulin-like growth factor -II  IGF-II, Somatomedin A 

C3, C4 Insulin-like growth factor binding protein-1  IGFBP-1 

C5, C6 Insulin-like growth factor binding protein-2  IGFBP-2 

C7, C8 Insulin-like growth factor binding protein-3  IGFBP-3 

C9, C10 Insulin-like growth factor binding protein-5 IGFBP-5 

C11, C12 Inulin-like growth factor binding protein-6 IGFBP-6 

C13, C14 Interleukin 6  IL-6 

C15, C16 Interleukin 10  IL-10 

C17, C18 Interleukin 11 IL-11 

C19, C20, Leptin OB 

C21, C22 Leukaemia inhibitory factor LIF 

C23, C24 Lipocalin-2 NGAL 

D1, D2 Monocyte chemoattractant protein-1  MCP-1, CCL2, JE 

D3, D4 Macrophage colony-stimulating factor M-CSF, CSF-1 

D5, D6 Oncostatin M OSM 

D7, D8 Pentraxin 2 PTX2, SAP 

D9, D10 Pentraxin 3 PTX3, TSG-14 

D11, D12 Preadipocyte factor 1 Pref-1, DLK-1, FA1 

D13, D14 RAGE ------ 

D15, D16 RANTES CCL5 

D17, D18 Retinol binding protein 4 RBP4 

D19, D20 Resistin ADSF/FIZZ3 

D21, D22 Serpin E1 PAI-1 

D23, D24 Tissue inhibitor of metalloproteinase-1 TIMP-1 

E1, E2 Tumour necrosis factor-α TNF-α, TNFSF1A 

E3, E4 Vascular endothelial growth factor VEGF, VEGF-1 

F1, F2 Reference spots ------ 

F23, F24 PBS (negative control) ------ 

Appendix 1.6 Mouse adipokine array layout A, and list of adipokines and their co-ordinates 

found on the array membrane B.  

Adipokines were dotted on the membrane in duplicates. 

A 

 

 

B 
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Appendix 1.7 Mouse adipokine array validation 

  

 

 

 

 

  

Appendix 1.7 The reliability of the Proteome Profiler Adipokine array  

The array was validated by repeating experiments for C57BL/6 26-week ND-fed mice using the 

same pooled samples.  
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~Appendix Two - Supplementary Results~ 

Appendix 2.1 The anti-contractile effect of PVAT is endothelium-independent 

 

 

 

The following supplementary results display comparisons for all mouse strains fed a 

normal diet (ND). Statistical analyses were performed between mice of the same 

background strain, i.e.: 

 ApoE-/- mice versus C57BL/6 

 Cav-1-/- versus C57BL/6 

 ApoE-/-Cav-1-/- versus ApoE-/- 

 ApoE-/-Cav-1-/- versus Cav-1-/- 

 

 

Appendix 2.1 The anti-contractile effect of aortic PVAT is endothelium-independent in 8-

week normal diet-fed C57BL/6 mice 

The presence of PVAT on aortic rings from young adult C57BL/6 mice reduced vasoconstrictor 

responses to cumulative doses of phenylephrine (1x10-10 - 3x10-5 mol/L). Endothelium denuded 

aortic rings exhibited < 30% relaxation to acetylcholine. Dose response data are expressed as 

mean ± S.E.M., n = 3 mice, * P < 0.05, **** P < 0.0001, two-way ANOVA with Bonferroni post hoc 

test.  
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Appendix 2.2 Lipidemic and glycaemic profiles of normal diet-fed C57BL/6, ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2.2 Lipidemic and glycaemic profiles of normal diet-fed C57BL/6, ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice 

Serum obtained at time of sacrifice (mice weaned at 4 weeks old then maintained on a normal chow diet (ND) for the appropriate length of time. Serum levels of A) 

cholesterol, B) triglyceride, C) HDL and D) glucose were assessed in the ageing mice.  Data are expressed as mean ± S.E.M, measurements are in mmol/L. Statistical 

analysis carried out by two-way ANOVA, with Bonferroni’s post hoc test, n = 4-6 mice per group, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001  

NS 

A             B 

 

 

 

 

 

C             D 
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Appendix 2.3 Body, organ weights and epididymal adipocyte size of normal diet-fed C57BL/6, ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice 

Appendix 2.3 Body, organ weights and epididymal adipocyte size of normal diet-fed C57BL/6, ApoE-/-, Cav-

1-/- and ApoE-/-Cav-1-/- mice 

Mice were weighed at sacrifice and their organs collected and weighed. Heart weight: body weight ratios were 

calculated and epididymal fat pads fixed and processed for histology. Epididymal adipocyte area was calculated 

using 5 µm epididymal fat pad sections and 100 adipocytes were measured per mouse with 3-4 mice used per group. 

A) Body weights, B) heart weights, C) heart weight: body weight ratio, D) liver weights, E) spleen weights, F) 

epididymal fat pad weights, G) epididymal adipocyte area. Data are expressed as mean ± S.E.M. Statistical analysis 

was carried out by two-way ANOVA, with Bonferroni’s post hoc test, n = 4-26 mice per group, * P < 0.05, ** P < 0.01, 

**** P < 0.0001 

A                B               C 

 

 

 

 

D                E               F 

 

 

 

 

 

G 

 

NS 

NS 
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Appendix 2.4 KPSS contraction responses, endothelial function and endothelium-

independent relaxations of PVAT-intact or PVAT-denuded isolated aortic rings from 

C57BL/6, ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice fed a normal diet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ai          ii 

 

 

 

 

 

Bi          ii 

 

 

 

 

 

Ci          ii   

          

 

Appendix 2.4 KPSS contraction responses, endothelial function and endothelium-

independent relaxations of PVAT-intact or PVAT-denuded isolated aortic rings from C57BL/6, 

ApoE-/-, Cav-1-/- and ApoE-/-Cav-1-/- mice fed a normal diet 

Isolated aortic rings, with Ai) PVAT left intact or Aii) PVAT removed, were challenged with 100 mM 

KPSS and contractile responses measured. Endothelial function was assessed by pre-constricting 

the aortic preparations with phenylephrine (10 µM) and then exposing them to the endothelium-

dependent vasodilator, acetylcholine (10 µM) Bi) in the presence of PVAT or Bii) in the absence of 

PVAT. Endothelium-independent vasodilation was assessed through pre-constricting the aortic 

preparations with phenylephrine (10 µM) and then exposure to sodium nitroprusside (10 µM) Ci) in 

the presence of PVAT or Cii) in the absence of PVAT. PVAT = perivascular adipose tissue. Data are 

expressed as mean ± S.E.M, KPSS contraction was measured in mN and relaxation was measured 

as percentage relaxation from maximal contraction. Statistical analysis was carried out by two-way 

ANOVA, with Bonferroni’s post hoc tests, n = 4-8 mice per group, * P < 0.05, ** P < 0.01.  

 

NS 

NS 

NS NS 
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Appendix 2.5 A comparison of the contractility of PVAT-intact and PVAT-denuded aortic rings from normal diet-fed C57BL/6 and ApoE-/- mice in response 

to cumulative doses of phenylephrine 

 

Appendix 2.5 A comparison of the contractility of PVAT-intact and PVAT-denuded aortic rings from normal diet-fed C57BL/6 and ApoE-/- mice in response 

to cumulative doses of phenylephrine  

Aortic preparations were challenged with cumulative doses of phenylephrine (1 x 10-10 - 3 x 10-5 mol/L). A) The contractions of aortic rings from ApoE-/- and C57BL/6 

mice were compared after 8 weeks on a ND, post weaning. The PVAT-intact aortic rings of ApoE-/- mice contracted significantly more than those of the C57BL/6 mice 

whereas, no differences in contraction were observed between PVAT-denuded aortic rings of ApoE-/- and C57BL/6 mice. These findings were replicated in the 16-

week ND-fed groups B) PVAT-intact aortic rings from ApoE-/- mice contracted significantly more than those of the C57BL/6 strain although, no differences were 

observed between PVAT-denuded aortic preparations. However, after 26 weeks on a ND, post weaning, C) the contractions of aortic rings from ApoE-/- and C57BL/6 

mice were similar in the presence or absence of PVAT. ND = normal diet. PVAT = perivascular adipose tissue. Dose response data are reported as absolute change 

in tension and expressed as mean ± S.E.M., n = 6-8 mice per group, **** P < 0.0001, two-way ANOVA with Bonferroni’s post hoc tests. 

A                   B                   C 

 

 

 

 

 

NS 
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Appendix 2.6 A comparison of the contractility of PVAT-intact and PVAT-denuded aortic rings from normal diet-fed C57BL/6 and Cav-1-/- mice in response 

to cumulative doses of phenylephrine 

 

 

Appendix 2.6 A comparison of the contractility of PVAT-intact and PVAT-denuded aortic rings from normal diet-fed C57BL/6 and Cav-1-/- mice in response 

to cumulative doses of phenylephrine 

Aortic preparations were exposed to cumulative doses of phenylephrine (1 x 10-10 - 3 x 10-5 mol/L). A) The contractions of aortic rings from Cav-1-/- and C57BL/6 mice 

were compared after 8 weeks on a ND, post weaning. In the absence of PVAT, the aortic rings of Cav-1-/- mice exhibited lower vasoconstrictor responses to 

phenylephrine than C57BL/6 mice however, no differences in response were observed between PVAT-intact aortic rings. Similar findings were observed in the 16 

week ND-fed Cav-1-/- mice B) PVAT-denuded aortic rings from Cav-1-/- mice contracted significantly less than those of the C57BL/6 strain although the contractions of 

PVAT-intact artic rings were similar. After 26 weeks on a ND, post weaning, C) the contractions of PVAT-intact and PVAT-denuded aortic rings from Cav-1-/- and 

C57BL/6 mice were similar. ND = normal diet. PVAT = perivascular adipose tissue. Dose response data are reported as absolute change in tension and expressed as 

mean ± S.E.M., n = 4-9 mice per group, **** P < 0.0001, two-way ANOVA with Bonferroni’s post hoc tests. 

 

 

 

A                   B                    C 

 

 

 

 

 

NS 
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Appendix 2.7 A comparison of the contractility of PVAT-denuded and PVAT-intact aortic rings from normal diet-fed ApoE-/-Cav-1-/- double knockout, ApoE-

/- and Cav-1-/- mice in response to cumulative doses of phenylephrine 

 

(Figure legend overleaf)
Ai              ii                   iii 

 

 

 

 

 

 

 

Bi              ii                   iii 

 

 

NS 

NS 
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Appendix 2.7 A comparison of the contractility of PVAT-denuded and PVAT-intact aortic 

rings from normal diet-fed ApoE-/-Cav-1-/- double knockout, ApoE-/- and Cav-1-/- mice in 

response to cumulative doses of phenylephrine 

Aortic rings were exposed to cumulative doses of phenylephrine (1 x 10-10 - 3 x 10-5 mol/L). The 

contractile responses of aortic rings from ApoE-/-Cav-1-/- double knockout mice were compared 

to the background strains (ApoE-/- and Cav-1-/- mice). A) The contractions of PVAT-denuded 

aortic rings were assessed at each feeding time-point. Ai) The contractions of PVAT-denuded 

aortic rings from ApoE-/-Cav-1-/- double knockout mice were similar to Cav-1-/- responses. 

However, the responses of the ApoE-/-Cav-1-/- double knockout mice were significantly 

attenuated compared to the aortic ring contractions of ApoE-/- mice. Aii) After 16 weeks on a ND, 

post weaning, PVAT-denuded aortic rings from ApoE-/-Cav-1-/- double knockout mice exhibited 

greater contractile responses than those observed from the Cav-1-/- mice whereas, no significant 

differences in contractile response were observed between the ApoE-/-Cav-1-/- double knockout 

mice and the ApoE-/- strain. Aiii) After 26 weeks on a ND, the contractions of PVAT-denuded 

aortic rings from ApoE-/-Cav-1-/- double knockout mice were similar to the responses of both the 

ApoE-/- and Cav-1-/- mice. Bi) The contractions of PVAT-intact aortic rings from ApoE-/-Cav-1-/- 

double knockout mice were comparable to the responses of the Cav-1-/- aortic rings although, 

this contraction was significantly dampened in comparison to the aortic preparations from ApoE-

/- mice. Bii) A similar pattern was observed after 16 weeks on a ND, with no differences between 

the contractions of Cav-1-/- and ApoE-/-Cav-1-/- double knockout mice. On the contrary, 

vasoconstriction of PVAT-intact aortic rings from ApoE-/- mice was significantly enhanced 

compared to the ApoE-/-Cav-1-/- double knockout mice. Biii) After 26 weeks on a ND, the 

contractile responses of PVAT-intact aortic rings from ApoE-/-Cav-1-/- double knockout mice were 

similar to the responses observed in the ApoE-/- and Cav-1-/- mice. ND = normal diet. PVAT = 

perivascular adipose tissue Dose response data are reported as absolute change in tension and 

expressed as mean ± S.E.M., n = 4-10 mice per group, two-way ANOVA with Bonferroni’s post 

hoc tests ** P < 0.01, **** P < 0.0001. 

 



 

~224~ 
 

A                  B                        C 

 

 

 

 

 

D                  E                         

 

Appendix 2.8 Assessment of aortic PVAT weight and composition in normal diet-fed ApoE-/-Cav-1-/- double knockout, ApoE-/- and Cav-1-/- mice  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Appendix 2.8 Assessment of aortic PVAT weight and composition in normal diet-fed ApoE-/-Cav-1-/- double knockout, ApoE-/- and Cav-1-/- mice 

A) Aortic PVAT from C57BL/6, ApoE-/- and Cav-1-/- mice was dissected away from the aorta and weighed n = 3-8 mice per group. B) Haematoxylin and eosin staining 

was used to visualise PVAT morphology. The total area occupied of aortic PVAT occupied by white adipocytes was measured. C) White adipocyte area was measured 

by drawing around the adipocyte outlines. D) Superoxide within aortic PVAT was detected using dihydroethidium (DHE) staining. E) Macrophage infiltration within the 

PVAT was assessed using a Mac-3 marker. PVAT = perivascular adipose tissue Data are expressed as mean ± S.E.M. DHE+ and Mac-3+ staining are presented as 

cells/mm2 PVAT. Statistical analysis was carried out by two-way ANOVA, with Bonferroni’s post hoc tests, n = 3-4 mice per group, * P < 0.05, ** P < 0.01, *** P < 0.001 

NS 

NS 
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