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Scientific Abstract 

 

Platelet derived growth factor B (PDGFB) / PDGFRβ signalling is a key regulator of 

the cardiovascular system in development, health, and disease. During angiogenesis 

PDGFB regulates pericyte migration and proliferation during development and in 

tissue repair. Pericytes confer vessel stability, maintain vessel integrity, and control 

vascular tone. In the field of regenerative medicine, pericytes have also risen to 

prominence as they were discovered to be the in-situ counterpart of mesenchymal 

stem/stromal cells (MSCs). Pdgfbret/ret mutant mice are pericyte-deficient. The PDGFB 

retention motif is deleted, reducing PDGFB retention in the pericellular space and 

extracellular matrix and therefore pericyte recruitment during angiogenesis. This 

reduction in vascular pericyte coverage in pdgfbret/ret mice manifests in phenotypic 

differences compared with pdgfb+/+ and pdgfbret/+ littermates. Of relevance, is the 

reported development of vascular associated brain calcification in 4–12-month-old 

pdgfbret/ret mice and alterations to left ventricular structure from 10 to 20 weeks of age.  

In this thesis, I have investigated the hypothesis that calcification develops throughout 

the vasculature in pdgfbret/ret mice and that alteration of left ventricular structure leads 

to a progressive decline in heart function. I also hypothesised that disruption to 

PDGFB/PDGFRβ signalling in vivo influences the in vitro properties of MSCs. To 

address my hypotheses, I used a combination of cardiovascular imaging techniques, 

positron emission tomography/computed tomography (PET/CT) and high-resolution 

cardiac ultrasound, alongside in vitro MSC osteogenic assays.  

Contrary to my original hypothesis, results of PET/CT imaging using 18F-NaF, a 

radioactive tracer with the propensity to bind to hydroxyapatite calcification, did not 

reveal any areas of ectopic calcification out with the brain in male or female pdgfbret/ret 

mice. No significant calcification was observed in the aortic arch, the descending 

thoracic aorta, heart, or kidneys. Indeed, calcification was restricted to the brain at 12 

months of age and completely absent from pdgfb+/+ and pdgbret/+ littermates. However, 

I did observe that the extent and anatomical location of brain calcification was variable 

in pdgfbret/ret mice. Using high resolution cardiac ultrasound, I next evaluated the 

cardiac phenotype exhibited in male and female pdgfbret/ret mice over the course of 12 

months. The results of this study reveal that both male and female pdgfbret/ret mice 
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exhibit signs of cardiac dilation with increasing left ventricular end diastolic area at 3 

months of age, whereas females exhibit an increase in left ventricular mass that may 

be the result of hypertrophic remodelling or oedema. However, over the course of 6, 

9 and 12 months, this phenotype resolves in both male and female pdgfbret/ret mice 

and normal contractile function is maintained. Further analysis of cardiac structure and 

function was performed using speckle tracking echocardiography (STE) in a combined 

male and female cohort of pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. Using STE, subtle 

changes to segmental systolic and diastolic cardiac strain were detected at 9 and 12 

months of age in pdgfbret/ret mice. These changes may preclude the onset of 

deterioration of cardiac function in pdgfbret/ret mice and requires further investigation 

beyond 12 months of age to conclude. Finally, I examined the effects of the pdgfbret 

mutation on the osteogenic potential of MSCs derived from large coronary vessels and 

various vascularised tissues including the kidney, the skeletal muscle, and the heart 

in vitro. Quantification of osteogenic potential saw an increase in calcium deposition 

in combined pdgfbret MSC tissues. Tissue specific osteogenic potential was highly 

variable although there was a trend towards an increased osteogenesis in pdgfbret 

mutant tissues.  

Together, data from my studies indicate that pdgfbret/ret mice exhibit a transient cardiac 

phenotype which is ameliorated and have variable levels of calcification exclusive to 

the brain at 12 months of age. This data also indicates that MSCs derived from pdgfbret 

mutants have greater osteogenic potential although the tissue specificity of this 

potential requires further investigation. 
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Lay Summary 

 

Communication between the cells of the blood vessel wall is key to maintaining a 

healthy heart and blood vessels. PDGFB is a messenger molecule sent by endothelial 

cells that line the blood vessel wall, to attract another type of cell, pericytes, that help 

stabilise the blood vessel. Using genetically modified mutant mice, with changes to the 

PDGFB messenger, alongside specialised imaging, and cellular studies, I wished to 

understand what happens when endothelial cells and pericytes cannot communicate 

properly. Previous studies have shown that reduced communication between 

pericytes and endothelial cells in these genetically modified mice results in calcium 

deposits in the brain and changes to the structure of the heart. Firstly, I wanted to 

know if there was any calcification elsewhere in these mice. Using specialised imaging 

of the whole body, I found no evidence of calcium deposits in the heart, kidneys or 

aorta of mutant mice and that levels of brain calcification were highly variable. Next, I 

performed ultrasound heart scans on the mutant mice and found that while younger 

mice showed changes to heart structure these changes largely disappeared as the 

mice became older. However, subtle changes to heart function persisted which may 

suggest that further aging could cause in a decrease in heart function. Finally, it is 

known that stem cells associated with blood vessels generate calcium when cultured 

in a dish in specialised conditions. Here, I wanted to know whether these cells taken 

from the heart, kidney, skeletal muscle, and coronary vessels of mutant mice maintain 

this ability. I observed that these cells did generate calcium, but not more than cells 

from non-mutant mice. In summary, I characterised the effects of breakdown of 

PDGFB-mediated communication between pericytes and endothelial cells in various 

tissues. I found changes to heart structure in young mice that resolve with time and 

that calcification was confined to the brain in older mutant mice. 
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Chapter 1: General Introduction 

The Cardiovascular System 

William Harvey, a 15th century physician, devised the modern model of the circulation 

and the cardiovascular system (Aird, 2011). Harvey discovered that blood circulates 

not only in the lung but throughout the whole body. This model is the foundation from 

which our understanding of the cardiovascular system originates. The cardiovascular 

system consists of two main circulatory systems: the systemic and pulmonary 

systems.  

The function of the systemic circulation is to pump oxygenated blood to the organs 

and tissues of the body. The heart acts as the pumping mechanism driven by 

propagation of electrical signals across the myocardial tissue.  Blood vessels are an 

essential part of our circulatory system. There are five major blood vessel types, from 

largest to smallest, these are arteries, arterioles, veins, venules, and capillaries all with 

distinct physiological structure. Oxygenated blood is carried in arteries to arterioles 

then to capillary beds. Here, in organs and tissues, nutrients and oxygens are 

exchanged. The deoxygenated blood is then sent to venules and veins, back to the 

heart. Deoxygenated blood is then sent via the pulmonary circulation to the lungs, the 

major site of oxygen and gas exchange, where it is reoxygenated. Cardiovascular 

homeostasis is maintained by the balance and interplay between molecules, 

hormones and the various cell types of the heart and blood vessels. 

A thousand years before the model proposed by Harvey, the ancient Greek scholar, 

Hippocrates believed that an imbalance of the body’s intrinsic properties was the major 

driver of disease pathology. Over two thousand years later, scientists, physicians and 

the wider medical community are driven to find answers and mechanistic insight into 

the cause of pathological diseases; including those of the cardiovascular system.  

 

Cardiovascular Disease 

Cardiovascular disease (CVD), initially viewed as a disease of modern humans driven 

by modern diet and contemporary lifestyles, has been present in society from as far 

back as the ancient Egyptians and in prehistoric societies (Hajar, 2017). Computed 
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tomography scans of mummified remains from 4 ancient societies from across the 

world revealed the presence of atherosclerotic lesions in over a third (47/137) of the 

mummies scanned (Thompson et al., 2013). Today, CVD accounts for over a third of 

global mortality (Roth et al., 2020).  

In the UK, over 168,000 people die each year from heart and circulatory diseases and 

in 2020 in Scotland, over 17,000 people died due to CVD  (Health Intelligence Team, 

2022). Although the death rate from CVD disease is in decline, it is still one of the 

greatest causes of deaths globally (Mensah et al., 2017). CVD is also a major cause 

of global morbidity and disability, and since 1990 has led to an increase in disability 

adjusted life years and an increase in years of life lost (Roth et al., 2020). CVD is not 

a term for a specific disease; in fact, it is an umbrella term that encapsulates many 

different diseases such as atherosclerosis, stroke, myocardial infarction (MI) and 

others. Common risk factors for all CVDs include sedentary lifestyle, obesity, smoking, 

hypertension and hypercholesterolaemia. Aging is also an important risk factor for 

CVD as it has greater prevalence in the elderly (>75 years of age) but still causes a 

great number of premature deaths in both males and females under 75 years of age 

(Rodgers et al., 2019). Aging leads to a number of adverse physiological changes in 

the heart such as left ventricular hypertrophy, fibrosis, or aortic valve calcification 

(Merz and Cheng, 2016). These factors combined with an increase in the proportion 

of the elderly in the population, lead to a substantial CVD-related economic cost to 

health care providers worldwide. 

It is estimated that in 2012/2013, the NHS in England spent approximately £6.8 billion 

on the treatment of CVD with the highest cost being in emergency care and in 

prescription of pharmacological treatments (Bhatnagar et al., 2015). This substantial 

economic burden is not restricted to high-income countries but also affects low- and 

middle-income countries such as China, Brazil and Mexico. The total economic loss 

due to CVD to low- and middle-income countries was estimated to $3.7 trillion between 

2011-2015 (Gheorghe et al., 2018). In summary, CVD is a global problem affecting 

the health, welfare, and economics of our society, but what can we do reduce not only 

the mortality and morbidity of CVD but also its economic burden worldwide? 

The answer lies in medical and scientific research performed by scientists and 

clinicians to investigate CVD in all of its forms. Research is essential in combatting 
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CVD whether this be through clinical trials of the latest novel anti-hypertensive agents 

or basic research to understand the fundamentals of molecular and cellular 

interactions involved in cardiovascular development, health, and disease.   

 

Sex differences in the Cardiovascular System and CVD 

Biological sex affects the physiological cardiovascular development and the 

manifestation of CVD. Differences exist between the healthy hearts of human males 

and females. In adolescent humans, males have an increased stroke volume and 

ejection fraction suggesting that sex hormones may play a role in the sexual 

dimorphisms exhibited in humans in terms of cardiac function (Marcus et al., 1999; 

Cain et al., 2009). One study reported greater left ventricular volume and mass as 

measured by magnetic resonance imaging in healthy males than healthy females 

(Salton et al., 2002). The cardioprotective effect of the female sex hormone, 

oestrogen, in pre-menopausal females compared with males of the same aged has 

long been established. However, in certain cardiovascular conditions such as stroke, 

post-menopausal females have more severe short-term clinical outcomes (Manwani 

and McCullough, 2012; Rodgers et al., 2019). Females are underrepresented in 

cardiovascular clinical trials which can lead to the development of treatments that may 

offer no benefit or is indeed harmful to females (Tobb, Kocher and Bullock-Palmer, 

2022).  Furthermore, it is estimated that around 80% of rodent studies as of 2009 were 

conducted in male animals (Zakiniaeiz et al., 2016). As a result of the 

underrepresentation of females in both clinical and preclinical research, the National 

Institute of Health in 2015 sent out a “call for action” and asked for the use of male and 

female animals in preclinical cardiovascular research due to the prominent effects that 

sex has on cardiovascular function in humans (Arnegard et al., 2020). However, 

although cardiac development in mouse and humans is similar (Krishnan et al., 2014), 

direct translation of studies investigating rodent cardiac function and models of CVD 

is challenging.  

In pre-clinical studies, differences in cardiac development and disease between males 

and females have been shown using transgenic and non-transgenic animal models. 

Myocardial contraction and relaxation rates differ between male and female mice due 

to differences in the expression or action of ion channels in cardiomyocytes (Blenck et 
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al., 2016). This is also due to differences in the composition of contractile filaments in 

male and female rodent hearts (Schaible et al., 1984). 

Differences have also been observed in the male and female rodents in numerous 

CVD models. Aortic banding is a surgical procedure to induce left ventricular 

hypertrophy and heart failure in rodents. Interestingly, while the use of this technique  

led to ventricular hypertrophy in both male and female rats, in the long term, only male 

rats developed heart failure and exhibited chamber dilation (Douglas et al., 1998). 

Differences between males and females in terms of hypertrophic response have been 

identified also at the mRNA level in a model of cardiac hypertrophy induced by 

prolonged angiotensin treatment (Harrington et al., 2017). Sex differences have also 

been observed in the spontaneously hypertensive rat (SHR), model of hypertension in 

aging. Both male and female SHR develop progressive hypertension, ventricular 

hypertrophy, and fibrosis. However, heart failure in male SHRs occurred at 15 months 

whereas females had a reduced hypertensive response and greater mortality rates 

until 18 months of age (Chan et al., 2011). Furthermore, several rodent models of MI 

have exhibited sex differences. For example, MI induced by coronary artery ligation in 

C57BL/6J mice evoke a similar scar size in male and female mice. However, due to 

the activation of genes involved in angiogenesis, extracellular matrix deposition and 

immune response, female mice had a greater survival rate and were less likely to 

exhibit cardiac dilation (Chen et al., 2010).  

The use of both male and females’ animals in cardiovascular research to understand 

both cardiac development and diseases is essential as it will lead to more effective, 

personalised treatment for a host of CVD in male and female patients.  

 

Vascular Calcification 

Vascular calcification is an independent risk factor of cardiovascular events which 

affects both males and females. It can be broadly based upon the location within the 

blood vessel as either intimal or medial calcification. Vascular calcification can have 

significant clinical consequences which can depend greatly upon the severity and 

location of calcified lesions within the vasculature. Within arteries the formation of 

calcified lesions may lead to stiffening of the vessel and reduced vessel compliance 

impairing the ability of the artery to regulate blood pressure which may lead to 
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hypertension (Zhu et al., 2012). Furthermore, calcification of blood vessels leads to 

narrowing of the lumen of the vessel adversely affecting blood flow and in severe 

cases can fully occlude blood flow which may lead to ischaemia and tissue damage 

(Zhu et al., 2012). Calcification of coronary arteries leads to myocardial infarction 

and calcification of carotid arteries causes stroke. Additionally calcification of the 

renal vasculature may also occur impairing kidney function through a reduction of 

blood flow to the kidneys, subsequently resulting in chronic kidney disease and end 

stage renal disease (Zhu et al., 2012). Furthermore, in calcification of the medial 

layer of the aorta is a key feature of aortic aneurysm, a severe disease where the 

aortic diameter is enlarged to the point of rupture with only a third of patients 

surviving such an event (Fletcher et al., 2022).. In this disease moderate to high 

levels of medial microcalcification precedes loss of the elastin leading to lack of 

vessel compliance, increased diameter and eventual rupture (Fletcher et al., 2022). 

Extracellular matrix remodelling, osteo/chondrogenic differentiation and apoptosis of 

blood vessel cells contribute to vessel calcification (Pescatore, Gamarra and 

Liberman, 2019). Indeed, all the underlying mechanisms of vascular calcification are 

not fully understood but a few key processes have been identified. This includes the 

osteogenic differentiation of vascular smooth muscle cells and other vascular cell 

types which contribute to the direct formation of calcium crystals in the extracellular 

matrix. This phenotypic switch includes upregulation of osteochondrogenic markers 

such as runx2 and osteopontin which are also up regulated in the cells involved in 

bone formation (Leszczynska et al., 2016). Matrix vesicles released from  vascular 

smooth muscle cells contain enzymes and other factors which promote extracellular 

matrix mineralization (Pescatore, Gamarra and Liberman, 2019). Inflammation is 

also a major factor driving calcification of blood vessels as cytokines and 

proinflammatory molecules interleukin-6 and tumour necrosis factor-α can cause 

osteogenic differentiation of vascular smooth muscle cells further enhancing 

calcification (Pescatore, Gamarra and Liberman, 2019). Dysregulation of calcium 

and phosphate metabolism can also enhance vascular calcification as calcified 

lesions primarily consist of calcium and phosphate. This has been shown in aging 

and in individuals with genetic mutations affecting genes involving regulators of 

calcium and phosphate metabolism. One example being mutations in the Klotho 
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gene involved in regulation of phosphate metabolism and oxidative stress which 

leads to vascular calcification  (Xu and Sun, 2015)  

Computed tomography (CT) scans use x-rays to image calcium deposition in coronary 

vessels and assign a score between 1-100 to determine cardiovascular risk. Coronary 

artery calcium scores assessed by CT angiography are greater in males than females 

and in males their tends be a greater multi vessel involvement (Kim et al., 2021). This 

suggests that males have a higher risk of adverse cardiac event and multi vessel 

involvement means that males develop calcification in more than one coronary vessel. 

Vascular calcification was initially thought to be a passive process occurring because 

of a high phosphorous and calcium concentration environment; however, as discussed 

it is a complex active process involving many cell types and occurs in patients with 

kidney disease, diabetes, hypertension, dislipaemia and atherosclerosis (Singh, 

Tandon and Tandon, 2021). Differences in vascular calcification in males and females 

have also been identified. Males develop vascular disease, including atherosclerosis, 

at an younger age than females, approximately 7 to10 years earlier (Maas and 

Appelman, 2010). Circulating levels of testosterone are positively associated with 

vascular calcification (Woodward et al., 2021).In elderly male patients with stable 

coronary artery disease, serum testosterone levels are inversely associated with 

vascular calcification (Woodward et al., 2021). Female are protected against 

cardiovascular disease; until menopause, where changes to a females hormonal 

profile results in a loss of these protective effects. The decline of oestrogen levels 

during and post menopause drives the increased incidence of vascular disease. The 

anatomical location of calcified lesions differs between men and women with men 

exhibiting a higher level of coronary artery calcification and women having a greater 

level of calcification in peripheral arteries (Hiramoto et al., 2014; Shaw et al., 2018). 

Furthermore, in aortic stenosis, the calcification of aortic valve leaflets, men exhibit a 

greater level of valvular calcification but women present with a greater degree of 

fibrosis in valve leaflets (Simard et al., 2017). This example further highlights 

differences in the pathophysiological processes underlying cardiovascular disease in 

males and females.  

Atherosclerosis is a major cause of morbidity and mortality globally (Libby et al., 2019). 

The atherosclerotic process by which fatty lesions build up in the artery wall and can 

lead to MI, stroke, and peripheral artery disease (Libby, 2021). Calcification may occur 
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with atherosclerotic plaques in two phases, with an initial phase of microcalcification 

and a later phase of macroscopic calcification. In the initial phase, inflammation occurs 

with macrophages moving into the large lipid core. Micro calcification occurs within the 

necrotic plaque core as consequence of cell death and apoptosis. From here one of 

two outcomes can occur; the plaque will sufficiently calcify and become stable through  

isolation of the inflammatory immune response or the plaque ruptures causing 

thrombotic occlusion of the vessel (Joshi et al., 2014). The stable plaques are 

considered the end-stage of the calcifying process leading to macroscopic 

calcifications whilst plaques liable to rupture are unstable and contain active micro 

calcification. Vascular calcification is a complex process with many cells resident 

within the blood vessel walls being implicated in its progression. 

 

Cellular Inhabitants of Blood Vessels in Homeostasis and Disease 

The blood vessel wall is comprised of many cell types all of which have unique 

morphology and functions. Blood vessels range in size in order from the largest being 

arteries and arterioles, then veins and venules and the smallest being capillaries. Each 

vessel type shares a common structure but have some changes to their cellular 

constituents. Arteries and veins have three heterogeneous layers that include the 

tunica intima, tunica media and tunica adventitia (Figure 1.1A). Capillaries are 

composed of endothelial cells surrounded by pericytes, that share the basement 

functions in the maintenance of cardiovascular health or in driving CVD (Figure 1.1B).  
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Figure 1.1: Blood Vessel Structure 

(A) Larger vessels are comprised of 3 layers. 

The tunica adventitia consisting of connective 

tissue, nerves, and vasa vasorum and 

containing resident adventitial cells. Tunica 

media, the middle segment of the vessel 

containing vascular smooth muscle cells and 

connective tissue. The tunica intima, the 

innermost layer of arteries and veins consists 

of a continuous layer of endothelial cells 

surrounded by subendothelial connective 

tissue. (B) Capillaries lack the adventitial and 

medial layers and consist of endothelial cells 

with pericytes wrapped around and both 

embedded in a shared basement membrane. 

 

Endothelial Cells 

Initially, endothelial cells were thought to act as a barrier between the blood and tissue; 

however, they are active participants in vascular function. The endothelium controls 

vasoconstriction, vasorelaxation and the transport of macromolecules, hormones, 

platelets and blood cells between the blood and tissue (Krüger-Genge et al., 2019). 

However, endothelial cells are heterogenous having different functions depending 

upon the organs in which they reside and the blood vessel type. Endothelial cells can 

be characterised and distinguished from neighbouring cells due to their morphology 

and expression of cellular surface molecules. Common markers include cluster of 

differentiation 31 (CD31, PECAM-1), CD34, CD144 (VE-cadherin), CD146 (MCAM, S-

endo-1) and von-Willebrand factor (vWF) (Craig et al., 2022). Endothelial cells are key 

in angiogenesis, the growth, and the formation of blood vessels from the existing 

vasculature.  After degradation of the basement membrane and detachment of 

pericytes, stimulation by angiogenic signals induces functional and morphological 

changes in endothelial cells called stalk or tip endothelial cells. Stalk cells extend from 

the surface of the existing vasculature and direct the spout towards angiogenic stimuli 

(Naito, Iba and Takakura, 2020). The specification into stalk or tip endothelial cells is 

driven by the notch and vascular endothelial growth factor (VEGF) A signalling (Naito, 

Iba and Takakura, 2020).  
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As well as their ability to maintain vessel homeostasis and angiogenesis, endothelial 

cells have also been shown to play role in CVDs. For example, after MI in mice, 

endogenous endothelial cells in the heart contribute to neovascularisation through 

clonal proliferation in the infarct border (Li et al., 2019). In atherosclerosis in mice, 

transforming growth factor (TGF-β) can cause a phenotypic change in endothelial cells 

into pro-inflammatory phenotype and inhibition of TGF-β in the endothelium may 

reverse this process (Howe and Fish, 2019). TGF-β is a known driver of endothelial-

to-mesenchymal transition (EndMT). In EndMT, endothelial cells detach, migrate and 

begin to acquire a mesenchymal cell phenotype while losing their endothelial 

characteristics (Bischoff, 2019). EndMT is also one mechanism where endothelial cells 

may contribute to vascular calcification (L. Zhang et al., 2021).  In vascular 

calcification, endothelial cell transition to a mesenchymal osteogenic cell type occurs. 

Evidence of this comes from the use of the matrix Gla protein null (MGP-/-) mouse 

which develops vascular calcification and endothelial dysfunction (Yao et al., 2015). 

MGP, a matrix protein, plays a key role in osteogenic process in binding osteogenic 

molecules, bone morphogenic proteins (BMP) 2,4 and 7 which also promote vascular 

calcification (Yao, Shahbazian and Boström, 2008). Degradation of the internal elastic 

lamina in the absence of MGP results in detachment of endothelial cells making them 

susceptible to undergo EndMT (Yao et al., 2015). This phenotypic switching of blood 

vessel resident cells is a driving force behind CVDs. 

 

Vascular Smooth Muscle Cells 

In CVD, vascular smooth muscle cells (VSMCs) like endothelial cells can change their 

phenotype as a response to stimuli in the cellular environment in CVD. In healthy 

vessels, VSMCs play a key role in maintaining vessel structure and regulate 

intravascular pressure. VSMCs have a long spindle-like morphology, constitute most 

of the tunica media and have a contractile phenotype under homeostatic conditions. 

This phenotype is characterized by the expression of contractile proteins including α-

smooth muscle actin (αSMA) and smooth muscle myosin heavy chain (myosin 11, 

MYH11). Contractile vSMCs regulate vessel diameter and by extension blood 

pressure. In healthy vessels, VSMCs also secrete collagen, elastin and other 

proteoglycans which contribute to the production of extracellular matrix. VSMCs are 
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not terminally differentiated cells and retain cellular plasticity with the ability to readily 

change phenotype, changing their morphology and cellular marker expression.  

In atherosclerosis, VSMCs acquire a synthetic phenotype and drive plaque formation. 

This involves migration, proliferation and dedifferentiation of VSMCs which lose 

normal VSMC marker expression (Bennett, Sinha and Owens, 2016). VSMCs 

undergoing phenotypic switching may also begin to express macrophage markers and 

characteristics (Bennett, Sinha and Owens, 2016). However, these macrophage-like 

smooth muscle cells are distinct in their gene expression from classical monocyte, 

macrophages and dendritic cells (Vengrenyuk et al., 2015). Lipid accumulation in 

atherosclerotic plaques may drive the change in VSMCs’ phenotype. In vitro, 

cholesterol-exposed VSMCs upregulate inflammatory genes and activate 

macrophage markers and reduce VSMC markers (Shankman et al., 2015).  VSMCs 

have also been implicated in calcifying mechanisms within atherosclerotic plaques. 

Hyperphosphatemia, through upregulation of intracellular PIT1 and Runx2, induces an 

osteochondrogenic phenotype of VSMCs expressing osteopontin, osteocalcin, 

alkaline phosphatase (ALP) and SOX9 (Leszczynska et al., 2016).  

 

Adventitial Cells 

Adventitial cells, reside in the tunica adventitia, the outermost layer of the blood vessel 

wall. The adventitial layer was first believed to solely play a role in maintaining vessel 

stability due to it containing, fibroblasts, collagens, and nerves. However, the 

adventitia is also home to immune, blood and lymphatic cells as well as adventitial 

stem and progenitor cells.  The adventitia of arteries also contains vasa vasorum, 

capillaries which contain endothelial cells and pericytes. Adventitial cells can be 

identified by the expression of CD34 and lacking the expression of CD31, CD146 and 

CD45 (Corselli et al., 2012). In response to high vascular pressure the adventitia 

“stiffness” is the primary factor maintaining vessel integrity (Silver, Horvath and Foran, 

2001). The role of the adventitia, however, is complex with resident adventitial cells 

having important roles in immunomodulation, the inflammatory response and vessel 

remodelling. Adventitial resident stem cells play a role in tissue turnover and 

regeneration but also in disease. Adventitial cells have been implicated in the 

progression of atherosclerosis and vascular calcification. In atherosclerosis, B-cells as 
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well as other immune cells form tertiary lymphoid organs in the adventitial areas 

adjacent to atherosclerotic plaques. These lymphoid organs act to enhance the 

immune response against local stimulating antigens. In advanced atherosclerosis, 

adventitial B-cells begin to accumulate in atherosclerotic lesions (Kyaw et al., 2011). 

The adventitial immune response influences plaque stability and the occurrence of 

thromboembolic events. Sprouting of the vasa vasorum from the adventitial layer to 

the intimal layer has long been recognised to occur in atherosclerosis and is a 

mechanism of recruitment of immune cells to atherosclerotic lesions (Kawabe and 

Hasebe, 2014). The adventitia is home to resident stem/progenitor cells which migrate 

and contribute to atherosclerosis development by differentiation to VSMCs in mice (Hu 

et al., 2004). Adventitial cells were also shown to become mesenchymal stem/stromal 

cells MSCs in vitro (Corselli, et al., 2012). In a mouse models of chronic kidney injury, 

Gli1+ MSCs residing in the adventitial layer were found to migrate into the intima layer 

in the setting on chronic kidney disease (Kramann et al., 2016). These cells were able 

to differentiate into VSMCs and then into Runx2+ osteoblast-like cells that accumulated 

in calcified lesions. Adventitial myofibroblasts also contribute to atherosclerosis 

development and osteogenic processes (Li et al., 2015).   

 

Pericytes 

Pericytes, originally called Rouget cells, are almost omnipresent in the 

microvasculature of organs and tissues throughout the body are also found in the vasa 

vasorum and sub-endothelial layer of large arteries. They are also known as mural 

cells and like VSMCs they are found in lining the blood vessel wall. Pericyte are 

defined in part by their location in the blood vessel found in contact with endothelial 

cells with long processes embedded within the basement membrane. They are highly 

heterogenous in terms of their surface marker expression with many different subsets 

being identified. The expression of certain surface markers is thought to be related to 

their role in the perivascular niche. Some typical pericyte markers include α-smooth 

muscle actin (αSMA), neuron-glial antigen 2 (NG2), CD146 and platelet-derived 

growth factor (PDGF) receptor β (Table 1.1). Pericytes are also further defined by the 

absence of CD31, and haematopoietic markers CD45 and CD117. It is also important 

to note that there is no pan pericyte marker which identifies every pericyte population 
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and extended characterisation using a combination of markers is used to identify 

different subsets. An extended list of pericyte markers is shown in Table 1.1. 

Table 1.1: Pericyte markers and their expression in other cell types 

Pericyte Marker Shared expression with References 

αSMA VSMCs, myofibroblast (Nehls and Drenckhahn, 1991) 
(Morikawa et al., 2002) 

 
 

Desmin Cardiac, skeletal, and smooth muscle (Nehls, Denzer and Drenckhahn, 

1992; Morikawa et al., 2002; Paulin 
and Li, 2004) 

NG2 Neurons, microglia (Karram, Chatterjee and Trotter, 
2005) 

CD13 Myeloid Cells (Favaloro et al., 1988; Crouch and 
Doetsch, 2018) 

PDGFRβ Neurons, VSMCs (Lindahl et al., 1997; Lindblom et al., 
2003; Winkler, Bell and Zlokovic, 

2010) 

CD146 (MCAM) 

 

Endothelial cells, VSMCs (Crisan et al., 2008) 

Aminopeptidase 
A 

Myeloid Cells (Alliot et al., 1999) 

Aminopeptidase 
N 

Myeloid Cells (Alliot et al., 1999) 

RGS5 
 

VSMCs (Li et al., 2004; Mitchell et al., 2008) 

Nestin 
 

Neural Stem Cells (Alliot et al., 1999) 

CD44 MSCs, haematopoietic cells, cancer 
cells, 

(Crisan et al., 2008; Senbanjo and 
Chellaiah, 2017) 

CD73 MSCs, tumour cells, endothelial cells, 

immune cells 

(Crisan et al., 2008; Turiello, Pinto 

and Morello, 2020) 

CD90 MSCs, T immune cells, neurons 
fibroblasts 

(Crisan et al., 2008; Sauzay et al., 
2019) 

CD105 MSCs, endothelial cells, tumour cells (Crisan et al., 2008; Kauer et al., 
2019) 

Tbx-18 
 

VSMCs, atrial cardiac muscle (Guimarães-Camboa et al., 2017) 

αSMA= alpha smooth muscle actin, NG2- neural/glial antigen 2, PDGFRβ= platelet derived growth 

factor β, RGS5= Regulator of G Protein Signalling 5, Tbx-18= T-box transcription factor 18, VSMC= 

vascular smooth muscle cell, MSC=mesenchymal stem/stromal cell 

Pericytes also play key roles in the formation and regulation of the blood-brain barrier 

(BBB) and are an integral part of the neurovascular unit (NVU). The NVU is made of 

brain parenchymal cells; neurons, interneurons, microglia, and astrocytes interacting 

with various vascular cell types including pericytes which regulate cerebral blood flow 

due to alterations to neuronal activity. Brain pericyte dysfunction has also been shown 

to cause many neurological diseases ranging from traumatic brain injury, Alzheimer’s 

disease, stroke and others (Cheng et al., 2018). In stroke, ischemia causes pericytes 
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to release matrix metalloproteinases (MMPs) which degrade the endothelial tight 

junctions of the BBB increasing its permeability.  

Pericytes are also abundant in the heart vasculature and play an important role in the 

maintenance of cardiac homeostasis. Under physiological conditions, cardiac 

pericytes regulate vascular permeability, the delivery of trophic factors and the 

production and storage of pro-coagulation factors (Avolio et al., 2015). In CVDs such 

as MI, atherosclerosis, and vascular calcification, pericytes may also contribute to 

disease pathology. It has been shown using a rat model of ischaemia reperfusion in 

the heart that pericyte contraction blocked 40% of capillaries after vessel occlusion 

and reduced capillary diameter by 67% (O’Farrel et al., 2017). Pericytes may play a 

role in atherosclerosis progression as lipid accumulation within plaques may cause 

pericytes to be recruited into the atherosclerotic lesion (Summerhill and Orekhov, 

2019). Furthermore, angiogenesis from the vasa vasorum has been shown to precede 

atherosclerotic plaque development with neovascularisation of microvessels being 

associated with plaque rupture.  Pericytes may also contribute to vascular calcification 

directly through their innate ability to differentiate into osteoblasts and chondrocytes 

(Summerhill and Orekhov, 2019).   

 

Mesenchymal Stem/Stromal Cells  

Mesenchymal stem/stromal cells (MSCs) are multipotent cells characterized by 1) their 

ability to adhere to plastic cell culture, 2) their ability to undergo trilineage 

differentiation to osteoblasts, chondrocytes, and adipocytes and 3) the expression of 

MSC markers; CD105, CD90 and CD73 and lack CD45, CD19, CD14 CD11b, CD34, 

CD79α and HLA-DR in vitro (Dominici et al., 2006). MSCs were first identified in cell 

cultures from bone marrow by Arnold Caplan, who first coined the term “MSC” 

(Caplan, 1991). However, for many years the in-situ counterpart to MSCs remained 

elusive until 2008 when MSCs were shown to reside in the perivascular wall of small 

(pericytes) and large (adventitial) vessels (Crisan et al., 2008; Corselli et al., 2012). 

Human pericytes were identified as CD146+ NG2+ PDGFRβ+ and lacking 

haematopoietic, endothelial, and myogenic markers by flow cytometry (Crisan et al., 

2008). CD34+ human adventitial cells from adipose tissue, lacking expression of 

CD146, CD45 and CD31, were subsequently identified as another origin of MSCs in 
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large vessels (Corselli et al., 2012). MSCs can therefore be derived from perivascular 

cells from almost any vascularised tissues. MSCs are also a major focus in the field of 

regenerative medicine and have been utilised in thousands of clinical trials (Gomez-

Salazar et al., 2020). One key feature of MSCs is that they can retain certain properties 

from the vascularised tissue from which they were isolated in vivo and that even within 

the same tissue different populations of MSCs may display altered functional 

properties. For example, in the skeletal muscle, PDGFRβ+ PDGFRα- cells are 

myogenic whereas PDGFRβ+ PDGFRα+ perivascular cells are fibrogenic and 

adipogenic (Jensen et al., 2018). Furthermore, MSCs expressing the ROR2 receptor 

are more chondrogenic than ROR2- counterparts. Both pericytes and adventitial cells 

can be separated based on the expression of aldehyde dehydrogenase (ALDH) with 

a ALDHbright subsets possessing a more “primitive transcriptional profile” than ALDHdim 

subsets (Hardy et al., 2017). CD10+ perivascular cells are osteoprogenitors lacking 

adipogenic and other differentiation potentials (Ding et al., 2020).  

In summary, cells resident within the blood vessels help to maintain cardiovascular 

homeostasis and as a response to changes in their cellular environment may 

contribute to CVD pathogenesis. One family of molecules are important in the 

maintenance of homeostasis, development of cardiovascular disease and in MSC 

biological function is the family of platelet-derived growth factors (PDGFs).  

 

Platelet Derived Growth Factors and Receptors 

Signalling between the PDGF family of ligands and their PDGF receptors (PDGFR) 

play a role in the development of the cardiovascular system, response to injury and in 

disease processes. Numerous cell types including endothelial cells, platelet cells, 

neurones and macrophages can express members of the PDGF family. PDGFs are 

also involved in MSC biology in vitro in the regulation of growth and migration. There 

are five PDGF ligands, four homodimers, PDGFA, PDGFB, PDGFC, PDGFD and a 

heterodimer, PDGFAB. These five ligands bind to three receptors, PDGFRα, PDGFRβ 

and PDGFRαβ (Andrae, Gallini and Betsholtz, 2008). Several PDGF/PDGFR binding 

interactions have been shown in vivo and in vitro (Figure 1.2A).  
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Figure 1.2: PDGF/PDGFR receptor interactions in 
vivo and in vitro. 

There are 5 platelet derived growth factor (PDGF) 

ligands; A, B, AB, C and D which may selectively bind 

to 2 PDGF receptors made of α and β subunits. PDGFC 

binds to both PDGFR α and PDGFRαβ. PDGFA 

selectively binds to PDGFRα.  PDGFAB can bind to 

PDGFRαβ and PDGFRα. PDGFB can bind to all 3 

receptors. PDGFD binds to PDGFRαβ PDGFRβ. 

Taken from (Andrae, Gallini and Betsholtz, 2008).  

 

Binding to PDGFRα can be achieved by PDGFA, PDGFB, PDGFAB and PDGFC. 

PDGFRβ can be bound by both PDGFB and PDGF-D. Finally, the PDGFRαβ can be 

bound by PDGFs B, AB, and C. One important aspect of the structure of PDGF 

structure is the presence of the PDGF retention motifs on PDGFA and PDGFB.  

This allows regulation of the PDGF tissue distribution by binding to extracellular matrix 

components. The c-terminal protein motif of PDGFB and PDGFA is negatively charged 

due to the presence of basic amino acid residues. PDGFC and PDGFD do not contain 

this structure. Active splicing of PDGFA and active processing of PDGFB can occur 

and is cell type dependent meaning that both ligands can be released from cells in 

their soluble forms (Andrae, Gallini and Betsholtz, 2008).   

PDGF-mediated activation of PDGFRs causes the monomeric dimers to assemble 

and increases the receptors tyrosine kinase activity (Heldin and Westermark, 1999). 

This in turn causes phosphorylation of substrates, engaging signalling cascades 

driving cellular responses, for example, cell proliferation and migration (Tallquist and 

Kazlauskas, 2004). After PDGFRs are activated, they are then taken into the cells and 

degrade resulting in the cessation of signalling. Of particular importance in 

cardiovascular development health and disease is the interaction between PDGFB 

and PDGFRβ due to its involvement in the cellular communication between endothelial 

cells and pericytes.  
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PDGFB/PDGFRβ Signalling  

Signalling between PDGFB and PDGFRβ plays a key role in angiogenesis, during 

development of the cardiovascular system, its growth and as a response to injury. The 

first steps in angiogenesis are the degradation of the shared basement membrane by 

MMP’s and the detachment of pericytes from endothelium due to VEGF -A. At this 

point VEGF-A also causes endothelial cell proliferation and migration which begin to 

form the new blood vessel developing within a tissue. However, this newly sprouting 

vessel is fragile and unstable requiring proper pericyte coverage. During the sprouting 

phase endothelial cells release PDGFB which is retained on the cell surface and 

extracellular matrix. This is made possible by the presence of the c-terminal protein 

motif of PDGFB which interacts with heparin sulfate proteoglycans of the extracellular 

matrix creating a chemotactic gradient, limiting the range of action and tissue 

distribution of PDGFB. PDGFRβ+ pericytes interact with PDGFB retained in the 

extracellular matrix and pericellular space. This interaction causes their pericyte 

proliferation and migration to the site of the newly forming capillary. Angiogenesis is 

also activated in various injury models such as heart injury. Angiogenesis as a 

response to hypoxic injury in the heart triggers neovascularisation in the infarct and 

peri infarcted area to reduce infarct size and promote re-oxygenation of damaged 

tissue. Both PDGFB and PDGFRβ have been shown to be highly expressed in the 

heart post-MI (Zymek et al., 2006).  Inhibition of PDGFB/PDGFRβ signalling impairs 

vessel maturation and reduced pericyte coverage on newly sprouting vessels (Zymek 

et al., 2006). As such signalling between PDGFB and PDGFRβ is essential in the 

damaged heart.  

PDGFB also plays an important role in MSC biology and function causing cell growth, 

migration and proliferation in vitro (Caplan, 1991). Co-culture of MSC precursors with 

endothelial cells showed that endothelial released PDGFB can enhanced cell 

proliferation and also induce their differentiation into a SMC/ pericyte fate(Hirschi et 

al., 1999). PDGFB was also shown to be a potent regulator of bone marrow MSC 

progenitor migration using chemotaxis  (Fiedler et al., 2002). Enhanced migration and 

proliferation of MSCs was also observed in human adipose derived MSCs in vitro 

(Kang et al., 2005). PDGFB may also modulate the behaviour of transplanted MSCs.  

Indeed, overexpression of PDGFB in human bone marrow MSCs via a lentiviral vector 

enhances their migratory and proliferative capacities in restoring blood flow in a mouse 
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model of hindlimb ischemia (Sondergaard et al., 2009). In a rabbit model of ligament 

injury, transplanted MSCs transfected with PDGFB increased the healing responses 

such as collagen deposition and angiogenesis(Li, Jia and Yu, 2007). Furthermore, 

PDGFB released from transplanted MSCs in a paracrine manner to promote 

angiogenesis as shown in a rodent model of hind limb ischemia (Bortolotti et al., 2015). 

PDGFB may also modulate the cell fate of MSCs in vitro. Early studies indicated that 

PDGFB administration did not enhance osteochondrogenic differentiation of bone 

marrow MSCs in vitro (Cassiede et al., 1996). However, later PDGFB was shown to 

selectively enhanced the osteogenic capacity of adipose-derived MSCs over those 

from the bone marrow in vitro (Hung et al., 2015).  

PDGFB/ PDGFRβ signalling is therefore essential to cardiac development, repair and 

in the modulation of MSC function in vitro and in vivo. 

 

Mouse models of PDGFB/PDGFRβ Signalling 

Animal models of human disease have been the backbone of many areas of scientific 

research. Much of the mechanistic insight regarding the role of PDGFB/PDGFRβ 

signalling comes from studies utilising genetically modified mouse models.  

In 1994, the first genetically altered mouse models were developed to understand the 

effect of PDGFB and PDGFRβ in vivo. Germline ablation of PDGFB in pdgfb-/- mice 

results in perinatal lethality with late embryonic mice showing haemorrhaging and 

dilation of major blood vessels as well as severe developmental defects in the kidney 

(Levéen et al., 1994). Similar renal defects were observed in pdgfrb-/- mice which also 

die prior to birth and exhibit severe haemorrhaging (Soriano, 1994). Later renal defects 

in both models were shown to be due to an absence of mesangial cell and pericytes 

due to failure to recruit PDGFRβ+ progenitors (Lindahl et al., 1998). Furthermore, both 

models exhibit myocardial hypoplasia, underdevelopment of the left and right 

ventricles and dilated coronary vessel structure (Van Den Akker et al., 2008). Pdgfb-/- 

mice were also found to be pericyte deficient in the brain and develop microaneurysms 

which ruptured at late gestation (Lindahl et al., 1997). Both pdgfb-/- and pdgfrb-/- exhibit 

endothelial hyperplasia and abnormal brain vascular morphology (Hellström et al., 

2001). These early models proved to be essential in understand fundamental role of 

PDGFB/PDGFRβ in pericyte and VSMCs recruitment during blood vessel 
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development and in the development of the placenta and epididymis (Hellström et al., 

1999; Ohlsson et al., 1999; Basciani et al., 2004).  

Other models investigating PDGFB/PDGFRβ signalling have also since been 

established and studied in various areas of research. Pdgfb+/- heterozygotes develop 

diabetic retinopathy with a 30% depletion in retinal pericytes and reduced capillary 

number (Hammes et al., 2002). Double transgenic pdgfb+/- pdgfrb+/- mice have 

reduced pericytes coverage and exhibit progressive pericyte loss in the brain in aging 

(Vanlandewijck et al., 2015). Pdgfrbredeye/redeye mice, possessing a mutation in position 

+2 of intron 6 resulting in partial splicing of the pdgfrb gene, exhibit impaired pericyte 

recruitment, increase vascular permeability and leakage and retinal 

neurodegeneration (Jadeja et al., 2013). Transgenic overexpression of PDGFB 

causes emphysema accompanied by localised fibrotic lesions in the lung (Hoyle et al., 

1999). Cardiac specific over expression of PDGFB caused a similar phenotype with 

focal accumulation of fibrosis in the ventricular myocardium and cardiac hypertrophy 

(Gallini et al., 2016). Similarly, hepatic overexpression of PDGFB induces liver fibrosis 

(Czochra et al., 2006) Overexpression of PDGFB in the retina promotes pericyte, 

endothelial cell, astrocyte and microglial proliferation (Seo et al., 2000). Another 

interesting model used to study alterations in PDGFB/ PDGFRβ signalling is the 

PDGFRβF7/F7 mouse which has 7 missense mutations in the PDGFRB gene which 

reduces cardiac pericyte number during development but does not affect kidney 

pericytes to the same extent (Tallquist, French and Soriano, 2003). This mutation 

disrupts residues and signal transduction pathways; residue 578 (Src), residue 715 

(Grb2), residues 739 and 750 (PI3K), residue 770 (RasGAP), residue 1008 (SHP-2), 

switching the tyrosine to phenylalanine, and residue 1020 (PLCγ), changing tyrosine 

to isoleucine(Montagne et al., 2018). These mice also have a reduced pericyte number 

in the brain and skeletal muscle (Nikolakopoulou et al., 2017; Methner et al., 2019) 

Thus, transgenic mouse models have provided invaluable insight into the role of 

PDGFB and PDGFRβ in pericyte biology and function, angiogenesis, and fibrotic 

injury. 
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The Pdgfbret/ret mutant mouse model 

Due to the perinatal lethality of both the PDGFB and PDGFRβ knockout mice, it is 

difficult to determine how altering PDGFB/PDGFRβ signalling in adult mice may 

disrupt cardiovascular homeostasis. The pdgfbret mutant mouse model, where the 

PDGFB retention motif has been deleted, survive into adulthood and are an ideal 

candidate model to study altered PDGFB/PDGFRβ signalling. 

Pdgfbret mutant mice were first created by the laboratory of Professor Christer 

Betsholtz generating a germline mutant using mouse embryonic stem cells. To 

accomplish this, a loxP-flanked PGK-neo cassette was inserted into intron 5 as well 

as a stop codon/HindIII site into exon 6 of the pdgfb gene. Heterozygous mutants were 

generated and bred with protamine-Cre mice to delete the PGK-neo cassette which 

generated the pdgfbret (retention motif knockout, RET KO) allele (Lindblom et al., 

2003). As previously noted, the c-terminal protein motif of PDGFB through binding to 

heparin sulfate proteoglycans (HSPGs) regulated PDGFB tissue distribution in the 

extracellular matrix (ECM). This interaction is important during cell migration and 

spatial distribution of secreted growth factors, for example during angiogenesis. 

Consequently, pdgfbret/ret mice have reduced pericyte coverage of the 

microvasculature. Since their generation, pdgfbret/ret mice have been studied in a 

variety of biological settings. Prior to the start of my project, the effect of this mutation 

had been described in several tissues and at differing stages of development. 

The effects of the pdgfbret mutation were first reported during embryonic development. 

At embryonic day (E) 15.5 pdgfbret/ret defective investment of pericytes into the walls 

of the microvasculature was observed. At E15.5 pdgfbret/ret mice, had around a  50% 

depletion in pericyte coverage and abnormal brain capillary structure (Lindblom et al., 

2003). Subsequent characterisation also revealed reduced pericyte coverage and 

vascular leakage at in E11.5 pdgfbret/ret embryos. However, unlike both PDGFB and 

PDGFRβ null mutants, no vascular haemorrhaging was observed in the brain at 

developmental later stages E12.5 and E14.5 (Lindblom et al., 2003). A great number 

of studies have investigated the role of pdgfbret mutation in the adult brain. 

Armulik and collaborators investigated the importance of pericytes in the regulation of 

the blood brain barrier using pdgfbret/ret mice (Armulik et al., 2010). They found that 

reduced pericyte coverage led to leakage of the BBB in the brains of adult pdgfbret/ret 
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mice. They observed that changes in permeability were due to increased endothelial 

transcytosis and through regulation of specific genes in endothelial cells involved in 

the BBB function (Armulik et al., 2010). This also results in altered of cholesterol 

homeostasis in the brain of pdgfbret/ret mice (Saeed et al., 2014). However, further 

studies on pdgfbret/ret mice have shown that the pericyte deficiency does not influence 

the transport of small molecules and drugs such as diazepam, oxycodone and 

paliperidone (Mihajlica, Betsholtz and Hammarlund-Udenaes, 2018b, 2018a). 

Implying that BBB barrier function against xenobiotic compounds is preserved in a 

pericyte deficient state.  

 

 

 

 

 

 

 

Figure 1.3: PDGFB/PDGFRβ signalling in pdgfb+/+ and pdgfbret/ret mice in angiogenesis. 

During normal angiogenesis PDGFB is released and retained in the pericellular space and extracellular 

matrix by the action of the PDGFB retention motif. This means pericytes are recruited to newly forming 

vessel and when in place, pericytes allow vessels to mature and maintain their structural integrity. In 

pdgfbret/ret mice the deletion of the PDGFB retention motif alters tissue distribution of the PDGFBret 

protein. This in turn impairs pericyte recruitment to newly forming vessels (Lindblom et al., 2003). 

 

Pdgfbret/ret mice have been used as a model for the human condition of idiopathic basal 

ganglia calcification (IBGC) as they were found to develop vascular-associated brain 

calcification that progresses in size with age (Keller et al., 2013). IBGC is a 

neurodegenerative disorder in which bilateral calcification of the basal ganglia occurs. 

In humans, mutations in PDGFB and PDGFRβ have been identified in families with 

IBGC (Keller et al., 2013). In pdgfbret/ret mice, calcium phosphate nodules in the pons, 

thalamus and midbrain increased in size between 2 and 12 months. Outside of the 

brain other aspects of the pdgfbret mutant physiology have been assessed.  
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Raines and collaborators investigated the hepatic system of pdgfbret/ret mutant mice 

due to the fact the microvasculature plays an important role in insulin signalling. They 

investigated the permeability of the vasculature of the liver, skeletal muscle, and heart 

via injection of dextran (Raines et al., 2011). Under homeostatic conditions vascular 

permeability can be defined as the vascular sieving of small molecules and solutes. 

However, in pathological conditions disruption of the vascular barrier enhances vessel 

permeability resulting in the leakage of large molecules into tissue, oedema and 

inflammatory processes (Claesson-Welsh, 2015). No change in vascular permeability 

was observed in the skeletal muscle although permeability of the heart increased after 

24 hours. The largest increase in vascular permeability was observed in the liver. 

However, they saw no difference in hepatic stellate cell, which are modified pericyte-

like cells, coverage of the liver microvasculature between control (pdgfb+/+ and 

pdgfbret/+ littermates) and pdgfbret/ret mice. They also found that pdgfbret/ret mice also 

had enhanced glucose homeostasis and insulin clearance from the circulation. In the 

same study, they observed that in obese pdgfbret/ret mice (pdgfbret mice crossed with 

leptin deficient mice) reduced PDGFB signalling enhanced insulin action and glucose 

levels to were the same as controls (Raines et al., 2011). 

Kidney structure was altered in pdgfbret/ret mutant mice during development and after 

birth (Lindblom et al., 2003). At E17.5 there is a reduction in the number of mesangial 

cells in the kidneys of pdgfbret/ret mice leading to malformation of the glomerular 

capillaries. Later examination of the kidneys at 1 month of age describes how this 

deficiency in mesangial cell number and glomerular malformations had normalized. 

However, at 6 months of age pdgfbret/ret mice have a large accumulation of extracellular 

matrix and collagen and have excessive amounts of albumin in their urine at 3 months 

of age (Lindblom et al., 2003).  

Retinal defects were also described in pdgfbret/ret mice. The eyes of pdgfbret/ret mice 

were smaller and around 10% had white ocular defects such as the degeneration of 

photoreceptors, invasion of retinal pigment epithelial cells and fibrosis (Lindblom et al., 

2003). The vasculature of the eye was also malformed and disorganised with vascular 

mural cells detached and forming cellular sheets on the retinal surface. A subsequent 

study showed that these structural deterioration was progressive starting at postnatal 

day (P) 10 with vascular abnormalities and followed by photoreceptor death, glial cell 
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activation and gliosis and other abnormalities by P28 (Genové, Mollick and 

Johansson, 2014). 

Despite extensive study in the brain and other tissues and the severe phenotype 

exhibited by PDGFB and PDGFRβ knockout mice in the heart, only one study has 

briefly examined the effect of the pdgfbret mutation in the heart. In this study, they 

interpreted the development of eccentric hypertrophy in the hearts of male pdgfbret/ret 

mice that progressed from 10 to 20 weeks (Nystrom et al., 2006). However, no follow 

up beyond this time point was performed and the effects of sex in pdgfbret/ret mice were 

not established. 

 

Preclinical Cardiovascular Imaging in vivo 

Techniques to image the cardiovascular system in patients is common practice in the 

diagnosis and treatment for many conditions. Although many imaging systems were 

initially conceived for use in patients, the technology has been altered and refined for 

research purposes on animal models of disease. Today, preclinical imaging in vivo 

has become a cornerstone of cardiovascular research.  

 

Ultrasound Imaging 

High frequency ultrasound is one technique which has been widely used in preclinical 

studies for cardiovascular research. Ultrasound waves are high frequency sound 

waves which cannot be heard by the human ear (>20,000Hz). In preclinical imaging 

the frequency of ultrasound waves produced by an ultrasound probe can vary from 

15MHz to 80MHz (Foster, Hossack and Adamson, 2011). In imaging both humans 

and animals, ultrasound waves are produced by a probe which propagate through the 

tissue, are reflected, and acquired by a transducer. This allows either 2-dimensional 

(2D) or 3D images to be acquired. In echocardiography, 2D cross sectional images 

can be acquired in real time on an ultrasound scanner. Areas of high echogenicity are 

shown as high echoes (bright white) than areas of lower echogenicity. In cardiac 

scanning in mice, parasternal images are acquired because a rodent’s heart is 

anatomically more vertical than humans (Moran et al., 2013). Several imaging 
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modalities are available to assess different aspects of cardiac structure and function 

in vivo. 

2D Brightness-mode (B-mode) images are shown in greyscale on an ultrasound 

scanner. In this modality a cine-loop can be acquired and by defining left ventricular 

cavities, systolic and diastolic function can be assessed (Moran et al., 2013). Motion-

mode (M-mode) is another imaging modality but is instead, a singular point of 

ultrasound data selected from a B-mode image (Moran et al., 2013). This singular point 

of ultrasound data is displayed over time and using automatic boundary detection 

algorithms, the diameter of ventricular and atrial cavities as well as myocardial wall 

thickness can be measured. 

Speckle tracking echocardiography (STE) is a relatively novel cardiac imaging 

technique which can be utilised to measure cardiac strain. A “speckle” is an artefact 

caused by an interference pattern which is formed by interference from echoes which 

are out with the capabilities of the ultrasound system to detect (Moran et al., 2013). 

Each area of the myocardium can produce a speckle pattern which is unique, however, 

myocardial motion may cause this to change (Moran et al., 2013). STE techniques are 

utilised to measure strain which is an indicator of tissue deformation. Preselected 

regions of the myocardium are tracked across time and the displacement between 

these two regions is measured. This data can allow assessment of regional as well as 

global systolic and diastolic changes to cardiac function. STE strain analysis can be 

utilised to detect early regional changes in cardiac function prior to the onset of global 

dysfunction. Echocardiography has wide spread applications and is utilised to assess 

rodent models of dilated cardiomyopathy and MI, as well as the effects of 

pharmaceutical compounds on cardiac function (Schnelle et al., 2018; Moran and 

Thomson, 2020; Kryukov et al., 2021). 

 

Positron Emission Tomography/Computed Tomography Imaging 

Positron emission tomography (PET) was first used in medical imaging of brain 

tumours using sodium iodide in the 1950s and 1960s (Nutt, 2002). PET is a highly 

sensitive imaging technique scanning which through the detection of positron 

emissions from radiotracer binding in an organ or tissue. A PET scanner is equipped 

with two photon detectors which can detect the photons produced by an emitted 
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positron colliding with an electron. Two of the most widely used radiotracers in PET 

imaging are 18F-fluordeoxyglucose (18F-FDG), used in imaging glucose metabolism 

and 18F-Sodium fluoride (18F-NaF) which binds to hydroxyapatite deposition (Nutt, 

2002). Since the 60s, the applications of PET scanning have grown, and micro-PET 

scanners have been developed for use in preclinical imaging. PET imaging is often 

combined with CT allows localisation of radiotracer activity within a given organ or 

tissue.  

During a CT scan, a patient or animal is placed upon a motorised table which moves 

them into the CT scanner. Unlike convention X-ray machines, CT scanners use a 

motorized x-ray source that rotates around the subject in a spiral manner. CT imaging 

uses serial x-rays to provide cross-sectional imaging of a whole organism, organ or 

tissue in 3D (Brenner, Hall and Phil, 2007). Clinically, CT scans have been utilised for 

diagnostic purposes such as in injury caused by trauma to bone, tumour imaging and 

imaging of coronary artery calcification (Jung, 2021). Micro CT scanners have been 

developed to obtain in vivo imaging of rodents and to image organs ex vivo. 

Furthermore, micro PET and CT scans have been combined into hybrid micro PET/CT 

scanners which enable functional imaging of biological processes combined with 

information regarding the anatomical location of radiotracer activity (Jan et al., 2006).  

18F-NaF is a commonly used radiotracer initially used in bone imaging; however, this 

can be also used to measure microvascular calcification. When combined with CT 

scan, the use of 18F-NaF can distinguish between macroscopic vascular calcification 

and microscopic vascular calcification and as such can distinguish between stable and 

unstable plaque formation (Joshi et al., 2014). Indeed, recently whole body and ex-

vivo PET/CT imaging using 18F-NaF has been previously performed to characterize 

the progression of atherosclerosis and microcalcification of the aorta of Apoe-/- mice 

fed an atherogenic diet (MacAskill et al., 2020).  

Both echocardiography and PET/CT imaging are invaluable research tools to allow 

structural and functional assessment of the cardiovascular system in preclinical 

models of CVD.  
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Summary and Project Outline 

I have introduced the importance of the role of blood vessels and their cellular 

constituents in health and disease. PDGFB/PDGFRβ signalling is important not only 

for cardiovascular development and disease but also in MSC biology in vitro. 

Pdgfbret/ret mice have altered PDGFB/PDGFRβ signalling, survive into adulthood, 

exhibit brain vascular calcification and early changes to left ventricular structure. 

However, whether ectopic extracerebral calcification occurs in other organs or tissues 

in pdgfbret/ret mice is not known and whether this mutation differently affects cardiac 

function in aging male and female mice has not been studied. Finally, the effect on the 

pdgfbret mutation on MSCs in vitro has also not been established. 

Using state-of-the-art imaging techniques, PET/CT, and cardiac ultrasound, combined 

with MSC in vitro assays I aimed to investigate the role of the pdgfbret mutation in 

cardiac homeostasis. 

 

Hypothesis 

The pdgfbret mutation induces ectopic extracerebral vascular calcification and leads to 

alterations to left ventricular structure and decline in heart function in aging male and 

female mutant mice. The pdgfbret mutation induces changes to MSC osteogenic 

differentiation potential in vitro.  

 

Aims 

Identify ectopic extracerebral vascular calcification in pdgfbret/ret mice. 

Determine the effect of the pdgfbret mutation on cardiac structure and function. 

Assess pdgfbret mutant MSC osteogenic potential in vitro. 
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Chapter 2: Materials and Methods 

 

Ethics Statement 

All experiments were carried out according to the University of Edinburgh Animal 

Welfare and Ethical Review Body, UK Home Office Animal (Scientific Procedures) Act 

1986 and with Directive 20101/63/EU of the European Parliament. 

 

Animals 

Mice were bred in the animal facility at the Centre of Regenerative Medicine, 

Edinburgh. Animals were housed under a 12-hour light/12-hour dark cycle mimicking 

circadian rhythm and fed a chow diet and water ad libitum. To undergo ultrasound and 

PET/CT experiments, mice were transferred to the Chancellor’s Building (LF2) Animal 

Facility, Edinburgh. In LF2, mice were housed under a 12-hour light/12-hour dark cycle 

mimicking circadian rhythm. Animals were fed a chow diet and water ad libitum. 

Pdgfbret/ret mice were created by deletion of the PDGFB retention motif. This was done 

through targeting a loxP-flanked PGK-neomycin cassette into intron5 and a premature 

stop codon/ HindIII site into exon 6 of the pdgfb gene in mouse embryonic stem cells 

(Figure 2.1A, Lindblom et al., 2003). This allowed generation of the pdgfbret allele 

(Figure 2.1B, Lindblom et al., 2003). The pdgfbret mouse line was maintained by 

breeding of male and female heterozygous (pdgfbret/+) mice on the C57BL6/J 

background. Due to previously reported fertility issues exhibited by female pdgfbret/ret 

mice, they were not utilised for breeding (Lindblom et al., 2003). Pdgfb+/+ and pdgfbret/+ 

littermate mice were used in all experiments with pdgfbret/ret mice. 
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Figure 2.1: Generation of pdgfbret/ret mice. 

Generation of the pdgfbret allele targeting loxP-flanked PGK-neomycin cassette into intron5 and a 

premature stop codon/ HindIII site into exon 6 of the pdgfb gene (A). Schematic view of the pdgfbret 

allele (B). Taken from Lindblom et al., 2003.  

 

DNA Extraction 

Mice were genotyped by polymerase chain reaction (PCR). DNA samples (ear 

clippings) from postnatal pdgfb+/+, pdgfbret/+, and pdgfbret/ret mice were taken at 

postnatal day 14 and frozen at -20oC or DNA extraction was immediately performed 

using the REDExtract-N-AmpTM Tissue PCR Kit (Sigma-Aldrich, Massachusetts, 

USA). For DNA extraction, frozen samples were thawed and placed in a solution 

consisting of 100µL of extraction solution and 25µL of tissue preparation solution. 

Samples were incubated at 55oC in a shaking incubator for 10mins and transferred to 

a stationary incubator heated to 95oC for 3mins. 100µL of neutralisation solution was 

then added to each sample. 
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Genotyping 

PCR was used to identify pdgfb+ and pdgfbret alleles in DNA samples. Separate PCRs 

were performed to independently detect pdgfb+ and pdgfbret alleles. Information 

regarding primer sequences for the detection of each allele are given in Table 2.1. For 

each allele, 4µL of each DNA sample was added to 16uL of PCR mix (Table 2.2). DNA 

and PCR mix were then placed in the PCR machine, the program cycle was selected 

and left until completion (Table 2.3). Upon completion samples were run on a 1.5% 

agarose gel in 1xTAE buffer (Invitrogen, Massachusetts, USA) for 90mins at 115V. 

Samples were run alongside a molecular weight ladder (EasyLadderI) with bands at 

100, 250, 500, 1000 and 1500 base pairs to allow identification of amplified products. 

 

Table 2.1: Primer details 

Allele Primer sequences Amplified Product 
Size (base pairs) 

pdgfb+ Forward: 
CATGCTGCCTTGTAATCCGTTC 

Reverse: 
CGGCGGATTCTCACCGT 

 
340 

pdgfbret Forward: CTCGGGTGACCATTCGGTAA 
Reverse: 

TCTAAGTCACAGCCAGGGAGTAGC 

 
212 

 

Table 2.2: PCR MIX 

PCR Mix Constituents Volume per sample 

REDExtract-N-Amp PCR Reaction Mix 10µL 

Forward Primer 1µL 

Reverse Primer 1µL 

dH2O 4µL 

 

Table 2. 3:PCR Program 

Temperature (oC)  Number of 
Cycles 

Cycle Duration 

94  1 5min 

94   
35 

30s 

63  40s 

72  1min 

72  1 4min 

10  1 Infinite hold 
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Figure 2.2: Example of pdgfbret genotyping 

The pdgfb+ band (340bp) is present in DNA samples from both pdgfb+/+ (+/+) and pdgfbret/+ (ret/+) mice 

but absent in samples from pdgfbret/ret (ret/ret) mice. The pdgfbret band (212bp) is present in DNA 

samples from ret/+ and ret/ret mice and absent from +/+ samples. bp=base pairs. Gel images were 

provided by Diana Sa da Bandeira. 

 

Echocardiography Imaging Procedure 

Echocardiography was performed on adult mice using Vevo 770 and 3100 High 

Frequency Ultrasound biomicroscopes (FUJIFILM, VisualSonics.Inc, Amsterdam, The 

Netherlands) with an RMV707B centre frequency 20MHz probe or MX550D centre 

frequency 40MHz probe. Both male and female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice 

were scanned at 3, 6, 9 and 12 months of age ±14 days. Prior to scanning, mice were 

anaesthetised via inhalation of 4% isoflurane (Merial Animal Health Limited) in medical 

oxygen (BOC Medical, Manchester, UK). Onset of anaesthesia was determined prior 

to scanning by loss of pedal withdrawal reflex. Mice were transferred to a heat plate 

to maintain core body temperature at 37oC, placed in the supine position and limbs 

were taped down to sensory leads. Anaesthesia was continually monitored and 

maintained by 1-2% isoflurane through inhalation via a nose cone. Body temperature 

was monitored using a rectal probe. Thoracic hair was removed using a commercially 
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available electric shaver and depilatory cream. Aqueous ultrasound solution 

(Aquasonic 100, Parker Laboratories INC) was applied to the abdomen to allow 

readings to be taken. The ultrasound probe was placed in a conformation which 

allowed parasternal long axis (PSLAX) electrocardiogram (ECG)-gated Kilohertz 

Visualization (EKV) gated and B-mode cine loops over several cardiac cycles to be 

acquired. Post-processing was then performed to reconstruct an image containing 

more data frames than could be acquired in real time. From B-mode view the m-mode 

cursor was placed mid cavity tracing across the left ventricular posterior and anterior 

walls. After scanning, mice were transferred to recovery cages on a heated plate until 

consciousness had been regained. Analysis of ultrasound data was completed using 

Visualsonics Vevo 770 V3.0.0 and VevoLab software (FUJIFILM, VisualSonics.Inc, 

Amsterdam, The Netherlands).   

 

EKV and M-mode Analysis 

Analysis of EKV cine loops were performed using Visualsonics Vevo 770 V3.0.0 and 

VevoLab 3100 software (FUJIFILM VisualSonics.Inc, Amsterdam, The Netherlands). 

From EKV cine loops, 2D images of the left ventricle during end-diastole (Figure 2.3A) 

and end-systole (Figure 2.3B) were selected and endocardial and epicardial areas 

were manually defined. Endocardial and epicardial major axis were also delineated. 

M-mode continuous images from a particular point on the myocardial wall were 

selected from B-mode cine loops and the diameter of endocardial wall was traced over 

diastole and systole (Figure 2.3C, Table 2.4). From these measurements a host of 

structural and functional cardiac parameters were calculated by image analysis 

software (Table 2.5).  
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Figure 2.3: Example EKV and M-mode Image Analysis. 

Example images of parasternal long axis EKV and m-mode analysis. An example of direct 

measurements taken during end-diastole (A) and end-systole (B) of endocardial boundaries. On both 

images endocardial (ENDO AREA;d, ENDO AREA;s) and epicardial areas (EPI AREA;d,, EPI AREA;s) 

are defined. The endocardial (ENDO MAJOR d, ENDO MAJOR;s) and epicardial (EPI MAJOR;d, EPI 

MAJOR;s) majors are the distance between the base and apex of the endocardium and epicardium 

respectively. Example of m-mode analysis highlighting the LV trace (blue line) of the endocardial wall 

over several cardiac cycles (C). Yellow boxes indicate measurements and functional parameters 

calculated by analysis. 
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Table 2 4: Echocardiography Measurements 

 

 

 

 

 

d= diastole s=systole LV= left ventricle 

 

Table 2. 5: Structural and Functional Parameters and Equations 

LVAEPI= Epicardial area, LVAEND= endocardial area, LVL= Left ventricle length, 

LVID; d= diastolic left ventricular internal diameter LVID; s= systolic left ventricular internal diameter  

 

 

 

 

 

  

Measurements Unit Image Type 

Endocardial Major; d mm EKV 

Endocardial Major; s mm EKV 

Endocardial Area; d mm2 EKV 

Endocardial Area; s mm2 EKV 

Epicardial Major; d mm EKV 

Epicardial Major; s mm EKV 

Epicardial Area; d mm2 EKV 

Epicardial Area; s mm2 EKV 

LV Endocardial Trace N/A M-Mode 

Parameter Unit Equation 

Wall 
Thickness 

(T) 

mm 
√𝐿𝑉 𝐴𝑟𝑒𝑎 𝐸𝑝𝑖𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝐵𝑜𝑟𝑑𝑒𝑟; 𝑑 

𝜋
−  √

𝐿𝑉 𝐴𝑟𝑒𝑎 𝐸𝑛𝑑𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝐵𝑜𝑟𝑑𝑒𝑟; 𝑑
𝜋

 

√𝐿𝑉 𝐴𝑟𝑒𝑎 𝐸𝑛𝑑𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝐵𝑜𝑟𝑑𝑒𝑟;𝑑 
𝜋

 

LV Mass mg 
1.05 x (

5

6 
 x 𝐿𝑉𝐴𝐸𝑃𝐼 x (𝐿𝑉𝐿; 𝑑 + T) − (

5

6
 x 𝐿𝑉𝐴𝐸𝑁𝐷 x 𝐿𝑉𝐿;𝑑) 

Stroke 
Volume 

µL 𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟 𝑉𝑜𝑙; 𝑑 − 𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟 𝑉𝑜𝑙; 𝑠 

Cardiac 

Output 

µL/min 𝑆𝑡𝑟𝑜𝑘𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 𝑥 𝐻𝑒𝑎𝑟𝑡 𝑅𝑎𝑡𝑒 

Fractional 
Area 

Change 

% 𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟 𝐴𝑟𝑒𝑎; 𝑑 − 𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟  𝐴𝑟𝑒𝑎; 𝑠

𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟 𝐴𝑟𝑒𝑎; 𝑑
𝑥100 

Ejection 
Fraction 

% 𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟  𝑆𝑡𝑟𝑜𝑘𝑒 𝑉𝑜𝑙𝑢𝑚𝑒

𝐿𝑒𝑓𝑡 𝑉𝑒𝑛𝑡𝑟𝑖𝑐𝑢𝑙𝑎𝑟  𝑣𝑜𝑙𝑢𝑚𝑒;𝑑
𝑥100  

Fractional 
Shortening 

% 𝐿𝑉𝐼𝐷, 𝑑 − 𝐿𝑉𝐼𝐷;𝑠

𝐿𝑉𝐼𝐷;𝑑
 𝑥100 
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Speckle Tracking Analysis 

Analysis of speckle tracking echocardiography (STE) was performed using 

VevoLab3100 (FUJIFILM VisualSonics.Inc, Amsterdam, The Netherlands) software 

using the strain analysis feature STE can be utilised to calculate cardiac parameters 

as well as visualise strain in 2D over the course of several cardiac cycles. Figure 2.4A 

highlights an example from a 12-month pdgfb+/+ mouse of a B-mode video of the left 

ventricle in PSLAX view with endocardial and epicardial borders defined (Figure 2.4A, 

yellow box). From this output, cardiac and strain parameters can be calculated (Figure 

2.4A, blue box, Table 2.6). Furthermore, in the example image radial strain over 3 

cardiac cycles is shown overlapped with m-mode images of the left ventricle and 

visualisation of radial strain values with positive strain shown in red and negative strain 

values shown in blue (Figure 2.4A, green box). Similarly, longitudinal strain over 3 

cardiac cycles has been shown overlapped with m-mode images of the left ventricle 

with visualisation of strain patterns shown below (Figure 2.4A, red box). Radial and 

longitudinal strain from pdgfb+/+ and pdgfbret/ret were also visualised in 3D over 3 

cardiac cycles (Figure 2.4B). Example 3D images show differences in the pattern of 

radial and longitudinal strain between pdgfb+/+ and pdgfbret/ret mice.  

 

Table 2.6: Speckle Tracking Echocardiography Equations 

 
 
 
 
 
 
 
 
 

ΔL= absolute change in length, L0= baseline length, ΔV=velocity gradient of segment, Δt=change in 

time, LED=original length of the LV contour in diastole LES= original length of the LV contour in systole 
 
 
 

 

 

 

Parameter Unit Equation 

Strain (S) % 
𝑆 =

Δ𝐿

𝐿0
=

𝐿 − 𝐿0

𝐿0
 

Strain Rate 

(SR)  

1/ms 𝑆𝑅 = 𝑆/(Δ𝑡 ) = (ΔL/L0)/Δt)  = (ΔL/Δt)/L0 =  ΔV/L0  

Global 
Longitudinal 

Strain 
(GLS) 

 
% 

 

𝐺𝐿𝑆 =
𝐿𝐸𝑆 − 𝐿𝐸𝐷

𝐿𝐸𝐷
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Figure 2.4:  Example of Strain output and 3D Strain Visualisation 

(A) Pdgfb+/+ example of strain output of strain measured across the endocardium from VevoLab 3100 

analysis software. Highlighted are B-mode images of the heart with endocardial (ENDO) and epicardial 

(EPI) images defined (yellow box). Cardiac parameters can be calculated from B-mode images (blue 

box).  Visualisation of radial (green box) and longitudinal (red box) strain over 3 cardiac cycles. (B) 3D 

visualisation of radial (top panels) and longitudinal (bottom panels) strain in pdgfb+/+ and pdgfbret/ret mice 

are shown and highlight differential strain patterns in pdgfb+/+ and pdgfbret/ret mice. Peak strain values 

are annotated and highlighted on each 3D visualisation.  
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Segmental Strain Analysis 

Both radial (Figure 2.5A) and longitudinal strain (Figure 2.5B) can be visualised and 

quantified using the time to peak analysis parameter on Vevo3100 software. 

Segmental strain analysis was performed to investigate differences in strain across 6 

points of the endocardium; the posterior basal (Post(B)), posterior mid (Post(M)) 

posterior apical (Post(A)), anterior basal (Ant(B)), anterior mid (Ant(M)) and anterior 

apical (Ant(A)) regions (Figure 2.5). This function can also be utilised to calculated 

radial and longitudinal strain rate, displacement, and velocity. All these parameters 

can be visualised over time and values for strain and time to peak strain (T2Pk,) are 

given (Figure 2.5). T2Pk is the time from the R-Wave (baseline) to when the maximum 

peak is reached for each of 6 segments of the left ventricular wall. This can be 

calculated for velocity, displacement, strain, or strain rate, depending on which 

parameter is selected. I next performed analysis to evaluate longitudinal and radial 

strain on the posterior and anterior endocardial wall as well as on the base, mid and 

apical regions. This was done by combining the average values of the posterior and 

anterior segments listed previously. To do this the mean radial and longitudinal strain 

values across the posterior and anterior segments were manually calculated. Using 

the reverse strain function on VevoLab software both reverse longitudinal and radial 

strain could be calculated for left ventricular segments. Reverse strain can be used to 

evaluate diastolic function of the left ventricle. Ventricular dyssynchrony was 

determined from longitudinal and radial strain using established measures; maximum 

opposing wall delay between the earliest and the latest segment; time-to peak 

variation, defined as the standard-deviation of time-to-peak over all 6 segments; and 

standard-deviation of time-to-peak corrected for the r-r interval (Yu et al., 2007; Mor-

Avi et al., 2011; Bauer et al., 2013). 
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Figure 2.5: Example of Time to Peak Strain Analysis 

Example of time to peak analysis output of from the hearts of pdgfb+/+ mice using VevoLab Software, 

visualising strain over 6 segments of the endocardium; 6 points of the endocardium; the posterior basal 

(Post. Base, green line), posterior mid (Post. Mid), white line) posterior apical (Post. Apical, cyan line), 

anterior basal (Ant. Base, blue line), anterior mid (Ant. Mid, yellow line) and anterior apical (Ant. Apex, 

pink line) regions. The average radial and longitudinal strain curve values are also shown and 

quantified. Radial (A) and longitudinal (B) strain is shown over 3 cardiac cycles overlapped with m-

mode images with segmental strain (Pk%) and time to peak (Tpk ms) values. Segmental strain rate, 

displacement and velocity can also be calculated. 
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Table 2.7:Ultrasound Strain Parameters 

Parameter Definition Reference 

Longitudinal Strain Measurement of left ventricular deformation 

(base to apex) of the cardiac wall and 
describes a systolic shortening of left 
ventricular chamber length. 

(Smiseth et al., 2016) 

Radial Strain Measurement of deformation along the 

chamber wall in a radial or perpendicular 
direction to the wall which describes a 
systolic thickening of the ventricle. 

(Smiseth et al., 2016) 

Strain Rate The amount of strain during systolic 

contraction within a certain time of a specific 
orientation. 

(Smiseth et al., 2016) 

Reverse Strain Describes a diastolic lengthening of left 

ventricular chamber length. 

(Ersbøll et al., 2014) 

Reverse Strain Rate The amount of strain during diastolic 

relaxation within a certain time of a specific 

orientation. 

(Ersbøll et al., 2014) 

Time to Peak Strain Length of time it takes for the maximum 
strain value to be reached during contraction 
or relaxation. 

(Johnson et al., 2019) 

Max Wall Delay  The maximal difference in peak velocity at 

basal and mid segments in opposing 
ventricular walls. 

(Gorcsan et al., 2010) 

Standard Deviation of 

Time to Peak Strain 

Derived from myocardial deformation 
recorded using tissue data in the longitudinal 
direction, has recently been proposed as an 
index of ventricular dyssynchrony. 

(Yu et al., 2007) 

Velocity The speed of the left ventricular wall motion 
from baseline position during the cardiac 

cycle. 

(Dandel et al., 2009) 

Displacement The distance the left ventricular wall moves 
from its baseline position during the cardiac 
cycle.  

(Dandel et al., 2009) 

 

 

Positron Emission Tomography/ Computed Tomography (PET/CT) 

In PET/CT experiments, 12-month-old (±2 weeks) male and female pdgfb+/+, pdgfbret/+ 

and pdgfbret/ret mice were utilised. Prior to PET scans, mice were anaesthetised via 

inhalation of 1.5-2.5% isoflurane (50/ 50 oxygen/nitrous oxide, 1 l/min). Mice were 

weighed prior to scanning. A 60min PET scans was performed immediately after 

injection of 18F-NaF via the femoral artery or tail vein. PET data was acquired using a 

micro-PET/CT animal scanner (nanoPET/CT, Mediso, Hungary). A CT scan was 

acquired for attenuation correction. A further CT scan was obtained after 

administration of the contrast agent consisting of a 1:3 mix of Mvivo Au and 
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FenestraVC (Medilumine, Montreal, Canada). After the CT scan, animals were 

sacrificed, and tissues were harvested. Using Mediso’s iterative Tera-Tomo 3D 

reconstruction algorithm, scans were reconstructed. This included point spread 

correction, and the following settings: 4 iterations, 6 subsets, full detector model, low 

regularization, spike filter on, voxel size 0.4 mm and 400–600 keV energy window. 

Scans were analysed using PMOD 3.8 software (PMOD technologies, Switzerland). 

Volumes of interest (VOIs) were manually drawn around the heart, both kidneys, the 

descending aorta whole brain and calcified brain regions on non-contrast and contrast 

CT images. Time activity curves were generated. For PET scans the average 18F-NaF 

binding from 30-60 mis after tracer had reached equilibrium was quantified as 

standardized uptake values (SUVs) calculated as concentration in the VOI divided by 

the injected dose by animal weight.  SUVmax values were calculated by taking the 

average of the 5 highest SUV values within a given VOI. The SUV ratio (background 

to tissue ratio) was calculated by taking the PET activity of a background reference 

VOI placed in the bifurcation of the vena cava and dividing by the given PET activity 

of a defined VOI. On CT scans the average CT values within a VOI were calculated 

alongside the Hot Average CT values which are the average of the 5 highest CT values 

within a given VOI. 

 

Tissue Collection 

After PET/CT scans, animals were culled, hearts were immediately weighed after 

gentle blotting of tissue paper and placed in phosphate-buffered saline (PBS). Due to 

radioactivity all tissues were stored a lead lined fridge overnight in PBS at 4OC. 

Afterwards each limb was dissected, muscle and connective tissue was removed. 

Tibia length was measured after PET/CT scans using a ruler. 

 

Mesenchymal Stem/Stromal Cell Culture 

At around 3 months (12 weeks±2weeks), pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice were 

sacrificed and tissues including heart, kidney, skeletal muscle and large coronary 

blood vessels, were harvested separately. Tissues were cut into smaller pieces in PBS 

containing 10% foetal calf serum and1% penicillin-streptomycin (FCS/PBS/PS, 
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GIBCO) on ice. Tissues were incubated with a collagenase mix consisting of 

collagenases type I, II and IV (0.5 mg/ml, Sigma-Aldrich, Massachusetts, USA) in the 

water bath at 37oC, shaking at 160 rpm for 45 min. Tissues were further mechanically 

dissociated between two slides and centrifuged for 10 min at 2000 rpm at 4oC. The 

supernatant was removed, cell pellets were re-suspended in PBS/FCS/PS and red 

blood cell lysis buffer (Stem Cell Technologies, Cambridge, UK) for 12 min at room 

temperature (RT). Cells were centrifuged for 10 min at 2000 rpm. After removing the 

supernatant, cells were re-suspended in 10% FCS/PBS/PS and passed through a 70 

µm cell strainer. Cells pellets centrifuged for 10 min at 2000 rpm and resuspended in 

20% FCS and 1%PS in DMEM high glucose medium containing Glutamax (GIBCO, 

ThermoFisher, UK) and cultured in uncoated 6-well plates until around 70-85% 

confluent. Cells were next split into either T25 or T75 flasks until passage 3 and utilised 

for osteogenesis assays.  

 

Osteogenesis Assays 

At passage 3, cells were counted for each tissue and seeded in a 24-well plate at a 

density of 40,000 cells/well in control media (10%FCS/1%PS in DMEM) or osteogenic 

media (10%FCS/1%PS in DMEM containing 0.1µm dexamethasone, 50µM 

ascorbate-2-phosphate and10mM β-glycerophosphate) (Langenbach and Handschel, 

2013). Three technical replicates were used for control and osteogenic conditions. 

Media was changed 3 times per week. At 7 and 14 days of differentiation assay, cells 

were fixed in 4% PFA, washed 3 times with PBS and stained with Alizarin Red (Sigma-

Aldrich, Massachusetts, USA) for 15 min at RT. Cells were then washed 3 times in 

PBS and imaged using a brightfield microscope (Zeiss Axio Observer, Carl Zeiss 

Vision, UK).  

We next harvested the differentiated cells and controls and analysed the content using 

a spectrophotometer. In short, PBS was removed from the wells and 10% acetic acid 

was added. Plates were then placed on shaker for 30 min and the cell monolayer was 

gently scraped from each well and placed in separate 1.5ml eppendorfs and vortexed 

vigorously for 30 sec. Cell suspensions were then incubated at 85oC for 10 mins and 

placed on ice for 5 mins. Cell suspensions were centrifuged for 15 mins at 14,000xg. 

1mM ammonium hydroxide was added to each suspension, then vortexed and 50 µl 
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of each added to separate wells in a 96 wells plate. Optical density (OD450) values 

were measured using an Omega FLUOStar plate reader (Omega, BMG Labtech, UK). 

 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism V6.0 (GraphPad Software, 

California, USA). For each data set normality was determined using Shapiro-Wilk 

distribution test. All error bars given are standard error of mean (SEM). Differences 

were considered significant at p-values of less than 0.05. Details of each statistical 

test used is given in each figure legend independently.  
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Chapter 3:  The effect of the Pdgfbret mutation on Vascular Calcification 

 

Introduction 

In simple terms, vascular calcification is the active deposition of calcium-phosphate 

complexes within the vasculature which may occur due to aging and in CVD (Giallauria 

et al., 2013). As such, it is sometimes known as “vascular aging” and can be 

conceptualised as “arterial stiffness’. Calcification can occur throughout the body as a 

response to necrotic inflammation and may lead to the rupture of atherosclerotic 

plaques causing MI (Joshi et al., 2014). With such a high proportion of the aging 

population developing vascular calcification, there is a great need to study and 

understand the signalling pathways involved so that treatments can be developed.   

Vascular calcification can be categorised into two phases: early initial 

microcalcification and late stage macrocalcification (Wang et al., 2018). 

Microcalcification is associated with active inflammatory processes during 

atherosclerosis and is induced though the activity of inflammatory cytokines activating 

osteogenic differentiation of cells and mineralisation of the extracellular matrix (Joshi 

et al., 2014). The presence of microvascular calcification is associated with unstable 

atherosclerotic plaques liable to rupture and cause thrombotic occlusion of the vessel 

lumen leading to MI (Joshi et al., 2014). Macrovascular calcification is end stage 

calcification and may be thought of as a healing process or physiological defence as 

the body attempts to isolate and stabilise injured or damaged tissue. Furthermore, the 

presence of macrocalcification in plaques is associated with more stable plaque 

phenotype with a reduced risk of rupture (Shioi and Ikari, 2018). It is also important to 

note that calcification of organs and tissues may also occur in a variety of pathological 

conditions setting and is not exclusive to blood vessels and may also occur in the heart 

valves and kidney (Proudfoot, 2019).  

Signalling by PDGFs is involved in vascular calcification through modulation of 

inflammatory cytokines, IL-1 and IL-6 and mediation of oxidative stress (Ouyang et al., 

2018). PDGFs may also modulate phenotypic switching of VSMCs, and other 

influence the phenotype of vascular cell types, to become pro-calcifying osteoblast-

like cells which may contribute to vessel calcification (Sameer Bardeesi et al., 2017).  
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However, in vivo studies investigating the role of PDGFB/PDGFRβ in the development 

of vascular calcification are lacking.   

Pdgfbret/ret mice, have a hypomorphic version of pdgfb allele and develop macroscopic, 

vessel-associated calcifications around the pons, midbrain, medulla and 

hypothalamus regions of the brain (Keller et al., 2013). Alongside mutations in 

PDGFRB gene, loss of function mutations in the PDGFB gene have been shown to 

lead to idiopathic basal ganglia calcification (IBGC) in humans and pdgfbret/ret mice 

model this condition closely. In IBGC patients, males develop a greater level of 

calcification than females (Nicolas et al., 2015). IBGC is characterised by calcifications 

in or around the cerebral microvasculature (Betsholtz and Keller, 2014). In mice the 

extent of calcifications linked to the level of endothelial, rather than neuronal, release 

of PDGFB. These calcifications begin to develop at 4 months and are present at 12 

months of age. However, whether pdgfbret/ret mice develop micro- or macrocalcification 

out with the brain in the coronary vasculature, heart or kidneys at 12 months of age 

has not been yet established. I wished to investigate whether ectopic vascular 

calcification was exclusive to the brain in pdgfbret/ret mice and hypothesised that due to 

the germline nature of the pdgfbret mutation in conjunction with the factor that PDGFB 

is released by all endothelial cells, other tissues would develop calcified lesions. I also 

wished to understand whether sex played a role in the extent of calcification like in 

IBGC patients.  

 

Hypothesis 

“Pdgfbret/ret mice develop ectopic calcification throughout the vasculature and that the 

extent of calcification may be sex-dependent” 

 

Aims 

1. Identify areas of ectopic vascular calcification in pdgfbret mutant mice. 

2. Compare the extent of vascular calcification between male and female pdgfb+/+, 

pdgfbret/+and pdgfbret/ret mutant mice.  
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Study Design 

To address my aims, we performed whole body PET/CT imaging of male and female 

12-month-old pdgfb+/+, pdgfbret/+ and pdgfbret mutant mice using 18F-NaF and a 

vascular contrast agent. Mice were scanned at 12 months old as previous studies 

identified high levels of calcification in their brains at this time point using micro-CT, 

magnetic resonance imaging, and histological analysis (Keller et al., 2013).  I reasoned 

calcium deposition in other tissues may be present at this timepoint.  18F-NaF is a well-

characterised radiotracer, which binds to hydroxyapatite crystals, and was initially 

used in the radiochemical imaging of bone (Blau, Ganatra and Bender, 1972). 18F-NaF 

uptake occurs when OH- ions present in hydroxyapatite are exchanged with 18F- ions 

which form fluorapatite (Blau, Ganatra and Bender, 1972). 18F-NaF is utilised clinically 

to identify and image vascular calcification in conditions such as aortic valve 

calcification or atherosclerotic coronary artery disease(Dweck et al., 2014; Fletcher et 

al., 2021). Use of 18F-NaF along with CT imaging can distinguish between macro- and 

microvascular calcification, making it particularly useful in imaging active disease 

progression and end-stage disease (MacAskill et al., 2020). By using a gold particle-

based vascular contrast agent, we were able to visualise organs and blood vessels in 

live mice to identify potential differences to vascular structure. Male and female mice 

were used to identify any sex differences in the extent of calcification. The number of 

mice per group are details in Table 3.1, however, due to external factors only 2 female 

pdgfbret/ret mice were utilised in our studies (See Chapter 7: General Discussion). 

 

Table 3.1: Number of mice scanned using PET/CT imaging. 

Genotype Sex Total 

Male Female 

Pdgfb+/+ 3 3 6 

Pdgfbret/+ 4 3 7 

Pdgfbret/ret 4 2 6 
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Results 

The anatomical location and the extent of brain calcification are variable but 

only present in pdgfbret/ret mice. 

To confirm the presence of calcification within the brains of our cohort of pdgfbret/ret 

mice, I first examined non-contrast CT images from both male and female pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice. CT images of the skull in the transverse, axial and 

sagittal planes of each mouse are shown in white contrasting with the lower grey signal 

of soft brain tissue within and around the skull (Figure 3.1A, B, C). On CT images, 

white indicates high CT signal and higher density of the tissue being imaged.  Indeed, 

as previously reported (Keller et al., 2013), macroscopic brain calcification was not 

present in any of pdgfb+/+ (Figure 3.1A) or pdgfbret/+ (Figure 3.1B) mice analysed and 

this was true for both males and females. Brain calcification was exclusive to pdgfbret/ret 

mice (Figure 3.1C), but the extent and anatomical location of calcification observed 

was highly variable. The most common pattern of calcification observed, in 3/6 

pdgfbret/ret mice was exhibited bilateral thalamic calcification accompanied by 

calcification localised around the pons (Figure 3.1C, Figure 3.2A, B). All the mice 

exhibiting this pattern were males suggesting the extent of calcification may be 

determined by sex. 
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Figure 3.1: Confirmation of brain calcification in pdgfbret/ret mice. 

Examples of non-contrast CT images of the brains of pdgfb+/+ (+/+, A), pdgfbret/+ (ret/+, B) mice and of 

one male pdgfbret/ret (ret/ret, C) mouse shown in axial (left), sagittal (middle) and coronal (right) 

planes. Neither male or female pdgfb+/+ or pdgfbret/+ mice exhibit any cerebral macroscopic calcification. 

The most common calcification phenotype in pdgfbret/ret mice is bilateral thalamic calcification and 

calcification in the pons region. Images were analysed using PMOD 4.2 software. HU= Hounsfield units; 

Th=thalamus 
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A further two pdgfbret/ret mice, one male and one female, exhibited a very small area of 

calcification around the pons absent of any thalamic calcification (Figure 3.2 C, D). 

One female pdgfbret/ret mouse did not exhibit macrovascular calcification in any brain 

region (Figure 3.2E).  

Examination of non-contrast CT images suggests that calcification is exclusive to 

pdgfbret/ret mice, however, the extent of calcification shows high levels of interindividual 

variation. Furthermore, brain calcification is confined to the thalamus and pons regions 

with no calcification observed out with these areas.  

To corroborate these observations and quantify the extent of calcification, I utilised 

volume of interest (VOI) analysis to select the regions of the brain in all genotypes, 

pdgfb+/+, pdgfbret/+ and pdgfbret/ret, corresponding to the thalamic and pons regions.  

This facilitated quantification of the CT signal in non-contrast CT images of the whole 

brain, pons and left and right thalamus regions. This produced values for the average 

CT signal. Standard values for CT signal vary in literature but in soft tissue may range 

from -100 to 120 Hounsfield units (HU).  Firstly, quantification of the whole brain CT 

signal did not reveal any significant differences in the average CT signal for combined 

groups of male and female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice (Figure 3.3A, 

p>0.05). In each group the average whole brain CT signal was around 100HU, pdgfb+/+ 

(99.59HU), pdgfbret/+ (101.5HU) and pdgfbret/ret (100.3HU) falling within the range of 

soft tissue. When groups of male mice were examined alone no differences were 

found in the average or hot average CT signal in the whole brain (Figure 3.3B, E, 

p>0.05). Examination of female mice independently revealed that the average CT 

signal in the whole brain was significantly higher in pdgfbret/+ than pdgfb+/+ mice, 

although average CT values for both groups fall within the range of soft tissue so this 

would not indicate the presence of macroscopic calcification (Figure 3.3C, p<0.05). 

Due to the small group size, no statistical analyses could be performed to compare 

female pdgfbret/ret mice with the other groups, however, the average CT signal seems 

comparable to pdgfb+/+ and pdgfbret/+ mice.  
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Figure 3.2: Pdgfbret/ret mice exhibit variable levels of calcification in their brains. 

Examination of all pdgfbret/ret (ret/ret) brains reveals that the anatomical location and level of 

macroscopic calcification detected on non-contrast CT images varied significantly on an individual 

basis. Bilateral macroscopic calcification associated with the thalamus was detected in one male 

pdgfbret/ret mouse with macroscopic calcification detected around the pons (A). The second individual 

displayed bilateral calcification around the thalamus and around the pons area (B). Two pdgfbret/ret mice, 

one male (C) and one female (D) exhibited a very small amount of calcification around the pons area 

lacking any thalamic calcification. The final female pdgfbret/ret mouse did not exhibit any evidence of 

macroscopic calcification (E). Images were analysed using PMOD 4.2 software. HU= Hounsfield units; 

Th=Thalamus 
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Next, the CT signal for each brain region was calculated. No significant differences 

were observed in the average CT values for the pons region across genotypes, in the 

pdgfbret/ret group we can observed variation in data distribution indicating that some 

mice in this group have pons calcification (Figure 3.3D, p>0.05). This is evident when 

we divide groups into male and females. Although no significant differences in the 

average CT signal were observed between male pdgfb+/+, pdgfbret/+ and pdgfbret/ret 

mice, we can clearly observe large variation in male pdgfbret/ret indicating variable 

levels of pons calcification (Figure3.3E, p>0.05). There was no difference in the 

average CT signal from the pons region between female pdgfb+/+ and pdgfbret/+ mice 

and female pdgfbret/ret mice exhibited a similar value for the average CT signal (Figure 

3.3F, p>0.05). Next, both left and right thalamic regions were examined. In combined 

groups of male and female mice, a significant increase in average CT signal in the left 

thalamus was observed between pdgfbret/ret mice and pdgfb+/+ mice (Figure 3.3G, 

p<0.05). No difference as observed between pdgfbret/+ mice and pdgfb+/+ and 

pdgfbret/ret mice in left thalamus signal for combined groups (Figure 3.3G, p>0.05). 

When split into groups of male and females no significant differences in the average 

CT signal in the left thalamus was observed across any genotype (Figure 3.3 H, I, 

p>0.05). No difference in right thalamic average CT signal was observed for combined 

groups or for groups of males and females independently (Figure 3.3J, K, L, p>0.05). 

However, within the male pdgfbret/ret cohort large variation was observed which 

indicates the presence of macroscopic calcification in the right thalamus in some but 

not all male pdgfbret/ret mice (Figure 3.3K).  
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Figure 3.3: Quantification of CT signal indicates regional brain calcification differences in 

pdgfbret/ret mice. 

Volume of interests (VOIs) were used to quantify the average CT signal in the whole brain (A, B, C), 

pons (D, E, F), left (G, H, I) and right thalamus (J, K, L) areas in pdgfb+/+ (+/+), pdgfbret/+ (ret/+) and 

pdgfbret/ret (ret/ret) mice.  Values for combined male and female (left row), males alone (middle row) and 

females (left row) are shown. Analysis was performed using PMOD 4.2 software. HU= Hounsfield units. 

Data shown as mean±SEM. One-Way ANOVA with Tukey’s post-hoc test ns= not significant *p<0.05 
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The hot average CT signal defined as the average of the 5 highest CT values within a 

defined VOI, is useful in determining whether some macroscopic calcification in large 

tissue regions as measuring the average CT signal these differences may be lost due 

to regions of low signal. The hot average signal was not found to be significantly 

altered in the whole brain for the combined sex group, male group or female groups 

(Figure 3.4A, B, C, p>0.05). Although in the male cohort a greater variation in hot 

average CT signal was observed. The hot average CT signal was also not significantly 

changed in the pons region across genotypes although variation in data distribution in 

the pdgfbret/ret group was observed further indicating heterogeneity in the presence of 

calcification (Figure 3.4D, p>0.05). This large variation may be accounted for by the 

fact that not all pdgfbret/ret mice in our cohort exhibit macroscopic calcification around 

the pons and that some calcified nodules may be denser than others. This may 

indicate more advanced calcification in this region in certain pdgfbret/ret mice. Next, I 

quantified the hot average CT signal in the right and left thalamic regions of the brain. 

The hot average CT signal was significantly greater in pdgfbret/ret vs pdgfb+/+ mice in 

the left thalamic region (Figure 3.4G, p<0.05). Male pdgfbret/ret mice also had a 

significantly greater hot average CT signal compared with pdgfbret/+ mice; however, no 

differences were observed between pdgfb+/+ vs pdgfbret/+ or pdgfbret/ret mice 

(Figure3.4H, p>0.05). No difference in the hot average CT signal was observed 

between male pdgfb+/+ and pdgfbret/+ mice or pdgfbret/+ mice and pdgfbret/ret mice in the 

left thalamus (Figure 3.4H, p>0.05). No difference in the hot average signal from the 

less thalamus was detected in the female cohort (Figure 3.4I, p>0.05). Quantification 

of the hot average CT signal of the right thalamus did not reveal significant differences 

across groups of combined sex, males, or females (Figure 3.4J, K, L p>0.05).  
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Figure 3.4: Quantification of hot average CT values in pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. 

VOIs quantification of hot average CT values in the whole brain (A, B, C), pons (D, E, F), left (G, H, I) 

and right thalamus (J, K, L) areas in pdgfb+/+ (+/+), pdgfbret/+ (ret/+) and pdgfbret/ret (ret/ret) mice.  The 

hot average is defined as the average signal intensity of the 5 highest intensity pixels within a regional 

VOI. Values for combined male and female (left row), males alone (middle row) and females (left row) 

are shown. Analysis was performed using PMOD 4.2 software. HU= Hounsfield units. Data shown as 

mean±SEM. One-Way ANOVA with Tukey’s post-hoc test ns= not significant *p<0.05 
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Although greater variation was observed in the male pdgfbret/ret group with the average 

of both measurements being greater than pdgfb+/+ and pdgfbret/+ groups. 

In summary, no male or female pdgfb+/+ and pdgfbret/+ mice exhibit any macroscopic 

brain calcification on CT images, which was confirmed by regional and whole brain CT 

quantification. Three out of 4 male pdgfbret/ret mice exhibit bi-thalamic and pons 

calcification. One male and one female pdgfbret/ret mouse exhibited a small amount of 

calcification surrounding the pons and a last female had no identifiable calcification on 

CT images. To detect areas of microscopic calcification I next examined whole body 

PET scans. 

 

No microscopic calcification in the brain was detected in pdgfbret/ret mice. 

18F-NaF, has been shown to have a greater binding propensity for microscopic rather 

than macroscopic calcification and as such is useful in assessing progressive 

calcification or active disease (Moss et al., 2020). Pdgfb+/+, pdgfbret/+ and pdgfbret/ret 

mice underwent PET scans using 18F-NaF. On images obtained from PET scans areas 

of high 18F-NaF tracer uptake are shown ranging from yellow to red indicating low to 

high signal, for example in bones. PET images displaying the average signal of the 

last 30 minutes of the scan are shown as this allows the 18F-NaF radiotracer to move 

throughout the body and bind to areas of calcification. These images can then be 

overlaid with CT images to distinguish the anatomical location of PET signal.  

I next examined imaging data from PET scans of the brains of pdgfb+/+, pdgfbret/+ and 

pdgfbret/ret mice. Images captured of the average signal over the last 30 minutes were 

combined and overlaid with non-contrast CT scans from pdgfb+/+, pdgfbret/+ and 

pdgfbret/ret mice (Figure 3.5A, B, C). Examination of these images did not indicate the 

uptake of 18F-NaF within the brains of pdgfb+/+ and pdgfbret/+ mice and indeed high 18F-

NaF uptake is confined to the skulls. This was also the case in pdgfbret/ret mice, even 

in those individuals which exhibited high levels of macroscopic calcification detected 

by CT (Figure 3.5C). To confirm this, I quantified the 18F-NaF signal within the brain 

using VOIs given in standard uptake values (SUV).  18F-NaF signal in the whole brain 

was not significantly different in groups of combined males and female pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice (Figure 3.6A, p>0.05). This was also the case when 

males and females were examined separately (Figure 3.6B, C p>0.05).  
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Average SUV values for 18F-NaF uptake in the pons was unchanged in in the 

combined sex group or females (Figure 3.6 D, F, p>0.05). I did, however, observed 

greater average SUV values in male pdgfb+/+ mice versus both pdgfbret/ret and pdgfbret/+ 

male mice (Figure 3.6B, p<0.05). Left (Figure 3.6 G, H, I) and right thalamic (Figure 

3.6 J, K, L) regions were unchanged in terms of their average SUV values, and this 

was true for combined groups of mice and also male and female mice separately. The 

next parameter I examined was SUVmax for the 18F-NaF signal. Like the hot average 

CT signal, SUVmax is the average of the highest 5 SUV values within a predefined 

VOI. In combined male and female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice no 

significant difference was observed SUVmax values in the whole brain (Figure 3.6A) 

and pons (Figure 3.6D, p>0.05). The same was observed for SUVmax values for 

males and female separately in the whole brain (Figure 3.7B, C) and pons (Figure3.7E, 

p>0.05).  In the left thalamus pdgfbret/+ mice were observed to have a significantly 

greater SUVmax when compared to pdgfb+/+ and pdgfbret/ret mice perhaps suggesting 

the presence of microcalcification in this region in these animals (Figure 3.7G, p<0.05). 

When divided into males and females however no differences where observed and 

large variation SUVmax in the male pdgfbret/+ group was observed (Figure 3.7H, I, 

p<0.05). This could suggest that the pdgfbret/+ males examined in this study may 

develop microcalcification. No difference in SUVmax was found in the right thalamus 

in the combined, male or female groups (Figure 3.7J, KL, p>0.05). 



76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: PET imaging of 18F-NaF activity in the brains on pdgfbret/ret mice. 

Example CT images (top), PET images (middle) and PET/CT images combined in axial (left), sagittal 

(middle) and coronal (right) planes. PET and PET/CT images show the average 18F-NaF signal taken 

over the last 30 minutes of the scan centred around the skull and brains (BR) of pdgfb+/+ (+/+, A), 

pdgfbret/+ (ret/+, B) and pdgfbret/ret mice (ret/ret, C). Representative images are from male mice. Images 

do not reveal any PET signal within the skulls of pdgfb+/+ or pdgfbret/+ mice (A, B). Images show high 18F-

NaF uptake into the skulls as expected but no PET signal was detected in the brains of pdgfbret/ret mice 

even those which had high levels of macroscopic calcification in the pons (P) and left (LT) and right 

thalamus (RT, C). HU- Hounsfield units SUV- standard uptake values. 
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The standard uptake values ratio (SUVR) is degree of radiotracer uptake in a region, 

in this case the brain compared with that in a given reference region. In this case this 

the VOI reference region was the bifurcation of the vena cava as this region would not 

be expected to have active calcification as measured by 18F-NaF uptake. I next 

calculated the SUVR the whole brain, pons and thalamus regions in combined groups 

of male and females, and males and females separately. The SUVR in the whole brain 

was significantly higher in pdgfb+/+ mice than pdgfbret/+ mice in the combined sex 

cohort, however, no difference was observed between any other genotypes (Figure 

3.8A, p<0.05). When groups of male and females were examined independently, no 

difference was observed in their SUVR values in the whole brain although SUVR was 

higher in pdgfb+/+ groups (Figure 3.8B, C, p>0.05). No difference was observed in the 

SUVR derived from the pons region in combined groups, males and females (Figure 

3.8D, E, F p>0.05). In the combined groups of male and female mice alone, no 

significant changes in SUVR values in the left thalamus were found (Figure 3.8G, 

p>0.05). In the male cohort, pdgfbret/+ mice had significantly greater SUVR compared 

with pdgfbret/ret mice (Figure 3.8H, p<0.05). No significant differences in the SUVR 

values in combined, male or female cohorts were observed (Figure 3.8J, K, L, p<0.05). 

Taken together, SUV values for the brain and smaller brain regions suggest that there 

is little active calcification in the brain of pdgfb+/+ and pdgfbret/ret mice, however, there 

is an increase in pdgfbret/+ mice, perhaps representing active disease in the left 

thalamus. Next, I examined other organs in these mice to determine the presence of 

macro or microscopic calcification out with the brain.  
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Figure 3.6: Quantification of average SUV values of 18F-NaF activity in the brain. 

Quantification of average standard uptake values (SUV) from the brain (A, B, C), pons (D, E, F) left 

thalamus (G, H, I) and right thalamus (J, K, L) in combined groups and single sex groups of male and 

female pdgfb+/+, (+/+) pdgfbret/+ (ret/+)and pdgfbret/ret (ret/ret) mice. Data shown as mean±SEM. One-

Way ANOVA with Tukey’s post-hoc test or Kruskal-Wallis test. ns= not significant *p<0.05. Images were 

analysed using PMOD 4.2 software.   
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Figure 3.7: Quantification of SUVmax values in the brain. 

Quantification of average SUVmax values from the brain (A, B, C), pons (D, E, F) left thalamus (G, H, 

I) and right thalamus (J, K, L,) in combined groups and single sex groups of male and female pdgfb+/+, 

(+/+) pdgfbret/+ (ret/+) and pdgfbret/ret (ret/ret) mice. Data shown as mean±SEM. One-Way ANOVA with 

Tukey’s post-hoc test or Kruskal-Wallis test. ns= not significant *p<0.05. Images were analysed using 

PMOD 4.2 software.   
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Figure 3.8: SUVR was higher in the left thalamus in male pdgfbret/+ mice. 

Standard uptake values ratio (SUVR) from the whole brain (A, B, C), pons (D, E, F) left thalamus (G, 

H, I) and right thalamus (J, K, L,) in combined groups and single sex groups of male and female 

pdgfb+/+,(+/+) pdgfbret/+ (ret/+)and pdgfbret/ret (ret/ret) mice. Data shown as mean±SEM. One-Way 

ANOVA with Tukey’s post-hoc test or Kruskal-Wallis test. ns= not significant *p<0.05. Images were 

analysed using PMOD 4.2 software.   
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Pdgfbret/ret mice did not develop macroscopic calcification in any heart region. 

Next, I examined non-contrast CT images of the hearts of pdgfb+/+, pdgfbret/+ and 

pdgfbret/ret mice for the presence of macroscopic calcification in any regions of the 

heart. Examination of non-contrast CT images did not show any macroscopic 

calcification in pdgfb+/+, pdgfbret/+ or pdgfbret/ret mice (Figure 3.9 A, B, C). When groups 

of males and females were combined no difference in the average CT signal from was 

observed (Figure 3.9D p>0.05). In the male group and increase in the average CT 

signal was observed in pdgfb+/+ vs both pdgfbret/+ and pdgfbret/ret mice, however, this 

fell within the values for soft tissue (-100 to 120HU) which would not indicate the 

presence of macroscopic calcification (Figure 3.9E, P<0.05). No difference in the 

average CT values were observed in female mice (Figure 3.9F). The hot average CT 

values from the heart remained unchanged across all genotypes in the combined sex 

cohort and when divided into groups of males and females (Figure 3.9 G, H, I p>0.05). 

Both quantification and examination of CT images of the heart indicates that 

macroscopic calcification is absent in my cohort of 12-month-old pdgfbret/ret mice.  

No evidence of microcalcification was detected in the hearts of pdgbret/ret mice.  

Low 18F-NaF activity was observed in the hearts of pdgfb+/+ (Figure 3.10 A), pdgfbret/+ 

(Figure 3.10B) and pdgfbret/ret mice (Figure 3.10C). In the top panel non-contrast CT 

images are shown, the middle panel shows PET scans, and the bottom panel shows 

PET/CT scan overlays (Figure 3.10). The average SUV values over the last 30 

minutes of the scan in pdgfb+/+, pdgfbret/+ and pdgfbret/ret were measured and showed 

no difference between genotypes in combined and single sex groups (Figure 3.11A, 

B, C, p>0.05). Although examination of data distribution in the male cohort showed a 

greater variability in data distribution than in the hearts of pdgfbret/+ and pdgfbret/ret  

mutants than pdgfb+/+ mice. SUVMax values, average of the 5 highest SUV values, 

were also unchanged between each genotype in the combined and male and female 

cohorts (Figure 3.11 D, E, F p>0.05).  
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Figure 3.9: CT imaging and quantification did not reveal macroscopic calcification in the hearts 

of pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. 

Example non-contrast CT images shown in axial (left), sagittal (middle) and coronal (right) planes of 

the heart in pdgfb+/+ (+/+, A), pdgfbret/+ (ret/+, B) and pdgfbret/ret (ret/ret, C) mice. No macroscopic 

calcification was detected in the hearts of any mice scanned. Quantification of the average CT values 

for both sexes combined (D), males (E) and females (F) are shown. Hot average CT values in the hearts 

for males and females combined(G), males alone (H) and females alone (I) were calculated. Analysis 

was performed using PMOD 4.2 software. HU= Hounsfield units. Data shown as mean±SEM. One-Way 

ANOVA with Tukey’s post-hoc test or Kruskal-Wallis test. ns= not significant, *p<0.05. 



83 

 

 

Figure 3.10: Low 18F-NaF uptake was observed in the hearts of pdgfb+/+, pdgfbret/+ and pdgfbret/ret 

mice. 

Example PET/CT overlayed images in axial (left), sagittal (middle) and coronal (right) views of the 

average 18F-NaF and CT signals taken over the last 30 minutes of the scan of heart of pdgfb+/+ (+/+, A), 

pdgfbret/+ (ret/+, B) and pdgfbret/ret mice (ret/ret, C). Images show the heart (H) with high PET signal in 

the bones of the rib cage and spine. Low 18F-NaF signal was detected the area corresponding with the 

heart shown on PET/CT images.  
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The SUVR was significantly higher in pdgfb+/+ mice versus pdgfbret/+ mice in the 

combined cohort (Figure 3.11G, p<0.05). Although not significant SUVR was also 

greater for the hearts of pdgfb+/+ mice compared to pdgfbret/ret mice (Figure 3.11G). 

This suggests a greater level of 18F-NaF uptake in the heart in pdgfb+/+ mice compared 

with mutant mice which may indicate the development of microcalcification. When 

divided into groups of males and females no difference in the SUVR was observed in 

either male or female cohorts, however, the same trend of reduced SUVR in the hearts 

of male and female pdgfbret/+ and pdgfbret/ret mice compared with pdgfb+/+ mice was 

observed. This may suggest the active calcifying processes in the hearts of pdgfb+/+ 

mice. This data indicates no active microcalcification is present in the hearts of 

pdgfbret/ret mice.   
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Figure 3.11: SUVR in the heart was greater in pdgfb+/+ mice. 

Quantification of average SUV, (A, B, C) SUVmax (D, E, F) and SUVR (G, H, I) values in the heart in 

combined groups, males and female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. Data shown as mean±SEM. 

One-Way ANOVA with Tukey’s post-hoc test, Kruskal-Wallis test or unpaired t-test. ns= not significant. 

Images were analysed using PMOD 4.2 software.   
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Contrast-enhanced CT imaging enabled visualisation of the aorta. 

Next in my analysis, I assessed and the presence of macroscopic calcification in two 

regions of the aorta: the aortic arch region and the descending portion of the thoracic 

aorta. In non-contrast CT images, it is difficult to clearly distinguish each portion of the 

aorta. Therefore, the descending thoracic aorta was further visualised using contrast 

enhanced CT with a gold-particle based contrast agent (Figure 3.12). While this 

identifies the descending thoracic aorta, no obvious differences were observed 

between pdgfb+/+ (Figure 3.12A), pdgfbret/+ (Figure 3.12B) and pdgfbret/ret (Figure 

3.12C) mice in terms of aortic structure. Contrast CT images allowed VOIs to be 

defined, overlayed and adjusted to non-contrast enhanced CT images for 

quantification. However, in the presence of the contrast, quantification cannot be 

performed, due to possible interference between the agent and the CT signal. 

Macroscopic calcification was not detected in descending thoracic aorta as average 

CT values (Figure 3.12 D, E, F) and hot average CT values (Figure 3.12 G, H, I) did 

not differ significantly in combined or in individual sex cohorts (p>0.05). Similarly, I 

used contrast enhanced CT to allow visualisation of the aortic arch in pdgfb+/+ (Figure 

3.13A), pdgfbret/+ (Figure 3.13B) and pdgfbret/ret (Figure 3.13C) mice. Quantification of 

the average (Figure 3.13 D, E, F) and hot average (Figure 3.13 G, H, I) of CT values 

in all cohorts did not reveal any significant differences, supporting the absence of 

macroscopic calcification in each of the groups. In summary, evidence from the 

examination of CT images alongside quantification suggests that the aorta of 

pdgfbret/ret mice do not contain advanced calcified plaques. I next analysed PET 

images to determine the presence of active microcalcification in pdgfb+/+, pdgfbret/+ and 

pdgfbret/ret mice in the descending portion of the thoracic aorta and aortic arch.   
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Figure 3.12: Visualisation of the descending thoracic aorta (DTA) using contrast CT. 

Contrast enhanced CT images in axial (left), sagittal (middle) and coronal (right) views of the 

descending thoracic aorta (DTA) in pdgfb+/+ (+/+, A), pdgfbret/+ (ret/+, B) and pdgfbret/ret mice (ret/ret, C). 

Use of the gold nanoparticle-based contrast agent allowed clear visualisation of the aorta found in close 

proximity running between the spinal cord and the heart. Examination of contrast CT images did not 

reveal any obvious morphological differences in aortic structure between +/+, ret/+ and ret/ret mice. 

Quantification of the average (D, E, F) and hot average (G, H, I) of CT values of the aortic arch in non-

contrast CT images independent of the sex of the animals. Analysis was performed using PMOD 4.2 

software. HU= Hounsfield units. Data shown as mean±SEM. One-Way ANOVA with Tukey’s post-hoc 

test, Kruskal-Wallis test or unpaired t-test ns= not significant. 
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Figure 3.13: Visualisation of the aortic arch (AoA) using contrast CT and CT quantification.  

Contrast enhanced CT images of the aortic arch (AoA) in pdgfb+/+ (+/+, A), pdgfbret/+ (ret/+, B) and 

pdgfbret/ret mice (ret/ret, C). Quantification of the average (D, E, F) and hot average (G, H, I) CT signal 

of the aortic arch in non-contrast CT images in combined and individual sex groups. Analysis was 

performed using PMOD 4.2 software. HU= Hounsfield units. Data shown as mean±SEM. One-Way 

ANOVA with Tukey’s post-hoc test, Kruskal-Wallis test or unpaired t test. ns= not significant. 
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Pdgfb+/+ mice exhibit higher 18F-NaF signal in the aorta that pdgfbret mutant 

counterparts. 

Using contrast CT images overlayed with PET images showing the thoracic cavity I 

was able to select VOIs corresponding to the descending thoracic aorta (Figure 3.14) 

and the aortic arch (Figure 3.16). Examination of CT, PET, and PET/CT combined 

images of the thoracic cavity in pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice did not show 

high 18F-NaF activity in the areas corresponding with the descending thoracic aorta or 

aortic arch (Figure 3.14 A, B, C, Figure 3.16 A, B, C). I confirmed this by quantifying 

18F-NaF signal in these regions. Indeed, quantification of the 18F-NaF signal over the 

last 30 mins of the PET scan showed no difference in the SUV (Figure 3.15, A, B, C), 

SUVmax (Figure 3.15, D, E, F) or SUVR (Figure 3.15, G, H, I) values in the descending 

thoracic aorta. This was true for the combined sex groups, in cohorts of males and 

females, however although not significant, there was a trend where SUV and SUVR 

were higher in pdgfb+/+ mice vs pdgfbret/+ mice or pdgfbret/ret littermates. This trend was 

maintained in the male cohort but was less apparent in females. Quantification of SUV 

values in the aortic arch followed a similar trend. In the combined cohort both SUV 

and SUVR values in the aortic arch were significantly higher in pdgfb+/+ mice versus 

pdgfbret/+ mice (Figure 3.17, A, G p<0.05). Although not significant, both SUV and 

SUVR values were greater in the aortic arch of pdgfb+/+ mice than pdgfbret/ret mice 

(Figure 3.17, A, G, p>0.05). In the combined cohort no difference in the SUVmax 

values were found in combined cohorts, in males or in females (Figure 3.17, D, E, F, 

p>0,05). Interestingly, in males and females the trend in SUVmax values was reversed 

with male pdgfb+/+ mice having higher SUVmax values than their pdgfbret mutant 

littermates and female pdgfb+/+ having lower SUVmax values than littermates. 

However, a greater number of female mice should be scanned to fully evaluate this 

observation. Quantification of PET signal in the aorta suggests that pdgfb+/+ mice may 

begin to develop microcalcifications in the aortic arch, however, this was not observed 

in pdgbret/+ and pdgbret/ret littermates. 
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Figure 3.14: No microcalcification was observed in the descending thoracic aorta of pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice. 

Example of a contrast CT (top), PET (middle) and PET/CT (bottom) images combined in axial (left), 

sagittal (middle) and coronal (right) views. PET and PET/CT images show the average 18F-NaF signal 

taken over the last 30 mins of the scan centred rib cage and thoracic cavity. Within the thoracic cavity 

the descending thoracic aorta (DTA) was identified but radiotracer activity was low in the DTA in pdgfb+/+ 

(+/+, A), pdgfbret/+ (ret/+, B) and pdgfbret/ret mice (ret/ret, C). HU- Hounsfield units SUV- standard uptake 

values. 
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Figure 3.15: No difference in 18F-NaF signal intensity or uptake in the descending thoracic aorta 

of pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice was found. 

Quantification of average SUV, (A, B, C), SUVmax (D, E, F), and SUVR (G, H, I) values in the 

descending thoracic aorta in combined and males and female groups, pdgfb+/+ (+/+), pdgfbret/+ (ret/+) 

and pdgfbret/ret (ret/ret) mice. Data shown as mean±SEM. One-Way ANOVA with Tukey’s post-hoc test, 

Kruskal-Wallis test or unpaired t-test. ns= not significant. Images were analysed using PMOD 4.2 

software.   
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Figure 3.16: No microcalcification was observed in the aortic arch (AoA) of pdgfb+/+, pdgfbret/+ 
and pdgfbret/ret mice. 

Example of a contrast CT (top), PET (middle) and PET/CT (bottom) images combined in axial (left), 

sagittal (middle) and coronal (right) views. PET and PET/CT images show the average 18F-NaF signal 

taken over the last 30 mins of the scan centred rib cage and thoracic cavity. Within the thoracic cavity 

the aortic arch (AoA) was identified. Radiotracer activity was low in the DTA in pdgfb+/+ (+/+, A), pdgfbret/+ 

(ret/+, B) and pdgfbret/ret mice (ret/ret, C). HU- Hounsfield units SUV- standard uptake values. 
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Figure 3. 17: 18F-NaF signal intensity and uptake was greater in the aortic arch of pdgfb+/+ mice. 

Quantification of average SUV, (A, B, C) SUVmax (D, E, F) and SUVR (G, H, I) values in the descending 

thoracic aorta in combined groups, males and female pdgfb+/+ (+/+), pdgfbret/+ (ret/+) and pdgfbret/ret 

(ret/ret) mice. Data shown as mean±SEM. One-Way ANOVA with Tukey’s post-hoc test, Kruskal-Wallis 

test or unpaired t-test. ns= not significant. Images were analysed using PMOD 4.2 software.    
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No macroscopic calcification was identified in the kidneys of pdgfbret/ret mice. 

The final tissues I examined were the kidneys in pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. 

One previous study reported that pdgfbret/ret mice develop glomerulosclerosis and 

kidney dysfunction by 3 months of age (Lindblom et al., 2003). However, whether this 

leads to calcification at a later timepoint is unknown. Non-contrast CT scans of kidneys 

allowed identification of the kidneys but did not reveal any evidence of macrovascular 

calcification as shown by low CT signal in pdgfb+/+ (Figure 3.18A), pdgfbret/+ (Figure 

3.18B) and pdgfbret/ret (Figure 3.18C) mice. To confirm this, I quantified the CT signal 

in both the left and right kidneys. Quantification of average CT signal in the left kidney 

did not reveal any significant differences in combined groups of males and female 

mice and CT values fell within the normal range (-100 to 120 HU) for soft tissue (Figure 

3.19A, p>0.05). In the male and female cohorts no significant differences or obvious 

trends in the average CT values were observed between genotypes (Figure 3.19B, C 

p>0.05). The average CT signal in the right kidney was unchanged between pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice in the combined sex cohort and although the average CT 

signal was higher in pdgfbret/ret mice vs pdgfb+/+ or pdgfbret/+ littermates. However, this 

remains within the range of values for normal tissue (Figure 3.19A, p>0.05). This trend 

was observed in both male and female cohorts but no significant differences in the 

average CT signal between groups were found (Figure 3.19B, C p>0.05). The hot 

average CT value quantification further confirmed these observations. They followed 

a similar trend, but no significant difference in either value in the left (Figure 3.19 D, E, 

F) or right kidney (Figure 3.19 G, H, I) for combined, male or female cohorts was found 

(p>0.05). In summary, no macroscopic calcification could be observed in the kidneys 

of pdgfbret mutant mice as confirmed by quantification of CT images. Moreover, the 

18F-NaF radiotracer is excreted via the kidneys, and thus, the PET signal in this region 

could not be quantified. Taken together, data from PET/CT imaging suggests that 

macroscopic calcification is only present in the brains of pdgfbret/ret mice. 
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Figure 3.18: No renal macroscopic calcification was detected in pdgfb+/+, pdgfbret/+ and pdgfbret/ret 
mice. 

Representative example of non-contrast CT images of the kidneys of pdgfb+/+ (+/+, A) and pdgfbret/+ 

(ret/+, B) and pdgfbret/ret (ret/ret, C) mice did not reveal any evidence of macroscopic calcification. HU- 

Hounsfield units 
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Figure 3. 19: The CT signal quantification confirms the absence of renal macroscopic 
calcification in pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. 

Quantification of the average CT signal for the left (A, B, C) and right kidney (D, E, F). The hot average 

CT signal for the left (G, H, I) right and right kidneys (J, K, L). Analysis was performed using PMOD 4.2 

software. HU= Hounsfield units Data shown as mean±SEM. One-Way ANOVA with Tukey’s post-hoc 

test, ns= not significant  
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Discussion 

In this chapter I aimed to determine whether pdgfbret/ret mice develop ectopic calcified 

lesions out with the brain, in the heart, aorta and kidneys. I also wished to assess 

whether the extent of calcium deposition was sex dependent.   

 

Pdgfbret/ret regional macroscopic brain calcification shows high interindividual 

variability.  

Pdgfbret/ret mice develop microvascular associated calcifications over the course of 12 

months as shown by MRI scans and histological analysis (Keller et al., 2013). 

However, whether this causes macro calcification in the brain and whether this is sex-

dependent was not explored. More importantly whether this mutation also causes 

calcifications in other tissues and organs such as the aorta, heart or kidneys had not 

yet been established. Whole body PET/CT imaging was utilised with the objective to 

detect micro and macroscopic calcifications in the brain, heart, aorta, and kidney in 

male and female pdgfbret/ret mice. I observed that brain calcification was absent in 

pdgfb+/+ and pdgfbret/+ mice. This corroborates previous findings demonstrating this 

phenotype only occurs in pdgfbret/ret mice not in pdgfb+/+ and pdgfbret/+ littermates 

(Keller et al., 2013). However, this phenotype is not observed in all PDGFB or 

PDGFRβ mutant mice. Pdgfb+/- or pdgfrb+/- heterozygous mice as well as double 

pdgfb+/- pdgfrb+/- mutant mice do not develop brain calcification at 12-14 months 

(Vanlandewijck et al., 2015). Furthermore pdgfrbredeye/redeye mice, have a 75% 

reduction in pdgfrb mRNA but do not develop brain calcification (Vanlandewijck et al., 

2015). More recently, tamoxifen-induced endothelial-specific deletion of the pdgfb 

gene in in 2 month old pdgfbiECKO mice was shown to cause progressive pericyte loss 

in the brain from 4 to 18 months of age followed by an increase in the permeability of 

the blood brain barrier (Vazquez-Liebanas et al., 2022). However, unlike in pdgfbret/ret 

mice, tamoxifen deletion of pdgfb in adult mice did not result in the development of 

brain microcalcification (Vazquez-Liebanas et al., 2022). This may suggest that 

exposure to PDGFB levels during embryonic development may be a key factor in 

developing brain calcifications in adults. This is further supported by the fact that pdgfb 

null mutant mice rescued to adulthood by transgenic re-expression of pdgfb in the 
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endothelium, develop calcified brain lesions similar to pdgfbret/ret mice (Keller et al., 

2013).  

An unexpected observation I made was that the anatomical location of the brain 

calcification in pdgfbret/ret was highly variable. The most common calcified phenotype 

I observed in pdgfbret/ret mice, which were all male, was present in both left and right 

thalamic regions and in the pons region (3/6 mice). The second most common 

phenotypic profile was of a small region of pons calcification exhibited by one male 

mouse and one female mouse (2/6 mice). The second pdgfbret/ret female in my cohort 

did not exhibit any macroscopic calcification in any region of the brain. These 

differences in regional calcification within pdgfbret/ret mice has not been previously 

observed. It had been previously reported that pdgfbret/ret mice develop microvessel 

associated calcifications in areas corresponding to the basal forebrain, pons, 

medulla and both left and right thalamus starting at 4 months (Keller et al., 2013). A 

later study also showed variation in calcification load in pdgfbret/ret mice, however no 

differences in terms of anatomical location was described (Zarb et al., 2019). To the 

best of my knowledge, we are the first to describe the presence of pons calcification 

without any thalamic calcification in pdgfbret/ret mice. The pons was the common site 

of calcification and observed in most pdgfbret/ret mice (5/6) in my cohort. The fact that 

thalamic calcification is absent in two mice suggests that pons calcification precludes 

thalamic calcification or could be due to interindividual variation. Pontine 

calcifications, absent of thalamic calcification, is rare occurrence in humans however 

case reports in humans have been published (Stamelou et al., 2013). Pontine 

calcification may occur after severe brain trauma and is also associated with the 

presence of brain tumours and arteriovenous malformations (Saito et al., 2005; 

Kumar et al., 2011). Indeed, single cells analysis of cerebral BBB endothelial cells 

from pdgfbret/ret mice absent pericyte contact has shown up-regulation of genes 

associated with venous endothelial cells have altered expression of growth factors 

and regulatory proteins (Mäe et al., 2021). Furthermore, endothelial cells present in 

leakage points in the BBB of pdgfbret/ret mice were also observed to display an 

arteriolar shifted identity (Mäe et al., 2021). As such it may be that shift in endothelial 

cell phenotype acquiring more arterio-venous characteristics may be a contributary 

factor in the onset of pontine calcification. Bi-thalamic calcification is a hallmark of 

IBGC in humans and occurs in individuals with mutations in PDGFB, PDGFRB and 
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SLC20A2A. Thalamic calcification may also occur naturally in aging but also in 

individuals suffering from lead or carbon monoxide poisoning, radiation, viral 

infection and also trauma (Renard et al., 2014). Differences in thalamic calcification 

and pons calcification or why one area may be more greatly affected than other has 

not fully been explored. Calcifications in both areas are vessel associated beginning 

in the blood vessel wall and then expanding to encompass and affect surrounding 

tissue. However, why one area would be affected to a greater extent than the other 

is not known. However, one possible reason may be differences in blood vessel 

density in each brain region. Indeed, mapping of microvessels in the human brain 

has shown that the area containing the thalamus has  a greater vessel density and 

differential vessel orientation than in the pons (Kubíková et al., 2018).  This could 

suggest that areas with greater vessel density are more likely to calcify. Different 

molecular pathways could also drive pons or thalamic calcification. For example, a 

large multicentre trial in individuals with PFBC absent of mutations in PDGFRB, 

PDGFB and SLC20A2A showed that mutations in the MYORG gene was associated 

with central pontine calcification which is not typically present in other genetic PFBC 

cases (Zeng et al., 2021) . However, whether the pdgfbret/ret mice have altered 

MYORG signalling is unknown. 

Regional differences in calcification may also be accounted for by the fact that tissue 

distribution of the PDGFBret protein is non-uniform with an altered chemotactic 

gradient which may vary from individual to individual. As previously stated, 

microcalcification of the brain may be a consequence of PDGFB deficiency during 

embryonic brain development, however, the exact mechanism driving brain 

calcification in adult pdgfbret/ret mice is not fully understood. Initially it was thought that 

brain areas lacking pericytes may be more susceptible to calcification, however, 

histological analysis showed that susceptible calcified areas showed a high level of 

CD13+ pericyte coverage compared with less susceptible brain regions 

(Vanlandewijck et al., 2015). Further analysis of calcified lesions, identified the 

presence of osteoblast-like and osteoclast-like cells both around and inside of calcified 

regions in the brain of pdgfbret/ret mice (Zarb et al., 2019). Whether the precursors of 

these cells in pdgfbret/ret mice are pericytes is unknown but both pericytes and 

endothelial cells have been shown to differentiate into mesenchymal calcifying cells 

and may be viable precursor candidates.  



100 

 

 

The role of sex on pdgfbret/ret brain calcification could not be determined. 

I wished to understand whether the extent of calcification in pdgfbret/ret mice is sex-

dependent, however, due to small number of female pdgfbret/ret mice this could not be 

determined. All pdgfbret/ret males in my study exhibited some brain calcification. Three 

of four males scanned showed bi-thalamic and regional pons calcification and one 

male was lacking thalamic calcification and exhibited only a small region of 

calcification surrounding the pons. Out of the 2 pdgfbret/ret females scanned, only one 

showed evidence of macrocalcification in the pons region. In my cohort, preliminary 

observations suggest that on average, male pdgfbret/ret mice appeared to show a 

greater extent of calcification than females. This would reflect what has been 

previously seen in IBGC in humans (Nicolas et al., 2015). Studies assessing the 

phenotype of pdgfbret/ret mice have not specifically looked at whether this phenotype is 

sex dependent and typically do not differentiate between male and female mice. A 

recent paper released by Keller and collaborators using MRI imaging  showed 

interindividual variation in the extent of thalamic calcification in 6 individual pdgfbret/ret 

mice of mixed genders, aged 8-12 months (Zarb et al., 2019). However, unlike my 

present study, all mice (6/6) examined, exhibited bilateral thalamic calcification. They 

did not observe differences in the area of brain calcification between male and female 

pdgfbret/ret mice although the number of pdgfbret/ret mice scanned was relatively small 

(3 males/3 females) and as such may not be enough to provide conclusive evidence. 

In summary, no definitive conclusions could be drawn regarding the role of sex on 

macroscopic brain calcification in pdgfbret/ret mice. In future investigations, a greater 

number of both male and female pdgfbret/ret mice should be scanned to determine 

whether the anatomical location of brain calcification is related to sex. Histological 

analysis of brain sections using calcification markers should also be performed to 

confirm these findings in future studies. Investigation of the number of pericytes, 

osteoclast-like and osteoblast-like cells found surrounding and within calcified lesions 

could also be performed to determine whether sex influences this. Indeed, oestrogen 

has been shown to modulate inflammation in the brain (Vegeto, Benedusi and Maggi, 

2008) and as such, may be protective or reduce the extent of calcification in female 

pdgfbret/ret mice.  
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Microscopic calcification was not detected in the brains of pdgfbret/ret mice.  

Use of the radioactive 18F-NaF isotope which binds more effectively to active 

microvascular calcification can distinguish between microcalcification and 

macrocalcification when used in conjunction with CT scans, did not show significant 

differences in the average signal in the whole brain, left thalamus, right thalamus, and 

pons areas between pdgfb+/+ and pdgfbret/ret brains. Interestingly, pdgfbret/+ mice 

exhibited greater 18F-NaF activity in the left thalamus. This may indicate the presence 

of microvascular calcification in this region which could develop into macrovascular 

calcified nodules like those observed in pdgfbret/ret mice. In addition, SUVR was greater 

in male pdgfbret/+ mice than male pdgfbret/ret mice suggesting a higher 18F-NaF activity. 

One hypothesis may be that having one copy of the pdgfbret allele may cause brain 

calcification to develop at a slower rate than in pdgfbret/ret mice. It could also occur  

since exposure to the PDGFBret protein during development even at a reduced 

dosage may cause calcification at a later time point. This hypothesis could be tested 

by performing scans in pdgfbret/+ mice at 18 and 24 months of age to further assess 

the extent of brain calcification with aging.  

 

No evidence of ectopic macrovascular calcification was detected in the hearts 

in pdgfbret/ret mice.  

One of my primary aims was to investigate whether calcification was limited to the 

brain or also present in the heart, aorta, and kidneys in pdgfbret/ret mice to give greater 

insight into the role of PDGFB/PDGFRβ signalling in the development of vascular 

calcification in vivo. In addition to exploring the heart, I was also able to visualise and 

accurately localise the PET signal to the aortic arch and to the descending thoracic 

aorta by overlaying this with contrast CT images. In the heart, macrovascular 

calcification was not detected in pdgfbret/ret mice by examination of non-contrast CT 

scans and by quantification of the CT signal. By overlaying the PET and CT images, I 

measured 18F-NaF activity in the heart in combined and individual male and female 

groups. Although SUV and SUVmax values remained unchanged, I did observe that 

pdgfb+/+ mice had a greater amount of 18F-NaF activity as shown by an increase SUVR 

when compared to pdgfbret/+ and pdgfbret/ret mice. This may indicate that pdgfb+/+ mice 



102 

 

are beginning to develop early microscopic calcifications due to aging, however, the 

location of microcalcification in the heart could not be identified as 18F-NaF signal was 

low on each of the PET scans. This data suggests that pdgfbret/+ and pdgfbret/ret mice 

do not develop heart calcifications at least by 12 months. Histological analysis should 

be performed in future studies to determine the anatomical location of microvascular 

calcification within the heart. Analysis of PET/CT scans do not present evidence of 

micro or macroscopic calcification in the hearts of pdgfbret/+ and pdgfbret/ret mice. 

 

High 18F-NaF activity was observed in the aortic arch of pdgfb+/+ mice but was 

reduced in pdgfbret mice. 

Vascular calcification of coronary arteries is highly prevalent in patients with heart 

disease and is associated with major events such as MI. It is also highly prevalent in 

the elderly and occurs as part of the normal aging. Microcalcifications are associated 

with unstable plaques and may rupture whereas macroscopic vascular calcification is 

associated with healing and end-stage processes.  In both male and female pdgfbret/ret 

mice, no evidence of macroscopic calcification was observed in the aortic arch or in 

the descending thoracic aorta. This was also the case for pdgfbret/+ and pdgfb+/+ 

littermates. Similar results were found via microCT imaging of the thoracic cavity of 

pdgfbret/ret mice by Keller and collaborators who also observed the absence of any 

macroscopic calcified lesions in major blood vessels (Zarb et al., 2019). Furthermore, 

they also measured the calcification propensity of pdgfbret/ret mouse serum which was 

found to be the same as age matched control animals (pdgfb+/+ and pdgfbret/+ mice). 

This was done using a nanoparticle-based assay that can detect the formation of 

transformation of spherical calcipotriene particles into a crystalline conformation 

(Pasch et al., 2012). However, I did observe a significantly higher average 18F-NaF 

signal in the aortic arch of pdgfb+/+ mice compared with pdgfbret/+ littermates which was 

also greater than pdgfbret/ret mice although not significant. This suggests active 

calcifying process in these mice possibly due to aging. This trend was also observed 

when mice were divided based on their gender, although no significant differences 

were found between the 2 groups. However, I did not measure the calcification 

propensity of the serum of mice in my cohort. Due to the presence of high 18F-NaF 

activity in pdgfb+/+ and not pdgfbret/+ mice, it may be that the exposure to the PDGFBret 
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protein in embryonic vessel development does not exacerbate calcification of the 

arteries in later adult life. However, measurement of serum PDGFB levels in pdgfbret 

mutant mice should be performed to confirm this. This may be due to the fact that 

increased secretion of PDGFB into the circulation in aging mice and has been shown 

to drive reduction of bone mass and arterial stiffening (Santhanam et al., 2021). 

Another possibility is that perhaps pdgfbret/ret mutant mice may be protected from 

microvascular calcification due to their altered blood vessel structure. Pdgfbret/ret mice 

have altered aortic structure having less VSMC layers, a bigger vessel diameter as 

well disorganised pulmonary vascular muscularisation (Nystrom et al., 2006; 

Tannenberg et al., 2018). These changes were shown to be protective in hypoxic-

induced pulmonary remodelling as pdgfbret/ret mice did not develop pulmonary 

hypertension (Tannenberg et al., 2018). This further suggest that pdgfbret/+ or 

pdgfbret/ret mice may be protected against coronary vessel calcification. A recent study 

used transgenic Ldlr-/- pdgfbret/ret fed on a high fat diet to promote atherosclerotic 

plaque development (Tillie et al., 2021). The authors found that, compared with control 

mice, Ldlr-/- pdgfbret/ret  mice had more stable plaques and were protected from plaque 

rupture, intraplaque haemorrhage as well as microvessel loss, although the plaque 

size did increase (Tillie et al., 2021). This was due to variety of protective vascular and 

metabolic effects. Perhaps pdgfbret/ret mice may be protected from microvascular 

calcification of blood vessels in a similar way. 

 

Pdgfbret/ret mice do not develop kidney calcification. 

The final organ in which I wished to examine for the presence of macroscopic 

calcification was the kidneys. Previous studies investigating the kidneys of pdgfbret/ret 

mice showed inhibited mesangial cell recruitment and delayed embryonic glomerular 

development which was corrected 1 month after birth (Lindblom et al., 2003). 

However, by 6 months of age, glomerulosclerosis and excessive matrix deposition 

was present in these pdgfbret/ret mice with increased albuminuria (Lindblom et al., 

2003). No macroscopic calcification was detected using CT scans in the left or right 

kidneys of pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice in my study. Since the18F-NaF 

radiotracer is excreted through the kidneys, the presence of microvascular calcification 

could not be determined. These scans suggest that calcification in pdgfbret/ret mice is 
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restricted to the brain; however, further studies should be performed in a greater 

number of mice for confirmation. 

 

Future Work   

Contrary to my hypothesis, pdgfbret/ret mice did not develop ectopic calcifications in 

their aorta, heart, and kidney at 12 months of age. I also found variability in the region 

of the brain calcifications in which brain calcifications were found. I was also unable to 

determine sex-specific differences in calcification in pdgfbret/ret mice.  

To further confirm and reinforce my findings a greater number of mice should be 

scanned using whole body PET/CT imaging. This would allow the extent of 

interindividual variation within the pdgfbret/ret cohort in terms of brain calcification to be 

further understood. Histological analysis using calcification markers; alcian blue, 

alizarin red and von kossa which mark different stages in the calcification process 

could also be employed to track calcification progression in different brain regions. 

These markers could also be utilised in the aortic arch and hearts mice to localise the 

site of calcification and 18F-NaF signal. Autoradiography is a technique where 

histological sections of tissues are treated with a radioactive isotope which binds to 

localised targets sites, in this case 18F-NaF which will bind to calcium in hydroxyapatite 

deposition (Griem-Krey et al., 2019). Using this technique, areas of calcification within 

tissues such as the aorta and heart may be identified. However, this requires that 

several fully sectioned aortas and hearts are stained and analysed to detect the areas 

possibly affected.  The uncontrolled expression of PDGFB in mutant mice may also 

account for variation in regional brain calcification in my cohort of pdgfbret/ret mice. In 

the future, specific antibodies, or other small molecules such macrocyclic peptides, 

tagged with a fluorescent reporter, which can bind to the soluble PDGFBret protein 

could be developed to allow distribution of this ligand in the pericellular and 

extracellular space to be visualised on histological brain sections. PDGFBret protein 

expression could also be tested by dissection and isolating specific brain areas such 

as the thalamus and pons. QPCR or western blots could then be performed for 

PDGFB. This may indicate whether interindividual variation is due the PDGFBret 

protein being more highly expressed in certain areas of the brain in some pdgfbret/ret 

mice. This may partially account for the heterogeneity observed in my cohort.  
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The role of sex in pdgfbret/ret mice on calcification could also be further studied by 

increasing the number of female mice. My preliminary observations from CT scans of 

2 female pdgfbret/ret mice indicate very low levels of calcification. Oestrogen is vascular 

protective and may also modulate inflammation in the brain (Vegeto, Benedusi and 

Maggi, 2008). It may be interesting to use immunofluorescent staining for oestrogen 

receptors in the brain of male and female pdgfbret/ret mice as this may reveal whether 

oestrogen receptor expression is protective against brain calcification.  

Why calcification only occurs in the brain of pdgfbret/ret mice is unclear. One suggestion 

may be that 12 months may not enough time for calcified lesions to develop in other 

tissues in pdgfbret/ret mice. Longer term follow-up of these mice, beyond 12 months, 

may show increased calcification. This would be particularly important as vascular 

calcification is most common in elderly patients and aging mice may more accurately 

reflect the human condition.  Another suggestion to account for lack of ectopic 

calcification out with the brain may be due to tissue specificity in the effects of pdgfbret 

mutation. This may affect pericyte coverage of blood vessels in some organs more 

than others during development. Therefore, studies during embryonic development 

using in pdgfbret/ret mice might give information regarding the extent and degree to 

which the vascular development of other organs are affected. This could be done on 

sections from various tissues by quantifying pericyte coverage of various vessel types 

using pericyte markers via immunohistochemistry.  

 

Conclusion 

In summary, results from this chapter show that pdgfbret/ret mice develop variable levels 

of macrocalcification in their brains but not the heart, kidney, and aorta. This study 

provides essential information for scientific community working in the field of the brain 

by confirming that pdgfbret/ret mutant mice can be exclusively used to study brain 

calcification.  

  



106 

 

Chapter 4:                      

The effect of the Pdgfbret mutation on Cardiac Structure and Function in Aging 

 

Introduction 

In this chapter I aimed to explore the effects of the pdgfbret mutation on cardiac 

structure and function in aging in male and female mice. As previously discussed 

PDGFB is essential in cardiac development, angiogenesis and is also involved in 

cardiovascular disease. However, very little is known about the effects of the pdgfbret 

mutation in the heart.  

The pdgfbret mutation alters the range of action of PDGFB resulting in impaired 

pericyte recruitment during angiogenesis. This in turn leads to alterations in both 

microvascular and large vessel structure (Lindblom et al., 2003; Nystrom et al., 2006). 

Mutations in PDGFB in mice have been described to greatly influence the developing 

cardiovascular system (Hellström et al., 1999). PDGFB and PDGFRβ germline 

knockout (KO) mice die perinatally due to severe haemorrhaging with altered 

vasculature structure (Van den Akker et al., 2008). This is due to lack of 

pericyte/VSMC coverage of the vasculature resulting in leaky and unstable vessels. 

Both PDGFB and PDGFRβ KO mice also develop cardiac abnormalities, exhibiting 

dilation of coronary blood vessels and alterations to cardiac structure. Deletion of 

PDGFB and PDGFRβ manifests in underdevelopment of the left and right ventricles 

with sparse and disorganised arrangement of trabecular blood vessels (Van Den 

Akker et al., 2008). Interestingly, cardiac specific overexpression of PDGFB in 

transgenic mice is not lethal; however, these mice did develop a hypertrophic heart 

and had increased collagen deposition around cardiomyocytes and the 

intramyocardial branches of coronary arteries (Gallini et al., 2016).  

Similarly, pdgfbret mice survive into adulthood but it is yet to be established whether 

they develop any cardiovascular pathology. To date only one study interpreted their 

results using echocardiographic assessment as the development of eccentric 

hypertrophy at 10 to 20 weeks of age in male pdgfbret/ret mice. Eccentric hypertrophy 

is defined as increase in size of the heart cavity and decrease in the thickness of the 

ventricular walls (Simone, 2004). Whether changes to heart structure and function that 

were exhibited by pdgfbret/ret mutant mice are truly adaptive and not pathological in 
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nature is yet to be fully understood. Indeed, in the setting of human disease early 

changes in cardiac structure can be adaptive but may preclude a reduction in cardiac 

function and subsequent CVD. Therefore, further experimentation is necessary to fully 

understand the effects of the pdgfbret mutation on the heart. 

Sex is a major factor influencing cardiac structure. In healthy individuals, women have 

smaller heart size and left ventricular mass than men of the same age and race which 

translates to a reduced cardiac output and stroke volume(de Simone et al., 1991; Levy 

et al., 2010). The difference in left ventricular mass begins at puberty as males 

developed a greater left ventricular mass with increases in both the size of the 

chamber and wall thickness(De Simone et al., 1995). This indicates a role for sex 

hormones in the sexual dimorphism observed between males and females at baseline. 

However, the mechanism underlying these differences are not completely understood. 

As previously stated, rodent cardiac development closely models that of humans and 

indeed rodents display sex differences in myocardial structure and function. For 

example, cardiomyocytes from male rats have been observed to have stronger 

contractile properties than those of females however these differences are reduced 

with age. In humans aging evokes an increase in wall thickness and septal diameter 

in males and females however only males develop an increase in left ventricular 

diameter (Grandi et al., 1992). Aging also causes a loss of myocardial mass in males 

but not in females which has been attributed to compensatory hypertrophy (Olivetti et 

al., 1995). However, diastolic function was shown to decrease in both males and 

females with age (Grandi et al., 1992).  

Sex and age are important factors influencing cardiac structure and function in humans 

and rodents under normal conditions, but their role in determining the cardiac structure 

and function of pdgfbret/ret mutant mice is unknown. 
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Hypothesis 

Male and female pdgfbret mutant mice have altered cardiac structure and function in 

aging. 

 

Aims 

1. Assess cardiac structure and function in young male and female pdgfbret mutant 

mice at 3 months of age. 

2. Determine the effect of aging on cardiac structure and function in pdgfbret mutant 

mice. 

 

Study Design 

To address these aims, I utilised high resolution 2D echocardiography to assess 

cardiac structure and function of pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice (Figure 5.1). 

In my study, each group was split into males and females to identify any potential sex 

differences in cardiac development. Ultrasound scans were performed on groups of 3-

, 6-, 9- and 12-month-old mice (Table 5.1). However, due to an unforeseen issue some 

mice had to be culled prior to the end of the study and the same individual mice were 

not always used at each time point. For details of statistical analysis and complete 

methodology see Chapter 2: Materials and Methods. Body weight, heart weights and 

tibia length were also measured at 12 months after culling mice. 
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Table 4.1: Number of mice used in echocardiography experiments. 

Age 
(months) 

Sex Genotype 

pdgfb+/+ pdgfbret/+ pdgfbret/ret 

 
3  

Male 5 5 4 

Female 6 4 4 

Total 11 9 8 

 
6  

Male 5 5 4 

Female 7 6 3 

TOTAL 12 11 7 

 
9  

MALE 6 5 4 

FEMALE 6 5 4 

TOTAL 12 10 8 

 
12  

Male 4 5 4 

Female 6 5 4 

TOTAL 10 10 8 

  

 

Figure 4. 1: Pdgfbret mutant Echocardiography Study 

Mice were separated into males and females, and then into groups depending upon genotype, pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret. Each group of mice underwent cardiac echocardiography at 3, 6, 9 and 12 

months of age. ECG-Kilohertz gated volts (EKV) and m-mode 2D images were analysed using VevoLab 

3100 software and results collated and quantified. After scans mice were culled then body weight, tibia 

length and heart weight were measured. 
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Results 

Pdgfbret/ret mice exhibit left ventricular dilation at 3 months of age. 

Upon initial examination of EKV images, pdgfbret/ret mice showed an increase left 

ventricular endocardial area when compared to both pdgfb+/+ and pdgfbret/+ littermates 

during end-diastole and to a lesser extent end-systole (Figure 4.2A, B), consistent with 

dilation.  

Left ventricular end diastolic area (LVEDA) was significantly increased in male 

pdgfbret/ret mice compared to both pdgfb+/+ and pdgfbret/+ mice (Figure 4.3A, *p<0.05, 

**p<0.01) and was also significantly increased in the female pdgfbret/ret cohort 

compared to pdgfb+/+ mice (Figure 4.3A, *p<0.05). This indicates the presence of 

cardiac dilation in both male and female pdgfbret/ret mice. Interestingly no difference 

was observed between female pdgfbret/+ and pdgfb+/+ and pdgfbret/ret mice, with some 

less pronounced left ventricular dilation (Figure 4.3A, p>0.05). This was not observed 

in male pdgfbret/+ mice as their LVEDA was the same as pdgfb+/+ littermates (Figure 

4.3A, p<0.05). The mean LVESA appears slightly increased in both male and female 

pdgfbret/ret mice compared to both pdgfb+/+ and pdgfbret/+ mice, but there was no 

significant effect of genotype on left ventricular systolic area (Figure 4.3B, p>0.05). 

The next parameter examined was left ventricular mass (LV mass), as estimated by 

ultrasound based on LV areas. At 3 months, LV mass was significantly increased in 

female pdgfbret/ret mice compared to female pdgfb+/+ mice (Figure 4.3C, *p<0.05); 

however, no differences were observed in the male group although the data follows a 

similar trend as for females (Figure 5.3C, p>0.05). Wall thickness was unchanged 

between pdgfb+/+, pdgfbret/+ and pdgfbret/ret at 3 months of age in the male or female 

cohort (Figure 4.3D, p>0.05). These findings show that, at 3 months of age, both male 

and female pdgfbret/ret mice exhibit left ventricular dilation with females exhibiting 

further changes to the left ventricular mass, consistent with hypertrophy. To determine 

whether these changes led to alterations to cardiac function, I next examined 

functional parameters.
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Figure 4.2: PSLAX EKV images showing left ventricular dilation at 3 months of age in male and 

female pdgfbret/ret mice. 

Example of EKV images of the left ventricle during diastole (top panels) and systole (bottom panels) in 

male (A) and female (B) pdgfb+/+ (+/+), pdgfbret/+ (ret/+) and pdgfbret/ret (ret/ret) mice. Both the endocardial 

(ENDO) and epicardial (EPI) boundaries are highlighted (arrows). EKV images show an example of 

cardiac dilation in male and female pdgfbret/ret mice that is most pronounced during diastole but also 

present in systole. 
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Figure 4. 3: Male and female pdgfbret/ret mice exhibit structural changes to the heart at 3 months 

of age. 

Quantification and analysis of PSLAX EKV images was performed to assess changes to left ventricular 

structure in 3-month-old male and female pdgfb+/+ (+/+, black circles), pdgfbret/+ (ret/+, red squares) and 

pdgfbret/ret (ret/ret, blue triangles) mice. Structural parameters: left ventricular end-diastolic area 

(LVEDA, A), left ventricular end-systolic area (LVESA, B), left ventricular mass (LV mass, C) and left 

ventricular wall thickness were measured (D). Data was analysed using VevoLab software; n=4-

6/group. All data shown as mean±SEM. p-values determined by two-way ANOVA with Tukey’s multiple 

comparison. *p<0.05, **p<0.001, ns=not significant 

 

Male pdgfbret mice have increased cardiac output at 3 months of age.  

I next investigated whether changes in cardiac structure caused changes to cardiac 

function in pdgfbret/ret mice. CO was significantly higher in pdgfbret/ret males compared 
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with their pdgfb+/+ counterparts (Figure 4.4A, **p<0.01) whereas no differences were 

observed between genotypes in the female mice (p>0.05). SV, although appearing to 

increase, was not significantly altered in male pdgfbret mutant mice (Figure 5.4B, 

p>0.05). In contrast, SV was significantly higher in female pdgfbret/+ mice compared to 

pdgfb+/+ females (Figure 4.4B, p>0.05, *p<0.05). 

 

Contractile function is not impaired in 3-month-old pdgfbret mice. 

At 3 months of age, both FAC (Figure 4.4C) and EF (Figure 4.4D) were unchanged in 

both males and females pdgfbret mice compared to pdgfb+/+ littermates (p>0.05). These 

data show that pdgfbret mutant mice do not exhibit any changes to cardiac contractile 

function.  

 

Female pdgfbret/ret mice exhibit cardiac structural changes, not observed in 

male mice, at 6 months of age 

Both male and female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice underwent ultrasound 

scans at 6 months of age and EKV images were acquired. LVEDA (Figure 4.5A) nor 

LVESA (Figure 4.5B) were similar between genotypes in both the male and female 

cohorts (p>0.05). Wall thickness was also not significantly altered in any of the groups 

which was also previously observed at 3 months (Figure 4.5C, p>0.05). LV mass was 

significantly greater in pdgfbret/ret mice from the female cohort whereas no difference 

in LV mass was observed in male mice (Figure 4.5D, p>0.05).  

 

No alterations to cardiac function were observed in either sex at 6 months of 

age in pdgfbret mutant mice 

At 6 months of age CO (Figure 4.6A) and SV (Figure 4.6B) were similar between the 

groups (p>0.05). Furthermore, no changes in cardiac contractility measured by FAC 

(Figure 4.6C) or EF (Figure 4.6D) were observed between genotype in either sex 

(p>0.05).  
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Figure 4.4: Pdgfbret mutant mice exhibit increased cardiac output and stroke volume at 3 

months of age. 

Parameters relating to left ventricular function and contraction were analysed for 3-month-old pdgfb+/+ 

(+/+, black circles), pdgfbret/+ (ret/+, red squares) and pdgfbret/ret (ret/ret, blue triangles) mice. Cardiac 

output (A) and stroke volume (B) were measured as well as contractile parameters fractional area 

change (FAC, C) and ejection fraction (EF, D). Data was analysed using VevoLab software; n=4-

6/group. All data shown as mean±SEM and p-values were determined by two-way ANOVA with Tukey’s 

multiple comparison. *p<0.05, **p<0.001, ns=not significant.  
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Figure 4.5: Female, not male, pdgfbret/ret mice exhibit structural changes to the left ventricle at 6 

months of age. 

Analysis of left ventricular structural parameters in 6-month-old male and female pdgfb+/+ (+/+, black full 

circles), pdgfbret/+ (ret/+, red squares) and pdgfbret/ret (ret/ret, blue triangles) mice; left ventricular end-

diastolic area (LVEDA, A), left ventricular end-systolic area (LVESA, B), left ventricular mass (LV mass, 

C) and left ventricular wall thickness (D). Data was analysed using VevoLab software. All data shown 

as mean±SEM. n=3-7/group, p-values were determined by two-way ANOVA with Tukey’s multiple 

comparison. **p<0.001, ns=not significant 
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Figure 4.6: No differences in cardiac function were observed in male or female pdgfbret mutant 

mice at 6 months of age. 

Analysis of left ventricular functional parameters in 6-month-old male and female pdgfb+/+ (+/+, black 

circles), pdgfbret/+ (ret/+, red squares) and pdgfbret/ret (ret/ret, blue triangles) mice; cardiac output (A), 

stroke volume (B) fractional area change (FAC, C) and ejection fraction (EF, D). Data was analysed 

using VevoLab software. All data shown as mean±SEM. n=3-7/group, p-values were determined by 

two-way ANOVA with Tukey’s multiple comparison.  ns=not significant 
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Female pdgfbret/ret mice exhibit left ventricular dilation at 9 months 

To further evaluate the pdgfbret mutant mice cardiac phenotype with age, cardiac 

structure was  assessed at 9 months of age in both male and female cohorts. LVEDA 

was significantly higher in female pdgfbret/ret mice compared to female pdgfbret/+ mice, 

however no difference was observed between any of genotypes in the male group 

(Figure 4.7A, *p<0.05, p>0.05). LVESA was also unchanged between genotypes in 

both the male and female groups (Figure 4.7B, p>0.05). No differences in wall 

thickness (Figure 4.7C) or LV mass (Figure 4.7D) were observed between any groups 

at 9 months of age (p>0.05).  

 

Cardiac function was unchanged at 9 months of age in pdgfbret mutant mice.  

At 9 months of age, both CO (Figure 4.8A) and SV (Figure 4.8B) were unchanged 

between the groups (p>0.05). Cardiac contractility as measured by FAC (Figure 4.8C) 

and EF (Figure 4.8D) was unchanged at 9 months of age in both sexes and groups 

examined (p>0.05).   
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Figure 4.7: Female pdgfbret/ret mice exhibit a differential cardiac phenotype than male pdgfbret/ret 

mice at 9 months of age. 

Left ventricular end-diastolic area (LVEDA, A), left ventricular end-systolic area (LVESA, B), left 

ventricular mass (LV mass, C) and left ventricular wall thickness (D) measured in 9-month-old male and 

female pdgfb+/+ (+/+, black circles), pdgfbret/+ (ret/+, red squares) and pdgfbret/ret (ret/ret, blue triangles) 

mice. Data was analysed using VevoLab software. All data shown as mean±SEM. n=3-7/ group, p-

values were determined by two-way ANOVA with Tukey’s multiple comparison.  *p<0.05, ns=not 

significant. 
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Figure 4.8: Changes to cardiac function are absent in male and female pdgfbret mutant mice at 9 

months of age. 

Cardiac output (A), stroke volume (B), fractional area change (FAC, C) and ejection fraction (EF, D) 

measured in 9-month-old pdgfb+/+ (circles, white bar), pdgfbret/+ (ret/+, red squares) and pdgfbret/ret 

(ret/ret, blue triangles) mice. Data was analysed using VevoLab software. All data shown as 

mean±SEM. p-values determined via two-way ANOVA with Tukey’s multiple comparison. ns=not 

significant 
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At 12 months, changes to cardiac structure in pdgfbret mice are resolved. 

The final ultrasound scans were performed at 12 months of age in male and female 

pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. Both LVEDA (Figure 4.9A) and LVESA (Figure 

5.9B) were similar between each group and sex (p>0.05). LV mass (Figure 4.9C) and 

wall thickness (Figure 5.9D) were unchanged at 12 months of age in any of the 

genotype groups or sexes (p>0.05). CO and SV were also similar between genotypes 

in either sex at 12 months of age (Figure 4.10A, B, p>0.05). Both FAC and EF were 

also unchanged at this time point (Figure 4.10C, D, p>0.05). 

 

M-mode imaging reveals no changes to fractional shortening in pdgfbret mutant 

mice.  

M-mode of the left ventricle over several cardiac cycles were acquired. M-mode 

images are 2D images which allow visualisation and measurement of left ventricular 

diameter during diastole (LVDD) and systole (LVSD) over several cardiac cycles 

(Figure 4.11A) to calculate fractional shortening (FS). No difference in FS was 

observed at 3 months of age between any genotype in either the male of female cohort 

(Figure 4.11B, p>0.05). This was also found at 6 (Figure 4.11C), 9 (Figure 5.11D) and 

12 (Figure 4.11E) months of age (p>0.05).  This data further supports the fact that the 

pdgfbret mutation does not affect myocardial contractility at any of the time points 

measured in our study  
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Figure 4.9: Cardiac structure in male or female pdgfbret mutant mice is similar at 12 months of 

age. 

Left ventricular end-diastolic area (LVEDA, A), left ventricular end-systolic area (LVESA, B), left 

ventricular mass (LV mass, C), and left ventricular wall thickness (D) measured in 12-month-old male 

and female pdgfb+/+ (+/+, black circles), pdgfbret/+ (ret/+, red squares) and pdgfbret/ret (ret/ret, blue 

triangles) mice. Data was analysed using VevoLab software. All data shown as mean±SEM. p-values 

were determined by Two-way ANOVA with Tukey’s multiple comparison. ns=not significant 
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Figure 4.10: Functional parameters are unchanged at 12 months of age in male and female 
pdgfbret mutant mice. 

Cardiac output (A), stroke volume (B), fractional area change (FAC, C) and ejection fraction (EF, D) 

measured in 12-month-old pdgfb+/+ (+/+, black circles), pdgfbret/+ (red squares, ret/+) and pdgfbret/ret (blue 

triangles, ret/ret) mice. Data was analysed using VevoLab software. All data shown as mean±SEM. 

Two-way ANOVA with Tukey’s multiple comparison. ns=not significant 
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Figure 4.11: Fractional shortening of the left ventricle was unaltered in pdgfbret mutant mice. 

Example of a short axis 2D m-mode image from pdgfb+/+ mice (A) highlighting measurements taken to 

derive fractional shortening (FS). The image shows continuous left ventricular contraction taken over 

several cardiac cycles. The endocardial wall (ENDO, blue line) is shown. The green line showing left 

ventricular systolic diameter and the red line indicating left ventricular diastolic diameter.  FS was 

calculated at 3(B), 6(C), 9(D) and 12(E)-month time points in male and female pdgfb+/+ (+/+), pdgfbret/+ 

(ret/+) and pdgfbret/ret (ret/ret) mice. Data shown as mean± SEM, Two-way ANOVA with Tukey’s test, 

ns= not significant n=3-6/group 
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One year old pdgfbret/ret mice do not exhibit signs of cardiac hypertrophy. 

Male pdgfbret/ret mice had significantly lower body weight compared with both pdgfb+/+ 

and pdgfbret/+ mice (Figure 4.12A, p<0.05). In comparison to females where body 

weight was similar in all groups (p>0.05). No difference in heart weight was observed 

in male or female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice (Figure 4.12B, p>0.05). Heart 

weight to body weight ratio was significantly higher in male pdgfbret/ret mice compared 

to pdgfbret/+ mice (Figure 4.12C, p<0.001) but remained unchanged in female mice 

(Figure 4.12C, p>0.05). Heart weight/Tibia length ratio was similar across genotypes 

in either male or female cohorts (Figure 4.12D, p>0.05)  

 

 

Figure 4. 12: Male pdgfbret/ret mice have reduced body mass but do not exhibit signs of cardiac 

hypertrophy. 

Body weight (A), heart weight (B), heart weight to body weight ratio (C) and heart weight to tibia length 

ratio (D) of male and female pdgfb+/+, (+/+, black circles) pdgfbret/+ (ret/+, red squares) and pdgfbret/ret 

(ret/ret, blue triangles) mice measured at 12 months of age. Data shown as mean±SEM. n=3-5/group 

Two-way ANOVA with Tukey’s multiple comparison. **p<0.001 *p<0.05 ns=not significant  
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Male pdgfbret/ret mice have altered cardiac development and function from 3 to 

12 months.  

After examination of outcomes at each time point, I then examined structural and 

functional parameters in male and female pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice over 

the course of my 12-month study. Significant changes to left ventricular structure were 

observed in male and female pdgfbret/ret mice and I wished to determine whether these 

changes were retained over time. Values at 3 months were considered as baseline 

and changes were considered with reference to these for each genotype.  

Examination of LVEDA and LVESA in male mice (Figure 4.13A, C) did not reveal any 

differences between 3 months and any other time point in any of the genotype groups 

(p>0.05).  A similar observation was made in the female cohort (Figure 4.13B, D, 

p>0.05). LV mass did not significantly change in the male mice between 3 months and 

any other time point (Figure 4.13E), nor in the female mice (Figure 4.13F, p>0.05). 

Wall thickness was also not significantly altered from 3 months to any other time point 

in the study in both male (Figure 4.13G) and female (Figure 5.13H) mice (p>0.05). 

Taken together this data suggests that pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice cardiac 

structure is not significantly altered during aging.  

I next assessed functional parameters over time. CO significantly increased between 

3 and 12 months in male pdgfb+/+ mice (Figure 4.14A, p<0.05). For male pdgfbret/+ and 

pdgfbret/ret mice CO did not increase over time. Neither CO nor SV were significantly 

different between 3 months and any other time point in the female cohort (Figure 

4.14B, C, D). Furthermore, contractile parameters, EF (Figure 4.14E, F), FAC (Figure 

4.14G, H) and FS (Figure 4.14I, J) did not change significantly between 3 months and 

any other time point (p>0.05) in male or female mice.  
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Figure 4.13: Analysis of structural parameters over time in male and female pdgfb+/+ and pdgfbret 

mutant mice. 

LVEDA (A, B), LVESA (C, D), LV mass, (E, F), wall thickness (G, H) plotted over each time point for 

male and female pdgfb+/+ (black circle,) pdgfbret/+ (red square) and pdgfbret/ret mice (blue triangle). All 

data shown as mean±SEM. Two-way ANOVA with Dunnett’s multiple comparison. ns=not significant 
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Figure 4.14: Analysis of functional parameters over time in male and female pdgfb+/+ and pdgfbret 

mutant mice.  

Cardiac output (A, B), stroke volume (C, D), ejection fraction, (EF, E, F), fractional area change (FAC, 

G, H) and fractional shortening (FS, I, J) plotted over each time point for male and female pdgfb+/+ (black 

circle) pdgfbret/+ (red square) and pdgfbret/ret mice (blue triangle). All data shown as mean±SEM. Two-

way ANOVA with Dunnett’s multiple comparison. *p<0.05 ns=not significant. 
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Discussion 

The main aims of this chapter were to perform echocardiography to assess cardiac 

structure and function in young male and female pdgfbret/ret mice compared with 

pdgfb+/+ and pdgfbret/+ littermates and to determine if aging influences structure and 

function up to 1 year of age. Mutations in pdgf have been shown to lead to a variety of 

cardiovascular pathologies ranging from severe haemorrhaging during embryonic 

development to cardiac hypertrophy and fibrosis in adult mice. Male and female mice 

also exhibit changes to cardiac structure and function in aging however, the effect of 

the pdgfbret mutation on cardiac structure and function in aging male and female mice 

was not yet described.  

Young male and female pdgfbret/ret mice exhibit transient left ventricle dilation. 

A major finding based on my experiments is that both male and female pdgfbret/ret 

mutant mice exhibit left ventricular dilatation at 3 months of age. However, it is key to 

note that only a small number of mice were scanned in my study due to issues with 

breeding (see Chapter 7: General Discussion) and as such we were unable to follow 

the same mice throughout my study. This may introduce variability into our study and 

lower our ability to detect significant changes. Similar results to mines were reported 

in male pdgfbret/ret mice (Nystrom et al., 2006) but I me the first to show that female 

pdgfbret/ret mice exhibit this phenotype. By 12 months however dilation of the left 

ventricle is resolved indicating that changes are transient. Neither male nor female 

pdgfb+/+ an pdgfbret/+ exhibit this dilatory phenotype at three months. Over time male 

and female pdgfb+/+ and pdgfbret/+ mice LVEDA is unchanged from 3 months to any 

other time point over the course of the experiment. However, male, and female 

pdgfbret/ret mice over LVEDA decreases between 3- and 6-months although does not 

significantly differ from any other time point. Ventricular dilation may occur in the 

setting of volume overload which may pathological or physiological in nature, however, 

the underlying cause of this phenotype is not fully understood. PDGFB and PDGFRβ 

KO mouse models exhibit enlarged hearts, dilation of the ventricles and coronary 

blood vessels but do not survive into adulthood (Levéen et al., 1994; Soriano, 1994). 

Furthermore, these PDGFB and PDGFRβ KO mice have reduced VSMC and pericyte 

coverage indicates that structural changes to the left ventricle in young pdgfbret/ret mice 

may be due to reduced recruitment of VSMC and pericyte progenitors in the formation 



129 

 

of large coronary vessels and ventricles in development. However, it is unclear 

whether the heart is affected during embryonic and early postnatal development in 

pdgfbret/ret mice. As such it would therefore be important to analyse early postnatal and 

embryonic heart development and function. Confocal imaging data from the Crisan 

lab, has suggested that the embryonic aorta formed properly in pdgfbret/ret mid-

gestation mouse embryos (Sa da Bandeira et al, in preparation) and further preliminary 

histological and immunohistology analysis in a small number of embryos found that 

there were no observable differences in left ventricular structure at E11 or E14 in 

pdgfbret/ret mice (Jemma Makepeace, unpublished preliminary observations), nor at 

E18 (Ana Barbosa, unpublished) compared with littermates. However, it would be 

interesting to repeat these experiments in a greater number of embryos and further 

explore the embryonic development of pdgfbret/ret mice using embryonic 

echocardiography to determine whether changes to cardiac function can be detected 

at this time point. Further scans could then be performed later in neonatal and young 

postnatal mice to fully characterise the cardiac structure and function of pdgfbret/ret 

mice. This will give a greater insight into how mutations in the pdgfb gene may affect 

human cardiac development and whether changes to pdgfbret/ret cardiac structure arise 

from development.  

Another potential cause of left ventricular dilation exhibited in pdgfbret/ret mice may be 

tissue oedema caused by increased vascular permeability due to lack of full pericyte 

coverage of cardiac microvessels. This may be responsible for the increases in 

echocardiography measured LV mass observed at 3 months in male and 3 and 6 

months in female pdgfbret/ret mice compared with pdgfb+/+ mice. Previous studies briefly 

assessed vascular permeability of the hearts of pdgfbret/ret mice using dextran 

permeability assays which showed an increase in dextran leakage after 24 hours 

(Raines et al., 2011). However, no information was given regarding the age or sex of 

the mice utilised. If the vascular permeability is increased in pdgfbret/ret mice differences 

in LV mass observed between male and female pdgfbret/ret may be due to the actions 

of oestrogen which is a known vasodilatory molecule and has been shown to increase 

microvascular permeability in the uterus (Cullinan-Bove and Koos, 1993). Female 

pdgfbret/ret mice did exhibit a persistent increase in LV mass at 3 and 6 months which 

was resolved at 9 and 12 months. Since hormonal changes in females are expected 

to be seen around 7-9 months of age (Brinton, 2012), a reduction in oestrogen levels 
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at this time may mean that any tissue leakage or oedema is resolved in pdgfbret/ret 

female mice. This is further supported by the fact that overall heart weight was 

unchanged in pdgfbret/ret mice compared with littermates at 12 months of age. 

Therefore, it would be important to assess vascular permeability of the heart using 

dextran permeability assays at multiple ages to determine whether this changes with 

age in pdgfbret/ret mice.  

Another suggestion may be that microvessel rarefaction may also promote left 

ventricular dilation. This is commonly observed in patients with heart failure with 

preserved ejection fraction who also develop left ventricular dilation(Su et al., 2021).  

This may occur early in pdgfbret/ret mouse development if there are not enough 

recruited pericytes to stabilise forming vessels. To test this, we could assess blood 

vessel density in the ventricles of pdgfbret/ret mice on histological sections using 

immunohistochemistry for CD31, an endothelial cells marker. The number of CD31+ 

vessels could then be quantified to understand f this is reduced in pdgfbret/ret mice. In 

conjunction with this marker for pericytes could be utilised to determine whether all 

vessels have proper pericyte coverage and if this relates to altered heart function. 

Left ventricular dilation may also occur in eccentric cardiac hypertrophy which had 

been was reported in male pdgfbret/ret mice (Nystrom et al., 2006). Eccentric 

hypertrophy is one of two common hypertrophic responses, the other being concentric 

hypertrophy. Eccentric hypertrophy involves the thinning of the ventricular wall and 

increased left ventricular volume and occurs due to volume overload (Simone, 2004). 

My data show that the structural phenotype displayed by pdgfbret/ret mice at 3 months 

of age is like that observed in eccentric hypertrophy albeit without thinning of the 

ventricular wall, as ventricular wall thickness and LV mass was unchanged. Therefore, 

the phenotype we observed in our study is better described as a dilatory response 

rather than a hypertrophic response as echocardiography derived wall thickness and 

LV mass did not change. To further investigate this hypothesis histological analysis of 

the heart should be performed to assess changes to cardiomyocyte structure. In 

eccentric hypertrophy, cardiomyocytes in the left ventricle elongate as a response to 

volume overload. Therefore, analysis of cardiomyocyte cross sectional area with 

wheat germ agglutin should be performed to identify potential changes to 

cardiomyocytes in pdgfbret/ret mice. To understand these changes further molecular 

analysis could be performed. For example, concentric and eccentric hypertrophy have 
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been shown to have distinct differential underlying molecular pathways in either 

physiological or pathological settings. For example, one study showed greater atrial 

natriuretic peptide (ANP), b-type natriuretic peptide (BNP), β-myosin heavy chain 

(MHC) and α-skeletal actin upregulation in the heart ventricle using a mouse model of 

aortic band pressure overload versus a chronic swim-training volume overload model 

(McMullen and Jennings, 2007). ANP and BNP act to reduce cardiac hypertrophy, 

fibrosis and are anti-inflammatory molecules released under pathological cardiac 

conditions such as heart failure (Nakagawa, Nishikimi and Kuwahara, 2019; 

Mezzasoma et al., 2020). Up-regulation of contractile proteins β-MHC and α-skeletal 

actin is also associated with reduced cardiac function and pathology (Boheler et al., 

1991; Krenz and Robbins, 2004). In mice, PDGF signalling is increased in response 

in pressure overload hypertrophy and cardiomyocyte specific deletion of PDGFRβ 

results in a more severe hypertrophic response than controls (Chintalgattu et al., 

2010). However, whether PDGF signalling is altered in the hearts of pdgfbret/ret mice is 

unknown but may play a direct role in changes to left ventricular structure.  

Dilation of the left ventricle may also occur in the setting of dilated cardiomyopathy 

which is also characterised by enlargement and dilation of one or both ventricles, and 

impaired contractility (Weintraub, Semsarian and Macdonald, 2017). However, I 

observed that contractile parameters such as EF, FAC and FS were unaffected in at 

any time point in pdgfbret/ret mice. However, EF may also be preserved in heart failure, 

a syndrome with limited treatments involving microvascular and lymphatic dysfunction 

(Cuijpers et al., 2020). Indeed, it has been demonstrated that pdgfbret/ret mice have 

altered lymphatic vessel structure due to defective smooth muscle cell (SMC) 

recruitment during the formation of lymphatic vessels (Wang et al., 2017). This may 

also contribute to the alterations observed in pdgfbret/ret mice through increased 

oedema due to leakage of lymphatic vessels increasing heart weight and left 

ventricular mass. 

 

At 3 months of age, pdgfbret mice have increased cardiac output.  

I next observed that pdgfbret mice have changes in cardiac function related to changes 

in left ventricular structure at 3 months of age. Male pdgfbret/ret mice had increased CO 

and female pdgfbret/+ mice had increased SV. Both functional parameters are related 
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to the volume of blood being pumped from the left ventricle with pdgfbret/ret mice 

pumping more blood from the left ventricle than their pdgfb+/+ counterparts. Typically, 

CO or SV increase can be due to numerous physiological changes such increased 

size of the heart, blood volume and increased contractility of the heart (Singh and 

Sharma, 2020). However, the most likely cause of increased CO and SV in my study 

is because endocardial volume is calculated based on changes to LVEDA by the 

VevoLab software. However, it would be important to assess CO and SV in further 

experiments. Underlying changes in CO can also occur due to regulation by the 

nervous system, endocrine system as well as changes in paracrine signalling (King 

and Lowry, 2019). In addition, increased CO is a feature of the endurance athlete’s 

heart. However, pdgfbret/ret mice have reduced physical performance compared to 

littermates (Nystrom et al, 2006). In conjunction with my data, this suggests that 

contractility of the heart is unchanged, and the increased CO and SV exhibited by 

pdgfbret/ret mice do not confer physiological benefit to heart function and physical 

performance. Instead, the increase in CO and SV may be due to a systemic increase 

in blood volume through changes to blood vessel cellular composition or blood vessel 

number. This may lead to a volume overload response prompting the physiological 

cardiac changes. To confirm this result, it would be important to directly measure the 

CO of pdgfbret/ret mice. This could be done using thermodilution which is a direct 

invasive measurement of cardiac output performed via a surgical procedure where 

thermocouples are inserted into the jugular veins, right atria and then into the aortic 

arch (Franco et al., 1999).  Other methods of CO measurement may include the use 

of a flow doppler probe placed over the ascending aorta (Tournoux et al., 2011) .  

Blood volume is also determined by the  kidney and embryonic pdgfbret/ret mice have 

mesangial cell (also called renal pericyte-like cells) deficiency which normalizes at 1 

month of age (Lindblom et al., 2003). However, at 3 months these mice develop 

albuminuria and glomerulosclerosis at 6 months which is indicative of kidney 

dysfunction. This may also account for some of changes we found in the heart 

structure and function at 3 months of age in our mutants, therefore it would be 

important to study the role of the kidney and kidney function of pdgfbret mice in a future 

investigation. Kidney structure and function can could be assessed by renal ultrasound 

and histological analysis to determine the presence of cardiac pathology.  
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One recently developed method to measure blood volume and intracardial flow is 

through micro single positron emission computed tomography (SPECT) imaging. This 

method may also be used to asses microvascular function (Matsunari, 2020). SPECT 

imaging works in a similar manner to PET imaging by injection of radioactive tracer 

into the blood and measuring its activity and uptake (Chatziioannou, 2005).  

The fact that female pdgfbret/+ mice appear to develop structural and functional 

changes in my study is interesting as typically these mice have been used as a control 

group in some published studies investigating the pdgfbret mutation. However, one 

study showed that pdgfbret/+ mice have a reduced pericyte number compare to pdgfb+/+ 

mice, although this did not affect the brain vascular function (Mäe et al., 2021). 

Therefore, it is unclear whether pdgfbret/+ mice are comparable with pdgfb+/+ littermates 

or may show some differences to blood vessel structure which depending on the 

vessel location, may impact vascular function. My data suggest that female pdgfbret/+ 

mice develop differently from their male pdgfbret/+ counterparts and exhibit some 

structural changes to the left ventricle at different stages of development. 

 

Male and female pdgfbret/ret mice have altered cardiac structure which is 

resolved in aging.  

Increase in LV mass is associated with cardiac hypertrophy and alongside dilation and 

abnormal left ventricular geometry are indicators of high risk of cardiovascular event. 

Numerous studies have shown that sex can play in the onset of cardiovascular 

conditions with men typically showing symptoms of cardiovascular disease at an 

earlier age than women (Regitz-Zagrosek and Seeland, 2011). For example, aortic 

valve disease can lead to eccentric hypertrophy in humans with females having higher 

short- and long-term survival than men (Chodick et al, 2017). One suggestion is that 

differences in hormonal profile between male and female mice may influence the 

cardiac structure in pdgfbret/ret mice. Signalling between oestrogen and its receptors 

have been shown to be cardioprotective and inhibit cardiac hypertrophy (Pedram et 

al, 2008). Indeed, many observational studies have highlighted that pre-menopausal 

woman are protected from CVD due to the fact they develop it later and as previously 

mentioned post-menopausal women may have a worse short-term prognosis than 

similarly aged men.  
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To determine whether the observed changes to cardiac structure would later cause a 

deterioration in cardiac function and contractility and a pathological phenotype, we 

performed subsequent scans and analysis of cardiac function at 6, 9 and 12 months. 

At 6 months, no differences in terms of LVEDA and other structural parameters were 

observed in male pdgfbret/ret mice when compared to their pdgfb+/+ and pdgfbret/+ 

counterparts. Female pdgfbret/ret mice displayed a greater LV mass than pdgfb+/+ 

littermates as calculated from EKV images but no further changes to structural 

parameters were observed at this time point. This data suggests that the changes to 

left ventricular structure observed at 3 months of age are transient and may suggest 

that male and female pdgfbret/ret mice may be phenotypically different at 6 months of 

age. However, measurement of LV mass alone from EKV images is not enough to 

indicate the presentence of cardiac hypertrophy to confirm this, measurement of 

cardiomyocyte cross sectional area should be performed to understand what is 

occurring at the cellular level.  

Since hormonal changes in females are expected to be seen around 7-9 months of 

age (Brinton, 2012), we sought to examine both males and females at both 9 and 12 

months. We found no difference between LV mass between any genotype in 9-month-

old mice of either sex, although female pdgfbret/ret mice had an increase in LVEDA 

when compared with pdgfb+/+ littermates. This data highlights subtle differences in 

development between male and female pdgfbret/ret mice. One hypothesis may be that 

these changes occur in relation to changes in their hormonal profile. Both mice and 

rats reach sexual maturity between 3 and 6 months of age and females reach the 

equivalent of human perimenopause by around 9 months of age where the ovaries 

begin to reduce production of oestrogen (Brinton, 2012). This may account for the 

endocardial dilatation seen at 9 months of age in female pdgfbret/ret mice as oestrogen 

levels may be reduced resulting in the presence of a dilatory phenotype previously 

observed at 3 months. Furthermore, oestrogen and PDGFB signalling are molecularly 

intertwined with many studies highlighting the vasculo-protective effects. In rat 

VSMCs, the most common oestrogen form,17β-oestradiol (E2), was shown to 

attenuate PDGFB mediated proliferation and cell migration (Kappert et al., 2006). 

Similarly, E2 treatment also inhibited PDGFB production from porcine endothelial cells 

in a dose dependent manner and enhanced pericyte: endothelial cell capacity to form 
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vascular networks in vitro (Glinskii et al., 2013). However, the hormonal profile of mice 

was not tested in our study but should be performed in the future.   

Moreover, data from 12-month ultrasound scans reveal no difference in terms of 

structure and function between males and females of any genotypes, further 

suggesting that the subtle changes in female pdgfbret/ret mice observed may only be 

transient. These data do not indicate a pathological phenotype but would rather be 

physiological or perhaps compensatory adaptations put in place due to the pdgfbret  

mutation.  Despite some differences being observed in cardiac structure in aging at 6 

and 9 months old, female pdgfbret/ret mice show no difference to functional parameters 

at 12 months of age. By this time, female pdgfbret/ret mice exhibit a similar phenotype 

as their male counterparts. This suggest that oestrogen levels or changes to oestrogen 

concentration after 9 months of age may play a key role in the manifestation of the 

cardiovascular phenotype in pdgfbret/ret mice. This also suggest that male pdgfbret/ret 

mice may be protected through unknown mechanisms, from the development of any 

adverse cardiac pathology or that changes to left ventricular structure are 

compensatory in nature. Interestingly, endothelial specific PDGFB ablation in mice 

produces similar changes to cardiac structure during late embryonic development 

which also dissipate by 12 months (Bjarnegård et al., 2004). This fact combined by the 

phenotype observed by pdgfbret/ret mice may indicate that PDGFB released by 

endothelial cells during development is a key factor in ensuring the heart develops 

properly but compensatory physiological changes to attenuate these effects may occur 

during adulthood.  

 

Male and female pdgfbret mutant mice exhibit differential structural and 

functional development of the heart over 12 months 

I then examined changes to cardiac structure and function over time. Compared with 

initial 3-month measurements no significant changes to LV mass were observed in 

either male or female mice at any other time point. This further supports the idea that 

male and female pdgfbret/ret mice do not develop a hypertrophic phenotype, but this 

should be confirmed with histological analysis of the left ventricle. Indeed, heart mass 

was not shown to significantly differ between pdgfb+/+, pdgfbret/+ or pdgfbret/ret mice in 

either the male or female cohort at 12 months of age. Interestingly I also saw that over 
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time there was no difference in LVEDA between 3 months and any other time point for 

male and female mice. I also observed that there was no difference in CO over time 

for pdgfbret/+ and pdgfbret/ret mice. However, with age there was a steady increase in 

CO in male pdgfb+/+ mice from 3 months to 12 months. I did not observe same change 

in the female cohort. This may be partly accounted for by the fact that male pdgfbret/ret 

mice have stunted growth and were significantly smaller at 12 months than pdgfb+/+ 

and pdgfbret/+ mice and CO is known to positively correlate with body mass and fat free 

mass (de Simone et al., 2005). However, I did not observe this in female pdgfbret/ret 

mice. It has been previously reported that in resting adult blood vessels PDGFB 

expression in endothelial cells is low but may increase in diseased vessels (Raines, 

2004). In humans, the amount of circulating growth factors including PDGFB depends 

upon sex and age. One study showed that males have a higher level of PDGF and 

other growth factors in their platelet rich plasma than females (Xiong et al., 2017). 

Another study had contradictory findings with females having higher levels of PDGFB 

and other factors in plasma than males. They also found that younger individuals had 

higher concentrations of both PDGFB and PDGFAB in their plasma than older 

individuals (Evanson et al., 2014). Therefore, differences in PDGFB levels in aging 

male and female pdgfbret/ret mice could account for some of the phenotypic differences 

I observed. 

 

Future Work 

Due to the small numbers in our study future investigations should be performed in a 

greater number of pdgfbret/ret mice if breeding allows. In the study I examined cardiac 

structure and function of pdgfbret mutant mice until 12 months of age, however, 

perhaps by studying these mice over a greater time course beyond 12 months of age, 

they develop a more pronounced cardiac phenotype or signs of cardiac pathology. As 

previously stated, CVDs typically affect the elderly population but can begin to 

manifest in middle aged individuals. By 12 months of age, no obvious signs of cardiac 

pathology were observed. In future studies longevity could be investigated at 18 and 

24 months or perhaps longer to determine the onset of any cardiac pathology. C57Bl/6 

wild-type mice develop increased diastolic dysfunction and left ventricular hypertrophy 

by 35 months of age (Dai and Rabinovitch, 2009). However, whether pdgfbret/ret mice 
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develop a pathological hypertrophic phenotype in advanced aging is unknown. The 

fact that the early dilatory like changes to left ventricular structure are ameliorated by 

12 months of age may also suggest that these mice are protected in some way for the 

development of an adverse cardiac pathology. Another recent study has shown that 

ldlr-/-pdgfbret/ret mice fed a high cholesterol diet appear to be protected in the setting of 

atherosclerosis due to the development of stable rather than unstable atherosclerotic 

plaques (Tillie et al., 2021). In my study, I have demonstrated the effect of the pdgfbret 

mutation on cardiac structure and function. However, the molecular basis for these 

physiological changes is not understood. In future investigations it could be important 

to analyse these mice at the molecular level to better understand the underlying 

processes involved in transient changes to cardiac structure and function at 3 months 

of age and what processes lead to the amelioration of these changes with aging. To 

evaluate this question further, I would perform RNA sequencing on the hearts of both 

male and female pdgfb+/+ and pdgfbret/ret mice at 3 months of age when cardiac 

changes are most pronounced and 12 months of age when cardiac function is 

unchanged when compared to pdgfb+/+ mice. This analysis may also reveal differential 

regulation of molecular pathways in male and female mice. This may reveal changes 

to other molecules, which may inhibit further cardiac dilation or any pathways which 

regulate changes to left ventricular structure. Molecular analysis may also reveal novel 

molecules which could be targeted by pharmacological agents in the setting of human 

CVD to inhibit the onset of cardiac hypertrophy or dilatation. Over the course of the 

study, male and female mice displayed differences in the cardiac phenotype exhibited 

with differences in left ventricular mass and LVEDA observed at 6 and 9 months of 

age in male and female pdgfbret/ret mice. These differences may in part be due to in E2 

signalling which has been described to regulate the signalling of PDGFB, PDGFA and 

other growth factors. Alongside the previously proposed molecular analysis of the 

hearts of pdgfbret/ret male and female mice, it would be important to measure oestrogen 

blood concentration. In females, oestrogen levels can vary significantly due to changes 

in the oestrous cycle. Furthermore, around 9 months of age, there is a drop in 

oestrogen levels in female mice (Brinton, 2012).  To investigate this further, I would 

like to perform genetic and molecular analysis of male and female pdgfbret/ret mice 

specifically to check the expression of oestrogen and androgen receptors in the heart 

and vasculature in both endothelial cells and perivascular cells which may vary 

between male and female pdgfb+/+ and pdgfbret/ret mutant mice. A reduced oestrogen 
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receptor expression was found in vessels from post-menopausal females compared 

with pre-menopausal women and androgen receptor expression is expected to be 

reduced with falling testosterone expression in aging males (Connelly et al., 2022). 

Therefore, changes not only to hormone levels but also their receptor expression may 

be a factor involved in regulating the cardiac phenotype of pdgfbret/ret mice.  

Conclusion 

In conclusion, left ventricular dilatation was observed at 3 months of age in pdgfbret/ret 

mice with male and female mice. These changes appear to be transient and are 

ameliorated by 12 months of age with male and female mice exhibiting no phenotypic 

differences at this time point. These results also suggest that the pdgfbret mutation 

does not lead to an adverse cardiac phenotype by 12 months of age in male or female 

mice. 
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Chapter 5: The effect of the Pdgfbret mutation on Cardiac Strain 

 

Introduction 

In chapter 4, I characterised the effects of the pdgfbret mutation on cardiac structure 

and function. Using 2D echocardiography and subsequent analysis of EKV and M-

mode images, I observed that changes in cardiac structure were more pronounced at 

3 months of age in pdgfbret/ret mice and appeared to dissipate at later time points. By 

12 months of age no differences were observed between genotypes indicating that the 

differences observed between earlier time points do not progress and lead to cardiac 

dysfunction at least by 12 months of age.  

Speckle tracking echocardiography (STE) has been utilised both pre-clinically and in 

patients for early detection of cardiac dysfunction (Geyer et al., 2010). One meta-

analysis of 2597 subjects found that “normal” global longitudinal strain values varied 

between -15.9 to -22.1%, circumferential strain ranged from -20.9 to -27.8% and global 

radial strain ranged from 35.1 to 59% (Yingchoncharoen et al., 2013). However, due 

to a number of variables, these values may differ and as such a value of around -20% 

for global longitudinal strain may be expected in healthy individuals (Lang et al., 2015). 

In humans, STE has been used to diagnose and evaluate a range of pathological 

conditions such as left ventricular hypertrophy, aortic stenosis and ischaemic heart 

disease (Collier et al, 2017). In pathological conditions typically these values may be 

reduced as contractility of the left ventricle is impaired. STE can also be utilised to 

determine whether the treatments for such conditions are working and improving 

cardiac function. In the setting of cardiac injury STE has been found to have a major 

role in predicting patient prognosis post-MI and the development of heart failure 

(Tomoaia et al., 2019). STE also can be used to define the extent of scar formation 

and to identify the presence of viable myocardial tissue (Tarascio et al., 2017). One 

benefit of strain imaging is that it can be used in the accurately assess diastolic 

function which can prove to be difficult in heart failure patients with preserved ejection 

fraction and normal systolic function using echocardiography modalities  (Choudhury 

et al., 2017).  

STE has been utilised to evaluate cardiac function and myocardial strain in several 

pre-clinical studies in rodent models of CVD. Induction of pressure overload through 
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aortic constriction saw a reduction in global longitudinal strain one week post-surgery 

and dyssynchrony of the heart after 7 weeks (Bauer et al., 2013). Interestingly, 

changes to global longitudinal strain due to aortic constriction preceded any 

differences observed in fractional shortening (Bauer et al., 2013). Similarly, in a mouse 

model of type 1 diabetes, changes to myocardial strain and stress were observed at 1 

week post-diabetes onset, whereas, changes in functional parameters measured 

using conventional 2D echocardiography were not detected until 6 weeks post-

diabetes onset (Shepherd et al., 2016). STE was also utilised to illustrate the cardio-

protective effects of APPL1 (an insulin and adiponectin mediator) in mice fed on high 

fat diet (Park et al., 2013). 

More recently, STE has also been used to study cardiovascular aging in rodents. De 

Lucia and colleagues evaluated aging in male C57BL/6 mice over the course between 

6 and 20 months. (De Lucia et al., 2019). They observed that segmental strain 

deteriorated with age and found STE detected changes to systolic and diastolic 

function at a younger age than conventional echocardiography methods (De Lucia et 

al., 2019). STE has also recently been used to evaluate cardiac function relating to 

age dependent remodelling of the extracellular matrix (Grilo et al., 2020).  

To detect early cardiac changes caused by the pdgfbret mutation, I utilised STE to 

measure myocardial strain and stress in aging pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice.   
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Hypothesis 

Early changes in cardiac structure and function lead to increased myocardial strain in 

aging pdgfbret mutant mice 

 

Aims 

1. Identify any differences in cardiac function by STE in aging between pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice. 

2. Assess changes in myocardial stress, deformation, and motion, during aging. 

 

Study Design 

In this study STE was performed on combined groups of male and female pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice at 6, 9 and 12 months of age (Figure 5.1, Table 5.1). 

Strain analysis of B-mode images was performed, and structural and functional 

cardiac measurements were acquired. Further measurements relating to global and 

segmental myocardial stress and strain were also acquired using VevoLab software. 

Longitudinal strain refers to lengthening and shortening of the left ventricular wall and 

radial strain indicates the forces of systolic contraction. Displacement and velocity 

reflect myocardial motion and may indicate the passive movement of the myocardium 

during the cardiac cycle but may also highlight impaired ventricular motion due to the 

presence of cardiovascular disease. The reverse strain mode also allowed analysis of 

diastolic dysfunction. 

Table 5. 1: Number of mice used in STE experiments. 

 

Genotype 

Number of mice scanned 

Age 

6 months 9 months 12 months 

pdgfb+/+ 8 8 8 

pdgfbret/+ 5 4 4 

pdgfbret/ret 4 3 3 
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Figure 5. 1: Myocardial strain imaging of pdgfbret mutant mice.  

Pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice were scanned using cardiac ultrasound and PSLAX B-mode 

images were acquired. Analysis of radial and longitudinal myocardial strain parameters was performed 

at 6, 9 and 12 months of age. 
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Results 

Assessment of cardiac parameters reveals left ventricular dilation in pdgfbret/ret 

mice at 6 months of age. 

From STE, peak global longitudinal strain (GLS) a measurement of the average strain 

across the endocardial wall and an indicator of systolic function was obtained. No 

differences were observed in GLS between pdgfb+/+, pdgfbret/+ and pdgfbret/ret at 6, 9 or 

12 months (Figure 5.2A) suggesting that the overall systolic function is maintained in 

aging. Ejection fraction (EFStrain) as calculated by STE was also unchanged between 

groups at any time point (Figure 5.2). The EF to GLS ratio, which has been used 

clinically as an indicator of myocardial thickening, did not differ between groups at any 

time point (Figure 5.2C, p>0.05) (Pagourelias et al., 2017). At 6 months of age, both 

EDV (Figure 5.2D) and ESV (Figure 5.2E) were significantly greater in pdgfbret/ret than 

pdgfb+/+ and pdgfbret/+ littermates (p<0.05), however, no significant differences in these 

structural parameters were detected beyond this time point at 9 and 12 months of age.  

The end diastolic left ventricular mass (EDLVM, Figure 5.2F) and the end systolic left 

ventricular mass (ESLVM, Figure 5.2G) were similar at 6, 9 and 12 months. Cardiac 

output (COStrain) was significantly higher in pdgfbret/ret mice than pdgfb+/+ (p<0.05) and 

pdgfbret/+ mice (p<0.001) at 6 months of age (Figure 5.2G). In 9-month-old mice, 

COStrain was significantly higher in pdgfbret/ret than in pdgfb+/+ mutants (p<0.05), 

whereas no difference was observed between pdgfbret/+ mice and any other genotype. 

COStrain was not significantly different between any genotype at 12 months (p>0.05). 

Stroke volume (SVStrain) was significantly higher in 6 months old pdgfbret/ret than 

pdgfb+/+ mice at similar age (Figure 5.2I, p<0.05). No difference was observed in 

SVStrain at any other time point between genotypes (Figure 5.2I, p>0.05).  

Taken together this data shows that pdgfbret/ret mice have changes to left ventricular 

structure at 6 months of age which are transient and do not persist at 12 months of 

age. Although the cohort of mice examined is different, this mirrors results previously 

shown in Chapter 4.  
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Figure 5. 2: Assessment of cardiac parameters using STE confirms left ventricular dilation in 

pdgfbret/ret mice. 

Cardiac parameters were calculated at 6-, 9- and 12-months using speckle tracking echocardiography 

(STE) in pdgfb+/+ (+/+, circles), pdgfbret/+ (ret/+, squares), and pdgfbret/ret (ret/ret, triangles) mice. 

Functional contractile measurements systolic global longitudinal strain (GLS, A), Ejection fraction 

(EFStrain, B) were calculated by STE strain Vevo software. EFStrain/GLS ratio (C). Cardiac structural 

parameters; end diastolic volume (EDVStrain, D); end systolic volume (ESVStrain, E); end-diastolic left 

ventricular mass (EDLVM, G) and end systolic left ventricular mass (ESLVM, H) were determined. 

Functional parameters cardiac output (COStrain) and stroke volume (SVStrain) were evaluated. Images 

were analysed using VevoLab 3100 software. Data shown as mean±SEM. Two-way ANOVA with 

Tukey’s multiple comparisons *p<0.05, **p<0.001 ns=not significant. n=3-8/group.
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No difference in radial or longitudinal strain on the posterior or anterior wall was 

detected in pdgfbret mutant mice.  

I next performed analysis to evaluate longitudinal and radial strain on the posterior and 

anterior endocardial wall as well as on the base, mid and apical regions (Figure 5.3A). 

At 6 months of age, no differences were observed in longitudinal (Figure 5.3B) or radial 

strain (Figure 5.3E) on either the anterior or posterior wall between pdgfb+/+, pdgfbret/+ 

and pdgfbret/ret mice (p>0.05). Similarly, no differences in longitudinal strain or radial 

were observed at 9 months (Figure 5.3C, F) or 12 months of age between groups 

(Figure 5.3D, G).  

 

No difference in radial or longitudinal strain on the basal, mid or apical 

endocardial wall was detected in pdgfbret mutant mice.  

Longitudinal and radial strain across the basal, mid and apical segments of the 

endocardial wall was then manually calculated. No differences were observed in 

longitudinal strain at 6 (Figure 5.3H), 9 (Figure 5.3I) or 12 (Figure 5.3J) months of age 

between genotypes (p>0.05). No differences in radial strain were observed at 6 (Figure 

5.3K), 9 (Figure 5.3L) or 12 (Figure 5.3M) months of age (p>0.05).   

 

Segmental longitudinal strain or strain rate were similar between groups. 

No differences in longitudinal strain were observed across any endocardial segment 

at 6 (Figure 5.4A), 9 (Figure 5.4C) and 12 (Figure 5.4E) months. Similarly, no 

difference between genotypes in strain rate across any segment was observed at 6 

(Figure 5.4B), 9 (Figure 5.4D) and 12 (Figure 5.4F) months of age.   
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Figure 5. 3: Radial Strain on the apical region of the heart was higher in pdgfbret/ret mice at 9 
months of age. 

Average myocardial strain across the anterior and posterior wall and in in the apical, middle (mid) and 

basal (base) segments of the left ventricle (A). Longitudinal strain on the posterior and anterior walls of 

at 6 (B), 9 (C) and 12 (D) months of age in pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. Radial strain across 

the anterior and posterior walls at 6 (E), 9 (F) and 12 (G) months of age. Longitudinal strain on base, 

mid and apical segments of the wall at 6 (H), 9 (I) and 12 (J) months. Radial strain on the base, mid 

and apical segments at 6 (K), 9 (L) and 12 (M) months. Data shown as mean±SEM. Two-way ANOVA 

with Tukey’s multiple comparisons *p<0.05, ns=not significant. n=3-8/group. 
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Figure 5.4: Longitudinal strain and strain rate did not change in pdgfbret/ret mice. 

Longitudinal strain and strain rate were calculated at 6 (A, B), 9 (C, D) and 12 (E, F) months of age for 

each segment of the myocardium in pdgfb+/+ (white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue bar) 

mice. The myocardium was divided into six segments: the posterior base (Post(B)), posterior mid (Post 

(M)), posterior apical (Post(A)), anterior base (Ant(B)), anterior mid (Ant(M)) and anterior apical (Ant(A)) 

segments. The average of all points on the strain and strain rate curves was calculated. Images were 

analysed using VevoLab 3100 software. Data shown as mean±SEM. Two-way ANOVA with Tukey’s 

multiple comparisons. ns=not significant. n=3-8/group. 
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Segmental radial strain and strain rate differs between pdgfb+/+ and pdgfbret/ret 

mice at 6 and 9 months. 

Segmental radial strain and strain rate were evaluated in pdgfb+/+, pdgfbret/+ and 

pdgfbret/ret mice. At 6 months, no difference in segmental radial strain rate was 

observed (Figure 5.5A), however, a reduction in Post(M) strain rate was observed 

between pdgfb+/+ and pdgfbret/ret mice (p<0.05, Figure 5.5B). At 9 months, radial strain 

in the Post(A) and Ant(A) regions were observed (Figure 5.5C, p<0.05). No differences 

to segmental radial strain rate were observed at 9 months of age (Figure 5.5D). At 12 

months, no differences in radial strain (Figure 5.5E) and radial strain rate (Figure 5.5F) 

were observed between genotypes. 

 

Post(A) segmental time to peak (TTP) strain decreased at 9 months of age in 

pdgfbret/ret mice. 

Segmental Time to peak (TTP) strain as was evaluated in pdgfb+/+, pdgfbret/+ and 

pdgfbret/ret mice at 6, 9 and 12 months of age. TTP strain can be used as an indicator 

of dyssnchrony and may be altered in disease settings and in aging. I observed no 

changes in either segmental longitudinal (Figure 5.6A) or radial (Figure 5.6B) TTP 

strain at 6 months between groups (p>0.05). At 9 months longitudinal TTP strain on 

the Post(B) region was significantly lower in pdgfbret/ret mice compared with pdgfb+/+ 

mice (Figure 5.6C). No difference in segmental radial TTP strain was observed (Figure 

5.6B). At 12 months of age neither longitudinal (Figure 5.6E) nor radial (Figure 5.6F) 

segmental strain was significantly different between groups (p>0.05).  
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Figure 5.5: In pdgfbret/ret mice radial strain and strain rate was significantly higher in the apical 

regions of the heart at 9 months of age. 

Radial strain and strain rate were calculated at 6 (A, B), 9 (C, D) and 12 (E, F) months of age for each 

segment of the myocardium in pdgfb+/+ (white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue bar) mice. 

The myocardium was divided into six segments: the posterior base (Post(B)), posterior mid (Post (M)), 

posterior apical (Post(A)), anterior base (Ant(B)), anterior mid (Ant(M)) and anterior apical (Ant(A)) 

segments. The average of all points on the strain and strain rate curves was calculated. Images were 

analysed using VevoLab 3100 software. Data shown as mean±SEM. Two-way ANOVA with Tukey’s 

multiple comparisons. *p<0.05 **p<0.01 ns=not significant. n=3-8/group. 
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Figure 5.6: Longitudinal time to peak strain was lower on the posterior base segment of the 

myocardium in 9-month-old pdgfbret/ret mice. 

Longitudinal and radial time to peak strain were calculated at 6 (A, B), 9 (C, D) and 12 (E, F) months of 

age for each segment of the myocardium in pdgfb+/+ (white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue 

bar) mice. The myocardium was divided into six segments: the posterior base (Post(B)), posterior mid 

(Post (M)), posterior apical (Post(A)), anterior base (Ant(B)), anterior mid (Ant(M)) and anterior apical 

(Ant(A)) segments. The average of all points on the longitudinal and radial TTP strain curves was 

calculated. Images were analysed using VevoLab 3100 software. Data shown as mean±SEM. Two-

way ANOVA with Tukey’s multiple comparisons. **p<0.01 ns= not significant n=3-8/group. 



151 

 

Changes to diastolic function were evaluated using the reverse strain function. 

Using the reverse strain function on VevoLab software both reverse longitudinal and 

radial strain could be calculated. Reverse strain can be used to evaluated diastolic 

function of the left ventricle. At 6 months, no changes in were observed in segmental 

reverse longitudinal strain (Figure 5.9A) or strain rate (Figure 5.7B, p>0.05) between 

groups. At 9 months, reverse longitudinal strain rate was not significantly altered 

between groups (Figure 5.7C, p>0.05). Reverse longitudinal strain rate on the Post(A) 

region was significantly greater between pdgfbret/ret mice than both pdgfb+/+ and 

pdgfbret/+ mice (p<0.05, p<0.001, Figure 5.7D). At 12 months, neither reverse 

longitudinal segmental strain (Figure 5.7E) nor strain rate (Figure 5.7F) was changed 

between groups (p>0.05).  

 

Changes to reverse radial strain rate were detected at 9 and 12 months of age. 

Reverse segmental radial strain (Figure 5.8A) and strain rate (Figure 5.8B) was 

unchanged between groups at 6 months of age (p>0.05). At 9 months, segmental 

reverse radial strain was unchanged between groups (Figure 5.8C, (p>0.05)). Reverse 

radial strain rate on the Ant(A) segment was significantly higher in pdgfbret/ret mice than 

pdgfb+/+ mice (Figure 5.8D). At 12 months, reverse segmental radial strain was 

unchanged between groups (Figure 5.8E). Reverse radial strain rate was significantly 

higher for pdgfb+/+ mice on the Post(B) region than pdgfbret/+ and pdgfbret/ret mice.  

 

No left ventricular dyssnchrony was detected in pdgfbret/ret mice. 

Next, I wished to evaluate whether early alterations to cardiac structure and function 

may cause left ventricular dyssynchrony in pdgfbret/ret mice. I evaluated 4 parameters 

which are indicators of left ventricular dyssynchrony, mean TTP, maximum opposing 

wall delay, standard deviation of TTP and standard deviation of TTP divided by the R-

R interval. These parameters were evaluated for both longitudinal (Figure 5.9) and 

radial (Figure 5.10) strain. No difference any of the longitudinal dyssynchrony 

parameters were observed at 6(Figure 5.9 A-D), 9 (Figure 5.9 E-H) and 12 (Figure 5.9 

I-L) months. Similarly, no differences were detected at 6 (Figure 5.10A-D), 9 (Figure 

5.10E-H) and 12 (Figure 5.10I-L) months for the evaluation of radial dyssynchrony. 
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Figure 5.7: Segmental reverse longitudinal strain and strain rate were greater on the posterior 
apical segment of the myocardium in 9-month-old pdgfbret/ret mice. 

Reverse longitudinal strain and strain rate were calculated at 6 (A, B), 9 (C, D) and 12 (E, F) months of 

age for each segment of the myocardium in pdgfb+/+ (white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue 

bar) mice. The myocardium was divided into six segments: the posterior base (Post(B)), posterior mid 

(Post (M)), posterior apical (Post(A)), anterior base (Ant(B)), anterior mid (Ant(M)) and anterior apical 

(Ant(A)) segments. The average reverse longitudinal strain and strain rate was also calculated. Images 

were analysed using VevoLab 3100 software. Data shown as mean±SEM. Two-way ANOVA with 

Tukey’s multiple comparisons. *p<0.05 **p<0.01 ns=not significant. n=3-8/group. 
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Figure 5.8: Reverse radial strain rate was greater pdgfb+/+mice than pdgfbret/+ and pdgfbret/ret mice 

at 9 and 12 months of age. 

Reverse radial strain and strain rate were calculated at 6 (A, B), 9 (C, D) and 12 (E, F) months of age 

for each segment of the myocardium in pdgfb+/+ (white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue bar) 

mice. The myocardium was divided into six segments: the posterior base (Post(B)), posterior mid (Post 

(M)), posterior apical (Post(A)), anterior base (Ant(B)), anterior mid (Ant(M)) and anterior apical (Ant(A)) 

segments. The average reverse radial strain and strain rate were also calculated. Images were 

analysed using VevoLab 3100 software. Data shown as mean±SEM. Two-way ANOVA with Tukey’s 

multiple comparisons. *p<0.05 ns=not significant. n=3-8/group. 
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Figure 5.9: Longitudinal dyssynchrony was not detected in pdgfbret/ret mice. 

Parameters associated with left ventricular dyssynchrony were determined for pdgfb+/+ (white bar, 

circles) pdgfbret/+ (red bar squares) and pdgfbret/ret mice (blue bar, triangles) at 6, 9 and 12 months of 

age. For longitudinal strain, these were the mean longitudinal time to peak (TTP) strain (A, E, I), 

maximum opposing wall delay (Max Wall Delay, B, F, J), standard deviation (STD) of TTP strain (C, G, 

K) and the STD of TTP strain/R-R interval (STD/R-R, D, H, L) were determined. Data shown as 

mean±SEM. Two-way ANOVA with Tukey’s multiple comparisons. ns=not significant. n=3-8/group. 
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Figure 5.10: Radial dyssynchrony was not detected in pdgfbret/ret mice. 

Left ventricular radial dyssynchrony was assessed in pdgfb+/+ (white bar, circles) pdgfbret/+ (red bar 

squares) and pdgfbret/ret mice (blue bar, triangles) at 6, 9 and 12 months of age. For radial strain, these 

were the mean radial time to peak (TTP) strain (A, E, I), maximum opposing wall delay (Max Wall Delay, 

B, F, J), standard deviation (STD) of TTP strain (C, G,K) and the STD of TTP strain/ R-R interval 

(STD/R-R, D,H,L) were determined. Data shown as mean±SEM. Two-way ANOVA with Tukey’s 

multiple comparisons. ns=not significant. n=3-8/group. 
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Posterior base radial velocity was increased in pdgfbret/ret mice at 12 months. 

Segmental velocity can indicate the movement of the myocardium during the cardiac 

cycle and changes to segmental velocity may indicate impaired ventricular contraction. 

I measured radial and longitudinal velocities at 6, 9 and 12 months of age in pdgfb+/+, 

pdgfbret/+ and pdgfbret/ret mice. At both 6 and 9 months of age, no significant difference 

in segmental longitudinal (Figure 5.11 A, C) or radial (Figure 5.11 B, D) velocities was 

observed (p>0.05). At 12 months of age no significant difference in segmental 

longitudinal velocity was observed. Posterior base radial velocity was significantly 

higher in pdgfbret/ret mice compared with pdgfbret/+ mice at 12 months of age (p<0.05).  

 

Transient changes to longitudinal and radial displacement were detected in 

pdgfbret mutant mice at 9 months of age. 

Segmental displacement is another indicator of the movement of the myocardium and 

may change in some pathological conditions. At 6 months, segmental longitudinal 

(Figure 5.12 A) and radial (Figure 5.12 B) displacement were unchanged between 

pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice (p<0.05). At 9 months of age, longitudinal 

displacement of the posterior and anterior base was significantly greater in pdgfbret/+ 

mice than pdgfb+/+ mice (Figure 5.12 C, p<0.05). At 9 months of age, radial 

displacement was greater in the posterior mid and anterior basal segments in 

pdgfbret/ret mice compared with pdgfb+/+ mice (Figure 5.12 D, p<0.05). at 12 months, 

no differences in longitudinal (Figure 5.12E) or radial displacement (Figure 5.12F) 

were observed (p<0.05). 
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Figure 5. 11: Myocardial segmental velocity was altered in pdgfbret/ret mice at 12 months. 

Longitudinal and radial velocities were calculated for 6 (A, B), 9 (C, D) and 12 (E, F) month old pdgfb+/+ 

(white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue bar) mice. The myocardium was divided into six 

segments: the posterior base (Post(B)), posterior mid (Post (M)), posterior apical (Post(A)), anterior 

base (Ant(B)), anterior mid (Ant(M)) and anterior apical (Ant(A)) segments. The average longitudinal 

and radial velocities were also calculated. Images were analysed using VevoLab 3100 software. Data 

shown as mean±SEM. Two-way ANOVA with Tukey’s multiple comparisons. *p<0.05 ns=not significant. 

n=3-8/group. 
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Figure 5.12: Segmental displacement was altered in pdgfbret mutant mice at 9 months. 

Longitudinal and radial displacement were calculated for 6 (A, B), 9 (C, D) and 12 (E, F) month old 

pdgfb+/+ (white bar), pdgfbret/+ (red bar) and pdgfbret/ret (blue bar) mice across six myocardial segments: 

the posterior base (Post(B)), posterior mid (Post (M)), posterior apical (Post(A)), anterior base (Ant(B)), 

anterior mid (Ant(M)) and anterior apical (Ant(A)) segments. The average longitudinal and radial 

displacement were also calculated. Images were analysed using VevoLab 3100 software. Data shown 

as mean±SEM. Two-way ANOVA with Tukey’s multiple comparisons. *p<0.05 ns=not significant. n=3-

8/group. 
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Discussion 

This chapter follows on from chapter 4, which evaluated the effects of the pdgfbret 

mutation on influencing cardiac structure and function. From chapter 4, my results 

suggest that early changes to cardiac structure and function at 3 months were 

ameliorated in pdgfbret/ret mice by 12 months of age and no obvious cardiac pathology 

could be detected. In this chapter I utilised STE to evaluate cardiac structure in function 

pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice at 6, 9 and 12 months of age. Several studies 

have shown that STE is superior in terms of early detection of cardiac pathologies and 

subtle changes to cardiac function when compared to 2D conventional 

echocardiography. As such, I aimed to further evaluate the cardiac phenotype of 

pdgfbret mutant mice using this methodology to look for undetected or subtle signs of 

cardiac pathology. The main finding from our results is that although overall systolic 

function is maintained over time, we do see changes to segmental and regional 

systolic and diastolic strain parameters in pdgfbret/ret mice beginning at 9 months that 

may preclude a change in overall heart function at a later age. Furthermore, we also 

confirm that pdgfbret/ret mice have altered to left ventricular structure at 6 months of 

age. 

 

Early left ventricular dilation does not cause global impairment of systolic 

function in pdgfbret/ret mice.  

Cardiac parameters, like those examined in Chapter 4, were determined using STE 

method. I observed that at 6 months of age, both EDV and ESV were significantly 

greater in pdgfbret/ret mice compared with pdgfb+/+ and pdgfbret/+ littermates. In the 

previous chapter, this was not observed, which may indicate that in the evaluation of 

left ventricle dilation, STE may be more sensitive than conventional 2D 

echocardiography. However, at both 9 and 12 months of age no differences in EDV 

and ESV were observed which combined with unchanged left ventricular mass 

confirms previous findings from chapter 4 that pdgfbret/ret mice develop transient 

cardiac dilatation and resolves over time. However, we did not assess the underlying 

cause of these changes. However, the cause of this is still unknown. As previously 

discussed, one stimulus that may cause an increase in left ventricular volume is blood 

volume overload. This is observed in eccentric cardiac hypertrophy with thinning of the 
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left ventricular wall. This may be occurring in pdgfbret/ret mice due to systemic changes 

to large and micro- blood vessel structure. However, due to lack of changes to left 

ventricular wall thickness I do not believe that pdgfbret/ret mice develop hypertrophy 

although this should be confirmed with histological analysis. Indeed Nystrom and 

collaborators postulated that structural changes to systemic microvessels may drive 

early cardiac changes in pdgfbret/ret male mice, however, they did not test this 

hypothesis (Nystrom et al., 2006).   As previously stated in chapter 4, measurement 

of blood volume and intracardial could be done via SPECT imaging. This novel 

technique would be interesting to utilise in pdgfbret/ret mice to determine whether 

microvascular dysfunction may be involved in changes in heart structure in aging.  

EFStrain, a common indicator of systolic function was not significantly altered at any 

time point between pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. Furthermore, GLS, which 

was found to be a better predictor than EF of all-cause mortality and major 

cardiovascular event (Kalam, Otahal and Marwick, 2014), was not different between 

groups at any time point. EF/GLS ratio, used to diagnose cardiac amyloidosis and as 

an indicator of thickening of the myocardium (Pagourelias et al., 2017) was unchanged 

at any time point, further suggesting that the cardiac dilation response observed in 

pdgfbret/ret mice does not involve an increase in ventricular wall thickness. Taken 

together, these data indicate that the global systolic contractile function of the heart is 

not adversely affected by early cardiac structural changes elicited by the pdgfbret 

mutation over 12 months.  

I observed that COStrain and SVStrain were significantly increased at 6 months of age in 

pdgfbret/ret compared with both pdgfb+/+ and pdgfbret/+ mice. I also observed an increase 

in COStrain at 9 months of age between pdgfbret/ret mice and pdgfb+/+ littermates. These 

findings indicate that cardiac function is altered in response to left ventricular dilation 

due to the pdgfbret mutation. However, this was not shown in chapter 4 at 6 months of 

age. Together this data supports my previous findings of transient changes left 

ventricular dilatation and the absence of cardiac pathology in pdgfbret/ret mutant mice. 

It also suggests that STE should be used alongside conventional 2D 

echocardiography in pre-clinical studies, to confirm findings and fully characterise 

changes to the heart.  
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Segmental systolic function and diastolic function were altered at 9 months of 

age in pdgfbret mutant mice. 

Analysis of global strain values did not reveal any obvious changes to overall systolic 

cardiac function; therefore, I next evaluated segmental myocardial strain across 

different regions of the left ventricular wall. First, I wished to evaluate on larger 

segments of the posterior, anterior ventricular wall and then basal, mid and apical 

segments. I did not observe any differences in radial or longitudinal strain across either 

the posterior or anterior wall between any genotypes at any time point (Figure 5.3 B-

G). Surprisingly there was an increase in radial strain across the apical segments 

between pdgfb+/+ and pdgfbret/ret mice at 9 months but not at 12 months (Figure 5.3 L). 

This may suggest hyperkinetic changes to the myocardium in pdgfbret/ret mice and that 

alterations to regional systolic function compared with pdgfb+/+ mice may underlie the 

physiological adaptations to the pdgfbret mutation.  

Segmental longitudinal strain and strain rate did not differ between genotypes at any 

time point in my study (Figure 5.4). However, examination of segmental radial strain 

and strain rate did reveal some differences in pdgfbret/ret mice (Figure 5.5). Increases 

in radial strain on the posterior apical and anterior apical myocardium were observed 

in pdgfbret/ret mice compared with pdgfb+/+ mice at 9 months of age (Figure 5.5 C). 

Using Vevolab software, the left ventricle was further separated into the posterior base 

(Post(B)), posterior mid (Post (M)), posterior apical (Post(A)), anterior base (Ant(B)), 

anterior mid (Ant(M)) and anterior apical (Ant(A)) segments. Radial strain rate was 

significantly decreased in posterior mid region at 6 months of age (Figure 5.5 B). By 

12 months, no differences in these parameters were observed. Taken together, these 

changes suggest that regional systolic contractile function is differentially regulated 

than the lengthening of the myocardium in pdgfbret/ret mice (Figure 5.5 E, F). The effects 

of aging has been shown to lead to decrease in global and regional longitudinal and 

radial strain (De Lucia et al., 2019). Another study has shown subtle and distinct 

differences in regional strain values between ischemic and non-ischemic 

cardiomyopathies, observing a pattern of “apical sparing” and “basal worsening” in 

non-ischaemic patients (Zuo et al., 2020). However, in my study, changes in 9 months 

in pdgfbret/ret mice were mostly due to the apical radial strain, whereas basal and mid 

areas appeared to be less affected, suggesting that aging provokes distinct cardiac 

adaptations in pdgfbret/ret mice which were not observed in pdgfb+/+ mice in aging.  



162 

 

Segmental diastolic function was altered at 9 and 12 months of age 

Using the reverse strain modality, deformation of the left ventricle during diastole was 

measured by determining segmental reverse longitudinal and radial strain and strain 

rate (Figure 5.7+5.8). Several segmental strain and strain rate parameters were 

altered in pdgfbret/ret mice suggesting that early changes to cardiac structure causes 

altered segmental diastolic function. These changes were prevalent in pdgfbret/ret mice 

at 9 and 12 months and as such, are the first indication of altered cardiac function in 

pdgfbret/ret mice at 12 months of age. Diastolic dysfunction has been shown to occur in 

aging mice at 12 months and then further deteriorate by 20 months (De Lucia et al., 

2019). It is unclear however whether these changes are physiological or pathological 

in nature. However, based upon the results from chapter 4 this may not yet cause an 

adverse phenotype and further reinforces the need for longer-term aging studies in 

these mice to identify the potential occurrence of cardiac pathology. 

 

No evidence of left ventricular dyssynchrony in pdgfbret/ret mice. 

Ventricular dyssynchrony, can be defined as a difference in timing in ventricular 

contraction, which may lead to a deterioration in cardiac function and subsequent 

heart failure. There are many underlying mechanisms of left ventricular 

dyssnychrony including disruption of electromechanical coupling, regional 

contractility differences and also the formation of scarring after myocardial injury. 

Furthermore, previous assessment in aging mice has shown that aging increases left 

ventricular dyssynchrony at 15 and 20 months of age  (De Lucia et al., 2019). In our 

study, assessment of left ventricular dyssynchrony parameters showed that neither 

radial nor longitudinal dyssynchrony were present in any genotype (Figures 5.10+ 

5.11) at any of the time points evaluated further supporting the idea that pdgfbret/ret 

mice do not suffer from any severe cardiac pathology by 12 months of age. Follow-

up scans beyond this time may reveal if dyssynchrony develops in aging pdgfbret/ret 

mice and understand whether they develop adverse cardiac pathology. 
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Future Work 

A major limitation of this study is that both male and female mice were grouped 

together into pdgfb+/+, pdgfbret/+ and pdgfbret/ret groups and as previously shown we did 

see some differences in cardiac development in male and female pdgfbret mutant mice 

(Chapter 5). Indeed, a recent study evaluating aging in male and female C57Bl/6J 

mice aged 2- and 24-months using STE observed a decline in diastolic function in 

both, male and female mice. However, females mice had better preserved systolic 

function than males at 24 months. However, due to issues with breeding this was not 

possible to study these separately (limitations will be expanded upon in Chapter 8: 

General discussion). It would be important in future experiments to study males and 

females independently to determine if this affected the cardiac phenotype observed 

with strain imaging in pdgfbret/ret mice.  The fact that males and females are combined 

may account for some of the changes observed at 9 months of age as these changes 

may correlate with hormonal changes to oestrogen levels in female pdgfbret/ret mice. 

Indeed, a recent study performed in c57Bl/6 mice using STE showed that both male 

and female mice have reduced diastolic function in aging, however, systolic function 

is maintained in female mice (Zhang et al., 2021). However, analysis from both 

ultrasound modalities agree that global changes to pdgfbret/ret cardiac structure and 

function are not present at 12 months of age. However, alterations to regional diastolic 

strain parameters at 12 months of age suggest that subsequent scans and analysis 

beyond 12 months should be performed as this may be more reflective of the elderly 

human population where diseases such as heart failure and dilated cardiomyopathy 

are more prevalent.  

 

 

 

Conclusion 

Cardiac strain imaging reveals subtle changes to left ventricular systolic and diastolic 

function in pdgfbret/ret mice, which were not detected using previous 2D 

echocardiography modalities. However, the changes observed were mostly transient 

and most were ameliorated by 12 months of age which highlights differences in cardiac 
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development and function in pdgfbret/ret mice compared with pdgfb+/+ and pdgfbret/+ 

counterparts. However, longer aging studies and investigation of sex differences using 

STE will further clarify the nature of the pdgfbret/ret cardiac phenotype. 
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Chapter 6:  

The effect of the Pdgfbret mutation on MSC Osteogenic Potential in vitro 

 

Introduction 

In chapter 3, I investigated whether pdgfbret mutation causes extracerebral calcification 

in multiple organs and tissues in vivo. I observed that calcification in the brain of 

pdgfbret/ret mice showed regional heterogeneity and that calcification was absent in the 

aorta, coronary vessels, and kidneys. Mesenchymal stem/stromal cells (MSCs) have 

properties which may implicate them in vascular calcification although their exact 

contributions are unclear. In this chapter, I aimed to gain a preliminary understanding 

of how the pdgfbret mutation may affect the functional characteristics of MSCs in vitro. 

MSCs are the in vitro counterpart of pericytes and adventitial cells which can be 

isolated from any vascularised tissue (Crisan et al., 2008; Corselli et al., 2012). MSCs 

have been utilized in over 1000 clinical trials for a wide range of diseases and 

pathological conditions (Gomez-Salazar et al., 2020). According to the International 

Society for Cellular Therapy, by definition, MSCs adhere to plastic in standard culture 

conditions; sustain proliferation; undergo tri-lineage differentiation into osteoblasts, 

chondrocytes, and adipocytes; express the surface antigens CD105, CD90 and CD73 

and lack CD45, CD19, CD14 CD11b, CD34, CD79α and HLA-DR (Dominici et al., 

2006). Furthermore, PDGFB plays a key role in regulating pericyte and MSC activity 

in vivo and in vitro. 

One result of the pdgfbret mutation is that pericytes are absent or partially detached 

from the vasculature as shown in the brain (Lindblom et al., 2003). In certain injury 

conditions such as in myocardial infarction, pericytes can detach from the existing 

vasculature, migrate to the site of injury, and contribute to tissue repair and 

regeneration (Alex and Frangogiannis, 2019; Su et al., 2021). Detachment from 

endothelial cells and migration may involve phenotypic and functional changes, which 

may allow pericytes to directly contribute to tissue repair. Indeed, this has been shown 

in multiple organs such as the heart, kidneys, skeletal muscle, liver, and skin (Birbrair 

et al., 2014).  This led us to hypothesise that the pdgfbret mutation affects MSC 

behaviour in vivo. Partially attached pericytes in vivo may phenotypically differ from 



166 

 

those fully attached to blood vessels and possess different biological properties from 

those in full contact with endothelial cells. Indeed, in pdgfbret/ret mice brain endothelial 

cells which are not in contact with pericytes have an altered transcriptional profile (Mäe 

et al., 2021).  This in turn may influence the intrinsic biological properties and 

differentiation potential of MSCs in pdgfbret mutant mice (Figure 6.1). 

Although MSCs can be isolated from all vascularised tissues, pericytes are highly 

heterogeneous with different sub-types being identified in different tissues and each 

possessing different functional properties (Murray et al., 2017). While human cardiac 

pericytes expanded in culture were phenotypically like human skeletal muscle 

pericytes, exhibiting classical MSC markers and morphology, they were not able to 

differentiate into skeletal myofibers in vivo upon skeletal muscle injury nor in culture 

(Chen et al., 2015). This contrasts with ability of human perivascular MSCs from 

pancreas, adipose tissue and placenta which all have the ability to differentiate into 

skeletal muscle fibres upon injury both in vivo and in vitro (Crisan et al., 2008). Instead, 

a few cardiac pericytes were able to transdifferentiate into cardiomyocytes in the heart 

post-MI (Chen et al., 2013). In addition, like pericytes in other tissues, cardiac pericytes 

were shown possess tri-lineage potential and thus were able to differentiate into bone, 

cartilage and fat in vitro in similar conditions (Chen et al., 2013). Besides tissue of 

origin, the disease state and aging also play a role in pericyte and MSC phenotype. 

This difference in pericyte/MSC functional properties and phenotype may also 

influence their therapeutic properties when isolated for use in stem cell therapy 

(Cathery et al., 2018). In summary, numerous factors from the environment or niche 

from which they were derived can affect MSC differentiation potential. 

To gain a preliminary understanding of whether MSCs isolated from multiple tissues 

from pdgfbret mutant mice have altered biological behaviour and differentiation 

potential we derived MSCs in culture and performed in vitro osteogenesis assays. 
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Figure 6.1: Hypothesis: The Pdgfbret mutation affects MSC osteogenic potential in vitro. 

Due to the pdgfbret mutation, detached or partially attached pericytes (blue) in blood vessels in vivo, 

may phenotypically and functionally differ from those from pdgfb+/+ mice (red) fully in contact with 

endothelial cells. Since PDGFB controls osteogenic differential potential of these cells (Cassiede et al., 

1996), MSCs isolated from multiple vascularised tissues from pdgfbret mutant mice may have an altered 

osteogenic differentiation potential.
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Hypothesis 

MSCs derived from pdgfbret mutant tissues have altered osteogenic differentiation 

potential in vitro 

 

Aims 

1. Derive MSC lines from pdgfb+/+ and pdgfbret mutant cardiac and non-cardiac 

tissues. 

2. Assess the osteogenic differentiation potential of mutant MSCs. 

 

Study Design 

MSCs were isolated and cultured from pdgfb+/+, pdgfbret/+ and pdgfbret/ret hearts, 

coronary vessels, skeletal muscles, and kidneys. MSCs from pdgfbret/+ and pdgfbret/ret  

mice were combined into the pdgfbret mutant group. The number of tissues used at 

day 7 and 14 of osteogenesis is listed in the Table 6.1 as well as a breakdown of 

tissues by genotype and the total number of pdgfbret/+ and pdgfbret/ret tissues combined.  

Table 6.1: Number of tissues used per genotype after 7 and 14 days of osteogenesis. 

+/+=pdgfb+/+, ret/+=pdgfbret/+, ret/ret=pdgfbret/ret, ret total= ret/+ combined with ret/ret 

 

Tissues from pdgfb+/+ and pdgfbret mutant mice were dissociated and adherent MSCs 

were cultured and expanded for 3-4 passages prior to osteogenic differentiation 

(Figure 6.2A). Example images of MSCs isolated from pdgfb+/+ and pdgfbret mutant 

coronary vessels show MSCs exhibiting a spindle-like fibroblast morphology and 

plastic adherence, two classical MSC traits (Figure 6.2B). This was also the case from 

MSCs isolated from other tissues (data not shown). Next, MSCs isolated from all 

tissues underwent osteogenic differentiation assays (Figure 6.2C). The osteogenic 

Tissue +/+ ret/+ ret/ret ret total +/+ ret/+ ret/ret ret total

Heart 6 8 2 10 8 6 2 8

Kidney 7 4 1 5 5 5 0 5

Skeletal Muscle 7 6 1 7 8 3 1 4

Coronary Vessel 9 9 1 10 10 9 2 11

Number of tissues

Day7 Day 14
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differentiation was shown by the presence of alizarin red, a marker of calcium 

deposition in vitro. Optical density measurements were next performed using a 

spectrophotometer, to quantify the levels of alizarin red. 

 

 

Figure 6.2: MSCs can be derived in vitro, and their osteogenic potential tested from multiple 

pdgfb+/+ and pdgfbret mutant tissues.  

(A) The heart, coronary vessels, skeletal muscle, and kidney of pdgfb+/+ and pdgfbret mutant mice were 

harvested and whole tissues were dissociated using a combination of collagenases I, II and IV. Cell 

suspensions obtained were then seeded and cultured in MSC media in 6-well plates until highly 

confluent. Cells were then further split and cultured until passage (P) 3 or 4 in T25 (P1) followed by T75 

cell culture flasks (P2-P4). (B) Example images of coronary vessel-derived MSCs from pdgfb+/+ (left 

panel) and pdgfbret mutant mice (right panel) exhibiting classical fibroblast-like morphology. (C) At P3 

or P4, MSCs were seeded at a density of 40,000 cells/well in a 24-well plate for 24 hours in MSC media. 

The media was then replaced with either control media or osteogenic media. For each sample, two or 

three technical replicates were performed. Finally, after 7 or 14 days both control and osteogenic wells 

were stained with alizarin red, wells were imaged, and optical density was quantified. Scale bar=100µm.  
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Results 

Cardiac MSCs exhibit high levels of heterogeneity in term of their osteogenic 

potential at 7 and 14 days. 

Cardiac MSC lines from both pdgfb+/+ and pdgfbret mutant hearts were incubated in 

control or osteogenic media and stained with alizarin red at day 7 and day 14. Alizarin 

red expression was absent in all wells incubated with the control (non-osteogenic) 

media. (Figure 6.3A-B, 1st column), This shows that osteogenic differentiation only 

occurs in the presence of osteogenic compounds present in the osteogenic media and 

that neither pdgfb+/+ nor pdgfbret mutant cardiac MSCs can spontaneously differentiate 

into bone-forming cells. In contrast to controls, a great deal of variation in alizarin red 

staining was observed in both pdgfb+/+ and pdgfbret cardiac MSC lines incubated in 

osteogenic media. Some MSCs exhibited low or no (low/no) osteogenic differentiation, 

and some had high levels as shown by alizarin red staining of wells. After 7 days of 

differentiation, we observed both low (Figure 6.3A, middle column) and high amounts 

of alizarin red deposition (Figure 6.3A, 3rd column) in both pdgfb+/+ and pdgfbret mutant 

MSC cultures. This was also the case after 14 days of osteogenic differentiation, 

where similar results were observed (Figure 6.3B). This data suggests an elevated 

level of cellular and functional heterogeneity in terms of cell types enriched in our MSC 

culture and calcium production in cardiac MSCs irrespective of their genotype.  

Next, we quantified the amount of alizarin red staining via measurement of the optical 

density (OD405nm) using spectrophotometric absorbance (Figure 6.3C). No 

significant difference was observed between pdgfb+/+ and pdgfbret mutants in alizarin 

red quantification levels after 7- or 14-days incubation with osteogenic media (Figure 

6.3C, p>0.05). However, I did observe a pattern in increasing optical density values 

between time points. In average, from day 7 to day 14, the absorbance increased 

approximately 1.7 times (0.126 to 0.214) in pdgfb+/+ cardiac MSCs (Table 6.2). There 

was a 2.9-fold increase in the average optical density (0.085 to 0.250) in pdgfbret 

mutant cardiac MSCs (Table 6.2).  
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Figure 6.3: Most cardiac MSCs are osteogenic after 14 days, independent of their genotype. 

Cardiac MSCs from pdgfb+/+ (+/+) and pdgfbret mutant (ret) mice were stained with alizarin red after 7 

(A) and 14 (B) days of incubation in osteogenic media. Scale bar =1000µm. (C) Optical density 

(OD405nm) was measured to quantify alizarin red content from +/+ (black dots) and pdgfbret mutant 

(ret/+ red squares, ret/ret blue triangles) MSCs at day 7(D7) and D14. The control osteogenic threshold 

value (Ctrl, dotted line) is 0.061. Data= mean±SEM, two-way ANOVA with Tukey’s test. (D) The 

proportion of osteogenic (Osteo), with optical density of >0.061, and low/non-osteogenic (Low/No-

Osteo, ≤0.061) samples is shown. Numbers within bars are the number of samples tested. Chi-square 

test with Yates' correction. n=6-10/group. ns=not significant.  
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Table 6.2: Mean OD405nm values and fold change from day 7 to day 14 for each tissue.  

 

+/+= pdgfb+/+, ret=pdgfbret mutant  

 

Table 6. 3: Standard Deviation (SD) of mean OD405nm values and fold change in SD from day 7 

to day 14 for each tissue. 

 

+/+= pdgfb+/+, ret=pdgfbret mutant  

 

Table 6.4: Minimum, maximum and range of OD405nm values at 7 and 14 days of differentiation. 

 

+/+= pdgfb+/+, ret=pdgfbret mutant   

Tissue +/+ ret +/+ ret +/+ ret

Heart 0.126 0.085 0.214 0.250 1.7 2.9

Kidney 0.110 0.077 0.207 0.299 1.9 3.9

Skeletal Muscle 0.104 0.138 0.154 0.365 1.5 2.6

Coronary Vessel 0.063 0.128 0.125 0.367 2.0 2.9

Day 7 Day 14 Day 7 to Day 14

Mean OD405nm Fold change

Tissue +/+ ret +/+ ret +/+ ret

Heart 0.097 0.039 0.185 0.280 1.9 7.1

Kidney 0.063 0.035 0.194 0.382 3.1 10.9

Skeletal Muscle 0.102 0.118 0.133 0.384 1.3 3.3

Coronary Vessel 0.030 0.087 0.121 0.363 4.1 4.2

Std. Deviation Fold change

Day 14 Day 7 to Day 14Day 7

Genotype

Heart Kidney Skeletal Muscle Coronary Vessel

+/+ 0.045 0.046 0.042 0.043

ret 0.044 0.055 0.047 0.047

+/+ 0.037 0.038 0.045 0.046

ret 0.035 0.037 0.05 0.05137

+/+ 0.289 0.23 0.285 0.1325

ret 0.158 0.139 0.374 0.32

+/+ 0.501 0.507 0.389 0.3805

ret 0.918 0.925 0.999 0.952

+/+ 0.244 0.184 0.243 0.0895

ret 0.114 0.084 0.327 0.273

+/+ 0.464 0.469 0.344 0.3345

ret 0.883 0.888 0.949 0.9006
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Although the differences between these groups were not significant (p>0.05), the trend 

suggests that there is a greater level of calcium at 14 days compared with 7 days in 

both pdgfb+/+ and pdgfbret mutant cardiac MSCs (Figure 6.3). Examination of the 

optical density data distribution standard deviation (SD) of the mean OD405nm values 

(Figure 6.3C, Table 6.3) as well as observation of the data distribution, also suggests 

a greater variance and wider spread of the data at 14 days than 7 days in both pdgfb+/+ 

and pdgfbret cardiac MSCs. In support of this, I observed that the minimum OD405nm 

values for cardiac MSCs were similar at both day 7 and day 14 (Table 6.4). However, 

the maximum values are much greater at day 14 than 7 days for both pdgfb+/+ and 

pdgfbret mutant cardiac MSCs (Table 6.4). The range of OD405nm values was higher 

for pdgfbret mutant MSCs (0.883) than pdgfb+/+ MSCs (0.464) at day 14 (Table 6.4). 

Additionally, between 7 and 14 days there was a 1.9-fold increase in the SD for 

pdgfb+/+ MSCs and a 7.1-fold increase in SD for pdgfbret mutant MSCs. This difference 

in variance and the distribution of optical density values as an indicator of calcium 

deposition, between pdgfb+/+ and pdgfbret mutant MSCs, suggests that mutant cardiac 

MSCs are more heterogenous in terms of their functional osteogenic capacity after 14 

days of incubation in osteogenic media.  

Optical density values of control (non-osteogenic media) samples were calculated and 

the average OD405nm value of the control samples was 0.061. This is shown on each 

figure as a dotted line and labelled as Ctrl. This value was used as the threshold for a 

sample to be defined as osteogenic (above this threshold) versus non-osteogenic 

(below). To investigate whether mutant MSC lines show differences in term of 

osteogenic capacity, I compared the proportion of osteogenic samples in each group 

after 7 and 14 days of incubation with osteogenic media. At day 7, 83.33% (5/6) of 

pdgfb+/+ and 60% (6/10) of pdgfbret mutant MSC lines were osteogenic; however, no 

significant difference in proportions between these groups was observed (Figure 6.3D, 

p>0.05). At day 14, I observed that 87% of cardiac MSC cultured from both pdgfb+/+ 

(7/8) and pdgfbret (7/8) mutant hearts were osteogenic suggesting that mutant pdgfbret 

cardiac MSC’s ability to undergo osteogenic differentiation in vitro is similar to that of 

WT MSCs. 

Taken together, cardiac MSCs from pdgfb+/+ and pdgfbret mutant tissues do not differ 

in their osteogenic capacity in vitro after 7 days. However, based on the range and 

data distribution after 14 days mutant MSCs have greater variation in their ability to 
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deposit calcium. A similar proportion of pdgfb+/+ and mutant MSC lines exhibited 

osteogenesis after 7 and 14 days of incubation with osteogenic media, suggesting that 

mutant cardiac MSCs do not differentiate into osteoblasts with a greater affinity than 

those isolated from pdgfb+/+ hearts. To test whether these observations were tissue-

specific, I next performed osteogenesis assays of cultured renal, skeletal muscle and 

large vessel-derived MSCs.  

 

A smaller proportion of pdgfbret mutant renal MSCs were osteogenic after 14 

days of incubation in osteogenic media  

Renal MSCs from both pdgfb+/+ and pdgfbret mutant kidneys were incubated in 

osteogenic media and after 7 or 14 days stained with alizarin red. As previously 

observed in cardiac MSCs, there were low and high levels of calcium deposition in 

both pdgfb+/+ and pdgfbret mutant renal MSCs after day 7 (Figure 6.4A middle and right 

panel) and day 14 (Figure 6.4B middle and right panel) of incubation with osteogenic 

media. Staining with alizarin red was also absent in all control samples (Figure 6.4A, 

B left panels). 

Quantification of alizarin red staining by optical density measurement was not 

significantly different between pdgfb+/+ and pdgfbret mutant after 7 or 14 days of 

incubation with osteogenic media (Figure 6.4C, p>0.05). There was, however, a 1.9-

fold increase in the mean optical density between pdgfb+/+ renal MSCs from day 7 to 

day 14 (0.110 to 0.207, Table 6.2). An approximately 3.9-fold increase in the mean 

optical density (0.77 to 0.299) was observed between day 7 and day 14 in pdgfbret 

mutant renal MSCs (Table 6.2). This trend is in keeping with that of cardiac MSC lines 

suggesting that renal MSCs are more osteogenic at 14 days after incubation than after 

7 days. I also observed a wider data distribution (Figure 6.4C) and higher SD of mean 

OD405nm values in pdgfbret mutant MSCs compared with pdgfb+/+ MSCs after both 7 

and 14 days of incubation in osteogenic media (Table 6.3). There was also a 3.1- and 

10.9-fold increase in SD in pdgfb+/+ and pdgfbret mutant MSCs, respectively. I further 

observed similar minimum OD405nm values for pdgfb+/+ and pdgfbret mutant renal 

MSCs at both 7 and 14 days (Table 6.4).  The maximum value for pdgfbret mutant MSC 

lines was greater than pdgfb+/+ MSC lines (Table 6.4). A greater range in values for 

both pdgfbret mutant and pdgfb+/+ after 14 days of differentiation was observed (Table 
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6.4). This further suggest a greater level of heterogeneity in mutant MSCs compared 

with pdgfb+/+ MSCs.  

Using the threshold optical density value for osteogenesis (0.061 OD405nm), 

measured from control samples, I examined the proportion of osteogenic renal MSC 

samples at day 7 and day 14 of incubation with osteogenic media. At day 7, I found 

that 86% (6/7) of pdgfb+/+ samples and 80% (4/5) of pdgfbret MSC samples were 

osteogenic (Figure 6.5D). At day 14, 80% (4/5) pdgfb+/+ and 40% (2/5) pdgfbret kidney 

MSC samples were osteogenic (Figure 6.4D). However, the difference in proportions 

between samples was not found to significantly differ at either time point (Figure 6.5D, 

p>0.05). Interestingly, a smaller proportion of pdgfbret renal MSCs were osteogenic at 

14 days compared with that at day 7 decreasing from 80% to 40% of samples. This 

data shows that although a smaller proportion of mutant MSCs are osteogenic after 

14 days the mean level of alizarin red staining is still higher than that at 7 days. In 

summary, little difference was observed between pdgfb+/+ and mutant renal MSCs in 

terms of osteogenic potential at both 7 and 14 days, with high levels of heterogeneity 

observed in mutant renal MSCs. This indicates that the tissue of origin may play an 

important role in defining the functional characteristics of MSCs in vitro. 
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Figure 6.4: Pdgfb+/+ and pdgfbret mutant renal MSCs exhibit a highly heterogeneous osteogenic 

differentiation potential in vitro. 

Renal MSCs from pdgfb+/+(+/+) and pdgfbret mutant (ret) mice stained with alizarin red after 7 (A) and 

14 (B) days of osteogenic media. Scale bar =1000µm. (C) Optical density (OD405nm) of alizarin red 

staining from +/+ (black dots) and pdgfbret mutant (ret/+ red squares) MSCs at day 7 (D7) and D14.The 

control osteogenic threshold value (Ctrl, dotted line) is 0.061 OD405nm. Data= mean±SEM, two-way 

ANOVA with Tukey’s test. (D) The proportion of osteogenic (Osteo), with optical density of >0.061, and 

low/non-osteogenic (Low/No-Osteo, ≤0.061) samples is shown. Numbers within bars are the sample 

number. Chi-square test with Yates' correction. n=5-7/group. ns=not significant. 
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Most pdgfbret mutant skeletal muscle derived MSCs are already osteogenic at 

day 7. 

Skeletal muscle MSCs from both pdgfb+/+ and pdgfbret mutant hearts were incubated 

in osteogenic media for 7 and 14 days. Both control and osteogenic MSCs cultures 

were stained with alizarin red and calcium deposition was quantified. Control skeletal 

muscle MSCs did not show any alizarin red staining (Figure 6.5A, B left panels). As 

with previous MSC tissue sources, we observed heterogeneous outcome in terms of 

alizarin red staining with both low and high levels of calcium deposition after 7 days 

(Figure 6.5A middle and right panels) and 14 days (Figure 6.5B middle and right 

panels) culture in differentiating conditions. This was true for both pdgfb+/+ and pdgfbret 

mutant skeletal muscle MSCs. 

Quantification of optical density revealed no significant difference between pdgfb+/+ 

and pdgfbret mutants in alizarin red levels at either 7 or 14 days of culture (Figure 6.5C). 

There was a 1.5-fold change in the mean level of alizarin red staining between day 7 

and day 14 for pdgfb+/+ MSC cultures (0.104 to 0.154, Table 6.2, p>0.05). However, 

this increase was higher in pdgfbret mutant samples by about 2.6-fold from 7 to 14 days 

(0.138 to 0.365; Table 6.2, p>0.05). This further shows that MSC lines exhibit greater 

levels of osteogenesis after 14 days compared to 7 days. The SD was similar for 

pdgfbret mutant mice and pdgfb+/+ skeletal muscle MSCs after 7 days of osteogenesis, 

however, after 14 days the SD was greater for pdgfbret mutant mice (Table 6.3). This 

difference represented a 3.3-fold change in SD from day 7 to day 14 in pdgfbret mutant 

MSCs and was in keeping with previous results from cardiac and renal MSC lines, 

showing a greater variance after 14 days. This may reflect an increase in 

heterogeneity in pdgfbret mutant MSCs compared with pdgfb+/+ MSCs. I also observed 

that after 7 and 14 days the minimum optical density values were similar for both 

pdgfb+/+ and pdgfbret mutant MSCs (Table 6.4). The maximum OD405nm values were 

greater for pdgfbret mutant MSCs compared with pdgfb+/+ skeletal muscle MSCs (Table 

6.4). This pattern was observed in cardiac MSCs but not renal MSCs, suggesting that 

cardiac and skeletal muscle MSCs are more similar.  
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Figure 6.5: The majority of pdgfbret mutant skeletal muscle derived MSCs are already 

osteogenic at day 7. 

Skeletal MSCs from pdgfb+/+(+/+) and pdgfbret (ret) mutant mice were stained with alizarin red after 7 

(A) and 14 (B) days of incubation in osteogenic media. Scale bar =1000µm Optical density (OD405nm) 

of alizarin red staining from +/+ (black dots) and pdgfbret mutant (pdgfbret/+ =ret/+ red squares, pdgfbret/ret 

=ret/ret blue triangles) MSCs at 7(D7) and 14 (D14) days of incubation in osteogenic media (C). The 

control osteogenic threshold value (Ctrl, dotted line) is 0.061 OD405nm. Data= mean±SEM, two-way 

ANOVA with Tukey’s test. (D) The proportion of osteogenic (Osteo), with optical density of >0.061, and 

low/non-osteogenic (Low/No-Osteo, ≤0.061) samples is shown.  Numbers within bars are the sample 

number. Chi-square test with Yates' correction. n=7-9/group. ns=not significant. 
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The range of optical density values was also greater after 14 days of incubation in 

osteogenic media for mutant skeletal muscle MSCs than pdgfb+/+ MSCs (Table 6.4).  

Next, I compared the proportion of osteogenic and non-osteogenic samples at day 7 

and day 14. Interestingly, after 7 days of incubation with osteogenic media, 28.5% 

(2/7) of pdgfb+/+ skeletal muscle MSCs were osteogenic compared with 87.5% (6/8) of 

pdgfbret skeletal muscle MSCs (Figure 6.5D, p>0.05). However, after 14 days of 

incubation, these proportions were more similar. Indeed, 55% (5/9) of pdgfb+/+ and 

71% (5/7) of pdgfbret mutant skeletal muscle MSCs were osteogenic (Figure 6.5E). 

This data suggests that pdgfbret mutant skeletal muscle MSCs readily form bone in 

vitro.  

 

Pdgfbret mutant coronary vessel MSCs display a high rate of osteogenic 

differentiation.  

Finally, MSCs isolated from the large coronary vessels of pdgfb+/+ and pdgfbret mutant 

mice were utilised in osteogenic differentiation assays. Alizarin red was not expressed 

in any control samples as expected (Figure 6.6A, B top left and bottom left panels). 

Like other organs tested, I also observed a high level of heterogeneity in terms of 

calcium deposition in pdgfb+/+ and pdgfbret mutant coronary vessel MSCs at both 7 

(Figure 6.6A) and 14 days (Figure 6.6B). Interestingly, some pdgfbret mutant MSCs 

show a particularly high level of calcium after 14 days of culture (Figure 6.6B, bottom 

right panel). 

Measurement of the optical density of alizarin red staining did not reveal any significant 

differences between pdgfb+/+ and pdgfbret mutant MSCs in alizarin red levels after 7 or 

14 days of incubation with osteogenic media (Figure 6.6C, p>0.05). For pdgfb+/+ 

coronary vessel MSCs there was a 2-fold increase (0.063 to 0.125) in the mean alizarin 

red levels from 7 to 14 days (Figure 6.6C, Table 6.3). For pdgfbret mutant MSCs, a 2.9-

fold increase in the mean alizarin red levels (Figure 6.6C, Table 6.3). This is in keeping 

with results from other tissues that there is higher amount of calcium deposition in both 

pdgfb+/+ and pdgfbret mutant tissues at 14 days than 7 days. It is also in keeping with 

the trend that there is a greater fold change between 7 and 14 days in pdgfbret mutant 

tissues than pdgfb+/+ tissues (Table 6.3). After 7 days, the SD of the mean OD405nm 

values was greater for mutant coronary vessel MSCs than those from pdgfb+/+vessels 
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(Table 6.3). This was also the case after 14 days of culture in differentiating media. 

Although the fold change in SD was similar for both pdgfb+/+ and pdgfbret mice (4.1 vs 

4.2), the difference in SD may suggest that mutant coronary vessel MSCs are more 

heterogeneous in terms osteogenic potential than their pdgfb+/+ counterparts. This 

idea is further supported by examination of the data distribution in pdgfbret mutant 

MSCs at 14 days (Figure 6.6C), which shows distinct clusters of MSCs with high, 

medium, and lower levels of alizarin red expression.  

Examination of the minimum, maximum and range of optical density values further 

corroborates this. Minimum values were similar for both genotypes at both time points 

(Table 6.3). Maximum values were greater in pdgfbret mutant MSCs than pdgfb+/+ 

counterparts after 7 and 14 days (Table 6.3). The range of values was higher for 

mutant coronary vessel MSCs than pdgfb+/+ MSCs at both time points (Table 6.3). 

Taken together this data clearly illustrates a wider data distribution and may further 

suggest a greater level of heterogeneity in terms of osteogenic potential for mutant 

MSC lines compared to pdgfb+/+ MSCs.  

I next compared the proportion of samples, which had OD405nm values greater than 

the osteogenic threshold (0.061). Interestingly, twice more mutant samples were 

osteogenic after 7 days of incubation in osteogenic media. Indeed, 70% (7/10) of 

pdgfbret samples were osteogenic in contrast to 33.3% (3/9) of pdgfb+/+ samples 

(Figure 6.7D). Although this proportional difference was not significant, this suggest 

that mutant coronary vessel MSCs start to differentiate into osteoblasts at an earlier 

time point and thus are primed to become bone. After 14 days, 70% (7/10) of both 

pdgfb+/+ and pdgfbret coronary vessel MSC samples were osteogenic. 
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Figure 6. 6: Pdgfbret mutant coronary vessel MSCs differentiate display a high rate of osteogenic 

differentiation. 

Coronary vessel MSCs from pdgfb+/+(+/+) and pdgfbret (ret) mutant mice were stained with alizarin red 

after 7 (A) and 14 (B) days of incubation in osteogenic media. Scale bar =1000µm. Optical density 

(OD405nm) was measured to quantify alizarin red staining from +/+ (black dots) and pdgfbret mutant 

(pdgfbret/+ =ret/+ red squares, pdgfbret/ret =ret/ret blue triangles) MSCs at 7(D7) and 14 (D14) days of 

incubation in osteogenic media (C). The control osteogenic threshold value (Ctrl, dotted line) is 0.061 

OD405nm. Data= mean±SEM, two-way ANOVA with Tukey’s test. (D) The proportion of osteogenic 

(Osteo), with optical density of >0.061OD405nm, and non-osteogenic (Low/No Osteo) samples is 

shown. The numbers within bars are the sample number. Data= percentage of total samples. Chi -

square test with Yates' correction. n=9-10/group. ns=not significant. 
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By 14 days, a greater level of osteogenic heterogeneity exists in pdgfbret mutant 

coronary vessel MSCs as shown by the large variance in osteogenic quantification. 

Due to the fact that the pdgfbret mutation is a germline mutation and due to this 

repeated trend of a greater variance in mutant MSCs than pdgfb+/+ MSCs by 14 days, 

I next investigated if there was a global effect on pdgfbret mutant tissues eliminating 

the tissue source as a variable. 

 

After 14 days, tissues from pdgfbret mutants have greater osteogenic potential 

and exhibit high heterogeneity in calcium deposition. 

I combined all optical density values, previously shown (Figure 6.2-6.6), from pdgfb+/+ 

and pdgfbret MSCs tissues to determine whether there was global effect of the pdgfbret 

germline mutation on the osteogenic differentiation potential of mutant MSCs. At day 

7 after incubation with osteogenic media there was no difference in osteogenic 

potential between pdgfb+/+ and pdgfbret mutant MSCs (Figure 6.8A, p>0.05). Optical 

density was also not observed to be significantly greater between pdgfb+/+ mutant 

MSCs at day 7 and day 14 (Figure 6.7A, p<0.05). Similarly, the osteogenic 

differentiation potential of mutant MSCs at day 7 was not significantly different form 

pdgfb+/+ MSCs at day 14 (Figure 6.7A, p>0.05). However, pdgfbret mutant MSCs at 

day 14 had significantly higher alizarin red levels than both pdgfb+/+ (p<0.001) and 

pdgfbret mutant MSCs (p=0.001) at day 7 and pdgfb+/+ mutant MSCs at day 14 

(p<0.05). Furthermore, examination of the data distribution (Figure 6.7C) reveals 

clusters of low, medium and highly osteogenic mutant tissues at day 14 suggesting, 

at least for a subset of MSC tissues, that the pdgfbret mutation greatly enhances their 

osteogenic differentiation capacity. Quantification of the average fold change between 

day 7 and day 14 for all tissues reveals that the increase in osteogenic capacity is 

greater for pdgfbret mutant MSCs compared with pdgfb+/+ MSCs (Figure 6.7B).  

Evaluation of the average SD values for all tissues combined also revealed high levels 

of heterogeneity after 14 days of osteogenic capacity in pdgfbret mutant tissues 

compared with all other groups (Figure 6.7C, p<0.001, p=0.001). No differences were 

observed between any of the other groups after 7 or 14 days of incubation (Figure 

6.7C, p>0.05). The fold change in SD between 7 and 14 days was not significantly 

greater for pdgfbret mutant MSCs but was shown to be increased. Taken together, this 
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data shows that MSCs cultured from pdgfbret mutant tissues have high levels of 

heterogeneity in terms of their osteogenic differentiation capacity. A subset of pdgfbret 

mutant MSCs are highly osteogenic, exhibiting high levels of calcium deposition not 

observed in pdgfb+/+ MSCs after 14 days of incubation in osteogenic media. 

 

Figure 6.7: Tissues from pdgfbret mutant mice are more osteogenic and exhibit higher levels of 

heterogeneity in calcium deposition in vitro. 

Optical density (OD405nm) values for all MSC lines from pdgfb+/+ (+/+, black circles) and pdgfbret (ret, 

red squares) mutant tissues; large coronary vessels, hearts, kidneys and skeletal muscle, were collated. 

The mean OD405nm values after 7 and 14 days of incubation in osteogenic media (A), the average 

fold change in mean OD405nm values from 7 to 14 days for all MSC tissue sources (B), the mean 

standard deviation (SD) of mean OD405nm values (C) and the average fold change of SD of mean 

OD405nm from 7 to 14 days (D) was calculated. Data= mean±SEM, two-way ANOVA with Tukey’s test 

or unpaired t-test. n=29-32/group **p<0.001, ***p=0.0001, ****p<0.0001, ns=not significant. 
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Discussion 

In this chapter, I introduced the hypothesis that the pdgfbret mutation affects MSC 

differentiation potential and suggested that this may be due to pericyte detachment 

and disruption of pericyte: endothelial cell contact in blood vessels in vivo. PDGFB has 

been shown to play a significant role in modulating PC/MSC behaviour in vivo and in 

vitro. We aimed to gain a preliminary understanding of this through establishing MSC 

cultures and performing in vitro MSC osteogenesis assays.  

 

MSC lines from pdgfb+/+ and pdgfbret mutant tissues exhibited MSC 

characteristics. 

In fulfilment of our primary aim, this study is the first to establish pdgfb+/+ and pdgfbret 

mutant MSC lines from multiple tissues that displayed classical MSC characteristics 

such as a fibroblast-like morphology, plastic adherence, and ability to undergo 

osteogenic differentiation. The novel observation that MSCs isolated from pdgfbret 

tissues can undergo osteogenic differentiation suggests that the pdgfbret mutation 

does not inhibit their differentiation potential in vitro but rather enhances this further in 

a tissue-dependent and time- dependent manner. However, whether MSCs display 

other classical characteristics was not fully explored.  

 

Both pdgfb+/+ and pdgfbret mutant MSCs are highly heterogeneous in their 

osteogenic differentiation capacity. 

From the literature, it is established that MSC cultures exhibit high levels of functional 

heterogeneity, which is one of the main challenges in producing a standardised MSC 

product for stem cell therapy (Zhou et al., 2021). The tissue source of MSCs has been 

shown to influence their phenotypic and functional biological characteristics (Craig et 

al., 2022). Evidence of this exists within my study. I observed an increased fold change 

of SD from day 7 to 14 in MSC lines from the heart, kidney, and skeletal muscle, 

however, in the MSCs derived from coronary vessels this was not observed. In the 

heart, skeletal muscle, and kidneys, MSCs are derived from pericytes of microvessels 

and capillaries which are directly affected by the pdgfbret mutation. However, in large 

coronary vessels, the main source of MSCs are adventitial cells as there are smaller 
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numbers of pericytes found in the large vessel vasa vasorum and sub-endothelial 

layer. It could be interesting to investigate whether adventitial cells are affected by the 

pdgfbret mutation in vivo, since a previous study showed that large vessel structure is 

altered being more dilated and with less VSMC layers however they did not investigate 

changes to the cellular composition of the affected vessels (Nystrom et al., 2006).  

 

Pdgfbret mutation increases overall MSCs osteogenic differentiation in vitro. 

A major finding from our study was that pdgfbret mutant MSCs have greater osteogenic 

potential after 14 days in osteogenic media that pdgfb+/+ MSCs. Although not 

significant this trend was observed in each tissue and was significant in combined 

tissue analysis. However, in PET/CT scans we did not observe any macroscopic 

calcification out with the brain in the heart, aorta, or kidneys of pdgfbret/ret mice. One 

factor influencing this could be the fact that in vivo the aorta, heart and kidneys lack 

calcifying stimuli in vivo to drive pericyte/MSC osteogenic differentiation. Indeed, the 

calcifying propensity of sera of pdgfbret/ret mice was identical to pdgfb+/+ and pdgfbret/+ 

mice who do not develop any ectopic calcification (Zarb et al., 2019). In the brains 

however the pro-calcifying microenvironment may cause brain calcification in 

pdgfbret/ret mice (Zarb et al., 2019). Pdgfbret mutant MSCs may have the ability to 

undergo osteogenesis in vivo but lack sufficient osteogenic stimuli. We also observed 

high heterogeneity in terms of calcium deposition in vitro across MSC lines.  We 

observed that increased incubation time leads to increased osteogenic differentiation 

potential of all MSCs in vitro. When we account for the fact that mean and maximum 

optical density values are consistently higher after 14 days of incubation in osteogenic 

media in pdgfbret mutant MSCs compared with pdgfb+/+, it may also suggest that a 

particular subset of MSCs is more osteogenic than another in the same sample. This 

is further illustrated when we examine the combined tissue optical density values 

where clearly a cluster MSC lines obtained from mutant tissues is highly osteogenic. 

However, what makes this MSC cluster unique in their high osteogenic capacity is 

unclear.  

One hypothesis is that this subset of MSCs are directly derived from partially attached 

or detached pericytes which exist as a direct consequence of the pdgfbret mutation. 

The pdgfbret mutation results in altered blood vessel growth, maturation and formation. 
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This leads to altered capillary and microvessel structure as well as some structural 

changes in large vessels. Pericytes which are not fully or partially attached may have 

a different phenotype which may mean they are activated or can more readily 

differentiate. Previous studies have estimated that pdgfbret/ret mutant mice have a 75% 

reduction in pericyte coverage in the adult animal and in multiple tissues (Lindblom et 

al., 2003; Armulik et al., 2010). MSCs expand via clonal expansion in vitro, and after 

a few passages most MSCs in culture may arise from a very few numbers of ancestors 

which have altered functional properties (Selich et al., 2016). This may, in part, 

account for the high level of heterogeneity observed in my study. 

Evidence from in vivo studies to that may support the hypothesis that pericytes from 

pdgfbret/ret mice have an altered functional properties, is that calcification prone regions 

of the brain in pdgfbret/ret mice were found to have a higher percentage of pericyte 

coverage than non-calcified prone areas (Vanlandewijck et al., 2015). This 

observation, along with further supporting evidence of osteoblast-like, osteoclast-like 

cells and progenitors found within the calcified regions of pdgfbret/ret brains (Zarb et al., 

2019) may indicate that pericytes/MSCs are migrating to the site of calcification and 

differentiating and undertaking an osteogenic phenotype in response to the pro-

calcifying environment. Furthermore, progressive renal dysfunction in pdgfbret mice 

was also observed, with structural glomerular abnormalities and deficiency in 

mesangial cells (pericytes) being observed in late gestation and postnatally (Lindblom 

et al., 2003). This deficiency was resolved by 1 month of age, which may be due the 

fact that mesangial pericytes migrate to stabilise glomerular structure. However, 

pathological glomerulosclerosis and fibrosis was then observed by six months of age 

which could suggest that pericytes/MSCs have migrated and are activated 

exacerbating fibrotic disease. Indeed, it has recently been reported that mesenchymal 

PDGFR signalling dysregulation in mice leads to  fibrotic kidney disease (Buhl et al., 

2020). My data in conjunction with published data supports the notion that the pdgfbret 

mutation affecting a subset of pericytes/MSCs enhancing their osteogenic capacity in 

vitro.   
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A subset of pdgfbret mutant MSCs exhibit high osteogenic potential. 

At the level of individual tissues, I did not observe significant differences in the 

osteogenic capacity of pdgfbret mutant MSCs compared with pdgfb+/+ counterparts. 

However, a pattern in increasing osteogenesis and calcium deposition was observed. 

When all MSC tissues were combined and pdgfb+/+ and pdgfbret tissues compared, I 

observed that after 14 days of incubation in osteogenic media, there was significantly 

higher osteogenic differentiation in tissues from pdgfbret mice. I also recorded a 

significantly greater fold change from 7 to 14 days in mean optical density values. 

Furthermore, examination of the data distribution saw low, medium and high level of 

osteogenesis from MSCs from all pdgfbret tissues after 14 days. Together this data 

suggests that a population of highly osteogenic MSCs exists in multiple pdgfbret 

tissues. The significantly increase SD also suggests that after 14 days MSCs from 

pdgfbret tissues are more heterogeneous in terms of their osteogenic capacity. 

I have already discussed the idea that pericytes/MSCs affected with an altered 

phenotype may be more prone to undergo differentiation depending upon its 

surrounding cellular and molecular environment but perhaps the pdgfbret mutation may 

also influence surrounding circulating molecules and the extracellular environment?  

The developmental potential of MSCs in vitro can be influenced by their environment 

in situ (Gomez-Salazar et al., 2020). In the case of brain calcifications present in 

pdgfbret/ret mice, the cellular environment is more osteogenic, marked by the presence 

of osteoblast-like cells expressing Runx2 and endothelial expression ALPL (Zarb et 

al., 2019). This pro-calcifying environment may in turn effect the behaviour of MSCs 

in vitro. In vitro, the fact that none of our MSC cultures spontaneously differentiate 

supports the need for stimulation by pro-calcifying factors is necessary to initiate MSC 

differentiation. PDGFB in the brain is released not only by endothelial cells but also 

neural cells, however, it has been shown that the extent of brain calcification correlates 

with the release of endothelial PDGFB rather than neuronal PDGFB (Keller et al., 

2013). However, whether PDGFB or other members of the same family contribute to 

brain calcifications directly in pdgfbret/ret mice through their presence and interactions 

in the surrounding environment is currently unknown. Deletion of the PDGFB retention 

motif, altering the structure of PDGFB and its tissue distribution may cause other 

members of the PDGF family to act in a compensatory fashion. Indeed, alongside 
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PDGFB, PDGFA and PDGFAB are also chemotactic factors for MSCs in vitro (Fiedler, 

Etzel and Brenner, 2004). PDGFAA can also stimulate MSC differentiation into 

osteoblasts via BMP signalling (Li et al., 2014). It would be therefore important to look 

at the expression levels of other members of PDGF family in multiple tissues to 

determine whether these molecules play a role in defining the osteogenic phenotype 

of pdgfbret mutant MSCs in vitro. 

 

Future Work 

Firstly, I would like to address the question as to whether pdgfbret mutant MSCs from 

multiple tissues express classical MSC markers. Using immunohistochemistry, I would 

perform immunocytochemistry and flow cytometry staining for the classical MSC 

markers, CD73, CD90 and CD105, and investigate whether markers such as CD45, 

CD19, CD11b, CD34, CD79α and HLA-DR are present. I would assess whether 

pdgfb+/+ and mutant MSCs can undergo additional lineage differentiation besides 

osteogenesis and quantify the results to determine whether mutant MSCs have an 

enhanced adipogenic and chondrogenic capacity.  

In future experiments, I would also separate pdgfbret/+ and pdgbret/ret mice into 2 distinct 

groups to determine whether having two copies of the pdgfbret allele, and by extension, 

a reduction in pericyte number, may influence MSC behaviour. While initially done, 

this was not possible due to small number of pdgbret/ret mice obtained from breeding 

(See Chapter 7: General Discussion). Another experimental modification I would like 

to evaluate is if further passaging of MSCs would influence their osteogenic potential. 

The artificial environment in which MSCs are cultured may influence their behaviour. 

Factors such as culture media, inflammatory stimuli, oxygen tension and the use of 

3D scaffolds in culturing all influence MSC in vitro behaviour (Hung et al., 2012; Lu et 

al., 2013; Duval et al., 2017). Expansion in culture may also reduce MSC 

heterogeneity and provide a more homogenous MSC population (Russell et al., 2010). 

However, because of this, MSCs may lose some intrinsic biological properties from 

the niche environment from which they were obtained.  

I would also like to perform further characterisation to confirm the identity of osteogenic 

MSCs in situ. As previously stated, MSCs are derived from both pericytes and 

adventitial cells however one limitation of the current study is that I did not distinguish 



189 

 

between MSCs derived from either cell type. Further experiments are required to 

investigate the role of pdgfbret mutation on prospectively isolated adventitial cell-

derived and pericyte-derived MSCs from various mutant pdgfbret tissues, 

independently. To expand upon our study and investigate the identity of osteogenic 

pdgfbret MSCs in situ fully, I would perform cell sorting to separate and isolate pericytes 

and adventitial cells from pdgfb+/+ and mutant tissues. In humans, it was shown that 

pericytes can be sorted by the expression of CD146, and their lack of expression of 

CD34, CD56 and CD45 and adventitial cells may be sorted by CD34 expression and 

lack of CD31, CD146 and CD45 (Crisan et al., 2012).  This would indicate if the pdgfbret 

mutation affects pericyte or adventitial cell behaviour or perhaps both. Transgenic 

mouse models, crossed with pdgfbret/ret mice, such as PDGFRβ-GFP, NG2-GFP and 

Tbx-18 mice would also be useful in assessing pericyte phenotype using flow 

cytometry. 

Since we observed an increased in calcium deposition in pdgfbret MSCs, I would also 

like to investigate potential transcriptional changes in these cells from all tissues. It 

would be important to perform RT-qPCR at both 7 and 14 days for osteoprogenitor 

markers such as RUNX2 and OSX and osteoblast markers, ALPL, COL1A1, COL2A1 

and OPN and OCN (Choi et al., 2017) to determine if these are up-regulated. This 

would indicate whether pdgfbret/+ and pdgfbret/ret MSCs are indeed “primed” towards 

osteogenesis. Furthermore, I would increase the length of incubation in osteogenic 

media to determine if this would further enhance the osteogenic capacity of mutant 

MSCs compared with their pdgfb+/+ counterparts. It would also be informative to 

perform RNA sequencing of both pdgfb+/+ and pdgfbret MSCs derived from multiple 

organs to identify potential novel markers of osteogenesis that may be involved in 

vascular calcification. Assessment of the transcriptional phenotype after multiple 

passages could be performed as perhaps some functional characteristics could be lost 

with repeated passaging or due to clonal selection and expansion in vitro.  

Although I hypothesised that phenotypic and functional differences may arise in 

pericytes, I cannot rule out the possibility that adventitial cells or other cells within the 

vascular niche may have an altered phenotype. Interestingly, a recent study has 

described phenotypic changes to endothelial cells lacking pericyte coverage in the 

blood-brain-barrier (BBB) of pdgfbret/ret mice (Mäe et al., 2021). Using RNA 

sequencing, Mae and collaborators observed that endothelial cells lacking pericyte 
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contact retain a BBB specific gene profile, however, their molecular pattern is altered 

to arterio-venous like state exhibiting changes to growth factors and regulatory 

proteins (Mäe et al., 2021). Whether this happens to other blood vessel cells in 

pdgfbret/ret mice in unknown. We observed that large coronary vessels derived MSCs 

displayed high levels of osteogenesis, this could be in part due to the activity of 

adventitial derived MSCs rather than those from pericytes. It would therefore be 

interesting to explore changes to pericyte and other vascular cells’ phenotype in 

pdgfbret/ret mice at the transcriptional and protein level. In addition to sorting 

experiments, it would be important to characterise both pericytes and adventitial cells 

in their native niche in vivo via immunostaining of the coronary vessels, heart, skeletal 

muscle, and kidneys. A combination of the cellular markers above could be utilised as 

they have also been shown to be expressed in mouse pericytes. Other markers to use 

in immuno-characterisation on frozen or paraffin embedded tissues sections would 

NG2, αSMA, PDGFRβ, CD34, PDGFRα and Gli-1 all of which have been utilised to 

identify subsets of perivascular cell populations. Characterization of perivascular cells 

on sections would also confirm the presence of pericytes which are partially or not fully 

attached to endothelial cells and may reveal unique markers to separate them from 

other pericyte populations. It would also be important to use other perivascular cell 

markers such as NG2 and PDGFRβ in sorting and perform further functional 

characterisation to determine if different pericyte subsets located within the same 

tissue, give rise to MSCs displaying altered functional behaviour in vitro. 

Histological analysis should be performed to full assess blood vessel structure in 

pdgfbret mutant mice. The use of adventitial markers and histological examination of 

the adventitia would also indicate whether alterations to the adventitia are present due 

to the pdgfbret mutation. 

Another important set of experiments to conduct would be to determine whether we 

can attenuate osteogenesis using pharmacological agents in vitro. This could be 

combined with transcription and protein analysis to identify potential molecular targets. 

Molecules and pharmacological agents have been used to inhibit MSC osteogenesis 

such as TGFβ3 and naproxen (Moioli, Hong and Mao, 2007; Salem et al., 2014). The 

use of selective inhibitors would also allow us to determine which pathways contribute 

to a greater extent driving osteogenesis of MSCs in vitro. This may lead to the 
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identification of novel regulators MSC osteogenic capacity which may enhance 

vascular calcification and could be targeted in vivo. 

 

Conclusion 

MSCs are highly heterogenous in terms of their in vitro osteogenic potential. Pdgfbret 

MSCs from all tissues examined display greater osteogenic potential than pdgfb+/+ 

counterparts with a subset of highly osteogenic MSCs being identified and this trend 

is observed when examining each tissues individually. However, more work is required 

to address further questions arising from our preliminary study and fully characterise 

the effect of the pdgfbret mutation on MSC biology and function in vitro.  
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Chapter 7: General Discussion and Future Directions 

 

PDGFB/PDGFRβ signalling is important in the development, maintenance, and repair 

of the cardiovascular system. In this thesis, I aimed to characterise and understand 

the effects of the pdgfbret mutation on cardiovascular homeostasis using in vivo 

PET/CT and ultrasound imaging, combined with in vitro MSC assays. I wished to 

determine the effect of the pdgfbret mutation on; ectopic extracerebral vascular 

calcification; cardiac structure and function and the osteogenic potential of mutant 

MSCs. I also wished to understand whether the sex and age of pdgfbret/ret mice would 

influence cardiovascular physiology. 

 

Vascular calcification in 12-month-old pdgfbret/ret mutant mice is restricted to 

the brain. 

PDGFs have been implicated, through various mechanisms, to drive vascular 

calcification. Pdgfbret/ret mice have been validated as a model of idiopathic basal 

ganglia calcification (IBGC), a condition associated with PDGFB and PDGFRβ 

mutations in humans (Keller et al., 2013). Importantly, IBGC male patients have a 

greater extent of calcification than females. In chapter 3, I aimed to determine whether 

microvascular-associated calcified lesions are restricted to the brain in pdgfbret/ret mice 

using whole body PET/CT imaging using the radioisotope 18F-NaF activity which binds 

specifically to calcium deposits and can distinguish between macro and 

microcalcification. I hypothesised that due to the global nature of the pdgfbret mutation 

this may lead to extracerebral vessel and tissue calcification. 

In confirmation of previous studies, 5/6 pdgfbret/ret mice, 4 male and 2 female, in our 

cohort developed macroscopic calcium deposition detected on CT scans in regions 

associated with the thalamus and the pons. However, the extent and regions of 

calcium deposition showed high levels of interindividual variation. Although we wished 

to determine the effect of sex on the extent on calcification this was not possible due 

to the small number of female mice utilised. However, from the scans we were able to 

conduct, male pdgfbret/ret mice did appear to have a greater extent of vascular 

calcification than females. However, in disagreement with my preliminary 
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observations, another study did not report any differences in the amount of brain 

calcification between male and female pdgfbret/ret mice although this was based on a 

relatively small (n=3/sex) sample size and they were not explicitly looking for this effect 

(Zarb et al., 2019). The effect of sex on rodent models of vascular calcification can be 

model dependent. DBA are the oldest inbred mouse strain which have been previously 

reported to develop soft tissue calcification (Yamate et al., 1987). They also develop 

vascular calcification naturally with females being more prone to this phenomenon 

than males (Herrmann et al., 2020). CY rats, with autosomal dominant polycystic 

kidney disease caused by a spontaneous mutation in the Pkdr1 gene, develop 

calcified lesions with males rats being more greatly affected that females (Moe et al., 

2009; Nagao et al., 2010). Fetuin-A is a glycoprotein which carries free fatty acids in 

the circulation and elevated in patients suffering from obesity, diabetes and metabolic 

syndrome (Trepanowski, Mey and Varady, 2014). Fetuin-A-/- mice have a healthy 

lifespan but female ex-breeders (that had been pregnant previously) develop ectopic 

calcification in the lung, heart and kidneys which may be exacerbated by mineral or 

vitamin D rich feeding (Jahnen-Dechent et al., 1997).  These examples illustrate that 

sex differences in preclinical models of vascular calcification can depend upon the 

model being utilised and that understanding these differences may lead us to a greater 

understanding of disease processes in pdgfbret/ret mice.  

Our study is the first to show differences in the extent of heterogeneity in terms of the 

location within the brains of pdgfbret/ret mice. However, the underlying cause was not 

clear. One suggestion may be due to variability in tissue distribution of the PDGFBret 

protein during development meaning some mice have a less exaggerated phenotype 

than others. However, this hypothesis may be difficult to test. One method may be to 

test the level of PDGFB present in calcified brain areas as a greater level of PDGFB 

may correlate with increased calcification. This may be done at the transcriptional and 

protein using qPCR and western blot. Although this is speculation, this theory may be 

true as indeed a greater number of pericyte-like cells where identified in calcified 

lesions in pdgfbret/ret mice (Vanlandewijck et al., 2015) and may have been recruited 

there by accumulation of the PDGFBret protein in areas with calcified lesions. To 

further investigate the variability in the extent of pdgfbret/ret mice a greater number of 

mice should be scanned with PET/CT alongside complementary histological analysis.  
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In previous studies investigating various aspects of pdgfbret/ret physiology, both pdgfb+/+ 

and pdgfbret/+ mice were pooled together as controls. Indeed, some studies remarks 

that pdgfbret/+ mice are “indistinguishable” from pdgfb+/+ littermates (Raines et al., 

2011). However, differences in lung structure and brain pericyte coverage were 

observed in pdgfbret/+  heterozygous  mice compare to pdgfb+/+ mice (Pan et al., 2020; 

Mäe et al., 2021). This may also be the case in other aspects of pdgfbret/+ physiology 

and development. For this reason, I decided to analyse these mice separately.  No 

macroscopic calcium deposition was observed in the brains of either male or female 

pdgfb+/+ and pdgfbret/+ mice in my cohort.  

Whole-body CT scans of aorta, heart and kidneys revealed that these tissues did not 

develop macroscopic calcified lesions in pdgfb+/+, pdgfbret/+ and pdgfbret/ret mice. 

Contrary to our initial hypothesis this would suggest that pdgfbret/ret mice do not develop 

extracerebral vascular calcification after 12 months. Other genetically modified mouse 

models of vascular calcification typically have a very severe phenotype and die at a 

relatively young age. Fibroblast growth factor-23 (FGF-23) is produced in the bone 

and suppress phosphate and vitamin D reuptake in the kidney (Erben, 2018).  Deletion 

of FGF-23 in mice results elevated serum calcium and vitamin D causing kidney 

calcification and a severely reduced lifespan of a maximum of 13 weeks (Shimada et 

al., 2004; Razzaque et al., 2006). Deletion of the membrane bound receptor of FGFs 

in mice known as Klotho, results in a considerably reduced lifespan of around 9 weeks 

and development of medial aortic calcification (Kuro-o et al., 1997; Hum et al., 2017). 

Therefore, pdgfbret/ret mice are advantageous over these models as it has a normal life 

span and can be used to understand the effects of aging and vascular calcification 

which more closely mimics the human condition. Although pdgfbret/ret mice did not 

develop vascular calcification in extracerebral locations such as the aorta, heart or 

kidneys additional microenvironmental cues may be necessary to induce calcification 

which could be tested in future experiments. For example, in previous studies in other 

models’, vascular calcification was induced by modifications to or a combination of 

dietary factors This includes increasing vitamin D, phosphate, and cholesterol intake 

(Lopez et al., 2008; Graciolli et al., 2009; Assmann et al., 2014). There already exists 

a pdgfbret/ret ldlr-/- model which has been used to investigate atherosclerotic 

development after 10 weeks on a high fat diet (Tillie et al., 2021).  However, mice were 

only 25 weeks old and only male mice were utilised. In future studies, both male and 
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female pdgfbret/ret ldlr-/- mice at 12 months and beyond, combined with PET/CT 

imaging, would elucidate the sex and aging effects on atherosclerosis and vascular 

calcification. Another possible way in which vascular calcification could be induced is 

using a Proprotein convertase subtilisin/kexin type 9(PCSK-9) – adeno-associated 

virus vector (AAV) (Roche-Molina et al., 2015). PCSK-9 plays a key role in cholesterol 

homeostasis by reducing low density lipoprotein receptors levels. Use of PCSK-9 AAV 

delivery combined with a high fat diet resulted in progressive aortic calcification 

development between 15-20 weeks in wild-type C57BL6/J mice without genetic 

modification (Goettsch et al., 2016). The use of this method in pdgfbret/ret mice would 

allow the effect of sex and aging to be studied without further crossing with other 

mouse lines.  

 

Early cardiac dilatation in male and female pdgfbret/ret mice was resolved by 12 

months of age. 

Previously, male pdgfbret/ret mice were shown to develop changes to left ventricular 

structure by 20 weeks of age (Nystrom et al., 2006). Sex plays an important role in the 

progression of cardiovascular development and disease in both humans and rodents. 

In chapter 4, using high resolution echocardiography, I investigated the effects of the 

pdgfbret mutation in aging male and female mice.  I were driven by the hypothesis that 

early changes to cardiac structure may cause a deterioration in the heart function. We 

observed for the first time that not only male but also female pdgfbret/ret mice exhibit 

signs of cardiac dilation during early cardiac development. In males, these changes 

were ameliorated by 6 months of age and in females, changes persisted up to 9 

months which indicates different physiological processes in cardiac development in 

male and female mice. By 12 months no differences were observed between male 

and female mutant mice and their pdgfb+/+ and pdgfbret/+ littermates. Furthermore, 

contraction of the heart was not adversely affected at any time point. Combined with 

the absence of cardiac hypertrophy this would suggest that changes observed in both 

male and female pdgfbret/ret mice are physiological in nature. However why cardiac 

dilation resolves over time is unknown. A similar phenotype has been reported 

following endothelial specific deletion of PDGFB using Tie1Cre+, Pdgfb lox/– mice. 

This model exhibits similar embryonic heart defects to pdgfb null mice at E18.5 but 
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like pdgfbret/ret mice, they survive into adulthood. Interestingly, heart morphology in 

Tie1Cre+, Pdgfb lox/– mice began to normalise by 1, 6 and 12 months although no 

analysis of function was performed (Bjarnegård et al., 2004). This suggests that 

exposure to endothelial released PDGFBret in pdgfbret/ret mice during development 

influences later heart structure and function which is resolved in adulthood. It would 

be interesting to see if similar developmental defects exist in pdgfbret/ret mice in late 

embryonic and early postnatal development which may normalise with age as 

observed with morphological changes in the kidneys of pdgfbret/ret mice (Lindblom et 

al., 2003).  

Ventricular dilatation can be caused by volume overload stimulating the production of 

new sarcomere in series with existing sarcomeres. In pdgfbret/ret mice, volume overload 

could be induced due to the increased in the blood vessel diameter in the systemic 

vasculature and capillary beds. Indeed, the aortas of pdgfbret/ret mice have an 

increased diameter and morphological changes to capillary structure have been 

demonstrated (Nystrom et al., 2006). As previously suggested blood volume of 

pdgfbret/ret mice could be measured alongside intramyocardial blood flow using SPECT 

imaging. In humans blood volume may decline with age and this may also be the case 

in mice using SPECT imaging would indicate whether changes blood volume in aging 

may be driving changes in heart structure in pdgfbret/ret mice.  

Cardiac dilation may also be a result of oedema in the cardiac tissue caused by 

increased vascular permeability. This has been demonstrated to some extent in 

previous studies using a dextran permeability assay; however, it was not specified 

whether male or females hearts were used nor was the age of the mice (Raines et al., 

2011). Aging is known to increase vascular permeability into tissues, particularly in 

microvessels (Oakley and Tharakan, 2014). Therefore, future investigations could 

assess vascular permeability using dextran permeability assays on histological 

cardiac sections from different adult stages from pdgfbret/ret mice as changes to 

vascular permeability could contribute to the changes in left ventricular structure. 

Results from STE also indicated some alterations to segmental strain in pdgfbret/ret 

mice indicative of diastolic dysfunction. However, this was in a combined cohort of 

males and females and as such the effect of sex cannot be considered. Changes in 

segmental strain can preclude reductions in cardiac function. It would therefore be 



197 

 

important to repeat this analysis in separated groups of males and females as this 

would indicate whether both sexes have altered segmental diastolic function. Strain 

analysis saw several changes at 9 months of age to segmental radial and longitudinal 

strain and reverse radial and longitudinal strain suggesting dynamic changes to the 

myocardium in pdgfbret/ret mice at this time point. Changes occurred commonly on the 

posterior and anterior wall however of all segments the apex was most effected. It 

would therefore be important to perform histological analysis on the hearts to 

understand the cellular changes taking place in those regions. The structure of 

cardiomyocytes may change in these areas as opposed to others so assessment of 

their cross-sectional area on histological sections with wheat germ agglutin staining, 

which marks cellular borders, could be performed.  

 

Pdgfbret mutant MSCs possess high osteogenic potential. 

MSCs are derived from pericytes in vivo with PDGFB/PDGFRβ signalling playing a 

key role in modulating both MSC and pericyte biology. In chapter 6, I wished to 

establish whether the effects of the pdgfbret mutation would affect MSC osteogenic 

differentiation potential in vitro. Pericytes/MSCs from multiple organs are highly 

heterogenous in terms of their phenotype and function. We were first able to establish 

MSC colonies from large coronary vessels, the heart, kidney and skeletal muscle of 3-

month-old pdgfb+/+ and pdgfbret mutant mice which displayed a classical MSC spindle-

like morphology and could adhere to plastic. In future studies, further phenotypic 

characterisation of these cells should be performed by fluorescent staining for MSC 

markers to fully confirm their identity.  

We next performed osteogenic differentiation assays and analysed the cells at 7 and 

14 days. Little difference was observed between pdgfb+/+ and pdgfbret mutant 

osteogenic potential at 7 days but by 14 days in all tissues, there was an increase in 

osteogenesis as measured by quantification of Alizarin Red staining. High variation 

was observed in calcium deposition in vitro in both pdgfb+/+ and pdgfbret mutant MSCs 

from all tissues, and thus, no significant differences were observed between the 

groups.  This is not a surprise. It is well accepted that MSCs are heterogeneous and 

contain cells from different origins including pericytes and adventitial cells (Crisan et 
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al., 2008; Corselli, et al., 2012).  Cell sorting based on adventitial or pericyte markers 

prior to seeding them into culture could help to distinguish the effects of pdgfbret 

mutation on the MSC derived from pericytes from those derived from adventitial cells 

in culture MSCs have been shown to expand via clonal expansion. Here certain clones 

are selected for and prosper whereas others do not survive in culture (Pittenger et al., 

2019). The mechanisms behind this are poorly understood but this may account for 

some heterogeneity experienced in our cultures. When we combined MSC samples 

from all pdgfb+/+ tissues and compared with combined tissues from pdgfb+/+ mice and 

pdgfbret mutants, a significant increase in osteogenic potential was observed in 

mutants. This indicates that independent of variation from each tissue MSCs from 

pdgfbret mutant mice have higher osteogenic potential.  

Interestingly, the results from our osteogenic assays in vitro did not recapitulate what 

we observed on the PET/CT scans. Indeed, in vivo, we observed no extracerebral 

macrocalcification in pdgfbret mutants. In our experiments, MSCs were isolated from 

young mice (3 months old) and PET/CT scans were performed in 12-month-old mice. 

In human MSC transplants the donor age can affect the performance and the outcome. 

Human bone marrow MSCs from older donors have lower osteogenic and proliferative 

capacities in vitro than those from juvenile donors (Zhou et al., 2008).  Aged adipose 

derived MSCs from humans also exhibit more senescent features with reduced cell 

viability and increased cell apoptosis (Choudhery et al., 2014). Furthermore, aged 

adipose MSCs also had reduced adipogenic and osteogenic capacities (Choudhery et 

al., 2014). Several other studies have shown that aged MSCs in vivo have reduced 

trilineage differentiation capacity (Yang, 2018). Age may therefore affect the 

differentiation potential of pdgfbret mutant MSCs in vivo and may partly explain the 

differences we observed. To test in the future, osteogenic assays should be performed 

in MSCs isolated from multiple tissues of young and aged pdgfbret mutant mice. We 

did attempt to establish MSC lines from 12-month-old mice however perhaps due to 

the effects of radiation post-PET scanning and staying overnight in the fridge the cells 

did not survive. In the future given a greater number of aged mice MSC cultures in 

mice which had not undergone PET scans.  
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Limitations 

This study provides novel insights into the role of pdgfbret mutation on the 

cardiovascular homeostasis in male and female mice. The strength of this study is that 

it uses state-of-the-art in vivo imaging combined with in vitro assays to accomplish 

this. However, some limitations to the study exist.  

Breeding Pdgfbret/ret mice  

The main limitation of the study was the small number of pdgfbret/ret mice we obtained 

through breeding. It was previously reported that female pdgfbret/ret mice have reduced 

fertility (Lindblom et al., 2003). For that reason, we bred male and female pdgfbret/+ 

mice to get homozygous and heterozygous offspring. Although previous studies report 

that the pdgfb-ret allele showed mendelian inheritance (Lindblom et al., 2003), in our 

experience this was not the case. Often litters would be born without any pdgfbret/ret 

mice consisting solely of pdgfb+/+ and pdgfbret/+ mice. The exact reason for this is 

unclear. Another issue in our experience with breeding pdgfbret mice was that often 

female mice would eat their young after birth. Often pups would be born but by the 

time we were allowed to take tissue for genotyping (post-natal day 14) a very small 

number of pups remained. We were able however to genotype some dead pups found 

in the cage as we wished to understand whether mothers were selectively killing the 

pdgfbret/ret mutant neonates over pdgfb+/+ and pdgfbret/+ neonates. However, the results 

of this genotyping indicated that mother mice also killed pdgfb+/+ and pdgfbret/+ pups. 

The reason for this is unknown but could be due to the stress of giving birth, back 

crossing of the mice, an unreported behaviour issue or stress due construction works 

being carried our very close to the animal facility producing noise and vibrations. To 

circumvent this problem in the future foster mothers could be utilised after birth of litters 

to separate pups from mothers. This would hopefully lead to a greater yield of surviving 

pdgfbret/ret mice being available for use in future studies.  

In the lab the pdgfbret mouse line was also utilised to study its effect on haematopoiesis 

at embryonic stages. As discussed, global deletion of PDGFB and PDGFRβ mice die 

perinatally due to haemorrhaging and leakage of blood vessels (Van Den Akker et al., 

2008). To determine whether some pdgfbret/ret mice die in utero, I examined embryonic 

genotyping data from the lab (provided by Diana Sa da Bandeira) as well as birth 

records from Tick@Lab database. Here, I wished to determine whether there were a 
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greater number of pdgfbret/ret mice present in litters from embryonic development than 

after birth as this may indicate a developmental defect causing embryonic lethality.  

 

 

Figure 7.1: A small number of pdgfbret/ret mice survive to postnatal day 14. 

The table shows the total number of embryos obtained or at each developmental stage or mice born 

from genotyping records and the tick@ lab database (A). It also shows the percentage of pdgfb+/+ (+/+), 

pdgfbret/+ (ret/+) and pdgfbret/ret (ret/ret) embryos at each developmental stage with 100% being the sum 

of +/+, ret/+ and ret/ret, E=Embryonic Day P= postnatal day; E Total= The sum of all mice of each 

genotype born at embryonic stages; P=Postnatal day. The percentage of mice at each embryonic stage 

is also shown in graphical form (B). 
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In terms of absolute numbers, a higher number of pdgfb+/+ (247) and pdgfbret/+ (426) 

mice than pdgfbret/ret (27) mice survived to P14. (Figure7.1A). In terms of the 

percentage of total mice at P14 pdgfbret/ret account for only 3% of total mice whereas 

pdgfb+/+ and pdgfbret/+ account for 35% and 62% respectively (Figure7.1A). This differs 

greatly from what is observed during embryonic development. At each stage of 

embryonic development at least 2 pdgfbret/ret embryos were found (Figure7.1A) with 

the total number of embryonic pdgfbret/ret embryos being 88 vs 53 for pdgfb+/+ and 140 

pdgfbret/+ embryos. The percentage of the total number of embryos for each genotype 

was 18% pdgfb+/+, 50% pdgfbret/+ mice and 32% pdgfbret/ret. There is approximate 10x 

fold reduction in the number of pdgfbret/ret mice at P14 vs during embryonic 

development at all stages (Figure 7.1B). However, we do not have data available for 

beyond E14 so cannot determine This may indeed suggest that a subset or sizeable 

percentage of these mice may die in utero or perinatally. This could be due 

developmental defects or due to the issues listed above but may also be due to killing 

by mother mice. To fully address this issue, further studies into the embryonic 

development of pdgfbret/ret mice should be performed to identify any possible 

haematological defects pre-birth.    

 

Effect of the Coronavirus Pandemic 

In March 2020 the first UK coronavirus lockdown was put into place meaning that 

many in the research community experienced significant disruption to their research. 

This was particularly impactful on the final experiments in my final year of PhD. We 

had planned to perform PET/CT scan on one final 12-month-old female pdgfbret/ret 

mouse which would allow some statistical analysis to be performed and give us a 

greater indication of the effects of sex on pdgfbret/ret mice on ectopic calcification. This 

was due to the fact that all animal experiments had to stop and also 18F-NaF 

production from the clinic was halted and afterwards markedly reduced. 

Autoradiography on tissue sections from one year old mice could not be performed. 

Furthermore, we also had to cease breeding and greatly reduce the number of mice 

in all our colonies. At this time, all non-essential breeding had to stop, and breeding 

could only be done for colony maintenance.  Due to financial and time constraints we 
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could not breed further mice for use in the time that I had left for completion of my 

PhD.  

Conclusion 

Overall, this investigation has provided novel insights into how disruption of normal 

PDGFB/PDGFRβ signalling affects cardiovascular homeostasis in vivo and MSC 

osteogenic differentiation in vitro. We have shown that male and female pdgfbret/ret 

mice exhibit differences in early cardiac development which are ameliorated by 12 

months of age and that pdgfbret/ret mice do not develop extracerebral vascular 

calcification. This information is essential and make this model an ideal in vivo model 

for neuroscientists to study brain calcification (if efficient breeding would allow). We 

have also shown for the first time that MSC osteogenic differentiation potential is 

increased by the pdgfbret mutation; however, the mechanism driving these changes 

requires further investigation.  
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