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Abstract
Vascular calcification, far from being a passive degenerative process, is now perceived
as an active, highly organized cell-controlled event. The presence of a number of stem
progenitor niches and/or lineages in the vasculature has been established and their
possible role in vascular calcification is under increasing investigation. Pericytes are
purported to be involved in this process and are currently a poorly defined cell
population. Although traditionally considered as supporting cells, more recently these
cells have been proposed to play a more active role in the repair and pathogenesis of
various vascular diseases. Pericytes have been shown to have a mesenchymal origin.
Mesenchymal stem cells (MSCs) have been associated with a perivascular niche and
have the ability to undergo osteogenic and chondrogenic differentiation. In this study,
the hypothesis that a pericyte-like stem cell population, termed vessel-derived stem cells
(VSCs) exists in the vessel wall was tested. Furthermore, it was proposed that in the
presence of inflammatory cytokines seen in the atherosclerotic environment, these cells,
along with circulating MSCs, contribute to the calcification of atherosclerotic plaque via
endochondral ossification.
VSCs from aortae of ApoE-/- atherosclerotic mice and background control C57BL/6
mice were isolated and characterized for differentiation potential and by screening for
cell surface markers by flow cytometry and immunocytochemistry. MSCs from the
bone marrow of these mice were also isolated and characterized in a similar fashion.
When these cells were differentiated down the osteogenic lineage, there was an increase
in calcium levels which was more pronounced in ApoE-/- VSCs. Differentiation to the
chondrogenic lineage suggested that all the isolated cell populations have chondrogenic
potential; however, ApoE-/- MSCs and VSCs showed more extensive deposition of
glycosaminoglycan. Phenoytpic analysis demonstrated that both ApoE-/- and C57BL/6
VSCs were strongly positive for Sca-1 and CD44, positive for CD146 and negative for
CD31 and CD34. Immunocytochemistry for the specific pericyte marker 3G5 revealed
that a sub-population of VSCs expressed 3G5, demonstrating that cell populations
isolated were of the hypothesized lineage and contained pericyte-like cells.

xxviii

In order to investigate the effect of proinflammatory cytokines associated with the
atherosclerotic niche on chondrogenic differentiation in vitro, levels of gene expression
for markers of chondrogenesis were monitored. All the cell populations were subjected
to chondrogenesis for 21 days in the presence or absence of the pro-inflammatory
cytokines IL-6, IL-1β   or   TNF-α. At 21 days following IL-6 treatment, ApoE-/- VSCs
showed increased levels of Sox9, fibromodulin, type II collagen, aggrecan and alkaline
phosphatase indicating extensive differentiation along the chondrogenic lineage. On the
contrary, IL-6 had a suppressive effect on C57BL/6 VSCs. For IL-β  and  TNF-α,  results  
indicated that both cytokines suppressed chondrogenic markers in ApoE-/- and C57BL/6
VSCs at 21 days.
To assess the ability of VSCs and MSCs from ApoE-/- and C57BL/6 mice to form bone,
cells were seeded onto collagen glycosoaminoglycan scaffolds and chondrogenically
primed in vitro followed by subcutaneous implantation in vivo for 8 weeks. From this
study it was clear that endochondral ossification and calcification in atherosclerosis is a
complex interplay of a number of factors, each contributing differently to the process.
Histomorphological analysis showed that 5 out of 5 ApoE-/- MSCs and VSCs formed
bone (with 77.5% and 58.4% overall bone formation, respectively) in C57BL/6 mice
suggesting that the major contributing factor is the intrinsic capacity of MSCs and
VSCs derived from atherosclerotic mice. In addition, the data indicated that 5 out of 5
ApoE-/- MSCs and 6 out of 6 ApoE-/- VSCs generated more mature bone in ApoE-/mice (with 68.5% and 83.25% overall bone formation, respectively) than C57BL/6
MSCs (1 of 5) and VSCs (0 of 4). Thus, this study also demonstrated that the
environment in which the pre-differentiated, or primed cells, are placed also plays a
role; the host environment drives the implanted constructs to form bone or immature
bone, bone marrow or calcified cartilage and promotes the infiltration of blood vessels
and fat formation. This study supports the hypothesis that a progenitor cell population in
the aorta vessel wall may contribute to vascular calcification via endochondral
ossification in the atherosclerotic environment. However, recruitment of circulating
MSCs derived from bone marrow to atherosclerotic plaque cannot be ruled out.
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1.1

Atherosclerosis

Atherosclerosis, a disease primarily affecting large arteries1,2, is characterized by a
chronic insidious pathological progress over decades. Generally, the clinical diagnosis
of atherosclerosis becomes overt only through a complication such as plaque rupture
and/or a thrombo-embolic episode which takes place years after the appearance of fatty
streak, the first pathological manifestation of the disease. The enormous
aetiopathological complexity of the disease with multiple factors, both known and yet
unknown, playing a role in disease induction and progression, has stymied progress in
unraveling characteristic interactions at tissue, cellular and molecular level. Hence,
despite being the primary cause of heart disease and stroke, especially in the developed
world, the precise roles of various factors in the pathogenesis of atherosclerosis are yet
to be revealed.
1.1.1

Normal vessel wall

A blood vessel wall usually contains three morphologically distinct layers, namely the
intima, media and adventitia (Fig. 1.1 A). The intima is the innermost layer of the wall
which consists of the endothelial layer and internal elastic lamina. The endothelial layer
is closest to the blood flow in the vessel lumen. The internal elastic lamina consists of a
proteoglycan layer which is closest to the endothelial layer and a musculoelastic layer
which lies adjacent to the media3. The next layer is media which primarily consists of
smooth muscle cells (SMC) and extracelluar matrix made up of elastic fibers and
proteoglycans4. Media is separated from adventitia by the external elastic lamina. The
adventitia contains fibroblasts, sparsely organized SMC, collagen and elastic fibers.
Vasa vasora, the blood vessels supplying nutrients and oxygen to the arterial wall are
located in the adventitia.
1.1.2

Early atherosclerotic lesion- fatty streak

Although overt atherosclerosis generally develops late, the process of plaque formation
starts quite early in life. In fact, fatty streaks, identified as the earliest atherosclerotic
lesions, have been spotted as early as during fetal development5. Fatty streak (Fig. 1.1B)
2
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is comprised of characteristic cells called foam cells which are lipid laden cells
localized underneath the endothelial layer6. A majority of these cells are transformed
macrophages; nonetheless there are some T cells present in the fatty streak7.
It takes decades for fatty streak to develop into an advanced lesion; however, it may
also disappear. While fatty streaks as such do not have clinical complications; decades
after their appearance, the progression to advanced lesions which may rupture results in
clinically overt disease 8.
1.1.3

Advanced lesion

The early lesion progresses by recruitment of more inflammatory cells and lipids into
the vessel wall (Fig. 1.1 C). The recruited macrophages secrete a number of cytokines,
chemokines and growth factors which lead to proliferation and migration of SMC from
media into the intima. The core of the lesion is populated by foam cells and lipids while
the cap which surrounds the core consists of SMC and matrix rich in collagen9.
Although mostly macrophages, foam cells can also be formed by SMC which can store
lipid droplets10. The growth of the plaque primarily takes place at the shoulder regions
where most of the immune cells gather and interface between the cap and core6,11,12.
Necrosis can take place in the core and the lesion becomes more complex with a
necrotic core and formation of cholesterol crystals. The thickness of the fibrous cap
surrounding the necrotic core varies13. Apart from macrophages, mast cells, dendritic
cells (DC) and natural killer cells are recruited by the influence of the pro-inflammatory
environment11,12,14,15. Initially, although the lesion is growing, the external boundaries
are adjusted and the lumen remains unaffected. However, as the lesion becomes more
fibrous with accumulation of collagen producing SMC, the lumen of the artery starts to
narrow. Thus, advancement of the lesion leads to clinically obvious and limiting
stenosis.
1.1.4 Plaque rupture
The necrotic core and the lipids in the plaque are thrombogenic and separated from the
blood by the fibrous cap7. However, the fibrous cap is destabilized by the process of
3
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remodeling of the atheromatous plaque leading to its erosion and eventual rupture16,17
(Fig. 1.1 D). The shoulder regions of the lesion, which are seats for the majority of
activated T cells, macrophages and mast cells, are the most prone areas for
rupture14,16,18,19. The cap is rendered weak and prone to rupture by two processes
happening in parallel; namely inhibition of SMC proliferation and thereby collagen
production by inflammatory cytokines such as interferon   gamma   (INFγ)   and   tumor  
necrosis  factor  alpha  (TNFα) and degradation of extracellular matrix (ECM) by matrix
metalloproteinases (MMPs)20-23. The rupture of the plaque leads to one of the most
severe complications. The thrombogenic contents of the plaque are exposed to blood
which results in thrombus formation by activation of the extrinsic coagulation pathway.
While thrombus formation or its embolic dislodgement in arteries supporting the brain
may lead to ischemic stroke, this may take also place in other organs leading to
complication such as myocardial infarction, renal impairment, critical limb ischemia or
other hypertension or aortic aneurysm9. However, the thrombus does not always lead to
occlusion and subsequent ischemic symptoms; it may be reabsorbed. Thereafter, the
platelets in the thrombus trigger SMC proliferation and collagen synthesis17, rendering
the plaque more fibrotic. With further progression of the lesion, calcification may
follow resulting in advanced calcified plaques24.
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Figure 1.1: Progression and developmental stages of atherosclerotic lesions
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1.2

Etiology of atherosclerosis

From 1904 when Felix Marchand introduced the term atherosclerosis and suggested that
it was responsible for nearly all obstructive processes in arteries25, many theories have
evolved to try and explain the etiopathology of the disease. This early work by
Marchand was followed shortly by A.I. Ignatowski establishing a possible relationship
between cholesterol-rich foods and experimental atherosclerosis25. Nikolai Anichkov
demonstrated in 1913 that it was cholesterol alone that caused these atherosclerotic
changes in the rabbit intima26. He found early lesions, such as fatty streaks, as well as
advanced lesions; by standardizing cholesterol feeding, he discovered that the amount
of cholesterol uptake was directly proportional to the degree of atherosclerosis
severity25. The early atherosclerotic lesions are characterized by intracellular
accumulation of cholesterol esters and the subsequent lesions have extracellular
cholesterol esters6.
Following   on   from   Anickov’s   theory   associating   cholesterol   with   atherosclerosis   was  
the hemodynamic theory. This theory addressed the focal nature of lesions. According
to this theory, the hydrostatic and shear forces are responsible for the formation of the
atherosclerotic lesions. The relation between hypertension and atherosclerosis and
lesions having predilection for branched and high turbulent sites go in favor of this
theory. Also, it has been shown that the endothelial permeability to low density
lipoproteins (LDL) is modified by hemodynamic alterations27.
The thrombogenic or encrustration theory originally implicated the abnormal deposition
of fibrin or blood products on the surface of blood vessels in the development of
plaques. The role of fibrin deposition and thrombus organization in the development of
atherosclerosis has recently been re-emphasized28. The mesenchymal hypothesis
believes that a wide range of physical and chemical stimuli induce migration of smooth
muscle cells from media to intima of the arterial vessel wall, which then proliferate and
produce connective tissue. The response to injury theory hypothesizes that an injury to
endothelium might precipitate the atherosclerotic process and the role of infection and
inflammation has also been implicated in pathogenesis of atherosclerosis29,30. The
6
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oxidation theory suggests that LDL must be oxidized to trigger the pathological events
in atherosclerosis31,32. The acidity theory of atherosclerosis proposes that most of the
risk factors for atherosclerosis might result in altered autonomic nervous system,
sympathetic bias, increased lactic acid and an acidic environment. This lowered pH
increases perfusion pressure and provokes contractility of coronary arteries, leading to
changes in hemodynamic shear stress and consequently, atherosclerosis. Recently, a
major focus has been on the role of stem or progenitor cells in the pathogenesis of
atherosclerosis33. It has been shown that circulating progenitor cells contribute to the
formation of atherosclerosis in a variety of animal models34-36.
1.3

Immune response in atherosclerosis

Atherosclerosis is a chronic disease of the arterial wall where there is imbalance
between pro-inflammatory and anti-inflammatory processes.

It is characterized by

thickening of the intima layer of the arterial wall. The endothelial cells in the intima
react to local stimuli, become permeabilized and secrete chemo-attractant mediators
which attract leukocytes to migrate inwards and bind to the intima. This migration is
facilitated by monocytes. Monocytes-macrophages are not only involved in formation
of the foam cells and deposition of lipids, but also contribute to the growth of the plaque
via production of inflammatory cytokines, MMPs and reactive oxygen species37.
Therefore the complex process of plaque progression within the arterial wall involves
different cells like macrophages, endothelial cells, smooth muscle cells and the plaque
becomes filled with lipids, ECM, immune cells debris and an array of pro-inflammatory
cytokines, chemokines and growth factors. There are lot of interactions between the
plaque environment and cells involved in the atherosclerotic process. Inflammation is
an interaction between soluble factors and cells responding to the stimuli similar to
situations where cells respond to infections, post-ischemic and toxic autoimmune injury.
The atherosclerotic lesion progresses when the initial protective process acting as
scavenger of the debris develops into chronic inflammation.
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The immune response in atherosclerosis is twofold: the innate response with monocyte
infiltration and macrophage transformation into foam cells and also the adaptive
response involving regulatory T cells and B cells.
1.3.1

Innate immune response in atherosclerosis

Under physiological conditions, inflammation, one of the first responses of the immune
system, is a self-protective mechanism that defends the host from pathogens. However,
in the case of atherosclerosis, the immune system plays an important role in the
development, progression and complications of the disease9,38. During atherogenesis,
inflammation in the arterial wall is initiated as a response to deposition of lipoproteins,
especially oxidized LDL (oxLDL)1,39, however in some cases, infection initiates the
process40,41. In fact, lipid retention beneath the endothelial layer is an important factor
that triggers the cascade of events leading to atherosclerotic disease38. Lipids are
transported as lipoproteins38. Higher plasma LDL levels are directly reflected in higher
LDL levels in the intimal region due to an increased rate of entry into the intima42.
Innate immunity is described as initial activation of cells to respond to a pathogen.
Monocyte migration to the tissue is an indispensable feature of host defense. It takes
place through a cascade of events namely tethering, rolling, arrest, stable adhesion, and
intravascular crawling followed by migration across the endothelium and basement
membrane43. These events are mediated by complex molecular interactions which are
sequentially controlled. Many of these steps are regulated by integrins which are
complex molecules involved in adhesion and signaling. For example, monocyte arrest
requires increased affinity of integrins to their ligands which is triggered by
conformational change in the integrins, a process induced by intracellular signaling
initiated by chemokines43. Following infiltration, monocytes differentiate into
macrophages, an event considered central to atherosclerotic lesion development44.
Macrophages play a very important role in the innate immune response (Fig. 1.2). The
numbers of monocyte-macrophage migrating to the plaque area45, especially at the sites
prone for rupturing, are linked strongly with the disease activity.
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In atherosclerosis, two factors keep the immune-inflammatory process activated
chronically. One is persistence of pro-inflammatory stimuli and the other is failure of
regulatory mechanisms involved in resolution. Both the pro-inflammatory M1
macrophages and regulatory M2 macrophages involved in resolution are present in
atherosclerotic plaque45.
In apolipoprotein-E knock out (ApoE-/-) mice, a model of atherosclerosis, the early
lesion is infiltrated by M2 macrophages46; however, when the lesion progresses, they
switch to the M1 phenotype. Following exposure to oxLDL, macrophages exhibit
reduced expression of salient genes of both M1 and M2 phenotype coupled with
upregulation of a distinctive redox gene signature including hemoxygenase 145. It has
been observed that Ly6C+ monocytes form a major proportion of macrophages located
in the plaque and are thought to be recruited by activated endothelium45,47. In advanced
atherosclerotic lesions in LDL receptor deficient (LDLR-/-) mice45,48, another accepted
model of atherosclerosis, this unique population of macrophages, termed as Mox
macrophages, comprises 30% of all macrophages48. These alternatively activated
macrophages have been described as comprised of a number of subtypes49,50. For
example, in genetically obese diabetic (db/db) mice, administration of interleukin
(IL)-33 leads to a phenotypic switch between adipose tissue macrophages to a CD206+
M2 phenotype51, associated with increased levels of Th2 cytokines45. Human lesions are
characterized by the presence of different phenotypes, depending on the location in the
atherosclerotic plaque. M1 (CD68+ CCL2+ (CC chemokine ligand-2)) macrophage
localization patterns are distinct from those of M2 (CD68+, CD206+) macrophages
which are abundant in stable areas of plaque, away from the necrotic lipid core52. This
heterogeneity in the macrophage phenotypes is possibly driven by the plaque
microenvironment.
Apart from the inflammatory cell recruitment and differentiation, another factor that
influences the lesion progression and stability is the differential ability of cell subsets to
either degrade ECM by MMPs or inhibit its degradation by tissue inhibitor of
metalloproteinases (TIMP)53.
9
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Figure 1.2: Immune response in atherosclerosis (adapted from Samson et al.,
2012)38.
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1.3.2

Adaptive immunity in atherosclerosis

Adaptive immunity involves both T and B cells (Fig. 1.2). It comes into play once some
specific molecular epitopes on antigens are recognized by highly specific receptors on
T cells or B cells with strong affinity54. The role of T cells and B cells is evident from
the findings that atherosclerotic lesions show a 40-80% reduction following T or B cell
deficiency55. These results were observed in ApoE-/- and LDLR-/- mice when crossed
with either a recombinant activating gene (Rag) deficient background mice56,57 or
severe combined immunodeficiency (SCID) mice58. Moreover, replenishing the CD4+ T
cells from ApoE-/- mice to those crossbred with SCID mice nullifies the reduction in
atherosclerotic lesion development, confirming the pro-atherogenic role of T cells58.
Atherosclerotic lesions usually show abundant T cells and antigen presenting cells
(APCs). Natural killer T (NKT) cells have been implicated in development of fatty
streak59,60. In atherosclerosis, apart from peptide antigens61, lipid antigens have been
considered to be triggers for cell-mediated immune responses and the cluster of
differentiation 1 (CD1) molecule can present them to T cells62. The lesion size in
ApoE-/- mice shows a reduction after crossbreeding with CD1-deficient mice whereas
an increase in lesion size is noted following the administration of activator of NKT
cells63. B cells, on the contrary, appear to play a protective role64,65. Upon induction
with oxLDL, B1 cells may produce IgM antibodies targeted against oxLDL and reduce
the lesion size in ApoE-/- mice66,67. IL-5 produced as a part of Th-2 response seems to
stimulate these B1 cells68. Also, treatment with splenic B cells from ApoE-/- mice
abolishes

the

increase

in

atherosclerosis

resulted

from

splenectomy

in

hypercholesterolemic ApoE-/- mice65. However, recent studies suggest a dual role of B
cells. It has been shown that B2 cells have an atherogenic function performed via a T
cell-dependent process69. While selective depletion of B2 cells by an anti CD20
monoclonal antibody resulted in attenuation of atherosclerosis in atherosclerosis prone
mice70,71, transfer of B2 cells aggravated atherosclerosis71.

While the thymus

independent antigens lead to IgM via B cell stimulation, antigen presenting cells such as
dendritic cells (DC) and macrophages are required for adaptive immunity which act
through the antigen specific T cell receptor (TCR). Certain co-stimulatory signals are
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also involved. These include interactions between CD80 or CD86 with CD2872 or
interactions of CD40L with CD4073. More importantly, both murine and human
atherosclerotic plaques show the presence of co-stimulatory molecules72. Although the
role of these molecules in development of atherosclerotic plaques has been shown in
murine models72,74, their importance is not well established in humans. However, it has
been postulated that in humans, co-stimulation may be essential75.
Antigen presentation by DC needs DC maturation which is coordinated by an array of
cytokines and growth factors. DC maturation is affected substantially by the balance
between pro- and anti-inflammatory signals76. The molecules shown to be involved in
the process of maturation include CD40, and the TNF and IL-1 receptors (TNFR and
IL-1R). Various T-helper cell responses are finely controlled by unique subsets of
DCs77. Based on the finding of failure of IL-12-/- mice to induce Th1 responses78, it is
clear that IL-12 production by DCs is critically involved in helper T cell (Th) 1
differentiation79 whereas, molecules like Il-6, IL-13 and TNFSF4 are involved in Th2
differentiation77. Interestingly, anti-inflammatory cytokines such as IL-10 and TGF-β  
have a unique effect on DCs revealing the plasticity of these cells. Under the influence
of these anti-inflammatory cytokines, DCs, instead of inducing a Th1 response, induce a
Th2 response79. DCs have been observed to cluster with T cells in atherosclerotic
lesions80 and oxLDL has been shown to have an inhibitory effect on the migration of
DCs in hypercholesterolemic mice81.
Most of the T cells involved in the plaque are CD4+ cells82 which  express  αβ-TCR and
interact with the MHC (major histocompatibility complex) class II molecules72,83.
Although, among the T cells in the plaque, CD4+ cells are the major source of
cytokines, cytotoxic CD8+ killer cells may also act as source of cytokines such as
IFN-γ84,85. Th1 and Th2 responses have been classified based on the cytokine profile of
the T cells involved. The Th1 cell response typically involves secretion of IFN-γ   and  
IL-2 and is responsible for cell-mediated immunity. Th2 response, on the other hand,
helps B cells in antibody production through secretion of IL-4, IL-5, IL-10 and IL-1386.
The cell lineage development from a common precursor depends on the
12
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microenvironment created by cytokines. IL-12 and TCR induce Th1 response whereas
IL-4 is important for induction of antigen specific Th2 cells86.
The Th1 response predominates in the initial stages of plaque development while in the
chronic stage, the Th2 response takes over87. Thus, although occurrence of
atherosclerosis involves Th1 predominance, in a given patient Th1 and/or Th2
responses contribute to development and progression of disease. The prevailing
hypothesis is that an imbalance between pathogenic T cells (Th1 and Th2) and
regulatory T cells leads to amplification of innate and adaptive immunity, which in turn
lead to plaque development and progression88.
1.3.3

Causes of cytokine production

Cytokines are important mediators of the immune response. They are clustered in
several classes and are secreted factors of the innate and adaptive immunity86. Based on
their structure, they are classified into different families such as interleukins (IL),
interferons, tumor necrosis factors (TNF), chemokines, transforming growth factors
(TGF), IL-10 and IL-17 families89.
For a number of years, atherosclerosis was considered to be a disease causes by lipid
accumulation38. Recently, apart from high LDL levels, the role of chronic inflammation
has been emphasized9. Currently, from an inflammation perspective, atherosclerosis is
described as a multifactorial and multiphasic chronic inflammatory disease.
In general, the cytokines are produced in response to infections and immune responses.
Immune-inflammatory processes are involved in each step of atherosclerotic plaque
progression, right from appearance of fatty streak to vessel occlusion90.
Immune-inflammatory processes modulating the inflammation in the vasculature are
regulated through production of a number of cytokines which influence key processes
such as proliferation, differentiation and function in a variety of cells. As described
earlier, the stability of plaque depends on the balance between collagen production and
degradation. The relative proportions of pro- and anti-inflammatory cytokines influence
13
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both processes, thereby controlling the structure of the fibrous cap. Thus, cytokines are
closely related with atherogenesis and plaque stability.
Although, there have been many attempts to ascertain the relationship between infection
and atherosclerosis91, experimental evidence suggests that infection is not essential for
initiation or progression of atherosclerosis92.
The dominant role of cholesterol in atherosclerosis, both in preclinical models and
humans, cannot be overemphasized. The link between cholesterol and cytokine
production is more than likely.
Of the atherogenic lipoproteins, namely very low density lipoprotein (VLDL),
intermediate density lipoprotein (IDL) and LDL, oxidation of LDL accentuates its
atherogenicity38. In fact, oxidized lipids, especially oxLDL, have been suggested to be
primary triggers for cytokine production86. OxLDL is potent inflammatory agent and
induces many atherogenic processes through a variety of mechanisms such as
modulation of oxidative stress, accentuation of foam cell formation, chemo-attraction
for monocytes, maturation of DC and phenotypic switch in macrophages93. In ApoE-/mice, oxLDL is one of the manifestations of chronic inflammation94. In genetically
modified C3H/HeJ mice, which do not develop atherosclerosis, EC cells do not respond
to oxLDL but are activated by IL-1 and TNF-α95.
1.3.4. Cellular sources of cytokines
Macrophages
Macrophages are the main source of cytokine production in the plaque86. They are
important for tissue homeostasis and are derived from circulating monocytes that are
recruited to the involved tissue by cellular signals96. When they reach the source of
inflammation, they act as scavengers and start to become macrophages. Generally, they
clear up debris and are also responsible for removing modified LDLs. It is particularly
important to note that the macrophage-derived foam cells express scavenger receptors
which are important in atherogenesis96.
14
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Macrophages are also known to play prominent role in remodeling during both
development and wound healing. Their repertoire, which includes a number of
cytokines, growth factors and proteases, perform multiple functions such as recruiting
other cells types involved in the healing process including fibroblasts and SMC, and
facilitating remodeling of ECM96.
Both pro- and anti-inflammatory cytokines are produced by macrophages. The proinflammatory cytokines include TNF-α97, IL-198, IL-699, IL-1272,86, IL-15100 and IL18101. The anti-inflammatory cytokines include IL-1054, IL-32102 and TGF-β103, all of
which play important roles in the pathology of atherosclerosis. They also produce
IFN-γ   following   stimulation   by   IL-12 and IL-18104. Apart from these cytokines,
macrophages produce a variety of chemokines and growth factors which are mediators
of smooth muscle cell growth, migration and differentiation; for macrophage
differentiation for example, FGFs (fibroblast growth factors), platelet derived growth
factor (PDGF) and M-CSF (multi-colony stimulating factor)96. All of these cytokines
are critical players in the pathology of the atherosclerosis. They also take part in the
NF-κb pathway cascade involved in atherosclerosis105. Proteases secreted by
macrophages, especially in atherosclerosis, play important roles in plaque stability. The
important ones are MMPs106. Macrophages have also scavenger receptors to endocytose
oxidized LDLs as described above.
T cells
Apart from macrophages, T cells affect the immune response in atherosclerosis. Their
importance is supported by reports of reduction in atherosclerotic lesion development
following depletion of T cells, a phenomenon which also holds true for B cell
depletion55,56,107. In the atherosclerotic lesion, the predominantly found T cells are CD4+
T cells108,109. CD4+ T cells are known to induce either Th1 or Th2 responses.
Intracellular pathogens normally lead to a Th1 type of response while the Th2 response
supports allergic inflammation. Similar, a response involving activation of macrophages
and initiation of an inflammatory response is primarily seen in atherosclerotic lesions7,9.
The cytokine profile mainly includes IFN-γ,   IL-12, IL-15, IL-18 and TNF-α.   Furthermore,
15
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interactions between cytokines are important; for example IFN-γ  stimulates  production  
of IL-1 and TNF-α  which  in  turn  stimulate  macrophages  and  vascular  cells  to  produce  a  
number of pro-inflammatory molecules61,110.
Other cells like platelets and mast cells are also sources of cytokines, chemokines and
growth factors. Platelets are the main source of CD40L and are involved in the cellular
inflammatory response111. The mast cells, which are also part of the atherosclerotic
plaque, produce TNF-α112.
Mast cells
The precursors of mast cells respond to chemokine signals such as stem cell factor
(SCF) and extravasate into the tissue113. This migration is directed by chemokine
receptors such as CCR3 (chemokine C-C motif receptor 3) and 5114. The presence of
factors such as IL-3, IL-6 and SCF induce their differentiation115. Tryptase- and
chymase- producing mast cells, called connective tissue type mast cells, and tryptase
only producing mucosal type mast cells reside in the arterial wall116. The presence of
mast cells, the majority of which lie in the basal side of the vessel wall,117 does not
necessarily indicate a diseased state. However, the presence of proliferating mast cells,
may be related to disease progression in atherosclerosis118, substantiated by mast cell
localization in ruptured plaques119. Although most of the mast cells are in adventitia, it
is possible that they influence the inflammatory process occurring in intima120.
However, apart from the adventitia, mast cells have also been shown to localize in subendothelial region of intima120. This localization has been attributed to the fact that
endothelial cells produce SCF121. Mast cells have also been associated with new vessel
formation in atherosclerotic plaques122. The observation of reduction of atherosclerosis
in mast cell deficiency118,120 and plaque instability by activated mast cells123 establishes
the pathological role of mast cells in atherosclerosis in mice, at least to some extent.
However, it should be noted that the mediators in rodents and humans differ
substantially124.

16

Chapter 1 Introduction

Endothelial cells
Endothelial cells lie most interior of the vessel wall and thus are the first to take the
assault and to respond to pathogens and damage. They secrete cytokines which induce
migration of number of other cells in order to mop up the debris and/or act as guardian
for the host. In inflammation, the endothelial cell permeability alters and facilitates
trans-endothelial migration of leukocytes54. Although IL-1 receptor antagonist
expression by endothelial cells is low125, they form an important source of SCF, IL-3,
GM-CSF126. The chemokine expression profile of endothelial cells is wide and includes
MCP-1/CCL2 (monocyte chemoattractant protein-1) and I-309/CCL-1 and define,
(Mig)/CXCL9 (monokine induced by IFN-γ/chemokine (C-X-C motif) ligand 9)127.
Smooth muscle cells (SMC)
SMC are an important source of TNF-α, and IL-1α and β. They also secrete IL-6. In
terms of chemokines, they produce MCP-1/CCL2, and (Mig)/CXCL9 and also SDF1/CXCL12 which is the scavenger receptor that binds oxidized lipoproteins127.
1.3.5. Lesions in atherosclerosis-stable and unstable plaque
Disease progression and plaque stability are strongly correlated. In the early stages, the
plaques are stable and are generally asymptomatic. The usual composition of a stable
plaque is solid fibrous and fibro-cellular tissue with little or no extracellular lipid
deposition. Most coronary artery plaques remain stable and may cause stable angina
pectoris ultimately. On the other hand, unstable plaques are vulnerable to rupture and
typically form a necrotic lipid core composed of debris and extracellular lipids. This
necrotic core is captured within a fibrous cap that provides structural integrity to the
plaque. The lipid core does not contain any living cells and is surrounded by
macrophages filled with lipids. These lipid filled macrophages called foam cells result
from engulfment of oxLDL by macrophages causing further instability of atheroma11.
Foam cells die leading to further growth of atheroma which is complicated by binding
of lipids to ECM components such as collagen fibers and proteoglycans. As plaque
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builds up and grows, it leads to narrowing of the inside of the artery and may restrict
blood flow.
Plaque rupture is influenced by a number of factors apart from the mechanical forces
which mainly include composition and thickness of the fibrous cap. The actual rupture
site is the edge of plaque where high circumferential stress lies and the MMPs act on the
collagen fibers to render the plaque more unstable. Reports of expression of MMPs by
macrophages in the plaques leading to increased breakdown of ECM128-130 have made
the role of active degradation by MMPs more obvious alongside the passive plaque
disruption131. Reports suggest that overexpression of MMP-9 in atherosclerotic mice
leads to enhanced elastin breakdown and consequent induction of plaque rupture132.
The aftermath of plaque rupture usually includes thrombosis which may result in acute
occlusion leading to acute coronary syndromes such as unstable angina. At times, the
rupture may be in the form of a small tear which may induce entry to blood into the
plaque thus uprooting the plaque. Other times the rupture is big enough to cause a large
thrombus occluding the vessel lumen133. The large thrombi eventually get replaced by a
vascular repair response134,135 and may give a misleading picture at angiography
wherein permeation by several channels may give a partially open appearance to the
thrombus.
1.4

Vascular Calcification

Metaplasia is a common occurrence in atherosclerosis. The metaplastic tissues found in
atherosclerotic plaque such as bone, cartilage, marrow, and fat undergo a process of
remodeling136. Vascular calcification (VC) is an important complication of
atherosclerosis contributing to cardiovascular morbidity and mortality137, given the
increased risk of heart attack with calcified coronaries and the growing incidence of
calcified aortic stenosis138. It is increasingly being accepted that VC is far from a
passive degenerative process as thought for the last few decades. Rather, the most
recent concept is that VC is an active, organized, complex and highly regulated process.
In particular, calcification of atherosclerotic plaque recapitulates virtually the same
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biologic reactions inherent to normal physiologic bone formation139. This recapitulation
is evidenced by the presence of bone like structures in the atherosclerotic arteries and
valves, which in many cases is structurally complete trabecular bone140. This
resemblance is not just at the macroscopic level but even at microscopic level showing
features such as completely formed marrow cavities with hematopoietic and marrow
stromal cells141,142. Energy dispersive x-ray analysis has shown that the mineral in
vascular lesions is hydroxyapatite143 the same mineral as in bone, not just amorphous
calcium phosphate.
Although the sequence of events leading to normal bone formation is well known, the
sequence of events leading to VC is not completely understood. The expression of
growth factors, matrix proteins and other bone related proteins that are involved in both
the initiation and inhibition of mineralization supports the dogma of VC being a cell
controlled event144. In the early and mid-90’s,   it   was   postulated   that   VC   was a
consequence of active bone formation by osteoblast-like cells145,146. One of the
hypotheses abounding to the origin of these cells is that vascular SMC (VSMC) transdifferentiate to osteoblastic cells147,148. Calcifying vascular cells, a subpopulation of
VSMC, that form bone like calcifying nodules, have been found149,150. In fact, the
likelihood for the presence of a number of stem progenitor niches and/or lineages in
vasculature has been described 151,152.
Vascular biology, in the field of regenerative medicine, has witnessed a surge of
interest. Vasculature is virtually an omnipresent organ and has a notably high capacity
for repair throughout embryonic and adult life. The presence of a number of stem
progenitor niches and/or lineages in vasculature has been described. Therefore, despite
the fact that the understanding of these resident stem progenitor populations is currently
at an early stage, tantalizing prospects for their biological and pathological role are
being envisaged. Here, we describe a population of progenitor cells isolated from aortae
of ApoE-/- mice and control C57BL/6 mice. These cell populations were characterized
for surface signature. The differentiation potential of these cells was then investigated to
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understand whether these cells could play a role in aberrant tissue formation in the
atheromatous plaque.
1.4.1

Molecular basis for calcification

The mechanistic details of calcification are not fully understood; however, it is
envisaged that there is some etiological link between calcification and atherosclerosis.
This notion is supported by the fact that coronary artery calcification, not seen in the
normal physiological state, occurs almost exclusively in atherosclerosis153. This at least
partially refutes passive absorption of carboxyglutamic acid gamma-carboxyglutamatecontaining serum proteins154 and supports the idea that it is an active, well regulated and
controlled process. In fact, many have compared calcification to bone formation due to
it being an organized and regulated processing with close resemblance to bone
formation in many aspects.
Molecules such as osteopontin, osteonectin, osteocalcin and bone morphogenetic
protein-2 (BMP-2) have been in some way implicated in the process of calcification.
Fitzpatrick, who described the passive model of arterial calcification, demonstrated very
specific and intense osteopontin staining especially in the outer margins of diseased
sections155. It has been shown by northern blotting that mRNA expression of
osteopontin is associated with the severity of atherosclerosis. On the contrary,
osteonectin mRNA expression was inversely related with atherosclerosis. Macrophage
derived foam cells have been shown to be predominantly involved in the ectopic protein
expression156,157.
The possibility that osteopontin plays a role in the proliferation and migration phases of
blood vessel injury was demonstrated by the chronological increase in osteopontin
levels at both protein and RNA level following injury to adult rat aorta or carotid artery
starting with very low levels in uninjured vessels158. Also, osteopontin expression was
increased when vascular smooth muscles were treated in vitro with proteins associated
with vascular injury response such as bFGF, TGF-β and angiotensin II. BMP-2, which
is a potent osteogenic agent involved in osteoblastic differentiation, has been shown to
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be expressed in calcified atherosclerotic plaques146. Formation of calcified nodules by
calcifying vascular cells (CVCs) and the response to TGF-β,  similar to bone cultures150
provide further strong evidence that vascular calcification is similar to bone formation
rather than a passive deposition of calcium. Apart from CVCs, SMC have also been
shown to form mineralized nodules159.
1.5

Progenitor stem cells

1.5.1

Smooth muscle progenitor cells and smooth muscle cells in atherosclerosis

SMC play an important role in disease development in atherosclerosis. SMC
proliferation and matrix protein synthesis, including collagen, elastin and/or
proteoglycans, lead to plaque accretion36,160 making fibrous tissue a major component of
plaque161 and may contribute significantly to coronary artery stenosis162. The risk of
plaque rupture and a subsequent thrombotic event increases substantially with scarcity
of SMC in the fibrous cap163. Thus SMC can be considered to play a major role in
plaque stability. They also play a role in healing the ruptured plaque by secretion of
ECM160,164. However, this healing may result in increased plaque size causing further
stenosis164,165. SMC found in plaque may be sourced from locally available preexisting
SMC which migrate to the outer layer of plaque166. The SMC, present in media and
intima of vessel wall, more importantly cells from media167, may form the fibrous
component of the plaque while acquiring a synthetic and migrating phenotype through a
process called phenotypic modulation168. Due to their almost exclusive production of
the ECM and fibrous tissue in the plaque, recruitment of SMC to vasculature has been
an area of major research in recent decades169. The phenotypic differences between the
contractile and synthetic phenotype and ability of SMC to undergo such changes in
response to external cues were thought to imply phenotypic modulation170.
This hypothesis that SMC recruitment and phenotypic modulation is being challenged
with suggestions that differentiation of progenitors cells such as hematopoietic stem
cells (HSC) contributes to pathogenesis of atherosclerosis33. Also, another possibility
suggests that migration of progenitor cells from adventitia contributes to atherosclerotic
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plaque. Bone marrow-derived circulating progenitor cells have been also been recently
claimed to be the source of a sizeable proportion of SMC found in the atherosclerotic
lesion171.

According to some researchers, the phenotypical differences between

contractile SMC with an abundance of myofilaments and synthetic SMC with plenty of
rough ER and golgi complexes do not suggest phenotypic modulation but rather hint
towards different sources, such as a subpopulation in the arterial media with synthetic
phenotype172, stem cells in adventitia166,173 or circulating smooth muscle progenitor
cells174. A study showed that when bone marrow of mice were transplanted with donor
cells from transgenic mice expressing either eGFP (enhanced green fluorescent protein)
or   β-Gal (β-galactosidase), it was found that roughly 50% of SMC in atherosclerotic
lesions were  positive  for  eGFP  or  β-Gal33. HSCs were implied as a possible source. In a
human study, using sex mismatched BM transplantation it was shown that ~20% of
SMC in the plaque originated from the BM marrow transplant175. In the case of plaque
rupture, the local SMC have been reported to have short telomeres and other markers of
senescence176,177, thus suggesting that rupture healing SMC are not locally proliferating
SMC and may very well be derived from circulating progenitor cells.
This is also suggested by that fact that circulating cells can be induced to express SMC
proteins like α-SMA (α-smooth muscle actin) or SMMHC (smooth muscle myosin
heavy chain). Furthermore, a recent study showed that MSCs express α-SMA protein
and so also do stem cells derived from the arterial wall178,179. Additionally, recent
reports have revealed a relationship between coronary artery disease and the ability to
form colonies resembling SMC from blood180. The role of smooth muscle progenitor
cells (SMPC) in atherosclerosis is more complicated. The severity of luminal stenosis
has been related to SMPC, whereas a decrease in SMPC number may be involved in
causing a thinner neointima and unstable plaque.
Thus, over the years, research investigating the origin of SMC in atherosclerotic lesions
has swung from an underlying medial origin to circulating progenitor cells of bone
marrow origin. However, reports started to pour in recently with detailed studies
showing that the contribution of circulating bone marrow-derived cells to intimal tissue
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is less likely181-183. One report found that the HSC differentiation to SMC in the
atherosclerotic plaque is by no means routine, rather very rare. To investigate this
possibility, authors transplanted sex-mismatched BM cells from eGFP+ApoE-/- mice to
lethally irradiated ApoE-/- and did not find any BM-derived SMC amongst ~10,000
plaque SMC from a number of sites in the vasculature even in presence of confirmed
long term engraftment of eGFP+ HSCs36. Furthermore, fluorescence in situ
hybridization (FISH) analysis of Y chromosome confirmed this finding36. The authors
also confirmed that upon induction of plaque in ApoE-/- vessels grafted into
eGFP+ApoE-/- mice, the presence of circulatory derived SMC were not observed36.
These results strongly prompted researchers to conclude that SMC are recruited from
the local vessel wall and the contribution of circulating cells in the blood is minimal. In
another study, the authors investigated the origin of SMC at the healed plaque rupture
sites; four weeks after microsurgically-induced disruption of plaque and subsequent
thrombosis in old ApoE-/- mice BM transplanted with eGFP+ApoE-/- donor cells, and in
carotid bifurcations transplanted between eGFP+ApoE-/- mice and ApoE-/- mice, the
study showed that SMC healing the plaque ruptures originate from the local vascular
wall160.
1.5.2

Endothelial progenitor stem cells and circulating progenitor stem cells

The functional integrity of the endothelial layer to prevent atherogenic processes is
crucial. The known risk factors of coronary artery disease have been shown to induce
apoptosis in endothelial cells, leading to disruption of monolayer integrity184,185. In
atherosclerosis, activation of the damaged endothelial cells triggers the development of
the lesions186. Increasingly, it is being understood that endothelial progenitor cells
(EPC) have a strong role in vascular repair by contributing to regeneration of the injured
endothelial layer. A negative correlation between severity of atherosclerosis and
number of EPC in patients has been established and an increased number of EPC in the
patients has been reported to decrease risk for the stroke.
On account of their ability to proliferate and differentiate in vitro to endothelial cells,
EPC are promising targets for transplantation for treatment of ischemia. Promotion of
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neovascularization and thereby enhancement of perfusion has been achieved by EPC in
hind limb ischemia models in mice and rabbits, leading to functional recovery187,188
with expression of endothelial markers and functional characteristics of endothelial
cells189. Following isolation from peripheral blood mononuclear cells and ex vivo
expansion, EPC have been shown to be involved in myocardial neovascularization190
while the cells isolated from peripheral blood or bone marrow when infused in coronary
artery significantly benefit remodeling following myocardial infarction191,192.
EPC have been described to express CD34, CD133 or VEGFR2 (vascular endothelial
growth factor receptor 2). Of the multiple precursors, hemangioblasts, bone marrowderived monocytic cells or tissue resident stem cells are the prominent ones186. When
isolated from peripheral blood, two populations can be isolated namely early outgrowth
EPCs and late out growth EPC. The early outgrowth EPC, despite exhibiting certain EC
characteristics such as eNOS expression, show low proliferation potential and do not
form functional vessels in vivo. The late out growth EPC, on the other hand, have high
proliferative capacity and form vessels in vivo193. Cell surface studies show that these
cells are CD34 positive and CD45 negative precursors194. Further analysis of these two
fraction showed that early EPC come from CD14 positive cells while the late fraction
develops almost exclusively from CD14 negative cells195.
Recent studies in mice demonstrated that circulating EPC are directly incorporated in
the vessel wall and are involved in re-endothelialization186. A study has shown that the
newly regenerated ECs in a model of transplant atherosclerosis were derived from
circulating blood from the recipient and not from donor vessels196. Also, it was
observed that circulating endothelial progenitors completely replace the endothelial
monolayer in a vein graft within 3 days of surgery34. This ability to repair vessel wall
remains even when vascular injury continues and EPCs help arrest the disease
progression197. Disease development can be prevented by treatment with bone marrowderived progenitor cells from young non-atherosclerotic ApoE-/- mice in aged ApoE-/mice198. In a carotid artery model with endothelial cell injury, spleen homogenatederived EPCs not only reduced formation of neointima but also augmented restoration
24

Chapter 1 Introduction

of endothelial layers199. In another model of balloon injury, a beneficial effect of
circulating EPCs was observed with enhanced endothelial repair coupled with reduced
activation of medial SMC and neointima formation200. A number of studies have
established a direct link between number of EPCs and endothelial repair and reduction
in neointima formation197,201.
However, the new vessel formation supported by these progenitor cells may prove to be
detrimental as shown by a study using a hind limb ischemia model in ApoE-/- mice
which demonstrated increased plaque size along with improved blood supply to the
ischemic areas202. Another study observed that EPC treatment led to increased
instability of the plaque which can be attributed to their pro-inflammatory effects
especially because of the finding of reduced local IL-10 levels. Thus, it seems that EPCs
can have opposite effects; impaired mobilization of EPCs may hamper reendothelialization while excessive mobilization may cause stenosis203. However, while
evaluating the effects of EPCs, their heterogenicity must be considered as different
isolation protocols have been shown to affect the functionality of the cells204. The role
of microvessels in the vessel wall in atherogenesis has been emphasized205-207; however
it has also been demonstrated that endothelial cells in these microvessels are derived
from progenitor cells196. Thus, considering their role in endothelial repair and plaque
angiogenesis, it is clear that EPCs play both beneficial and detrimental roles, at least in
transplant atherosclerosis.
1.5.3

Hematopoietic stem cells

HSCs reside in the arterial tissue and are believed to be involved in maintaining the
vascular system on account of their capacity for self-renewal and differentiation in
multiple lineages208. Recruitment of circulating blood leukocytes in the vessel wall has
been implicated in the development of atherosclerotic plaque1,209. The role of HSCs in
atherosclerosis was investigated recently by inactivating p27 which resulted in
enhanced HSC proliferation in arterial macrophages and inflammatory response and
accelerated atherosclerosis210.
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1.5.4

Mesenchymal stem cells

MSCs are multipotent stem cells which have capability to differentiate to cell types and
to regenerate damaged tissues and organs211. Along with the progenitor cells in vessel
wall, bone marrow-derived progenitors play a critical role in the development of
cardiovascular diseases212,213.
MSCs from bone marrow and resident in the vessel wall, have been demonstrated to
differentiate into ECs and SMC, respectively214,215. In different models of
atherosclerosis such as injury-induced, vein graft or transplant atherosclerosis, these
cells may be involved either directly or at least indirectly in development of lesions213.
Circulating MSC can swim through the blood stream and reach the site of injury in the
vessel wall216. It is now believed that previously described CVCs in the arterial wall are
a type of MSC, one generation below in mesenchymal hierarchy as suggested by their
self-renewal and pluripotent plasticity with lack of adipogenic lineage217. Regarding the
differentiation of MSC to smooth muscle cells, the controversy still remains; although,
through studies investigating the pathogenesis of transplant arteriosclerosis, the role of
MSC or EPC in repair of EC is quite clear along with the apparent role of vascular stem
cells in replenishing dead cells211.
In a recent study with balloon injury in hyperlipidemic rats, bone marrow-derived MSC
(BM-MSC) were found to clearly increase the size of atherosclerotic lesion218. In this
study, transferring BM-MSC resulted in vascular calcification in medial layers detected
at 6 weeks after balloon angioplasty218. Although the exact mechanism of calcification
following BM-MSC transfer is not clear, there was a possible association with
upregulation of BMP-2148,218. Also, evidence suggests that the regulation of this
calcification involves locally expressed bone calcification regulatory factors147,219,220.
Another study has demonstrated that transfer of bone marrow and EPC not only
stimulate disease progression in atherosclerosis but also impacted stability of the
plaque221. Studies have provided enough evidence to suggest a link between MSC
transfer and pathogenesis of atherosclerosis33,174.
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1.5.5

Vascular stem cells

There is evidence that stem or progenitor cells reside in different organs and
differentiate to repair the injury. However, it might be that these resident
stem/progenitor cells are not only contributing to the repair but play an important role to
the pathogenesis of diseases.
1.6

Pericytes

Pericytes were first time described by Ebreth and Rouget more than a century ago. They
were initially called Rouget cells. Later by their anatomical localization, abluminal to
endothelial cells and luminal to parenchymal cells, they were renamed by Zimnerman in
1923 as peri- around and cyte- cells (vessel)222. Pericytes are elongated cells, around
70µm223-225 long, embedded within the basement membrane adjacent to the EC
junctions226. Being closely associated with endothelium, they play a crucial function in
maintaining vessel wall integrity and contributing to the generation of the venular
basement membrane227-230.
1.6.1

Distribution and function

The cells have been identified in the inner intimal layer and also the outer layer of the
media in vasa vasora in adventitia of large, medium or small arteries and veins. Pericyte
coverage is highest in the central nervous system. It has been suggested that pericytes
also contribute to the blood-brain barrier (BBB)227,231,232 which is considered to be
comprised of EC, pericytes, basal lamina along with neurons, astrocytes and other glial
cells forming the neurovascular unit232.
Pericytes are also observed in retina in high numbers. Although not replicating in the
adult retina, they play important functions as suggested by increased vascular
permeability and retinal edema following their degeneration in disease states like
diabetes233,234. It has been postulated that loss of pericytes in the vascular wall of the
capillary vessels is an early feature of diabetic retinopathy235. The consequences of
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pericyte loss include micro-aneurysms or at times EC degeneration and formation of
acellular capillaries resulting eventually in foci of non-perfusion236,237.
Pericytes are also found in kidney where they are called mesangial cells238, and in BM,
where they are termed as reticular or adventitial cells239. The physiological and
pathological role of these cells in kidney function is poorly understood240. They are
involved in angiogenesis and vessel integrity, thus they might, in the case of kidney
injury, infiltrate to the injury site and participate actively in scar formation by
myofibroblast generation240. They are also thought to be a source of the myofibroblasts
in the fibrotic kidney.
Hepatic satellite cells are similar to pericytes238. They regulate EC fate and contribute to
remodeling of ECM components241. They are also important in the inflammatory
response during fibrotic diseases242,243.
It has been suggested that the cells are relatively undifferentiated with the slender
projections that wrap around the capillaries. It has also been suggested that they are
MSC associated with the blood vessel walls where they serve as a support to these
vessels. These cells can differentiate not only into fibroblasts, SMC but also into
different lineages, especially to osteoblasts178,244-247, chondrocytes178,239,245,248 or
adipocytes178,248 under appropriate cell culture conditions. Pericytes can also act as
macrophage precursors and express macrophage markers such as CD4 class I and class
II MHC molecules and perform macrophage-like activities238,247.
The heterogeneity of pericytes is reflected in their function239,249. Their morphology,
distribution, frequency and physiology248 depend on the type of vessel, stage of
development, species and also pathological conditions224. In large arteries, pericytes are
embedded within the endothelial basement membrane. They facilitate and integrate cell
communication227. Usually, pericytes overlap several endothelial cells and regulate
certain functions by secretion of factors227,250,251. Pericytes extend long processes
exhibiting contractile microfilament bundles which wrap around the blood vessel222.
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They can also form more confined finger like projections and retract them when
migrating222.
Pericyte coverage varies considerably in different organs, implying their varied
functions in different tissues225. For example, a study from the Proebstl and Nourshagh
group investigated the role of pericytes in neutrophil crawling and leukocyte trafficking
during inflammation in pathological conditions225. These authors investigated the
mechanism and dynamics of neutrophil migration through a pericyte sheet and found
that pericytes support neutrophil migration actively through the venular wall225. The
cells were also found to express receptors for inflammatory cytokines like TNF-α  and  
IL-1β225. These results are consistent with a role of pericytes in inflammation.
Since they are contractile and respond to environmental changes, pericytes are
suggested to play a role in controlling blood flow and pathological conditions. It has
been reported that the number of pericytes is increased in hypertensive conditions252. It
has also been shown that pericytes can inhibit EC proliferation by producing TGF-β  in  
retina238. PDGF-β   secreted   by   EC   plays   a   role   in   recruiting   pericytes   whereas   the
receptor for PDGF-β  expressed  by  pericytes  plays  a  crucial  role  in  maturation  of  blood  
vessels238,253. There is a significant interaction between the cells where EC stimulate
pericyte growth by secretion of endothelin-1238.
1.6.2

Origin

Similar to VSMC, pericytes are thought to have multiple origins. In the axial and lateral
plate mesenchyme, the vessel wall cells around the developing trunk vessels have been
attributed to a mesodermal origin254. In the central nervous system, they might also be
derived from neurocrest238,255, at least partly256 or mesodermal precursors called
angioblasts257. On the other hand, coronary vessel wall cells have been thought to
develop from epicardial cells which have a splanchnic mesodermal origin258,259.
Nevertheless, in general, pericytes are considered to be of mesenchymal origin. They
are thought to be associated with MSC227,260,261 since they can differentiate into different
cell types. A recent study investigating adult angiogenesis confirmed the bone marrow
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origin of mural cells262. Also, though pericytes share the common endothelial and
smooth muscle markers, they are different from these cells.
Though not a major pathway of pericyte formation in normal physiological
development, there has been some evidence of trans-differentiation from endothelial
cells227,262,263, where TGF-β3 can initiate the differentiation. It has been reported that
quail embryonic EC in the dorsal aorta of the embryo are able to trans-differentiate into
sub-endothelial mesenchymal cells expressing smooth muscle actins in vivo263.
1.6.3

Characterisation

Pericytes are distinguished from other cell types by their marker expression. They
express different markers during the different stages of their growth and also depending
on their origin. Pericytes are clearly distinguished from other stromal cells such as SMC
and EC; however, they share many similarities with other cells like myofibroblasts264.
There are several markers which are used to characterize pericytes like α-SMA265,266,
NG2178,265,267 (nerve/glial antigen 2), PDGFR-β178,268, aminopeptidase A269 and
RGS5270(regulator of G-protein signaling 5). It is believed that none of the markers
absolutely characterize the pericytes on account of their different origins and stage of
development. Some of the markers might be expressed dynamically and vary between
different organs. 3G5, considered to be a pericyte-specific marker is found on the
surface of the pericytes271,272. 3G5 is expressed in pericytes of human and bovine
aorta146,271. A study has shown that pericyte-like cells from aortic medial cell nodules
stain positive for alpha actin, beta actin and the epitope of mAb 3G5 with characteristic
patterns on immunofluorescence staining such as filamentous, granular or peripheral
patterns, respectively146. These characteristics, although different from those of
endothelial and smooth muscle cells from human or bovine aorta and human fibroblasts,
match with those of microvascular pericytes.
1.7 Animal models for atherosclerosis
1.7.1

Mice models
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ApoE-/- mice
ApoE is a major component within lipoprotein metabolic pathways that plays role in
preventing development of atherosclerotic lesions273. The ApoE polypeptide is
important in hepatic clearance of circulating cholesterol274. It is a constituent of VLDL
synthesized by the liver, and of a subclass of high density lipoproteins (HDLs) involved
in cholesterol transport among cells275. ApoE is normally expressed predominantly by
hepatocytes and macrophage cells of hematopoietic lineage, and transplantation of
normal bone marrow cells into ApoE-/- mice results in increased lipoprotein clearance,
reversal

of

hypercholesterolemia,

and

protection

against

development

of

atherosclerosis273.
When ApoE is dysfunctional or absent, severe hyperlipidemia occurs in humans and in
animal models274. The presence of osteoblasts and chondrocyte-like cells within
calcified atherosclerotic plaques, indicating the formation of structures resembling bone
and cartilage, has been reported in humans276,277 and ApoE-/- mice278. The generation of
ApoE-/- mice279 has helped in the study of hyperlipidemia and mechanisms involved in
atherosclerotic plaque formation, and in developing therapies for atherosclerosis in
humans280. In ApoE-/- mice, atherosclerosis develops and progresses spontaneously,
with lesions covering over 20% of the proximal aortic wall at 4 months and 50% at 13
months275. The transfer of plasma cholesterol in these mice mostly takes place by
VLDL as against LDL in humans. Despite the dissimilarities of plasma lipids between
ApoE-/- mice and humans, the atherosclerotic lesions in these mice are closest to humans
than any other available model. The stages of plaque development such as early influx
of inflammatory cytokines, formation of necrotic cores and accumulation of SMC and
fibrous tissue are the same in ApoE-/- mice and humans. However, there are differences
to be noted. Since, mice have very thin intima consisting of only endothelium and few
dendritic cells281,282, SMC in the plaque are invariably recruited from the media.
Humans, on the other hand, can recruit SMC locally as human intima is known to
harbor SMC and connective tissue283. Another difference is in terms of complications.
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Plaque ruptures and subsequent thrombosis seen in human atherosclerosis are very rare
in mice models.
There are other less studied mice models involving ApoE. Humans express ApoE in
three isoforms namely ApoE-2, -3 and -4, of which ApoE-3 is most common.
Transgenic mice have been created with the ApoE-2 isoform. Both ApoE-2 and -3
leiden transgenic mice develop a beta migrating form of VLDL even in presence of
normal ApoE284,285. When fed with diets rich in saturated fat, cholesterol and cholate,
these transgenic mice form atherosclerotic lesions at the aortic root which progress from
lesions with abundant foam cells to lesions with fibrous caps286,287.
ApoB transgenic mice
Transgenic mice expressing human ApoB have lipid levels similar to normal healthy
humans288. However, it is a diet responsive model; Paigen or western-type diet trigger
development of atherosclerosis in these mice289,290 with lesions consisting mainly of
macrophage foam cells291. Female mice show a greater extent of atherosclerosis
compared to males292.
LDLR -/- mice
LDLR-/- mice, created in early 1990s293, develop large lesions on Paigen diet294 or even
on western-type diet295. The lipoprotein abnormalities are less prominent in these mice
compared to ApoE-/- mice. The lesions are characterized by a predominance of
macrophage foam cells296; however, after long term feeding with high fat diet, necrotic
cores and calcification can be observed in the lesions295.
Mice models with more complex genetic abnormalities
Severe atherosclerotic disease has been observed in a recently developed model with
double knockout of ApoE and LDL receptor294,297 without feeding atherogenic diet298.
Another double knockout model was created by knocking out eNOS (endothelial nitric
oxide synthase) in ApoE-/- mice which resulted not only in increased atherosclerosis but
also various vascular complications not observed in ApoE-/- mice such as heart failure
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and ischemia299. Combined ApoB100 transgenic mice and LDLR-/- mice have
pronounced endogenous hypercholesterolemia and widespread atherosclerosis even
when fed with normal diet300. Interestingly, when ApoE-/- mice were made homozygous
for ApoB100, the resulting model has a lesser degree of hypercholesterolemia301. Also,
ApoE-/- mice that overexpress ApoA-1 have significantly reduced lesions, probably
related to higher HDL levels observed in these mice302,303.
1.7.2

Rabbit models

Rabbit has been used extensively as a model to study atherosclerosis, especially due to
its high sensitivity to develop hypercholesterolemia within days of feeding with high
cholesterol diet304. The similarity of the lesions in rabbits to the fatty streaks in humans
is high and the model is therefore suitable for testing effectiveness of drugs305.
Development of advanced lesions similar to the human scenario was observed in rabbits
fed with intermittent high fat and normal diet306. The illustration of pathogenic
mechanisms involved in initiation and progression of the disease are being aided by
recent developments in transgenic rabbit models.
In NZW rabbits, transgenes for human apoA, apoA-I, apoB, apoE2, apoE3 and lecithin
cholesterol acyltransferase (LCAT), as well as for rabbit apolipoprotein B mRNAediting enzyme catalytic poly-peptide 1 (APOBEC-1), have been developed. However,
only the transgenes for human apoA-I and LCAT have been expressed on a WHHL
(Watanabe Heritable Hyperlipidemic) background307.
1.7.4

Guinea pig and hamster models

Atherosclerosis in guinea pigs is affected by gender and hormonal status308. One major
advantage of guinea pigs as a model is that they use LDL for transporting circulating
cholesterol as in humans309. Syrian hamsters are becoming popular in recent years due
to ease of handling and a striking similarity to humans in regards to response to diet
changes310. They develop plaques with a complexity level similar to humans when fed
on a fatty diet311.
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1.8

Thesis Objectives

Atherosclerosis is a leading cause of morbidity and mortality. Despite the identification
of a number of risk factors, all the current theories explaining pathogenesis of
atherosclerosis are far from complete. Recent focus on circulating and resident
progenitor cells in the vasculature and their role in pathogenesis has been the driving
force behind this thesis. The most widely accepted response to injury theory and smooth
muscle transdifferentiation to explain the vascular calcification observed in
atherosclerosis is being challenged. Recent evidence supports differentiation of
progenitor cells and this thesis investigates this alternative. The thesis attempts to
investigate the contribution of isolated resident and circulating progenitor cells from
diseased and background mice models to vascular calcification by differentiation
studies and the effect of atherosclerotic environment on the process. Thus, the thesis can
be divided into following phases:
1) Isolation and surface characterisation of VSCs from aortae and MSCs from
bone marrow of ApoE-/- and background C57BL/6 mice
In the first phase of the thesis, various protocols for isolation and culture of VSCs
and MSCs from both ApoE-/- and C57BL/6 mice were tested and optimised for
establishment of long term cultures. Following isolation and in vitro culture, the
surface characteristics of these cells were studied for presence of hematopoietic,
endothelial, MSC and pericyte-associated markers.
2) In vitro differentiation potential of VSCs and MSCs from ApoE-/- and
C57BL/6 mice
Following surface signature evaluation, it was important to examine the
multipotency of all the isolated cell types. This phase of the study investigated the
differentiation potential of VSCs and MSCs from ApoE-/- and C57BL/6 mice to
osteogenic, chondrogenic, adipogenic and myogenic lineages under appropriate
inductive culture conditions in vitro.
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3) Effect of pro-inflammatory cytokines found in the atherosclerotic
environment on in vitro differentiation of VSCs from ApoE-/- and C57BL/6
mice at molecular level
The atherosclerotic plaque is known to harbour a number of pro-inflammatory
cytokines. This phase of the work was based on the hypothesis that individual
cytokines found in the atherosclerotic plaques can alter the differentiation of VSCs
from ApoE-/- and C57BL/6 mice. Here, chondrogenic differentiation was
supplemented with pro-inflammatory cytokines such as IL-6, IL-1β   or   TNF-α   and
the effect was investigated at a molecular level by quantitative PCR for lineage
specific markers such as Sox9 (transcription factor)312 and associated factors such as
fibromodulin

(early

chondrogenesis)313,

Collagen

Type

II

(definitive

chondrogenesis)312, Runx2 (runt-related transcription factor 2) (prehypertrophy in
endochondral ossification)314 and Alp (alkaline phosphatase) (hypertrophy)315.
4) Investigation of in vivo differentiation of VSCs and MSCs from ApoE-/- and
C57BL/6 mice when implanted in either ApoE-/- or C57BL/6 mice
Following the investigation of the effect of individual factors, it was important to
study the overall effect of the atherosclerotic environment in vivo and compare it
with the intrinsic capacity of the isolated cells to differentiate to osteogenic and
chondrogenic lineages. In this phase, cells seeded into collagen-chondroitin sulphate
scaffolds were chondrogenically primed in vitro and implanted subcutaneously in
atherosclerotic or control mice. Thus, the intrinsic capacity of isolated cells from
atherosclerotic mice to form bone and the effect of the atherosclerotic environment
on the intrinsic capacity was investigated. The effect of priming was also
investigated.
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All materials were supplied by Sigma-Aldrich unless otherwise stated. All the animal
work was approved by the Animal Research and Ethics Committee of the National
University of Ireland Galway, and was conducted under a license granted by the
Department of Health and Children, Dublin, Ireland.
2.1

Mesenchymal stem cell isolation and expansion

2.1.1

Isolation of MSCs from bone marrow of ApoE-/- mice

Mouse MSCs (mMSCs) were isolated by the method described by da Silva Meirelles
and Nardi with modifications1. Briefly, (BM) was obtained from femur and tibia of 8 to
12 week old ApoE-/- mice; animals were euthanized by inhalation of CO2 or cervical
dislocation and the dissected bones were cleaned of muscle and placed in a sterile 50ml
tube containing phosphate buffered saline (PBS) and 1% (100U/ml penicillin and
100µg/ml streptomycin (P/S)). Samples were transferred to a petridish containing fresh
PBS with antibiotics and the ends were removed using a scissors. Marrow plugs were
obtained using PBS containing 1% P/S, which was injected into the bone cavities using
a 27G needle. The plugs were transferred to Dulbecco’s   modified Eagle’s   medium
(DMEM)

supplemented

with

0.01M

HEPES

(4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), 1% P/S and 10% foetal bovine serum (FBS) and
dispersed by repeated pipetting.
The BM mononuclear cell (BMMNC) suspension was centrifuged at 400 x g for 10min
at room temperature (RT). The supernatant was removed and the cells resuspended in
10ml culture medium and centrifuged once again at 400 x g for 10min at RT. Following
this washing step, supernatant was discarded and viable cells were counted with trypan
blue in a hemocytometer. Cells were then resuspended and plated at a density of 2 x 10 6
BMMNC/cm2 and cultured in a humidified 5% CO2 incubator at 37°C for 72h. The
medium was then changed to remove non-adherent cells. Cells were fed every 3-4 days.
Cells grew as colonies and once established (generally between 22 to 25 days) were
passaged to avoid overgrowth. Cultures were washed once with Ca++ Mg++-free  Hank’s  
balanced salt solution (HBSS).
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A 0.25% trypsin solution with 0.01% ethylenediaminetetraacetic acid (EDTA)
(trypsin/EDTA) was added and cells detached by incubation for 10min at 37°C
followed by gentle tapping. Trypsin was neutralized by cell culture medium and cells
were centrifuged at 400 x g for 5min at RT. The supernatant was removed and viable
cells were counted with trypan blue in a hemocytometer. Cells were resuspended and
replated at 5 x 103 cells/cm2. Subsequent passages were plated at 2.8 x 103 cells/cm2 and
passaged when cultures reached about 70-80% confluence. Culture medium was
changed every 3–4 days.
2.1.2

Isolation of MSCs from bone marrow of C57BL/6 and C57BL/6-GFP+ mice

The protocol for isolation of mMSCs from ApoE-/- mouse marrow as described in
Section 2.1.1 was unsuccessful for C57BL/6 mice. However, successful cultures were
ultimately established using modifications of the procedure described by Sudres et al.2.
Briefly, BM was obtained from femur and tibia of 8 to 12 week old C57BL/6 or
C57BL/6-GFP+ mice; animals were euthanized and marrow plugs obtained as described
in section 2.1.1 above. The plugs were transferred to alpha minimum essential medium
(α-MEM; Gibco), 1% P/S and 10% FBS and dispersed by repeated pipetting. BMMNC
were then filtered through a 70mm mesh and washed twice by centrifugation at 400 x g
for 6min in α-MEM supplemented with 1% P/S prior to resuspension in complete
medium   (α-MEM with 10% FBS and 1% P/S). Following this washing step, the
supernatant was discarded and viable cells counted.
Cells were plated at 5 x 106 cells/cm2 and incubated in a humidified atmosphere at 33°C
and 5% CO2. After 48h, non-adherent cells were removed by washing with PBS and
fresh medium was added. The temperature of the incubation was raised by one degree
every 3-4 days until it reached 37ºC. Medium was changed weekly until cultures were
near confluence. At this stage, cells were washed with PBS and detached using
trypsin/ EDTA for 2-3min at 37°C. Cells were expanded by plating at 4 x 103 cells/cm2
and passaged at 70-80% confluence in subsequent passages at 2.8 x 103 cells/cm2.
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Also, C57BL/6 mMSCs isolated in Dr. Karen English’s   laboratory   at   the   Institute of
Immunology, Maynooth University as described previously

3

were received as a gift.

These cells were expanded in the same manner as described above.
2.1.3 Cumulative population doubling
Growth characteristics of all the isolated cell populations were assessed by plotting
growth curves. Cumulative population doublings over time were calculated. Following
every passage, population doublings were determined based on the number of cells
plated and harvested versus the duration of culture time in days. Cumulative population
doublings were calculated with respect to the cell numbers at passage 1. To maintain the
same conditions across different cell preparations, medium changes were done at a set
interval of 3 to 4 days and cells were harvested at 80% of confluence.
2.2

Vascular stem cells (VSCs) isolation and expansion

2.2.1

Isolation of VSCs from the aortas of ApoE-/- mice.

Isolation of VSC from ApoE-/- was adopted from the protocol described by da Silva
Meirelles and Nardi4. Briefly, the ascending aorta was dissected, cleaned and placed in
DMEM/HEPES without FBS but containing Antibiotic/Antimycotic (100U/mL
penicillin, 100µg/ml streptomycin and 0.25µg/ml amphotericin B), transferred to a Petri
dish and cut into small pieces. The dissected pieces (around 0.2-0.8cm3) were washed
with DMEM/HEPES, cut into smaller fragments, and subsequently digested with 10ml
of collagenase type I (0.5mg/ml in DMEM/HEPES) for 30min-1h at 37°C. The aorta
was digested for around 30min and subjected to vigorous agitation, yielding a first cell
fraction. The remnant of the vessel was then washed in 20ml DMEM/HEPES, and
transferred to a new tube for a second collagenase digestion yielding a second cell
fraction. Both the cell fractions were used to establish separate primary cultures. For
early cultures (passage 0 to 2), (RPMI) supplemented with 10% FBS, 10% Horse Serum
(HS), 1% L-glutamine and 1% P/S was used. Whereas for long term culture, DMEM
supplemented with 0.01M HEPES (DMEM/HEPES), 10% FBS and 1% P/S was used.
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2.2.2

Isolation of VSCs from the aortas of C57BL/6 mice.

The method described above (section 2.2.1) was initially followed to isolate VSCs from
the aortas of C57BL/6 mice. Although, isolation was ultimately successful, it was
difficult to obtain VSCs using this protocol. Hence, another method adopted from that
described by Dellavalle et al. was used 5. Aortas were dissected and cleaned and then
rinsed in PBS with Ca++Mg++ and then cut into 1–2mm diameter pieces with a scalpel.
Fragments of aortas were transferred to a Petri dish coated with type I collagen (1mg/ml
in 0.1M acetic acid). The fragments were cultured for 7–8 days. After the initial
outgrowth of fibroblast-like cells, small round cells were observed. These cells were
poorly adherent and many of the cells were seen to float. Thus, this cell population was
easily collected by gently tapping the petridish and pipetting out of the original culture.
These cells were then plated at a density of 5 x 104 cells per well in a collagen-coated 6well plate. Culture medium - DMEM supplemented with 5% FBS, 5ng/ml basic
fibroblast growth factor (FGF2), 2mM glutamine, 0.1mM  β-mercaptoethanol, 1% nonessential amino acids, 1% P/S was used for the first three passages; for subsequent
passages,   α-MEM supplemented with 10% FBS, 1% P/S was used. Cells were
transferred to uncoated cell culture flasks at passage 4.
2.2.3. Cumulative population doubling
Growth curves were carried out to investigate growth characteristics and calculate
cumulative population doublings of isolated VSC preparations in a similar fashion as
described in section 2.1.3.
2.3

Isolation of 3G5 antibody

A hybridoma cell line was purchased from the American Type Culture collection
(ATCC, CRL-1814). Cells produce IgM antibody specific to the acetylated ganglioside
3G5, a pericyte surface antigen6. Hybridoma cells were grown in DMEM supplemented
with 10% FBS and grown in an incubator for 2 weeks to get optimum proliferation of
the cells. The deprivation of FBS from the medium was achieved by reducing content of
FBS by 1% every 5-7 days until 0.5% FBS in the culture was obtained. The final culture
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was left for 5 days in incubator until medium became acidic and cells died. Culture was
then poured into sterile 50ml tubes. Supernatant was harvested by centrifuging for
20min at 1,500 x g at RT. Supernatant was collected to fresh tubes and stored at -80 and
-20ºC. The presence of IgM antibody in the supernatant was confirmed by mouse IgM
specific IsoQuick strips and western blotting.
2.4

Immunocytochemical detection of the 3G5 antigen

Optimisation of conditions to detect 3G5 was performed using differentiated RIN5F
cells previously shown to express the antigen7. VSCs and MSCs were plated at
3 x 103 cells per chamber in a 4-well chamber slide and cultured for 3 days. Live cells
were blocked with 10% normal goat serum (NGS) and 1% BSA in PBS for 1h. Cells
were then incubated overnight with non-diluted primary 3G5 antibody at 4°C.
Following the incubation, cells were washed twice with 1% BSA for 3-5min. Then,
cells were incubated with FITC conjugated goat anti mouse secondary antibody for 1h
at 4°C at a 1:400 dilution. Again, washings were done twice with 1% BSA for 3-5min.
Cells were then fixed with 4% parafomaldehyde (PFA) for 15min and washed twice
with PBS for 3-5min. Hoechst solution was prepared by diluting 50µl of 10mg/mL
(16.2mM) Hoechst aqueous solution in 950µl of PBS. Cells were incubated with this
diluted Hoechst solution for 30s to 1min. Two washings with PBS for 5min were
performed and the slides were mounted using Vectashield mounting medium H-1000
(Vector Laboratories).
2.5

Cell surface characterization by flow cytometry

For cell surface marker analysis, all isolated cells at passage 6 and 80% confluence
were trypsinised and resuspended in fluorescence-activated cell sorting (FACS) buffer.
Cells were centrifuged at 400 x g for 4min, supernatant was aspirated off and cells were
washed twice in FACS buffer. Cells were then resuspended in FACS buffer containing
5% NGS for 30min on ice spun down and plated at 200,000 per well in 50ul FACS
buffer. Afterwards, the cells were incubated with the respective primary antibodies to
CD3, CD9, CD19, CD31, CD34, CD44, CD45, CD90.2, CD105, CD117, CD146,
Sca-1, NK.1 and Gr-1 at concentrations of 1µl in 50µl of FACS buffer for 30min on ice
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(Table 2.1). Medium was carefully aspirated off and when required, a secondary
antibody (1:250) (Abcam) was added for 30min on ice (Table 2.1). Controls included
cells alone (no antibody), cells incubated with secondary alone and cells incubated with
an isotype control at the same concentration as primary antibodies. The cells were
washed and resuspended in FACS buffer and analyzed on the FACSCanto (Becton
Dickinson). Histograms of the cell number versus fluorescence intensity were recorded
with 5 x 104 cells per sample and analyzed using FlowJo (Tree Star Inc.) software.
Expression of each marker was presented as percentage of total population calculated
from number of cell expressing the marker verses control unstained cells.
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Table 2.1: Cell surface markers antibodies
Antibody

Isotype

Label

Supplier

primary antibodies
Hematopoietic associated antigens
Gr-1

IgG2b

PE

BD (553128)

CD3

IgG1,ĸ

Bio

BD (553060)

CD9

IgG2a,ĸ

Bio

BD (558749)

CD19

IgG2a,ĸ

Bio

BD (553784)

CD34

IgG2a,ĸ

Bio

BD (551387)

CD45

IgG2b,ĸ

PE

BD (553081)

NK-1.1

IgG2a,ĸ

Bio

BD (553163)

Endothelial associated antigens
CD31

IgG2a,ĸ

PE

BD (553373)

MSC associated antigens
Sca-1

IgG2a,ĸ

PE

BD (561076)

CD44

IgG2b,ĸ

PE

BD (561860)

CD90.2

IgG2a,ĸ

PE

BD (553014)

CD105

IgG2a,ĸ

PE

eBioscience
(12-1051)

CD117

IgG2b,ĸ

PE

BD (553869)

Pericyte associated antigens
3G5

IgM,ĸ

Supernatant

hybridoma

Tie-2

IgG1,ĸ

PE

eBioscence
(124007)

CD146

IgG2a,ĸ

PE

BioLegend
(134703)
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Table 2.1: Cell surface markers antibodies (contd.)
secondary antibodies/reagents
SA

-

PE

BD (554160)

Anti-IgM,µ

-

FITC

Sigma (F9259)

isotype controls
Rat  IgG2a,ĸ

-

PE

BD (553930)

Rat  IgG2b,ĸ

-

PE

BD (553989)

Rat  IgG1,ĸ

-

PE

BD (554685)

Mouse  IgG2a,ĸ

-

Bio

BD (553457)

Hamster  IgG1,ĸ

-

Bio

BD (553970)

Mouse IgM

-

Purified IgM

Sigma
(M5909)
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2.5.1

Fluorescence activated cell sorting of the 3G5-expressing cell subpopulation
from ApoE-/- VSCs

ApoE-/- VSC were sorted using the FACSAariaII (BD). Passage 8 cultures were
trypsinized at 80% confluency and resuspended in PBS with 10% FBS and 5% NGS for
30min on ice. The 3G5 hybridoma supernatant was added with 10% FBS for incubation
overnight. The cells were washed and the secondary antibody (goat FITC Anti- mouse
IgM) at 1:100 dilution in 10% FBS added for 45min. The cells were washed twice in
FACS buffer, resuspended in the required volume of FACS buffer and filtered via a
70μm  cell  strainer. The dead cells were excluded by 7-amino-actinomycin D (7-AAD)
(22µl of viability dye per 1ml per 1 x 106 cells). The 3G5+ and 3G5- cell fractions were
gated or analyzed based on fluorescence minus one (FMO) and isotype controls for 3G5
expression (Table 2.1). The single cell gate was set to remove any doublets and the
scatter gate to ensure the any debris or dead cells were excluded. Sorted cells were reanalysed to ensure high purity. Immunohistochemistry for 3G5 antigen was performed
to ensure that all cells were 3G5 positive prior to further analysis.
2.6

Differentiation assays

2.6.1

Chondrogenesis

To induce chondrogenic differentiation, harvested MSCs and VSCs were washed with
PBS once by centrifugation, resuspended in chondrogenic medium, and finally
centrifuged for 5min at 100 x g in sterile polypropylene round-bottom 96-well plates to
form a pellet. Chondrogenic medium constituted of DMEM high glucose (HG), 100nM
dexamethasone, 1mM sodium pyruvate, 50µg/ml 2-phosphate ascorbic acid, 40µg/ml
L-proline, ITS+supplement (BD Biosciences) and 100U/ml penicillin/ 100µg/ml
streptomysin/ 0.25µg/ml amphotericin B (antibiotic/antimycotic). This medium was
further supplemented with 100ng/ml BMP-2 and 10ng/ml TGFβ-3. Medium was
changed every 2 days for 3 weeks when the pellets were harvested for analysis by
histology and immunohistochemistry for collagen type II and X, and quantitative
assessment of glycosaminoglycan (GAG) and DNA.
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2.6.1.1

Toluidine blue staining

Toluidine blue is a basic dye that stains sulphated proteoglycans red-purple
(metachromasia). Pellets were washed in PBS and fixed in 10% neutral buffered
formalin for 1h. Samples were wraped in Whatman filter paper placed, in a tissue
cassettes and soaked in 10% neutral buffered formalin. Tissue were placed in tissue
processor, Leica ASP300S overnight. Samples were removed from the processor and
placed in a Leica EG1150 H heated paraffin embedding system. The samples were then
removed from the cassettes and filter paper and placed in plastic tissue moulds and filed
with paraffin wax. Samples were left to cool on Leica EG1150 C cold plate. Samples
were cut at thickness of 5µm using the Leica RM2235 microtom. Before staining the
sections were heated in oven at 60ºC for 2h. The sections were deparaffinised and
hydrated (xylene twice for 5min, 100%, 95% and 70% ethanol twice for 2min) followed
by water for 5min. Slides were blotted with tissue paper to dry prior to staining in the
60°C pre-heated Toluidine blue solution (0.5%) for 5min. Sections were then rinsed in
running tap water until water ran clear before air-drying. Slides were cleared in xylene
for 2min followed by mounting using DPX mounting medium.
2.6.1.2

Type II and X collagen immunohistochemistry

After deparaffinization by xylene (twice for 10min each), sections were hydrated
through a graded series of ethanols (100%, 95% and 70% for 5min). To enhance antigen
retrieval, sections were washed with PBS and digested for 40min at RT with 0.1%
pepsin in 0.2M HCl and/or 25mg/ml hyaluronidase in PBS for collagen type II and only
0.1% of pepsin in 0.5M acetic acid for collagen type X. After several washings with
PBS, sections were treated with 1% hydrogen peroxide in methanol for 30min to block
endogenous peroxidase activity. Nonspecific binding was blocked using 10% NGS and
5% BSA for 1h in a humidity chamber followed by overnight incubation with collagen
II or X antibody (Gentaur; LSL LB -1297 at 1:1000; LSL LB-0092 at 1:1000) at 4°C.
The sections were treated with biotin-labeled anti-rabbit goat IgG (Dako E0432 at
1:200) for 35min at RT followed by peroxidase labeled streptavidin (Dako) for 30min at
1:200 and RT. A diaminobenzidine (DAB) tablet was dissolved in 15ml of PBS, filtered
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and was activated prior to use by 12µl of H2O2. DAB was added to sections for 30s for
color development, after which hematoxylin counterstaining was done for 30s. Slides
were rinsed with water followed by dehydration through graded ethanols (95% and
100% twice for 2min) and xylene (twice for 5min). Slides were coverslipped using the
mountant DPX and imaged using an upright brightfield microscope (Olympus BX51
Upright Fluorescent Microscope with Improvision Optigrid System). Negative controls
were subjected to the same protocol with omission of the primary antibody.
2.6.1.3

Glycosaminoglycan quantification assay

GAG concentration in chondrogenic pellets was quantified after 21 days in
chondrogenic culture using the DMMB assay. This assay is based on the ability of
sulphated GAG to bind to DMMB8-10. Chondroitin sulphate standards, required for the
assay were prepared by dilution in order to create a known concentration gradient from
0 to 2µg. The measurement of standards and samples was performed in a 96-well
microtiter plate. These measurements were done in technical triplicates. To digest the
pellets, 1mg of papain was dissolved in 9.75ml dilution buffer (50mM Sodium
Phosphate, 2mM N-acetyl cysteine, 2mM EDTA at pH 6.5) and 250μl   diluted papain
solution was added to 10ml dilution buffer. Two hundred μl   was  added  to   each pellet
and digested overnight at 60oC. Following the digestion, DMMB stock solution was
added. DMMB stock solution was prepared by dissolving 16mg of DMMB (1,9
dimethylene blue) in 5ml histology grade 100% ethanol combined with 2.73g NaCl,
3.04g glycine and 0.69ml of concentrated HCl (11.6M) in distilled water. The pH of the
solution was adjusted to 3 and total volume made up to 1litre. Within 5min of
incubation of the digested pellets with DMMB at RT, readings were performed on
Wallac Victor3TM 1420 Multilabel counter fluorescent plate reader at 595nm.
2.6.1.4

DNA quantification assay

The amount of DNA per pellet was calculated using the quanti-iT  ™  PicoGreen  double  
stranded DNA assay following  the  manufacturer’s  protocol (Molecular Probes). Briefly,
standards (prepared by dilution) and samples were added to the 96-well plate in
triplicate. Picogreen reaction buffer was added to the samples and standards and
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incubated at RT for 3min. Readings were performed at 538nm with excitation at 485nm
on a Wallac Victor3TM 1420 Multilabel counter fluorescent plate reader. Following
DMMB and DNA assays, GAG/pellet and DNA/pellet were calculated and GAG
concentration expressed as GAG/DNA  (μg/μg).
2.6.2

Osteogenesis

To induce osteogenic differentiation, MSCs and VSCs were seeded in triplicate into 6well plates at 1.3 x 104 cells/well and cultured for 24h. Cells were then placed in
osteoblastic differentiation medium for 14 days in complete medium supplemented with
100nM dexamethasone, 10mM beta-glycerophosphate, and 50µM ascorbic acid, with
1% antibiotic/antimycotic. Cells were maintained in inducing medium for 14 days with
media changes every 2 days. Cells in complete MSC/VSC growth medium acted as a
control. From the triplicate samples, the calcium concentration was quantified in
duplicate; The remaining wells, one each from control and treated samples were fixed
for 15min in 10% formalin for Van Kossa staining.
Quantification of calcium deposition was performed using a colorimetric calcium assay
versus a standard curve using   manufacturer’s   instructions (Calcium CPC Liquicolour,
Stanbio Inc.). Briefly, standards ranging from 0.05µg to 1.5µg were prepared in 0.5M
HCl and deionized water. After washing the samples twice with PBS (Gibco), 0.5M
HCl was added to each well. Contents of the wells were removed by scraping and
placed in separate eppendorf tubes. These eppendorf tubes containing samples were
shaken overnight at 4ºC. Following the shaking, the samples were centrifuged at
1,000 x g for 5min. Two hundred µl of Stanbio Calcium (CPC) Liquicolor working
solution (1:1 working dye to binding reagent) was added to standards and samples in a
96-well plate and incubated at RT for 15min. The incubation was done in the dark.
Absorbance readings were performed in duplicate at 550nm   on   a   Wallac   Victor3™  
1420 Multilabel Counter spectrophotometer and standard curve was used to quantify the
levels.
Von Kossa staining was carried out for calcium deposition in the osteogenic cultures.
Briefly, cultures were washed twice with PBS and fixed with 4% PFA for 20min.
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Subsequently, 1ml of 3% silver nitrate solution (300mg silver nitrate in 10ml deionized
water (dH2O)) was added to each well and incubated in darkness at RT for 10min. Cells
were rinsed three times with dH2O, the last rinse was left on the cells and they were
exposed to bright warm light for 15min. Cells were rinsed again and photographed on
an Olympus IX71 inverted microscope camera utilising Cell IP imaging software
(Olympus). A silver black color confirmed the presence of calcium deposits.
2.6.3

Adipogenesis

To induce adipogenic differentiation, cultured MSCs and VSCs were seeded into
6-well plates at 2 x 105 cells/well and until they became confluent in complete
MSC/VSC growth medium. Cells were then placed in adipogenic induction medium
DMEM-HG, 10% FBS, 5% rabbit serum, 1µM dexamethasone, 10µg/ml insulin,
200µM

Indomethacin,

500µM

isobutylmethylxanthine

(IBMX),

and

antibiotic/antimycotic for 3 days followed by exposure to adipogenic maintenance
medium (DMEM-HG, 10% FBS, insulin 10µg/ml and P/S) for a further 3 days. After 3
cycles of induction and maintenance exposure, cell cultures were rinsed with PBS and
fixed in 10% formalin for 20min at RT. Fixative was removed and wells were rinsed in
distilled water. The Oil Red O stock solution (0.3% of Oil Red O powder in 99%
isopropanol) was diluted to a working solution by mixing 6 parts of Oil Red O stock
solution with 4 parts of distilled water. After 10min the solution was filtered using
Whatman no.1 filter paper (Whatman). Cells were covered with 2ml of working Oil
Red O for lipid droplet staining. After 5min incubation, Oil Red O stain was discarded.
To remove excess stain, 60% isopropanol was used. Wells were then rinsed thoroughly
with tap water. To counterstain, Harris Hematoxylin was added for 1min and slides
were washed in warm water for 5min. During microscopy, the cells were kept covered
with water. After imaging, Oil Red O extraction was performed. For the extraction,
water was removed from wells and cells were incubated with 100% isopropanol
(1ml/well). The assessment was done in 96-well plate. 100% isopropanol without
samples was used as a blank. Absorbance readings were taken at 490nm to quantify the
extracted Oil Red O using a Wallac Vistor3TM 1420 Multilabel Counter
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spectrophotometer. Cells exposed to in complete culture media without any induction
medium were used as a control.
2.6.4

Myogenesis

To induce myogenic differentiation, harvested MSCs and VSCs were seeded into
4-chamber slides at 6 x 103 cells/chamber or T-25 cultured flask and cultured for 24h in
complete culture medium. Myogenesis was induced by 5ng/ml TGF-β1 added every
second day to the culture medium11. Cells were cultured for 7 days, with medium
changes every 2 days. Cells in complete culture medium acted as controls. Cells were
rinsed with PBS and fixed in 3.8% formaldehyde for 15min at RT. Fixative was
removed and the chambers rinsed in distilled water. Fixed cells were used for alpha
smooth muscle actin (α-SMA) staining.
2.6.4.1

Staining for alpha smooth muscle actin

Before immunostaining, slides were kept in ethanol and concentrated acetic acid
solution (19:1) for 10min at RT. Endogenous peroxidase activity was blocked using a
3% solution of hydrogen peroxide (H2O2) in methanol for 15min. Sections were
permeabilized by 0.01% Triton-100 with blocking solution (5% BSA for 30min). The
primary antibody was a monoclonal mouse anti-human smooth muscle actin clone 1A4
((Dako) 1:200 in 5% BSA) and the secondary antibody was a biotinylated polyclonal
swine anti-goat, mouse, rabbit immunoglobulins/(Multi-Link) (1:1000 in 5% BSA).
Incubation with the primary antibody was done for 1h at RT, followed by washing with
PBS. The sections were then incubated for 1.5h with the secondary antibody. Sections
were rinsed with PBS and incubated with streptavidin-horseradish peroxidase
(streptavidin-HRP) for 30min. The peroxidase activity was visualized by applying DAB
for 10min. After rinsing in PBS and counterstaining in Harris hematoxylin, the slides
were dehydrated and mounted. Appropriate tissue sections as positive and negative
controls for primary antibodies were also assessed.
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2.6.4.2

Western blotting

After 7 days of myogenic induction by 5ng/ml TGF-β1, cells were washed with PBS.
Whole lysis buffer contained: 20mM HEPES pH7.5, 350mM NaCl, 1mM MgCl2,
0.5mM EDTA, 0.1mM EGTA, 1% NP40 and H2O. Protease Inhibitor Cocktail was
added to the lysis buffer just before use. Lysis buffer (100µl/T-25 culture flask) was
dispensed and allowed to spread over the surface of the flask which was placed on ice.
Lysate was then collected into an eppendorf tube. Samples were spun at 16,000 x g at
4ºC in a microcentrifuge for 10min. The supernatant was removed into a fresh
eppendorf and stored at -70ºC. Protein concentration was quantified using a Coomassie
Bradford protein assay (Thermo Scientific). Briefly, 5µl of standard and lysate were
diluted with 250µl of the Coomassie Reagent and mixed for 30s on the plate shaker.
The plate was then incubated for 10min at RT and readings were performed at 595nm
on a Wallac Victor3TM 1420 Multilabel counter fluorescent plate reader. BSA was used
to prepare a standard curve and lysis buffer was used as a blank. A standard curve was
used to calculate the protein concentrations; The absorbance was plotted vs. different
concentrations of the BSA protein. Total protein (15-30µg) was resolved by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis 10% (w/v) (SDS-PAGE). Each
sample was boiled at 95ºC for 3min in 1x Laemmli sample buffer (5% SDS, 20%
glycerol, 0.004% bromphenol blue, 125mM Tris-HCl  pH  8.0,  10%  β- mercaptoethanol)
before loading the sample onto a gel.
2.6.4.2.1

SDS-Polyacrylamide gel electrophoresis

The Mini-Protean® Cell System Bio-Rad (Hercules, USA) was used for 10x10 cm gels.
They were run at 25mA for about 60-90min in 1 x running buffer (25mM Tris-HCl,
250mM glycine, 0.1% SDS). The 10% SDS-PAGE gels were prepared as follows:
resolving gel mix: 375mM Tris-HCl pH 8.8, 10% acrylamide/bis, 0.1% SDS, 0.05%
APS, 0.05% TEMED; and stacking gel mix: 125mM Tris-HCl pH 6.8, 4%
acrylamide/bis, 0.1% SDS, 0.05% APS, 0.1% TEMED.
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2.6.4.2.2

Immunobloting

SDS-PAGE was used to separate the proteins. Proteins were transferred to
nitrocellulose membrane (Whatman GmbH). The Mini Trans-Blot Cell transfer system
(Bio-Rad, Hercules) was used to perform wet transfer for 90min at 250mA in
1 x transfer buffer (72mM Tris-HCl, 58.5mM glycine, 15% methanol) at 4ºC. Gel and
membrane were sandwiched between sponge pads and filter papers (Whatman GmbH).
Care was taken to remove any air bubbles between the gel and the membrane. The
assembly of the cassettes was performed so as to have the nitrocellulose membrane on
the cathode side and the gel on the anode side. On each side of the membrane and gel,
two filter papers were placed. Outside the filter papers, sponge was placed. An ice-pack
was placed in the tank and 1 x transfer buffer was filled in the transfer apparatus.
Confirmation of the protein transfer quality was assessed either by presence of the prestained protein marker on the membrane or by staining with 1% Ponceau S (0.5g
Ponceau S in 5% acetic acid) solution for 5min. The membrane then was washed 3
times (10min each) under agitation with PBS containing 0.05% (v/v) Tween 20 (PBST) to remove the Ponceau S solution. The membrane was blocked with 5% nonfat milk
in PBS-T for 1h at RT under agitation and then washed once with PBS-T to remove the
excess milk. The membrane was probed with primary antibodies for α-SMA (1:500) for
1h or calponin (Dako) (1:1000) overnight at 4ºC, diluted in 5% nonfat milk in PBS-T.
After washing 3 times (with agitation, each wash for 10min) with PBS-T to remove the
residual primary antibody, the membrane was incubated with HRP (horseradish
peroxidase)-conjugated anti-mouse and anti-rabbit IgG (H+L) secondary antibodies for
ECL goat polyclonal (Jackson Labs) (1:10,000) in 5% nonfat milk in PBS-T for 1h. The
membrane was washed three times in PBS-T. This was followed by incubation with the
Western Blotting Detection Reagents (GE Healthcare) or Immobilon WesternChemiluminescent HRP substrate detection system (Millipore) for 1min. Densitometric
analysis was performed using the AlphaInnotech FluorChem Chemiluminescent
Imaging System.
Incubation with polyclonal anti-Cu/Zn superoxide dismutase (CuZnSOD) (Millipore)
(1:1000 in 5% nonfat milk in PBS-T) for 1h at 4ºC or anti-human rabbit polyclonal
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β-actin (Sigma) (1:10,000 in 5% nonfat milk in PBS-T) overnight at 4ºC was used as a
loading control. The BenchMark pre-stained protein ladder (Invitrogen) or SuperSignal
molecular weight protein ladder (Thermo Scientific) was used. The membrane was
stripped, if required, with the Restore Western Blot Stripping buffer (Thermo Scientific)
for 30min at 37ºC. Incubation with primary antibody was then performed as described
earlier.
2.7

Effect of pro-inflammatory cytokines on in vitro chondrogenesis of VSCs

The effect of pro-inflammatory cytokines on the chondrogenic differentiation of VSCs
from ApoE-/- and C57BL/6 mice was assessed. Pellet cultures of these cells were
established in chondrogenic medium with or without treatment with IL-6 (200ng/ml)12,
IL-1β (1ng/ml)13 or TNF-α (10ng/ml)13 (Peprotech) for 48h, 7 days, 14 days and 21
days. In this study, lineage factors such as Sox9, fibromodulin and aggrecan (early
chondrogenesis), collagen type II (chondrogenic commitment) runt-related transcription
factor 2 (Runx2) (pre-hypertrophy in endochondral ossification), and collagen type X
and alkaline phosphatase (Alp) (hypertrophy) were assessed by real-time PCR.
2.7.1

RNA isolation and reverse transcription
2.7.1.1

RNA isolation

For 48h cultures, five chondrogenic pellets per sample were homogenized with 1ml
Trizol reagent (Invitrogen) incubating at RT for 1min and then pipetting. Pellets which
were in culture for 7 days or more were snap frozen in liquid nitrogen and pulverized in
a cell crusher (Cellcrusher Limited, http://cellcrusher.com/). The pulverized pellets were
transferred into 1ml Trizol and incubated at RT for 5min to complete dissociation.
Samples were stored at -80°C until required. Frozen samples were thawed and 200µl
chloroform was added per 1ml homogenate in Trizol. Samples were shaken vigorously
with inversion several times. This mixture was then incubated at RT for 15min
following which centrifugation was done at 12,000 x g for 15min at 4°C.
Following centrifugation, phase separation resulted in 3 distinct layers: the lower phenol
chloroform layer, the middle interphase and the upper translucent aqueous phase. The
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translucent aqueous phase (~650µl) was removed and added to a fresh tube. Following
phase separation, RNA isolation was performed according   to   manufacturer’s  
instructions (RNA isolation kit, Qiagen). One volume (~700µl) of 70% ethanol was
added slowly and carefully mixed by inversion. The sample (700µl at a time) was then
applied to a RNeasy® mini spin column (Qiagen), centrifuged for 15s at 8,000 x g and
flow through was discarded. 350µl of RW1 buffer was added to center of column,
centrifuged for 15s at 8,000 x g and flow through was discarded. 10µl DNase stock
solution was added to 70µl Buffer RDD and the DNase incubation mix was added
directly onto the RNeasy column and incubated at RT for 15min. Then 350µl of RW1
buffer was added to center of column, centrifuged for 15s at 8,000 x and flow through
was discarded. Column was then transferred to a new 2ml collection tube. 500µl RPE
was added to the center of column, centrifuged for 15s at 8,000 x g and flow through
was discarded. A second wash with 500µl of RPE buffer was performed and a final
centrifugation performed for 2min at 8,000 x g.
The column was transferred to new 1.5ml tube, 10µl RNase-free water added onto the
column, incubated at RT for 1min and centrifuged for 1min at 8,000 x g. A second
elution step with 10µl RNase-free water was performed and finally a wash with 10µl of
eluate. The concentration of RNA in the final eluate was determined using NanoDrop
and samples were frozen at -80°C until required.
2.7.1.2

RNA integrity

The integrity of the isolated RNA was checked using Agilent 2100 Bioanalyzer and
Agilent RNA 6000 Nano kit according to the protocol given in the Agilent RNA 6000
Nano Kit Guide.
A new syringe at the chip priming station on Agilent 2100 Bioanalyzer was used each
time. The base plate and the syringe clip at the chip priming station were adjusted. The
electrodes were decontaminated using RNase decontamination protocol with RNase
AWAY in electrode cleaner. Bioanalyzer’s   chip   selector was adjusted. The vortex
mixer was set up. All reagents, except RNA and ladder were brought to RT for 30min
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before use with the dye concentrate protected from light. Finally, the software was
started before loading the chip.
550μl of Agilent RNA 6000 Nano gel matrix was placed into the top receptacle of the
spin filter and centrifuged for 10min at 800 x g. 65μl   filtered   gel was aliquoted into
0.5ml RNase-free microfuge tubes. The aliquots were stored at 4°C and used within one
month of preparation.
The gel-dye mix was prepared as follows. RNA 6000 Nano dye concentrate was
vortexed for 10s and spun down. 1μl  of  RNA  6000  Nano  dye  concentrate  was added to
a   65μl   aliquot   of   filtered   gel. The tube was capped, vortexed thoroughly and visually
inspected for proper mixing of gel and dye. The dye concentrate was stored at 4°C in
the dark again. Finally, the tube was spun for 10min at RT at 16,000 x g. Prepared geldye mix was used within one day.
A new RNA nano chip was placed on the chip priming station. 9μl   gel-dye mix was
pipetted at  the  bottom  of  the  well  marked  “G”  for  the  gel  dye  mix and pressurized using
the plunger for 30s. 9μl  gel-dye mix was pipetted in each of the marked wells. 5μl  RNA  
6000 Nano marker was pipetted into the well marked with the ladder symbol and each
of the 12 sample wells. No well was left empty. To minimize secondary structure, the
samples were heat denatured (70°C, 2min) before loading on the chip. The ladder was
heat  denatured  and  aliquoted  upon  arrival.  1μl  of  the  RNA  ladder  was pipetted into the
well marked with the ladder symbol. 1μl  of  each  sample  was pipetted into each of the
12  sample  wells.  1μl  of  buffer  in  which  samples  were diluted was pipetted in each of the
unused wells if any. The chip was placed horizontally in the adapter of the IKA vortex
mixer and vortexed at 448 x g for 60s, taking care to avoid liquid spills.
The lid of Agilent 2100 Bioanalyser was opened and correct insertion of electrode
cartridge and the chip selector position was checked. Electrodes on the Agilent 2100
Bioanalyser were cleaned using RNAzap for 1min and RNAse free water for 1min. The
chip was placed carefully into the receptacle. The lid was closed carefully, and the
electrodes in the cartridge fit into the wells of the chip. At this stage the software should
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indicate that chip was inserted and lid closed. After selecting the proper assay
(eukaryotic RNA program), the run was started. After the run was finished, the chip was
removed and discarded according to good laboratory practice. Data was saved
automatically. The RNA integrity number (RIN) was checked. To clean the electrode,
the electrode cleaner was placed in the Bioanalyser, the lid closed and kept closed for
10s. Then the lid was opened for water to evaporate.
2.7.1.3

cDNA synthesis

RNA was reverse transcribed to cDNA for analysis of gene expression by real-time
PCR. Sterile nuclease free tubes, pre-chilled on ice were used at all times with 1µg of
RNA template and 0.5µg of oligo(dT) primers and random primers. The target RNA
and primers were denatured by incubation at 70°C for 5min and quick-chilled on ice for
5min.
The reaction mix was prepared as described in Table 2.2 and maintained on ice until
incubation. After combining all components, the mix was subjected to gentle vortexing.
After mixing, the tube with the reaction mix was placed into the reverse transcription
machine and the program was run as detailed in Table 2.3. After the reaction was
completed, cDNA was used immediately for real-time PCR analysis or stored at -20°C
until required.
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Table 2.2: Reaction components and quantities required for a single reverse
transcriptase reaction
Component

Volume per

Final

Reaction (in µl)

Concentration

Nuclease free water

5.6

ImProm-IITM 5X reaction buffer

4

1X

MgCl2, 25mM

2.4

3mM

dNTP mix (10mMeach dNTP)

1

0.5mM

Recombinant

ribonuclease 1

Rnasin

1U/µl

inhibitor
ImProm-IITM reverse transcriptase

1

Final volume reaction mix

15

Table 2.3: Example of typical PCR reaction conditions
Step

Temperature

Time

Annealing

25°C

5 min

Extension

42°C

60 min

Heat inactivation

70°C

15 min

4°C

+∞

reverse transcriptase
End
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2.7.2

Real-time PCR

Relative transcript levels for the various genes of interest were assessed using real-time
PCR with GAPDH transcript as internal control for normalization. The cDNA template
was diluted to obtain a minimum final concentration of 20ng per well. The master mix
was then prepared by mixing the Quantifast® SYBR® Green RT-PCR master mix,
primers, nuclease free water and cDNA template as listed in Table 2.4. The conditions
used for amplification are listed in Table 2.5. To confirm that there were no
contaminating products, a dissociation (melt) curve was run each time.
The 2-∆∆Ct method14,15 was used to analyze the relative gene expression. For the genes of
interest and for the normalizing gene, the average Ct was calculated. The  ∆CT (Ct gene
of interest–Ct normaliser) and 2-∆∆ct were calculated. The levels of gene expression in
comparison to controls were then calculated. Primers were selected from Roche
molecular probes (Table 2.6) and ordered from Eurofins Operon.
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Table 2.4: Polymerase chain reaction components
Component

Volume per

Final

Reaction (in µl)

Concentration

2X Quantifast SYBR Green PCR 5

1.5mM

master mix
Forward, pmol

1

1 µM

Reverse, pmol

1

1 µM

Template DNA

2

100ng/reaction

Nuclease free water (to bring volume to 1

1U/µl

25 µl )
10

Final volume

Table 2.5: Typical real-time PCR program
Step

Temperature Time

Ramp Rate

No. of
Cycles

50°C

2 min

Maximal/fast

1

PCR initial activation 95°C

5 min

mode

1

35

Initial step

step
Two step cycling
Denaturation

95°C

10 sec

Maximal/fast

Annealing/Extension

60°C

30 sec

mode

Denaturation

95°C

15 sec

Maximal/fast

Annealing/Extension

60°C

20 sec

mode

Final denaturation

95°C

15 sec

Final step
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Table 2.6: Primer sequences and product sizes, for real-time PCR
Gene

Real-time PCR primer

Amplicon

Accession

sequence  (5’-3’)

size base

number

pair (bp)
Chondrogenic markers
Type II Collagen

5’gccatcgccatagctgaa’3

107nt

NM_001113515

66 nt

NM_007424.2

78nt

NM_021355.3

126nt

NM_011448.2

5’cgactgtccctcggaaaa’3
Aggrecan

5’ccagcctacaccccagtg’3
5’gagggtgggaagccatgt’3

Fibromodulin

5’cagggcaacaggatcaatg’3
5’ctgcagcttggagaagttcat’3

Sox9

5’tatcttcaaggcgctgcaa’3
5’tcggttttgggagtggtg’3

Hypertrophy and osteogenic markers
Type X Collagen

5’gcatctcccagcaccaga’3

85nt

NM_009925.4

5’ccatgaaccagggtcaagaa’3
Alkaline

5’cggatcctgaccaaaaaacct’3 74nt

Phosphatase

5’tcatgatgtccgtggtcaat’3

Runx2

5’gcccaggcgtatttcaga’3

NM_007431

82nt

NM_001145920.1

123nt

NM_008084.2

5’tgcctggctcttcttactgag’3
Internal control
GAPDH

5’atgtgtccgttgtggatctg’3
5’ggtcctcagtgtagcccaag’3
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2.8

In-vivo assessment of VSC and MSC osteogenic potential

The in vivo study aimed at assessment of bone formation by VSC and MSC. The
objective asses the intrinsic capacity of VSC and MSC to form bone, the effect of
atherosclerotic environment and in vitro chondrogenic priming. Towards this, in vitro
chondrogenically primed and unprimed VSC or MSC from atherosclerotic and nonatherosclerotic mice were implanted subcutaneously in atherosclerotic or background
mice. ApoE-/- mice were used as atherosclerotic model16-18 while C57BL/6 mice acted
as background control. In order to improve in vivo cell viability, cells were seeded onto
collagen chondroitin sulphate scaffolds. The choice of scaffold was dictated by previous
finding of improved cell viability using this scaffold19. Histomorphometric assessment
of bone or cartilage formation was performed at 8 weeks post-implantation.
2.8.1

Scaffold seeding

At 70-80% confluence, passage 8 VSCs and MSCs were detached and counted as
described in Section 2.1.1. Suspensions at 5 x 106 cells/ml were seeded onto collagen
GAG

scaffolds

as

described

previously19.

Briefly,

each

scaffold

around

5-5-3mm was placed in a single well of a six-well plate, seeded with 100μl   of   cell  
suspension and incubated for 30min. Scaffolds were overturned onto agar-coated wells
(2ml of 2% autoclaved agarose gel per well; Promega) and another 100μl  of  suspension  
was placed onto the samples. After 30min, 3ml of appropriate cell culture medium was
added.
2.8.2

Chondrogenic priming

To induce chondrogenesis, chondrogenic medium was supplemented with BMP-2
100ng/ml and TGF-β3 10ng/ml. Primed scaffolds were fed every 3 to 4 days by
changing half of the media. Samples were maintained in culture for 5 weeks following
seeding. Control scaffolds were loaded in the same manner and fed with complete
culture medium.
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2.8.3

Subcutaneous implantation of chondrogenically primed constructs

The pre-differentiated constructs were implanted subcutaneously into 8 week old
C57BL/6 control mice and 8 week old atherosclerotic ApoE-/- mice that were fed a
Western diet and had fully developed atherosclerotic plaques. For direct comparison,
chondrogenically primed and control constructs, either MSC or VSC, from each mouse
strain, were implanted in both C57BL/6 and ApoE-/- mice (Table 2.7). Empty scaffold
controls were also implanted. Constructs were randomly assigned to implantation
position. Since two different mice strains were used in the in vivo experiment, the
possibility of immune clearance of implanted cells especially mismatched host cannot
be ruled out. Keeping this in mind, time point of 8 weeks was long enough to let the
initial acute inflammatory reaction to die down and give the cells enough time to
differentiate. The use of control treatments in the mismatched host provided a good
baseline to eliminate the effect of immune mediated cell loss.
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Table 2.7: Treatment groups for subcutaneous implantation

Cell type

Host mouse
ApoE-/-

C57BL/6

ApoE-/- MSCs

8

8

ApoE-/- VSCs

8

8

C57BL/6 MSCs

8

8

C57BL/6 VSCs

8

8
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2.8.4

Surgical procedure

Anesthesia
Animals

were

anesthetized

by

subcutaneous

injection

with

ketamine

80-125mg/kg and xylazine 5-10mg/kg. The pre-procedural antibiotic eurofloxacin
5mg/kg was also injected.
Subcutaneous Implantation
MSCs or VSCs from ApoE-/- or C57BL/6 mice were loaded on to the collagenchondroitin sulphate constructs as detailed in section 2.8.1. Chondrogenically primed
collagen-chondroitin sulphate constructs were implanted subcutaneously as described in
section 2.8.3. Five implantations were carried out per mouse on the back in
predetermined locations. Implantation sites were marked with a non-absorbable suture
for identification at the experimental time point. Following implantations, mice were
monitored closely for first 2h in recovery room. For recovery from anesthesia, mice
were transferred carefully into a clean recovery cage. This recovery cage was kept on a
heating pad, lined with paper towels and covered with non-transparent drapes. Once
mice started to exhibit their normal in behavior, they were transferred from the recovery
cage. Post-operative care was involved close observation of the group housed mice
(three per unit, tagged by identification tail marks) for signs of pain, infection or
distress, with special attention for the first 48h. All animals were monitored daily and
analgesia (0.05-2mg/kg butorphanol or 4mg/kg carprofen) was administered by
subcutaneous injections if necessary. General signs of activity such as overall
movement, posture and coat condition were noted. Signs of general wellbeing such as
nest formation were noted. Sites of surgical incisions were inspected regularly for any
swelling or discharge. Mice were weighed weekly.
At 8 weeks post implantation, mice were euthanized by CO2 asphyxiation. Mice were
kept in a CO2 chamber which was fitted with a valve for rapid filling with CO2. Within
1 to 2min, mice were dead.
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2.8.5

Sample retrieval

At 8 weeks post-implantation, all mice were sacrificed by CO2 inhalation. Inserted
constructs were retrieved with the use of a dissecting microscope where necessary. The
outcome measures used were histological staining (hematoxylin and eosin (H&E) and
Safranin O/fast green), and immunohistochemistry for collagen type X.
Explants were washed twice in PBS and fixed in 10% neutral buffered formalin for 1h.
The explanted samples were decalcified in 10% EDTA at pH 8 for 24h. To determine if
all calcium salts were removed, samples were checked by bending and inserting a
needle in the explants. EDTA was changed every 3 days until samples were ready to
process at day 7. Samples were enveloped in pieces of Whatman filer paper that were
pre-soaked in PBS and placed in tissue cassettes. Tissue cassettes were placed in the
Leica ASP300 S automated tissue processor and the protocol from Section 2.6.1.1 was
fallowed.
2.8.6

H&E staining

Slides were placed in an oven for 2h at 60ºC and subsequently hydrated (xylene twice
for 10-5min, 100%, 95% and 70% ethanol 3min each) followed by exposure to water
for 5min. After hydration slides were stained in Harris hematoxylin for 10min following
which slides were dipped in running tap water for 5min. Then slides were dipped in acid
alcohol for 3-10s. Slides were soaked in running tap water for 3min and stained in eosin
(Eosin-y solution aqueous) for 5-10min. Slides were then soaked in tap water for 3min.
Slides were dehydrated in alcohol (70%, 90%, 100% ethanol for 1-5min), cleared in
xylene and mounted using DPX and a coverslip.
2.8.7

Safranin O/fast green staining

The 5µm thick sections were deparaffinised and hydrated (xylene twice for 5min,
100%, 95% and 70% ethanol twice for 2min) followed by water for 5min. Slides were
stained with hematoxylin for 3min, counterstained with fast green for 8min and
decolorized in 1% acetic acid briefly. Following this, the sections were stained for
10min in 0.1% Safranin O, dehydrated in alcohol (95%, 100% ethanol for 2min) and
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cleared in xylene for 20min followed by mounting using DPX mounting medium and
coverslip.
2.8.8

Histomorphometric analysis for bone formation

The constructs were explanted for microscopic examination and histomorphological
evaluation. They were cut into 3 equal parts (smaller explants were left intact) which
were fixed in 10% phosphate buffered formalin, decalcified with 10% EDTA for 7 days
and embedded in paraffin. Four serial sections (5μm) were cut at 4-8 levels through
constructs at least 100μm apart. All the sections were stained with H&E and Safranin
O/fast green and examined using a histomorphological grading system.
This system (Table 2.8) was developed to take in to account the appearance, quality and
volume of bone, cartilage, bone marrow, fat, fibrous matrix and blood vessels
formation. This grading provided a robust qualitative aspect to the interpretation of the
results. Each retrieved sample was evaluated by 3 individual blinded reviewers and the
scores were averaged. Overall bone score was determined by adding the scores for
calcified cartilage, bone and bone marrow. The overall bone formation in each sample
was then calculated as percentage of the overall bone score for that sample with a score
of 4 as 100% (Table 2.8).
2.9 Statistical analysis
All data are shown as mean ± standard deviation (SD). Unless otherwise stated,
statistical significance was tested using One-Way  ANOVA  and  Tukey’s  test.  P  value  of  
≤  0.05  was  set  as  cut off for statistical significance.
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Table 2.8: Histological grading scale for subcutaneous retrieved samples
The grading score took in to account the appearance of bone, cartilage, bone
marrow, fat, fibrous matrix and blood vessel formation as well as surrounding
host tissue.

Percent volume (%) of the total retrieved sample

Score

76-100%

4

51-75%

3

26-50%

2

1-25%

1

0%

0
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3.1

Introduction

In general, the vessel wall is considered to be composed of very limited number of cells
of mesodermal origin organized in the orderly fashion to form three layers of the wall,
each layer with a specific function and characteristics. The intimal layer is composed of
endothelial cells (ECs) creating the interface with blood. Apart from a permeability
barrier function, ECs act to regulate hemostasis, recruit leukocytes and control vascular
tone. Several layers of SMCs form the media of the vessel wall. SMCs mainly act as
contractile moieties with synthetic abilities. The outermost layer called the adventitia is
composed of dense fibrous and adipose tissue. Apart from the normal structural and
synthetic function in physiology, the contribution of ECs and SMCs to vascular
remodeling in disease states has been studied in connection with the response to injury
model. The notion that the progenitor cells which give rise to cells of the vessel wall in
the embryo remain in the niche and are activated to repair/regenerate the vascular wall
in adults has become quite popular in the recent past. While the embryological origins
of these cells are being studied, the existence of bone marrow derived and resident stem
progenitor cells in the vessel wall is increasingly being examined.
In this study, the presence of stem progenitors in the vessel wall was investigated to
unravel their role, if any, in the pathogenesis of atherosclerosis, a major vascular
debilitating disease. To that end, the presence of resident progenitor cells was
investigated in aortae of normal background C57BL/6 mice and ApoE-/- mice. The latter
strain is established as a model of atherosclerosis1,2. The characterization, in terms of
surface signature and differentiation potential of cells from both aortae and bone
marrow of the normal and diseased animal models, was performed to assess potential
differences that might be of relevance in the pathology of atherosclerosis. Additionally,
the pericyte nature of the isolated cells was explored.
CD146 and 3G5 were of particular interest as pericyte-specific markers. CD146
expression on perivascular cells around small vessels was assessed in a previous study3
by CD146 and NG2 double staining. This along with other markers have been used as
an indicator of pericyte/perivascular cell identity. CD146 and NG2 expression has also
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been shown on larger blood vessels3. However, another finding suggests that CD146+
cells in the subendothelial layer in bone marrow in humans comprises osteogenic
progenitors, similar to ones at the origin of stromal cells involved in maintenance of
hematopoiesis4. The 3G5 antigen is a cell surface ganglioside typically found on
vascular pericytes which have multidifferentiation potential5-7. Pericytes have been
accounted as stem niches8-10 and 3G5 has been utilized to identify pericyte-like cells in
various human tissues11. A study has shown that a small population of bone marrow
derived MSCs is 3G5 positive12.
3.2

Results

3.2.1

MSC Isolation from ApoE-/-, C57BL/6 mice and C57BL/6 GFP+ mice

Mesenchymal stem cells were isolated from bone morrow with BMMNC harvested
from femur and tibias of ApoE-/-, C57BL/6 and C57BL/6 GFP+ mice. Different
protocols were assessed for each strain of mice. The protocol modified from that
described by da Silva Meirelles and Nardi in 200313 was successful for ApoE-/- MSC
isolation (Section 2.1.1). MSCs from C57BL/6 and C57BL/6 GFP+ mice were isolated
by a protocol modified from the one described by Sudres et al.14 (Section 2.1.2). After
2-3 weeks of culture, a heterogeneous population was seen, generally referred to as
bone marrow stroma (Fig. 3.1). Further maintenance of culture with thrice weekly
medium changes and removal of non-adherent cells resulted in a relatively
homogeneous culture of cells morphologically similar to MSCs after 3 weeks. The
mean yield from 175cm2 flasks varied between 2 x 106 to 4 x 106 cells. Cell lines were
stable by passage 5, thereafter monolayer cultures were confluent for passaging every 34 days while seeding at 2.8 x 103 cells/cm2. Cultures were maintained for variable
period by subculturing as described in section 2.1.1.Culture media varied between the
strains. Although C57BL/6 is the background strain for ApoE-/- mice, the isolation of
MSCs following the same methods was not successful. For establishment of long term
cultures (LTC), various media were tested. DMEM-HEPES containing 10% FBS did
not  support  C57BL/6  MSCs  growth.  However,  α-MEM as the basal medium was found
to maintain LTC in presence of serum.
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ApoE-/- MSCs

C57BL/6 MSCs

Figure 3.1 Cultures of isolated MSCs. Representative image of bone marrow stromalike appearance after 10 days post plating of C57BL/6 and ApoE-/- MSCs at
passage 0. Scale bars represent 500µm.
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Growth curves illustrating culture kinetics were created as described previously13.
Representative growth curves and morphology (right panels) from different
preparations of MSC cultures from ApoE-/-, C57BL/6, C57BL/6 GFP+ are shown in
figures 3.2, 3.3 and 3.4, respectively. The growth characteristics varied slightly with
different strains. All cultures demonstrated a very low growth rate during early
passages, as suggested by the lower slope of the curves. However, with serial
subcultures, growth rate increased consistently until stable cultures were established.
The time point where contaminating hematopoietic cells failed to detach during
subculture or underwent apoptosis varied between strains.
For ApoE-/- mesenchymal outgrowth was apparent from passage 1 or 2 and increased
consistently until stable cultures were established after approximately 60 days in culture
(Fig. 3.2). The mMSCs were generally observed to be morphologically highly
heterogeneous before passage 5 and comprised round, spindle-shaped, and flattened
cells (Fig. 3.2 A & B ii). After passage 5, most cells were spindle shaped and few round
cells were observed. The morphology was not altered and the cells continued to
proliferate after passage 22. Under the conditions described above, cell confluency was
usually reached between 20-22 days in passage 0. The interval between passages varied
greatly until passage 5 thereafter, a passage interval approximately 4 days was set. In
LTC, continuous cell growth was observed in all cell cultures. In ApoE-/- MSCs, an
increasing growth rate was observed that was constant till passage 16. The doubling
time was analyzed at each passage over the extended cell culture. There were no
significant changes observed between passages with regard to the time required for
population doubling.
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A) Pooled cell preparation 1
ii)

i)

B) Pooled cell preparation 2
ii)

i)

C) Pooled cell preparation 3
ii)

i)

Figure 3.2: Growth and morphology of different preparations of MSCs isolated
from ApoE-/- mice. Cumulative population doublings over time were determined for 3
different MSC preparations established from pooled marrow from 3 ApoE-/- mice.
Doubling time for established cultures from passage 6-14 varied from 1.3 days (C i) to
1.5 days for preparations 1 and 2 (A & B i). Representative images from each
preparation at passage 7 showed characteristic fibroblast morphology for all (A, B & C
ii). Scale bars represent 200µm.
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For C57BL/6 MSC preparations, compared to ApoE-/-, the growth was slower until
passage 6.
For C57BL/6 mesenchymal outgrowth was apparent from passage 1 - 3 and increased
consistently until stable cultures were established between 75-100 days in culture
(Fig. 3.3). Morphologically, highly heterogeneous cultures were observed before
passage 5 and comprised of spindle-shaped and flattened cells (Fig. 3.3 A, B & C ii).
After passage 5, most cells were spindle shaped and very few round cells were
observed. The morphology was not altered and the cells continued to proliferate after
passage 20. Under the conditions described above, cell confluency was usually reached
between 15-22 days in passage 0. The interval between passages varied greatly until
passage 7; thereafter, a passage interval of approximately 4-5 days was set. In LTC,
continuous cell growth was observed in all cell cultures. The doubling time was
analyzed at each passage over the extended cell culture. There were no significant
changes observed between passages with regard to the time required for population
doubling.
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A) Pooled cell preparation 1
ii)

i)

B) Pooled cell preparation 2
ii)

i)

C) Pooled cell preparation 3
ii)

i)

Figure 3.3: Growth and morphology of MSCs isolated from C57BL/6 mice.
Cumulative population doublings over time were determined for 3 different MSC
preparations established from pooled marrow from 3 C57BL/6 mice. Doubling time for
established cultures from passage 7-14 varied from 2.3 days (B i) to 2.7 days for
preparations 1 and 2 (A & C i). Representative images from each preparation at passage
7 showed characteristic fibroblast morphology for all (A, B & C ii). Scale bars represent
200µm.
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For C57BL/6 GFP+ mice, mesenchymal outgrowth was apparent from passage 1 - 3 and
increased consistently until stable cultures were established between 45-90 days in
culture (Fig. 3.4). Morphologically highly heterogeneous cultures were observed before
passage 4 and comprised of spindle-shaped and flattened cells (Fig. 3.4 A, B ii). After
passage 4, most cells were spindle shaped and very few round cells were observed. The
morphology was not altered and the cells continued to proliferate to passage 15. Under
the conditions described above, cell confluency was usually reached between 25-30
days in passage 0. The interval between passages varied greatly until passage 7;
thereafter, a passage interval of approximately 3-5 days was set. In LTC, continuous
cell growth was observed in all cell cultures. The doubling time was analyzed at each
passage over the extended cell culture. There were no significant changes observed
between passages with regard to the time required for population doubling.

98

Chapter 3 Isolation and Characterization

A) Pooled cell preparation 1
ii)

i)

B) Pooled cell preparation 2
ii)

i)

Figure 3.4: Growth and morphology of MSCs isolated from C57BL/6 GFP+ mice.
Cumulative population doublings over time were determined for 3 different MSC
preparations established from pooled marrow from 3 C57BL/6 GFP+ mice. Doubling
time for established cultures from passage 4-13 varied from 1.4 days (B i) to 1.6 days
(A i). Representative images from each preparation at passage 7 showed characteristic
fibroblast morphology for all (A & B ii). Scale bars represent 200µm.
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3.2.2

VSC Isolation form ApoE-/- and C57BL/6 mice
3.2.2.1

ApoE-/- VSC culture and isolation

VSC cultures were established as described in section 2.2.1. Aortas were dissected from
euthanized mice and cut into small pieces prior to digestion in 0.5mg/ml collagenase
solution in DMEM-HEPES using the two-step method. The first cell fraction was
obtained after 30 min of digestion. After a further 30min digestion, the second cell
fraction was obtained as described (section 2.2.1). Both cell fractions were used to
establish separate primary cultures. Initially, the cells were seeded into six-well plates.
After 24h seeding, it was observed that both cell fractions demonstrated a similar
morphology to MSCs. After three days of culture, isolated cells formed small colonies
(Fig. 3.5). At this stage, cultures were washed and the culture medium was replaced
with fresh medium containing no antibiotics or antimycotics. The adherent layer was refed every 3 or 4 days. Since the time required for confluence was dependent on the
starting amount of aorta, aortas from three ApoE-/- mice were combined to enable
subculture within 14 days. Cultures were split at confluence. The ratios of splitting were
determined empirically to ensure adequate growth for 7 days in subcultures. Thus,
initial ratios were typically 1:2 or 1:3. However, as growth kinetics changed to faster
rates at later passages, ratios were 1:6 or 1:8 until the cultures stabilized. At initial
passages, P1 to P4, adherent cells demonstrated a heterogeneous morphology. This
heterogeneity was attributed to contamination from either hematopoietic cells or
surrounding tissue remaining from the collagenase digestion.
Homogeneous cultures started to predominate gradually with flat cells having large
nuclei present primarily in the cultures, irrespective of the cell fraction. However, cells
from the early first fraction appeared senescent after passage 4. Hence, in further
experiments, cells from the second fraction, with potentially less contaminants such as
debris, fat, endothelial basement membrane and/or adventitia containing smooth muscle
cells, were used. Thus, long term cultures were established only using the second cell
fraction.
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ApoE-/- VSCs

C57BL/6 VSCs

Figure 3.5: Cultures of isolated VSCs. Representative image of the pericyte-like
appearance after 7 days post plating of C57BL/6 and ApoE-/- VSCs at passage 0. Scale
bars represent 500µm.
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Growth curves describing the culture kinetics were generated based on the population
doublings. The population doublings were calculated as described in Sections 2.1.3 and
2.2.3. Examples of growth curves (left panels) and morphology (right panels) of 3
preparations of VSCs from ApoE-/- mice are shown in Figure 3.6. For ApoE-/- VSCs,
outgrowth in the form of dense colonies was apparent until passage 1 or 2 and then
more stable cultures with homogenous growth in monolayer were established after
approximately 55 days in culture (Fig. 3.6). VSCs were generally observed to be
morphologically highly heterogeneous before passage 6 and comprised elongated and
flattened cells. After passage 6, most cells were morphologically similar to MSCs. The
morphology was not altered and the cells continued to proliferate after passage 15.
Under the culture conditions described in section 2.2.1, cell confluency was usually
reached between 15-22 days in passage 0. The interval between passages varied greatly
until passage 6; thereafter, a passage interval of approximately 4 days was set. In LTC,
continuous cell growth was observed in all cell cultures. In ApoE-/- VSCs, an increasing
growth rate was observed that was constant till passage 15. The doubling time was
analyzed at each passage over the extended cell culture. There were no significant
changes observed between passages with regard to the time required for population
doubling.
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A) Pooled cell preparation 1
ii)

i)

B) Pooled cell preparation 2
ii)

i)

C) Pooled cell preparation 3
ii)

i)

Figure 3.6: Growth and morphology of VSCs isolated from ApoE-/- mice.
Cumulative population doublings over time were determined for 3 different VSC
preparations established from pooled aortas from 3 ApoE-/- mice. Doubling time for
established cultures from passage 6-14 varied from 1.5 days (B i) to 1.8 days (A i).
Representative images from each preparation at passage 7 showed morphology similar
to MSCs for all (A, B & C ii). Scale bars represent 200µm.
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3.2.2.2

C57BL/6 VSC culture and isolation

For establishing the VSC cultures form C57BL/6 mice, the same protocol as described
for VSCs from ApoE-/- mice was followed (section 2.2.1). Although, ultimately
successful cultures were established, it was difficult to obtain VSCs using this protocol.
Hence, additionally the protocol described by A. Dellavalle15 where dissected fragments
of aortas plated on collagen coated plates were utilized to establish VSCs cultures as
described in section 2.2.2 was used. For all further analyses, VSCs isolated by the first
protocol were used.
Growth kinetics were studied by generating growth curves based on population
doublings in a similar fashion as for ApoE-/- VSCs. Population doublings were
calculated as described in Sections 2.1.3 and 2.2.3. Representative examples of growth
curves (left panel) and morphology (right panels) from different preparations of VSCs
from C57BL/6 mice are shown in figure 3.7. Similar to ApoE-/- VSCs, initial outgrowth
in the form of dense colonies was apparent until passage 1 or 2 and then more stable
cultures with homogenous growth in monolayer were established after approximately
45 and 72 days in culture (Fig. 3.7). VSCs were generally observed to be
morphologically highly heterogeneous before passage 6 and comprised elongated and
flattened cells. After passage 6, most cells were morphologically similar to MSCs. The
morphology was not altered and the cells continued to proliferate after passage 15.
Under the culture conditions described in section 2.2.2, cell confluency was usually
reached between 7-22 days in passage 0. The interval between passages varied greatly
until passage 6; thereafter, a passage interval of approximately 3-5 days was set. In
LTC, continuous cell growth was observed in all cell cultures. In C57BL/6 VSCs, an
increasing growth rate was observed that was constant till passage 15. The doubling
time was analyzed at each passage over the extended cell culture. There were no
significant changes observed between passages with regard to the time required for
population doubling.
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A) Pooled cell preparation 1
ii)

i)

B) Pooled cell preparation 2
ii)

i)

C) Pooled cell preparation 3
ii)

i)

Figure 3.7: Growth and morphology of VSCs isolated from C57BL/6 mice.
Cumulative population doublings over time were determined for 3 different VSC
preparations established from pooled aortas from 3 C57BL/6 mice. Doubling time for
established cultures from passage 6-14 varied from 1.7 days (A i) to 1.8 days (B & C i).
Representative images from each preparation at passage 7 showed morphology similar
to MSCs for all (A, B & C ii). Scale bars represent 200µm.
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3.2.3

Cell surface characterization of MSCs and VSCs.

Antigen expression profiles of the MSCs and VSCs were investigated by flow
cytometry. To determine whether VSCs and MSCs express putative stem cell,
hematopoietic, endothelial or pericyte/perivascular cell surface markers, flow cytometry
was performed on cell cultures with mouse specific antibodies to CD antigens 3, 9, 19,
31, 34, 44, 45, 90.2, 105, 146, Gr-1, Sca-1, Tie-2 and Nk1.1 as described in section 2.5.
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Table 3.1 Surface characteristic of isolated cells by flow cytometry. Values are
presented as the mean ±SD of 3 preparations and represent percentage positive cells
Surface
marker
expression

C57BL/6 MSCs

C57BL/6 VSCs

ApoE-/- MSCs

ApoE-/- VSCs

Gr-1

Hematopoietic associated antigens
0.048±0.01
1.03±0.65
0.693±0.11

0.482±0.32

CD3

0.273±0.15

0.21±0.1

0.633±0.39

0.156±0.17

CD9

91.033±9.46

97.43±2.25

97.53±1.42

87.63±8.83

CD19

0.095±0.92

1.45±1.54

1.68±0.42

1.65±1.47

CD34

0.111±0.08

2.57±1.38

1.68±0.97

1.76±0.90

CD45

0.099±0.12

0.78±0.72

1.1±0.42

0.973±1.23

NK-1.1

0.036±0.02

0.661±0.67

0.67±0.25

0.413±0.25

CD105

0.21±0.27

4.95±3.28

1.04±0.21

4.4±4.9

CD117

0.06±0.01

1.53±1.13

2.67±2.16

0.83±0.81

CD31

Endothelial associated antigens
0.09±0.12
0.89±0.80
0.76±0.17

1.02±1.24

Sca-1

MSC associated antigens
86.5±4.84
91.73±4.12
91.46±1.7

95.16±2.8

CD44

59.05±1.34

70.2±11.59

66.26±2.05

77.93±9.71

CD90.2

16.6±2.26

97.86±2.23

6.54±0.13

81.35±0.91

3G5

Pericyte associated antigens
0.72±0.92
9.29±2.14
1.44±0.34

Tie-2

1.02±0.43

0.57±0.83

0.28±0.37

0.54±0.31

CD146

2.29±2.25

43.66±5.51

1.03±1.4

47.6±3.41
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3.2.3.1

Cell surface analysis of mesenchymal stem cell markers in
MSCs and VSCs

It was necessary to assess the expression of the typical MSC markers considering the
heterogeneity of the populations Sca-1, CD44 and CD90.2 were analysed as stem cell
markers. The data indicated that all the cell preparations expressed these markers
suggesting their stemness. CD90 expression is strong in MSCs from many species
including mice; however, different strains of mice express either CD90.1 or CD90.216
Hence, in this study we used CD90.2 was used. VSCs from both C57BL/6 and ApoE-/mice were strongly positive (97.86% and 81.35%, respectively) while MSCs were
weakly positive (16.6% and 6.54%, respectively) (Fig. 3.8).

Figure 3.8 Representative flow cytometry histogram of CD90.2 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD90.2 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs were weakly positive
while the VSCs were strongly positive.
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Sca-1 is murine hematopoietic and mesenchymal stem/progenitor cell marker17.
Recently, in combination with platelet-derived   growth   factor   receptor   α   (PDGF-α),  
Sca-1 was successfully used as selective mouse MSC marker18. VSCs from both
C57BL/6 and ApoE-/- mice were strongly positive (91.73% and 95.16%, respectively).
Similarly, MSCs were also strongly positive (85.5% and 91.46%, respectively)
(Fig. 3.9).

Figure 3.9 Representative flow cytometry histogram of Sca-1 expression in ApoE-/and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against Sca-1 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
strongly positive.
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CD44 is one of the markers consistently expressed on MSCs across species. However,
many different cell types including MSCs express CD44 leading to lack of specificity19.
A recent proposition is that CD44 is involved in stem cell pluripotency20. Again, due to
a significant role of CD44 in cell-matrix interaction, adhesion and resistance to
apoptosis, CD44 is on its own is not considered as a robust marker of MSCs.
Nevertheless, along with other MSCs markers, CD44 can be considered to be a
complementary marker. VSCs from both C57BL/6 and ApoE-/- mice were positive
(70.2% and 77.93%, respectively). Similarly, MSCs were also positive (59.05% and
66.26%, respectively) (Fig. 3.10).

Figure 3.10 Representative flow cytometry histogram of CD44 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD44 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
positive.
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3.2.3.2

Cell surface analysis of hematopoietic markers

CD34 is a cell surface marker that is expressed in early stages in both hematopoietic
and angioblastic lineages21; however, its expression is retained in the angioblastic
lineage but lost in the hematopoietic lineage22. Although CD34-deficient mice do not
show an obvious developmental phenotype, CD34 deficiency presents with unique
hematopoietic defects compatible with its expression by hemangioblastic stem cells23,24.
CD34 is a pan-endothelial marker of endothelial cells in microvasculature however
most of the large blood vessels do not express it25,26. Recently it has been that lymphatic
endothelial cells in human tumors also express CD3427.
CD34 is considered to be hallmark of murine as well as human hematopoietic stem
cells28. Studies have observed CD34 expression on vascular endothelial cells, basement
membrane structures and dendritic and perifollicular cells in human skin29,30. CD34
expression has been utilized to separate human bone marrow cells30. However,
following in vivo culture of these stromal cells, there is no reaction with CD34
antibodies31. In a similar fashion, endothelial cells of human umbilical vein have a
disputable expression of CD34 as it is not found in vitro26. VSCs from both C57BL/6
and ApoE-/- mice were negative (2.57% and 1.76%, respectively). Similarly, MSCs
were also negative (0.11% and 1.68%, respectively) (Fig. 3.11).
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Figure 3.11 Representative flow cytometry histogram of CD34 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD34 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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All mature T-cells have CD3 antigen bound to their membranes. This expression is
almost exclusive to T-cells with the exception of purkinje cells where CD3 is present in
small amounts. VSCs from both C57BL/6 and ApoE-/- mice were negative (0.21% and
0.15%, respectively). Similarly, MSCs were also negative (0.27% and 0.63%,
respectively) (Fig. 3.12).

Figure 3.12 Representative flow cytometry histogram of CD3 expression in ApoE-/and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD3 (red line). Blue lines indicate isotype-matched mouse
immunoglobulin G antibody control staining. Both MSCs and VSCs were negative.
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Neutrophils have a high level of expression of Gr-132. VSCs from both C57BL/6 and
ApoE-/- mice were negative (1.03% and 0.48%, respectively). Similarly, MSCs were
also negative (0.04% and 0.69%, respectively) (Fig. 3.13).

Figure 3.13 Representative flow cytometry histogram of Gr-1 expression in ApoE-/and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against Gr-1 (red line). Blue lines indicate isotype-matched mouse
immunoglobulin G antibody control staining. Both MSCs and VSCs were negative.
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CD9 belongs to the tetraspanin family and has been found to be expressed in human
mesenchymal stem cells to different degrees33. CD9 has been shown to influence cell
proliferation, motility, and adhesion.
For example, in human adipose derived stem cells, clonal expansion has been directly
related to CD9 expression, where cells with high expression showed increased ability to
proliferate and adhere, tube formation in vitro, and higher ICAM-1 and eNOS
expression compared cells with low expression34,35. CD9 expression has been linked
with efficacy of human adipose derived stem cells35. It is one of the markers currently
used to define MSCs36. It has been shown that hematopoiesis can be controlled by
treatment of stromal cells with CD9 antibody33. VSCs from both C57BL/6 and ApoE-/mice were strongly positive (97.43% and 87.63%, respectively). Similarly, MSCs were
also strongly positive (91.03% and 97.53%, respectively) (Fig. 3.14).

Figure 3.14 Representative flow cytometry histogram of CD9 expression in ApoE-/and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD9 (red line). Blue lines indicate isotype-matched mouse
immunoglobulin G antibody control staining. Both MSCs and VSCs were strongly
positive.
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Expression of CD19 has been shown to be good distinguishing factor between
CD34+CD19+ and CD34+CD19− progenitor/stem cells where the later represents a more
immature phenotype in newly diagnosed B-cell precursor acute lymphoblastic
leukemia37. VSCs from both C57BL/6 and ApoE-/- mice were negative (1.45% and
1.65%, respectively). Similarly, MSCs were also negative (0.09% and 1.68%,
respectively) (Fig. 3.15).

Figure 3.15 Representative flow cytometry histogram of CD19 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD19 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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CD45 is most profusely expressed on leukocytes and usually considered to be exclusive
to the hematopoietic system. However, in patients with hematological malignancies in
some instances CD45 expression can be found on bone marrow derived MSCs38.
It has been shown that CD45 is a hematopoietic marker with an expression pattern that
changes to negative with increasing passages of MSC39. On the contrary, CD106
expression pattern shifts positively39. VSCs from both C57BL/6 and ApoE-/- mice were
negative (0.78% and 0.97%, respectively). Similarly, MSCs were also negative (0.09%
and 1.1%, respectively) (Fig. 3.16).

Figure 3.16 Representative flow cytometry histogram of CD45 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD45 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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Natural killer (NK) cells are components of innate immunity. NK1.1 is one of the
identifying markers for NK cells. Since NK cells acquire these markers through their
development from hematopoietic stem cells40, we investigated this marker for all cells
we isolated. VSCs from both C57BL/6 and ApoE-/- mice were negative (0.66% and
0.41%, respectively). Similarly, MSCs were also negative (0.03% and 0.67%,
respectively) (Fig. 3.17).

Figure 3.17 Representative flow cytometry histogram of NK 1.1 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against NK 1.1 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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CD117, also known as stem cell growth factor receptor, has been shown to play a
critical role in survival and proliferation of adult HSCs41. CD117 expression is altered
by Sca-142. CD117 expression has also been noted in some differentiated cells such as
mast cells and melanocytes43,44. EC, in the lung, do not express CD117 as frequently as
Sca-1 or CD105. A study has shown that when CD117-enriched fractions of ECs are
assayed for CFCs, they show a 10-fold frequency compared to the CD117-depleted
fraction45. VSCs from both C57BL/6 and ApoE-/- mice were negative (1.53% and
0.83%, respectively). Similarly, MSCs were also negative (0.06% and 2.67%,
respectively) (Fig. 3.18).

Figure 3.18 Representative flow cytometry histogram of CD117 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD117 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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CD105, also known as endoglin, is a membrane glycoprotein expressed on vascular
cells, particularly on proliferating endothelial cells. It is known to be involved in
development of blood vessels and can be considered as a strong marker of angiogenesis.
In neoplastic tissues, CD105 has a unique distribution, almost exclusively expressed on
endothelial cells of blood vessels in and around the tumor, thus suggesting a potential
role of CD105 in treatment or diagnosis of malignant diseases46. On the other hand,
CD105 is also known to be a mesenchymal stem cell marker and has been shown to be
involved in TGF-β  signalling in chondrogenic differentiation47. The assessment in our
study showed that VSCs from both C57BL/6 and ApoE-/- mice were weakly positive
(4.95% and 4.4%, respectively) while MSCs were negative (0.21% and 1.04%,
respectively) (Fig. 3.19).

Figure 3.19 Representative flow cytometry histogram of CD105 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD105 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. VSCs were weakly positive while
MSCs were negative.

120

Chapter 3 Isolation and Characterization

3.2.3.3

Cell surface analysis of endothelial markers

CD-31 is normally expressed on a number of cells including endothelial cells, platelets,
macrophages

and

Kupffer

cells,

granulocytes,

T/NK

cells,

lymphocytes,

megakaryocytes, osteoclasts, neutrophils. VSCs from both C57BL/6 and ApoE-/- mice
were negative (0.89% and 1.02%, respectively). Similarly, MSCs were also negative
(0.09% and 0.76%, respectively) (Fig. 3.20).

Figure 3.20 Representative flow cytometry histogram of CD31 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD31 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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3.2.3.4

Cell surface analysis of pericyte/perivascular markers

Tie-2 is expressed by endothelial cells. Some monocytes which express Tie-2 are cells
of the hematopoietic lineage which aid angiogenesis. Apart from these, Tie-2
expression is associated with mesenchymal progenitor cells which form the source of
tumor pericytes. Thus, overall, Tie-2 expression can define three cell types including
endothelial cells, proangiogenic monocytes and tumor pericytes, all of which are
involved in tumor angiogenesis48. VSCs from both C57BL/6 and ApoE-/- mice were
negative (0.57% and 0.54%, respectively). Similarly, MSCs were also negative (1.02%
and 0.28%, respectively) (Fig. 3.21).

Figure 3.21 Representative flow cytometry histogram of Tie-2 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against Tie-2 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs and VSCs were
negative.
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CD146 is a member of IgG superfamily of cell adhesion molecules and is a
glycoprotein present across the membrane49. CD146 is ubiquitously present in all
endothelial cells in humans irrespective of size or distribution of blood vessel and is
localized especially at the intercellular endothelial junctions50. In addition to endothelial
cells, CD146 expression, albeit at low levels, has been observed in melanoma cells51,
smooth muscle cells and follicular dendritic cells52 and a subpopulation of activated
T-cells53. Recent findings have shown that CD146 can be used as a specific pericyte
marker54,55. Similar to humans, murine CD146 is expressed at high levels on endothelial
cells and at low levels in many other organs in mice. One major difference between
murine and human CD146 is in smooth muscle cells. In mice, there is no notable
expression of CD146 on smooth muscle cells, T cells or follicular dendritic cells56.
VSCs from both C57BL/6 and ApoE-/- mice were positive (43.66% and 47.6%,
respectively) while MSCs were negative (2.29% and 1.03%, respectively) (Fig. 3.22).

Figure 3.22 Representative flow cytometry histogram of CD146 expression in
ApoE-/- and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against CD146 (red line). Blue lines indicate isotype-matched
mouse immunoglobulin G antibody control staining. Both MSCs were negative while
the VSCs positive.
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3G5 has been considered as a specific marker for pericytes within the microvasculature
in particular. A monoclonal antibody to 3G5 has been used to stain retinal capillaries
and the fluorescence distribution has been shown to be consistent with pericyte staining.
Despite the fact that other tissues such as brain cells, pancreatic islets peripheral blood
lymphocytes do react with the 3G5 monoclonal antibody, 3G5 is a distinct and useful
pericyte marker and can be used as a selective agent to enrich pericytes, particularly
from microvasculature57. VSCs from both C57BL/6 and ApoE-/- mice were weakly
positive (9.29% and 42%, respectively) while MSCs were negative (0.72% and 1.44%,
respectively) (Fig. 3.23).

Figure 3.23 Representative flow cytometry histogram of 3G5 expression in ApoE-/and C57BL/6 MSC and VSC. Cells were stained at passage 6 with a specific
monoclonal antibody against 3G5 (red line). Blue lines indicate isotype-matched mouse
immunoglobulin M antibody control staining. Both MSCs were negative while the
VSCs weakly positive.
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VSCs express a similar set of CD antigens that have been shown to be expressed by
MSCs, suggesting that VSCs share same the surface marker profile with known MSCs
(See Table 3.1 for details). However, only VSCs were positive for CD146 and 3G5
which is a pericyte marker (Fig. 3.22 and 3.23).
It is known that pericytes derived from blood vessels and aorta express the 3G5 antigen.
Stained cells at passage 6 to 13 were observed and only VSCs stained positive for the
3G5 antigen. Upon quantification, it was evident that almost 45% of VSCs from ApoE-/mice stained positive for the 3G5 marker, whereas only 25% of VSCs from C57BL/6
mice were positive (Fig. 3.24).
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Figure 3.24: Immunocytochemistry for 3G5 antibody. a) MSCs were negative for
3G5 while a proportion of VSCs stained positive. A higher proportion of
ApoE-/- VSCs (41%) were positive for 3G5 compared to C57BL/6 VSCs (26%). Scale
bar represents 32µm. b) High magnification images of C57BL/6 (I) and
ApoE-/- (II) VSCs. Scale bar represents 16µm.

126

Chapter 3 Isolation and Characterization

3.2.4

Differentiation Assays

To determine the multilineage potential of VSCs and MSCs, functional markers of
chondrogenic, osteogenic, adipogenic and myogenic lineages were assessed.
Preparations of cells between passages 6-14 were tested for their differentiation
ability. Cells were incubated in osteogenic, chondrogenic, adipogenic and myogenic
differentiation media to check their ability to differentiate to osteocytes,
chondrocytes, adipocytes and myocytes.

3.2.4.1

Comparison of osteogenic potential between C57BL/6 and
ApoE-/- isolated cells after induction for 14 days

MSCs and VSCs from C57BL/6 and ApoE-/- were subjected to osteogenic
differentiation as described in section 2.6.2. VSCs were demonstrated to possess
similar osteogenic differentiation potential as MSCs after induction in osteogenic
medium for 14 days.
When cultured in osteogenic differentiation medium, both MSCs and VSCs from
C57BL/6 and ApoE-/- mice showed mineralization with calcium deposition
demonstrated by Van Kossa staining (Fig. 3.25). Cells grown in control medium did
not stain for Van Kossa. In osteogenically induced wells, black nodule-like
formation appeared and was more obvious in cells isolated from ApoE-/- mice. The
level of calcification of the cells was assessed using the Stanbio calcium liquid
colour kit as described in section 2.6.2. Osteogenically treated ApoE-/- MSCs
showed a 100-fold increase in calcium content compared to controls and 2.3 times
compared to similarly treated C57BL/6 MSCs. Similarly, osteogenically treated
ApoE-/- VSCs showed a 43-fold increase in calcium content compared to controls
and 3.2 times compared to similarly treated C57BL/6 VSCs (Fig. 3.26). Untreated
cells were used as controls in the experiment.
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Figure 3.25: Osteogenic differentiation of MSCs and VSCs. Both MSCs and
VSCs underwent osteogenesis as demonstrated macroscopically with Von Kossa
staining. ApoE-/- MSCs and VSCs and C57BL/6 MSCs and VSCs cultured in control
medium were negative. In osteogenic culture medium, ApoE-/- MSCs and VSCs, and
C57Bl/6 MSCs and VSCs showed black calcified nodules indicating successful
osteogenesis. Scale bar represents 500μm.
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Figure

3.26:

Quantification

of

calcium

content

following

osteogenic

differentiation of MSCs and VSCs. The graph of calcium   content   (μg/well)  
showed positive osteogenesis in all treated samples compared to respective controls
following osteogenic differentiation. With osteogenic differentiation, calcium was
significantly higher in ApoE-/- MSCs and VSCs over that in C57BL/6 MSCs and
VSCs, respectively. Values are presented as the mean ± SD of data from three cell
preparations; *, ** represent p ≤  0.05.
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3.2.4.2

Comparison of chondrogenic potential between C57BL/6
and ApoE-/- isolated cells

MSCs and VSCs of 3 preparations were individually cultured in micromass pellet
with chondrogenic induction medium as described in section 2.6.1. Pellets assumed
a round, nodule like morphology after 1 day in culture. Formalin fixed and paraffin
embedded C57BL/6 and ApoE-/- MSC and VSC pellets were sectioned. Toluidine
blue staining after 21 days in culture revealed a high content of cartilage
proteoglycans in induced cultures (Fig. 3.27).
Toluidine blue staining was more intense and uniform in the outer rim of the cultures
and decreased irregularly towards the centre of the cultures, suggesting a higher
content of cartilage proteoglycans in the outer part of the pellets (Fig. 3.28). At
higher magnification, hypertrophic cells similar to chondrocytes were observed to be
embedded in the matrix rich in proteoglycan. This observation is consistent with
progression of endochondral ossification. In contrast to this, control cultures in cell
culture medium or chondrogenic medium without TGF-β3   and   BMP-2 did not
undergo chondrogenesis by micromass culture.
Figure 3.27 shows sections from the centre of the pellets, immunostained for type II
and X collagen. At the periphery, type II collagen staining was prominent while the
central zone seemed to have remained undifferentiated. The outermost layer of the
pellets showed extensive type II and type X collagen-rich matrix. ApoE-/- MSC and
VSC pellets were bigger in size than respective C57BL/6 pellets. At 21 days, all
pellet cultures showed abundant accumulation of type II and X collagen.
Nonetheless, the extent of type II and X collagen staining was greater in ApoE-/MSC and VSC pellets. GAG deposition was also higher in ApoE-/- MSC and VSC
pellets than respective C57BL/6 pellets (Fig. 3.27). With the total cellular content of
all the pellets being similar as shown by the DNA measurements (Fig. 3.27); the
GAG/DNA ratio in ApoE-/- MSC and VSC pellets was significantly higher
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compared to respective C57BL/6 pellets (Fig. 3.28 C), suggesting either a higher
synthesis rate or low turnover per cell.
The pellets of all cell preparations of ApoE-/- isolated cells showed similar patterns
of collagen type II and proteoglycan accumulation and exhibited chondrogenic
differentiation after 21 days. They also exhibited higher chondrogenic potential than
C57BL/6 preparations where cultures were performed concurrently. GAG and DNA
content from MSCs and VSCs pellets was analysed for 3 individual preparations and
showed significant increase as expected in accordance to the Toluidine blue staining
(Fig. 3.28).
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Figure 3.27: Chondrogenic differentiation of MSCs and VSCs. Following
chondrogenic pellet cultures for 21 days, Toluidine blue staining showed
proteoglycan deposition. Scale bars represent 500μm. At low magnification, it was
evident that ApoE-/- MSCs and VSCs pellets were bigger in size compared to
C57BL/6 MSCs and VSCs, respectively. At higher magnification, the appearance of
large chondrocyte-like cells embedded in the proteoglycan rich matrix showed a
hypertrophic phenotype associated with progression of endochondral ossification.
Scale bars represent 200μm and 500μm. In chondrogenic medium, pellets expressed
cartilage proteins. Serial cross sections of pellets were immunostained for collagen
type II and collagen type X. Scale bars represent 200μm.
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Figure 3.28: Quantification of GAG and DNA following chondrogenic differentiation of MSCs and VSCs. Graphs
showing (A) GAG deposition, (B) DNA levels and (C) GAG/DNA ratios for isolated cell cultures. Results are presented
as the mean ± SD of data from 3 individual cell preparations from each group. Although positive chondrogenesis was
observed in all cell preparations ApoE-/- MSCs and VSCs had a significantly higher GAG/DNA ratio compare to
respective cell preparation from C57BL/6 mice. *, ** represent p ≤  0.05.
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3.2.4.3

Comparison of adipogenic potential between C57BL/6
MSCs and ApoE-/- isolated cells

Adipogenic induction was performed by following the protocol described in section
2.6.3 and analysed by Oil Red O staining. C57BL/6 MSCs grown in induction
medium stained for Oil Red O with appreciable lipid accumulation (Fig. 3.29).
The extent of adipogenic differentiation was assessed by microscopic observation of
lipid vacuoles in the induced cells. After 26 days of adipogenic induction, light
microscopy analysis showed that MSCs from C57BL/6 mice possessed an
adipogenic phenotype with a high number of accumulated lipid droplets in the
cytoplasm identified by Oil Red O staining.
The amount of Oil Red O staining was quantified and measured for absorbance at
490nm. The data correlated with the microscopic evaluation with a significant 5-fold
increase in the Oil Red O staining in adipogenically induced C57BL/6 MSCs
compared to control MSCs. However, the increase in Oil Red O staining in C57BL/6
VSCs following adipogenic induction was not significant. Cells from ApoE-/- mice
were negative for adipogenesis (Fig. 3.30). Different protocols were assessed to see
if the cells could undergo adipogenesis. The use of higher serum content in the
induction medium and different timing of exposure to induction medium was also
assessed. C57BL/6 MSC cultures underwent Adipogenesis with all conditions
tested. Although ApoE-/- cells were subjected to the various assays and different
conditions were applied, Oil Red O accumulation was not evident. As a result, there
was only minimal accumulation of lipids vacuoles in ApoE-/- cells. It has been
suggested that ApoE-/- mice have decreased lipid accumulation which might be due
to the fact that cells lack apolipoprotein-e which plays important role in lipid
transports and formation58,59. These mice are known to utilize different pathway of
fat formation59.
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Figure 3.29: Adipogenic potential of MSCs and VSCs. MSCs and VSCs from
ApoE-/- mice, subjected to adipogenic medium, did not show potential to form
adipocytes although C57BL/6 MSCs showed lipid droplet accumulation. It is known
that ApoE-/- cells do not differentiate into adipocytes due to lack of apolipoprotein-e,
important in the formation of intracellular lipid vacuoles. VSCs from C57BL/6 mice
did not show significant accumulation of Oil Red O positive lipid droplets after
exposure to adipogenic induction. Scale bar represents 100µm.

135

Chapter 3 Isolation and Characterization

*

*

Figure 3.30: Quantification of Oil Red O following adipogenic differentiation of
MSCs and VSCs. Adipocyte differentiation of MSCs was quantified after extraction
of Oil Red O and absorbance at 490nm was measured. Data represents the mean ±
SD of 3 individual cell preparations. Significantly higher amounts of Oil Red O was
observed in adipogenically induced C57BL/6 MSCs compared to controls while
C57BL/6 VSCs showed only slight increase in Oil Red O. Adipogenic induction did
not result in any increase in the amount of Oil Red O in both ApoE-/- MSCs and
VSCs. * represents p ≤  0.05.
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3.2.4.4

Comparison of myogenic potential between C57BL/6 and
ApoE-/- isolated cells

Cells were treated with TGF   β1 (5ng/ml) every second day for 7 days. Culture
medium without myogenic induction factors was used as a control.  α-smooth muscle
actin staining was observed under a light microscope. Although control cells showed
α-SMA staining, TGF-β1 treatment increased this staining to some extent
(Fig. 3.31). To further assess expression  of  α-SMA, western blotting was performed.
Western blotting analysis showed that the MSCs and VSCs were positive for α-SMA
(Fig. 3.32 A). Densitometry showed that the treated cells had higher
α-SMA content (Fig. 3.32 B). However, this difference was not significant.
After TGF-β1 treatment, cells were partially induced into the SMC phenotype. This
partial phenotypic switch was demonstrated by immune-histological staining for
smooth muscle actin which is an early SMC marker. The distribution and level of
α-SMA in western blot was similar to that of coronary artery smooth muscle cells
(CASMCs), which served as a positive control (Fig. 3.32). However, there was no
staining for calponin which is a mid-SMC marker (Fig. 3.33). This result may
indicate a committed yet immature stage of SMC differentiation of MSCs and VSCs
after 7 days of exposure to TGF-β1. The presence of α-SMA staining in the control
cells may raise some confusion about the smooth muscle origin of isolated cells. But,
the absence of calponin staining even in the control cells suggests that the isolated
cells are not smooth muscle cells.
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Figure 3.31:   α-SMA staining for myogenesis. The myogenic induction medium
(TGF-β1   (5ng/ml) added every second day) was used. Cells grown in culture
medium without myogenic factor acted as controls. Both control and treated cells
showed α-SMA staining with some increase following TGF-β1  treatment.  Scale  bars  
represent 100μm.
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Figure 3.32:   α-SMA staining for myogenesis. (A) Western blotting to assess
expression   of   α-SMA after 7 days of treatment. (B) Relative detection of α-SMA
standardized to Cu-ZnSOD levels. Western blots were performed on protein lysates
from each treatment group after 7 days. The increase in band intensity following
TGF-β1  treatment  was  not  significant.  
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Figure 3.33: Western blotting for calponin as a mid-stage maturation SMC
marker. The absence of calponin staining in treated and control cells suggests that
the smooth muscle phenotypic switch following TGF-β1  treatment  is  only  partial.  
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3.3

Discussion

Here, we provide evidence of a multipotent cell population isolated from the aortic
vessel wall capable of differentiating into bone and cartilage. In recent years, interest
in the regenerative capacity of the vascular system has increased dramatically. The
dogmas of not only the repair and regeneration of the vasculature but also disease
progression are changing rapidly with the discoveries of stem or progenitor cells in
the vessel walls60-63. One target cell population has been pericytes or pericyte-like
cells64,65. Although the current knowledge of vessel-derived stem progenitor cells is
in its infancy, much attention and interest has been skewed towards their potential
therapeutic application in myocardial infarction, ischemic heart disease and limb
ischemia66,67. Our interest in investigating the presence of stem or progenitor cells in
the vessel wall was to unravel their role, if any, in the pathogenesis of
atherosclerosis, which is the major debilitating disease of the vasculature. Discovery
of stem or progenitor cell populations have challenged the current theory of the
involvement of smooth muscle proliferation and differentiation in atherosclerosis or
vascular calcification68,69.
Hemangioblasts are bipotent progenitor cells which are thought to be the common
origin of hematopoietic and endothelial lineages70-72. Stem cells with hemangioblastlike properties have been isolated from humans73,74. Bone marrow-derived EPCs
circulate in blood following vascular injury and have a high regenerative capacity.
Apart from these circulating EPCs, mature ECs in humans have been found to
contain a subpopulation of EPCs niched in the endothelial layer with distinctly
different clonogenic and proliferative potential. Sprouting of structures similar to
capillaries from human embryological aorta was shown using ring assays. Also,
isolated cells were shown to differentiate to mature ECs confirming the presence of
endothelial progenitor cells in human aorta75. Similarly, human fetal aortas were also
shown to contain vascular progenitor cells in their walls which could differentiate to
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ECs following VEGF treatment and in mural cells following treatment with PDGFBB76. In adult life, a study has shown presence of EPCs in areas between media and
adventitia of the human internal thoracic artery, which are capable of forming
capillary-like structures ex vivo77. Apart from EPCs, arteries of healthy adult mice
were shown to have smooth muscle progenitor cells. The presence of Sca-1-positive
cells capable of differentiating to SMCs under PDGF-BB treatment was confirmed
supporting the notion that the adult vessel wall contains these progenitors, which
have a repair function replacing dead and defective smooth muscle cells78. Thus, the
presence of bipotent precursor cells which act as EPCs or SMC progenitors has been
probed79,80. Studies have also shown that pericyte-like cells from rat aortas express
SMCs markers under serum and PDGF-BB treatment or in presence of capillary
sprouts of rat aorta81. Also, the presence of MSCs in the adult vessel wall was
demonstrated by Tintut et al.82-84 The authors termed these cells as calcifying
vascular cells and showed their multipotency by osteogenic and chondrogenic
differentiation. In the present study we isolated a similar population of multipotent
cells from aorta wall.
Based on studies which focused on capillary structures present between media and
adventitia77,85, the niche concept in the area between media and adventitia evolved
potentially explaining the isolation and in vitro expansion of populations of cells
akin to bone marrow-derived mesenchymal stem cells from a number of locations
such as thoracic aorta, pulmonary artery, and the saphenous vein86-88. Cells isolated
in this study could also be from peri-endothelial layer where pericytes reside.
Pericytes are periendothelial cells of the microvasluature. Despite their recognized
importance in both vasculogenesis and angiogenesis, pericytes have received less
attention than ECs, and their functions are only now beginning to be understood.
Since the VSCs isolated in this study expressed pericyte-specific markers and shared
MSCs markers as well, these VSCs can be considered as pericyte-like cells. The
different batches of fetal bovine serum used to cultivate these cells may introduce
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some phenotypic variations, showing the influence of unknown factors on the
selection and expansion of the cells. In this study, there was no special addition of
growth factors which may increase the heterogeneity observed in some MSC
cultures described in literature.
Thus, a number of researchers have isolated and characterized stem cell populations
in vessel walls3,61,77,81,89-91 and based on the multipotency of these cells, there have
been some postulations regarding their possible role in formation of ectopic bone or
cartilage in vascular diseases such as atherosclerosis. This postulation formed the
hypothesis for the present study. Our approach was to compare the vessel-derived
stem cells and bone marrow-derived stem cells from diseased and healthy animals.
The significantly higher osteogenic and chondrogenic potential of ApoE-/- VSCs
points to their possible role in the pathogenesis of atherosclerosis. The difference
also suggests that there are certain factors in disease state which trigger the
activation of these cells to differentiate and contribute to vascular calcification.
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Chapter 4 In vitro Assessment

4.1

Introduction

One of the most common complications of atherosclerosis is vascular calcification1. The
atherosclerotic microenvironment may act as an accelerator to promote certain changes
and making the body susceptible to the factors involved in hypertrophy of tissue and
calcification. A number of factors regulate the process of calcification. Among the most
important ones are the TGF-βs, which are critical for the induction of in vitro
chondrogenesis. TGF-β2 is not only detected in plaque but is actively secreted 2,3. BMP2 is another important factor involved in chondrogenic development of bone. However,
the mechanism of vascular calcification is not fully understood. Apart from EC and
SMCs, pericytes are being understood as major players in this process. Interactions
between these cells are involved in crucial physiological processes such as maintenance
of vascular tone and hemodynamics of the vessel, as well as the pathology of
calcification. From the standpoint of contributing factors in the pathogenesis of a
number of inflammatory disorders including atherosclerotic vascular calcification,
immune cells such as T cells and macrophages are crucial.
As described in detail in section 1.3, the regulation of inflammation and involvement of
the immune system in atherosclerosis is central. The interactions between soluble
factors and the response to immune injuries, infections, post-ischemic injuries are
involved at all stages of the disease. Atherosclerotic lesion development is initiated
when reactions, protective to begin with, develop into chronic inflammation. Lesion
progression occurs by interactions between monocyte-derived macrophages, T
lymphocytes and arterial wall constituents through modified lipoproteins and proinflammatory factors. Briefly, accumulation of lipoproteins and increased endothelial
cell permeability is followed by increased monocyte adhesion. This is then followed by
their migration in intima and differentiation to macrophages. With the expression of
scavenger receptors and production of a variety of enzymes and cytokines, macrophages
internalize oxidized lipoproteins and ultimately form foam cells4. This process involves
release of pro-inflammatory cytokines from activated platelets, macrophages and vessel
wall cells. SMC recruitment to the surface of the plaque is induced and their
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proliferation leads to ECM production and further release of pro-inflammatory
cytokines. Along with macrophages, activated ECs also produce factors that attract
leucocytes.
In some studies on the inflammatory response in advanced human atherosclerotic
lesions a Th1-type T cell response was mostly found5. Macrophages also produce proinflammatory cytokines such as IL-1β  and  TNF-α (Fig 4.1), which are detected in the
atherosclerotic plaques6. TNF-α  is  involved  in  virtually  every  stage  of  inflammation as
the lesion progresses7. Studies have implicated TNF-α   in   both   early   stages of intimal
thickening and also subsequent vessel occlusion8. The pro-inflammatory mediators
enhance atherogenesis by promoting the pro-inflammatory environment through
facilitating the interactions between ECs, leucocytes and platelets9. Inflammation has
also been shown to be involved in altering plaque morphology, probably through
stimulation of secretion of proteases such as MMP-1, 9, 11 and 13 from ECs, SMCs
and/or macrophages10,11 and is thus implicated in plaque rupture9. IL-1 is another
important pro-inflammatory cytokine detected in the atherosclerotic plaque6. IL-1β  has  
been shown by recent studies to play a crucial and causal role in atherothrombosis in
coronary artery disease12. The role of IL-1β   is   well   known   in   all the phases of
atherosclerosis. For example, during the initial stages of plaque formation, IL-1β  
stimulates expression of adhesion molecules by ECs, thus helping the extravasation of
macrophages13. However, some studies have suggested a possible protective role for
IL-1β   in   advanced   stages   of   atherosclerosis   and   vascular   remodeling   revealing   the  
complexity of IL-1 signaling in the disease12.
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Figure 4.1 Perivascular and immune cell involvement in atherogenesis. (A) Model
of arterial wall and perivascular cells in atherosclerotic plaque formation. The process
involves complex interactions between different cell types like macrophages, T cells
EC, SMC and pericytes producing IL-6, IL-1-β   and   TNF-α.   Activation leads to
differentiation of naïve T-cells into pro-atherogenic Th1 cells as well as regulation of
smooth muscle, endothelial and pericyte functions. (B) Histologic H&E staining of
aorta form ApoE-/- mice showing a fibrous cap and pathological intimal thickening.
Scale bar at 100 µm.
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The role of IL-6 in atherosclerosis is complex and manifold. In general, IL-6 has been
shown to upregulate expression of cell adhesion molecules by ECs and SMCs as well as
to stimulate production of C-reactive protein and TNF-α,   at   least   by   hepatocytes9,14.
Interestingly, IL-6 can stimulate its own production by positive feedback mechanism
with macrophages and intimal cells (Fig. 4.1)9. It also stimulates production of other
factors such as IL-8 and MCP-19. IL-6 is involved in immune cell recruitment in the
plaque through events such as enhancement of I-CAM-1 expression by SMCs and
chemokine release by endothelium15. It is also postulated that IL-6 affects the plaque
morphology by stimulating formation of foam cells16.
In this chapter, the effect of various pro-inflammatory cytokines was assessed at the
molecular level. VSC preparations from C57BL/6 and ApoE-/- mice were induced to
undergo chondrogenesis in pellet format in the presence of the growth factors: TGF-β  
and BMP-2. To assess the effect of pro-inflammatory cytokines, chondrogenesis was
performed either in the presence or absence of IL-6, IL-1β or TNF-α. In order to
determine temporal patterns of expression of the matrix components during different
stages of differentiation under the effect of these pro-inflammatory cytokines, gene
expression by pellets at 0, 2, 7, 14 and 21 days was quantified. At each time point 5
pellets were pooled and analyzed. This assessment was carried out using real-time PCR
and analyzed using the ∆∆Ct method17,18, where GAPDH acted as the endogenous
control. Chondrogenic pellets in the absence of the pro-inflammatory cytokines served
as controls.

155

Chapter 4 In vitro Assessment

4.2

Results

4.2.1 Effect of IL-6, IL-1β  or  TNF-α  on  chondrogenesis  of  VSCs
After 21 days of pellet culture in the presence of pro-inflammatory cytokines, ApoE-/VSCs

had

a

distinct

chondrogenic

appearance/morphology

(Fig.

4.2)

and

pellets were increased in size with strong toluidine blue staining. Figure 4.2 shows
toluidine blue stained sections from the centers of the pellets treated with optimal
concentrations of IL-6 (200ng/ml), TNF-α (10ng/ml) or IL-1β (1ng/ml) for 21 days
every 2-3 days when pellets were fed as described in section 2.7.
Notably, the IL-6 treated pellets of C57BL/6 mice were much smaller and showed no
evidence of matrix accumulation or chondrogenesis, while ApoE-/- VSCs in the
presence of IL-6 had glycosaminoglycan deposition, especially in the cells close to the
periphery.
Treatment with IL-1β of C57BL/6 and ApoE-/- VSCs resulted in the formation of
smaller pellets with less differentiated cells and an undifferentiated central zone. For the
C57BL/6 pellets, positive staining was observed only close to the periphery (Fig. 4.2).
In the case of C57BL/6 VSCs, TNF-α  treated pellets formed a dense cellular structure
with no sign of differentiation. ApoE-/- VSCs pellets treated with TNF-α   for 21 days
were bigger in size with some positive toluidine blue staining (Fig. 4.2).
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ApoE-/- VSCs

TNF-α

IL-1β

IL-6

Chondrogenic

C57BL/6 VSCs

Figure 4.2 ApoE-/- and C57BL/6 VSCs subjected to chondrogenesis in the presence
of pro-inflammatory cytokines. The effect of IL-6, IL-1β  or  TNF-α  on chondrogenic
differentiation of C57BL/6 and ApoE-/- VSCs is shown with toluidine blue-stained
sections. Control cultures, grown in chondrogenic medium with BMP-2 and TGF-β3  for
21 days in the absence of pro-inflammatory cytokines showed a chondrogenic
morphology and pellets were increased in size with strong toluidine blue staining.
Although TNF-α   treatment   of   ApoE-/- VSCs showed some positive staining IL-6
treatment promoted a chondrogenic phenotype in ApoE-/- VSCs compared to other proinflammatory cytokine treated pellets. Scale  bars  represent  200μm.
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Glycosaminoglycan deposition in the pellets was quantified at 21 days in independent
experiments as described in section 2.6.13 and DNA quantification was performed as
described in section 2.6.1.4. In the case of C57BL/6 VSCs, there were distinct
differences in GAG levels at 21 days after treatment with IL-1β   (1ng/ml) and TNF-α
(10ng/ml). The pellets cultured in the presence of IL-1β and TNF-α showed less
glycosaminoglycan compared to those cultured with IL-6 (200ng/ml) added (Fig. 4.3).
All treated C57BL/6 VSCs pellets showed a significantly lower GAG/DNA ratio
compared to controls suggesting that the lower GAG accumulation in pellets treated
with IL-6, IL-1β  and  TNF-α  is  a  reflection  of  either  low  synthesis  or  higher  turnover  per  
cell.
In contrast to C57BL/6 VSCs, GAG accumulation in ApoE-/- VSCs pellets cultured in
the presence of IL-1β,   TNF-α   and   IL-6 showed no significant difference at 21 days
(Fig. 4.4). However, the GAG/DNA ratio, in case of IL-6 treated ApoE-/- VSCs, was
significantly higher compared to IL-1β treated ApoE-/- VSCs, TNF-α treated ApoE-/VSCs and controls at 21 days suggesting a higher synthesis rate or low turnover per cell
(Fig. 4.4). GAG/DNA in TNF-α  treated  cultures  was  lower,  although  not  significantly,  
than untreated cultures.
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Figure 4.3: Quantification of GAG and DNA following chondrogenic differentiation C57BL/6 VSCs in the presence of
pro-inflammatory cytokines. (A) GAG per pellet was assessed following extraction and reaction with DMMB. (B) Total
DNA per pellet was also calculated. (C) Based on these calculations GAG synthesis per cell was determined and presented as
the ratio of GAG and DNA content in each pellet. There was significant difference in GAG concentration between untreated
and IL-6 treated pellets. The IL-1β  and  TNF-α also had significantly lower levels of GAG compared to IL-6 treated pellets.
Results are presented as the mean ± SD of data at 21 days from 3 individual cell preparations from each group.
* represents p  ≤  0.05.
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Figure 4.4: Quantification of GAG and DNA following chondrogenic differentiation ApoE-/- VSCs in the presence of
pro-inflammatory cytokines. (A) GAG per pellet was calculated following extraction and reaction with DMMB. (B) Total
DNA per pellet was also calculated. (C) Based on these calculations GAG synthesis per cell was determined and presented as
a ratio of GAG and DNA content in each pellet. Results are presented as the mean ± SD of data at 21 days from 3 individual
cell preparations from each group. GAG: DNA ratio was significantly higher in IL-6 treated pellets as compared to IL-1β  ted
and TNF-α  treated  pellets as well as control pellets. *, ¥ represent  p  ≤  0.05.
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For all the gene expression studies, RNA was isolated from the pellets at 0, 2, 7, 14 and
21 days and real time PCR was performed. Analysis was performed using ΔΔCt
method, where GAPDH acted as endogenous control and chondrogenic pellets in
absence of pro-inflammatory cytokines as the calibrator.
4.2.2 Effect of IL-6 on gene expression of early chondrogenic markers
4.2.2.1 Real-time PCR analysis of Sox9
Sox9 is considered the master transcription factor for initiation of chondrogenesis which
usually peaks between 24-48h after chondrogenic induction19. The effect of IL-6
(200ng/ml) on the expression of Sox9 varied substantially between C57BL/6 and
ApoE-/- VSCs at different time points (Fig. 4.5 A). At 48 hours, Sox9 was upregulated
in ApoE-/- VSCs whereas in C57BL/6 VSCs, the Sox9 expression was rapidly
suppressed. During follow up at 7 and 14 days after exposure to 200 ng/ml of IL-6
treatment, the Sox9 expression dropped in ApoE-/- VSCs while C57BL/6 VSCs did not
show any significant changes. The difference in Sox9 expression was most evident at 21
days post IL-6 induction. The ApoE-/- VSCs were shown to have significantly higher
levels of Sox9 compared to the C57BL/6 VSC treatment group. There was a
suppressive effect of IL-6 on C57BL/6 VSC on Sox9 gene expression.
4.2.2.2 Real-time PCR analysis of fibromodulin
Fibromodulin is usually undetected in undifferentiated MSCs and increases with
exposure to chondrogenic inducers in a 3D format to peak at day 7 during
chondrogenesis20. The presence of IL-6 in the culture medium for C57BL/6 VSCs
pellets resulted in down regulation of fibromodulin RNA levels at 48h and day 7
whereas ApoE-/- VSCs showed an up-regulation but not significantly so (Fig 4.5 B). At
day 14, a suppressive effect of IL-6 was observed on fibromodulin expression in both
ApoE-/- and C57BL/6 VSCs. However, at day 21, the ApoE-/- VSCs showed
upregulation of the fibromodulin message while C57BL/6 VSCs maintained reduced
expression throughout the culture period. Thus, IL-6 treatment could not prevent
fibromodulin gene expression during differentiation at day 21 in ApoE-/- VSCs but did
suppress fibromodulin expression in C57BL/6 VSCs (Fig 4.5 B).
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Figure 4.5: Effect of IL-6 on Sox9 and fibromodulin gene expression in
chondrogenically differentiating ApoE-/- and C57BL/6 VSCs. Isolated cells were
differentiated in chondrogenic conditions in the presence or absence of IL-6 (200ng/ml)
and cultured in pellet format for 21 days. To analyse Sox9 and fibromodulin expression
cells at 0 hours in normal culture media and 48 hours, 7 days, 14 days and 21 day
pellets (n=5) in chondrogenic medium in presence and absence of IL-6 were harvested.
RNA was extracted and the expression of Sox9 (A) and fibromodulin (B) measured by
real-time PCR. Expression levels were normalized to those for GAPDH. 2 technical
replicates from 3 preparations were analyzed and data presented as mean ± SD.
*, ¥  represent  p  ≤  0.05.
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4.2.3 Effect of IL-6 on gene expression of chondrogenic markers.
4.2.3.1 Real-time analysis of type II collagen.
There have been conflicting reports on the effect of IL-6 on type II collagen expression.
A report has shown that the presence of IL-6 increases type II collagen expression in
human chondrocytes21, whereas another report on chondrogenic progenitors showed
that IL-6 decreases both type II along with type X collagen expression22. The effect of
IL-6 on the expression of type II collagen during chondrogenesis of C57BL/6 and
ApoE-/- VSCs was analysed. At 48h, 7 and 14 days, the expression of type II collagen in
C57BL/6 and ApoE-/- VSCs was maintained at low and almost uniform levels,
equivalent to that measured in control chondrogenic pellets. However, at 21 days post
IL-6 induction, type II collagen expression was evidently different. While C57BL/6
VSCs still maintained equivalent expression levels to controls, ApoE-/- VSCs were
shown to have significant upregulation of up to 28-fold in type II collagen expression
(Fig. 4.6 A).
4.2.3.2 Real-time analysis of aggrecan.
In chondrogenically-treated MSC pellets, aggrecan expression usually remains
upregulated until 21 days appearing at 4-5 days after induction20. Figure 4.6 B clearly
indicates that exposure to IL-6 during chondrogenesis maintained aggrecan at a level
equivalent to that of control chondrogenic pellets cultured with 10ng/ml TGF-β3   and  
100ng/ml BMP throughout differentiation. However, between 14 and 21 days aggrecan
expression was downregulated in C57BL/6 VSCs. Similarly, aggrecan message was
decreased in IL-6-exposed compared to control pellets generated from ApoE-/- VSCs;
however, at day 21, a 3.9-fold upregulation of mRNA levels was observed (Fig. 4.6 B).
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Figure 4.6: Effect of IL-6 on type II collagen and aggrecan gene expression in
chondrogenically differentiating ApoE-/- and C57BL/6 VSCs. Isolated cells were
differentiated in chondrogenic conditions in the presence or absence of IL-6 (200ng/ml)
and cultured in pellet format for 21 days. Pellets were harvested at 0 hours, 48 hours, 7
days, 14 days and 21 days and RNA was extracted and the expression of type II
collagen (A) and aggrecan (B) measured by real-time PCR. Expression levels were
normalized to those for GAPDH. 2 technical replicates from 3 preparations were
analyzed and data presented as mean ± SD. *, ¥ represent  p  ≤  0.05.
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4.2.4 Effect of IL-6 on gene expression of hypertrophic chondrogenic markers.
4.2.3.2 Real-time analysis of Runx2.
The expression pattern of Runx2 in the presence of IL-6 was analysed. The activity of
IL-6 suppressed expression of Runx2 in C57BL/6 VSC generally; however, there was a
slight increase over control values at day 7. Chondrogenically treated ApoE-/- VSCs on
the other hand exhibited increased levels of Runx2 mRNA transcript level throughout
the culture period in the presence of IL-6 (Fig. 4.7 A). The increase in Runx2
expression induced by IL-6 at 48h and day 21 in ApoE-/- VSCs during chondrogenesis
was notable in contrast to the decrease seen in C57BL/6 VSCs at this time point.
4.2.3.2 Real-time analysis of alkaline phosphatase.
In order to analyze alkaline phosphatase (ALP) expression in chondrogenically primed
pellets in the presence of IL-6, real time PCR was carried out (Fig. 4.7 B). ALP
message was detected at 48h after IL-6 induction with a robust increase in ApoE-/VSCs. At day 7, the upregulation was much more pronounced in ApoE-/- VSCs while at
day 14 the expression of ALP was decreased. However, at day 21 the presence of IL-6
resulted in significantly elevated ALP mRNA expression in ApoE-/- VSCs. In contrast,
C57BL/6 VSCs had consistent levels of expression throughout differentiation in pellet
culture indicating that the pro-inflammatory cytokine had no additional effect on levels
of ALP compared to that in control untreated chondrogenic pellets.
4.2.3.2 Real-time analysis of type X collagen.
Chondrogenic differentiation in the presence of IL-6 exhibited a significant trend
toward decreased type X collagen expression throughout differentiation in both ApoE-/and C57BL/6 VSCs (Fig. 4.7 C). The continuing decrease in type X collagen expression
resulted in lowest levels of expression at 21 days post IL-6 induction. Thus,
downregulation was observed in both ApoE-/- and C57BL/6 VSCs.
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Figure 4.7: Effect of IL-6 on Runx2, ALP and type X collagen gene expression in
chondrogenically differentiating ApoE-/- and C57BL/6 VSCs. Isolated cells were
differentiated in chondrogenic conditions in the presence or absence of IL-6 (200ng/ml)
and cultured in pellet format for 21 days. Pellets were harvested at 0 hours, 48 hours, 7
days, 14 days and 21 days and RNA was extracted and the expression of Runx2 (A),
ALP (B) and type X collagen (C) measured by real-time PCR. Expression levels were
normalized to those for GAPDH. 2 technical replicates from 3 preparations were
analyzed and data presented as mean ± SD. *, ¥ represent  p  ≤  0.05.
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4.2.5 Effect of IL-1β   and   TNF-α   on   gene   expression   of   early   chondrogenic  
markers.
4.2.5.1 Real-time PCR analysis of Sox9.
The expression of Sox9 in response to 1ng/ml IL-1β   and   10ng/ml TNF-α   varied
between ApoE-/- and C57BL/6 VSCs at different time points. Ultimately, both cytokines
suppressed chondrogenic differentiation in ApoE-/- and C57BL/6 VSCs (Fig. 4.8 A). At
48h, Sox9 message was a little bit increased but not significantly in ApoE-/- VSCs in
response to IL-1β. Similarly, treatment with TNF-α could not prevent Sox9 gene
expression in ApoE-/- VSCs. In contrast, at 48 hours the expression of Sox9 in C57BL/6
VSCs showed negative effect in response to both IL-1β   and   TNF-α   treatment.   At all
further time points in chondrogenic differentiation, with IL-1β  or  TNF-α added to the
chondrogenic medium, the Sox9 expression pattern indicated a robust inhibitory effect
on both ApoE-/- and C57BL/6 VSCs (Fig. 4.8 A).
4.2.5.2 Real-time PCR analysis of fibromodulin.
IL-1β   or   TNF-α   exposure during chondrogenesis also resulted in decreased
fibromodulin RNA levels in ApoE-/- VSCs (Fig. 4.8 B). The fibromodulin message was
downregulated within 48h after exposure to IL-1β   or   TNF-α   in ApoE-/- and C57BL/6
VSCs. This effect was least pronounced in C57BL/6 VSCs treated with IL-1β  and  most  
evident in ApoE-/- VSCs treated with TNF-α. A similar inhibitory pattern was observed
at day 7 with a more pronounced effect compared to 48h. The IL-1β  treatment  resulted
in strong downregulated fibromodulin expression in the ApoE-/- VSCs at day 7 with a
much more pronounced effect of TNF-α.   Also at day 7, a similar effect on the
expression pattern of fibromodulin in C57BL/6 VSCs was observed with more robust
downregulation in the presence of TNF-α. Again, a less pronounced effect was
observed in C57BL/6 VSCs treated with IL-1β.  At day 14 and 21, the overall inhibitory
effect continued with some differences in IL-1β treated C57BL/6 VSCs. The presence
of IL-1β  did not suppress fibromodulin RNA expression during C57BL/6 VSCs pellet
culture (Fig. 4.8 B).
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Figure 4.8: Effect of IL-1β  and  TNF-α  on  Sox9  and  fibromodulin  gene  expression  
in chondrogenically differentiating ApoE-/- and C57BL/6 VSCs. Isolated cells were
differentiated in chondrogenic conditions in the presence or absence of IL-1β  (1ng/ml)  
and TNF-α  (10ng/ml) and cultured in pellet format for 21 days. Pellets were harvested
at 0 hours, 48 hours, 7 days, 14 days and 21 days and RNA was extracted and the
expression of Sox9 (A) and fibromodulin (B) measured by real-time PCR. Expression
levels were normalized to those for GAPDH. 2 technical replicates from 3 preparations
were analyzed and data presented as mean ± SD.
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4.2.6 Effect of IL-1β  and TNF-α  on  gene  expression  of  chondrogenic  markers.
4.2.6.1 Real-time analysis of type II collagen.
Treatment of ApoE-/- and C57BL/6 VSCs with either IL-1β  or  TNF-α  inhibited  type  II  
collagen expression. After 48h of exposure to the cytokine treatment, both ApoE-/- and
C57BL/6 VSCs showed a decrease in type II collagen mRNA expression compared to
control levels (Fig 4.9 A). At day 7, all cell preparations showed a robust inhibitory
effect in the presence of either IL-1β   or   TNF-α.   The   ApoE-/- VSCs maintained this
effect up to day 14 in the presence of cytokines. However, at day 21, IL-1β  treatment  
showed a significant elevation in expression of type II collagen in ApoE-/- VSCs
whereas TNF-α maintained uniform levels. However, the effect was still inhibitory
compared to control cultures.
4.2.6.2 Real-time analysis of aggrecan.
Expression of aggrecan appeared to be downregulated at all stages of chondrogenic
differentiation in the presence of 1ng/ml IL-1β  or  10ng/ml TNF-α  in both ApoE-/- and
C57BL/6 VSCs (Fig 4.9 B). The effect of TNF-α  was more pronounced compared to
IL-1β  at day 7 in ApoE-/- VSCs. A decrease in aggrecan RNA levels was observed at 7
and 14 days in C57BL/6 VSCs. The effect on the expression of aggrecan in presence of
IL-1β   on ApoE-/- VSCs at day 14 clearly indicated a continued and more robust
inhibitory effect of IL-1β   exposure. Also, in C57BL/6 VSCs, there was continuous
down regulation in the presence of TNF-α; however, at 48h, treatment with IL-1β could
not prevent a slight increase in expression of aggrecan (Fig 4.9 B).
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Figure 4.8: Effect of IL-1β   and   TNF-α   on   type   II   collagen   and   aggrecan   gene  
expression in chondrogenically differentiating ApoE-/- and C57BL/6 VSCs. Isolated
cells were differentiated in chondrogenic conditions in the presence or absence of IL-1β  
(1ng/ml) and TNF-α  (10ng/ml)  and cultured in pellet format for 21 days. Pellets were
harvested at 0 hours, 48 hours, 7 days, 14 days and 21 days and RNA was extracted and
the expression of type II collagen (A) and aggrecan (B) measured by real-time PCR.
Expression levels were normalized to those for GAPDH. 2 technical replicates from 3
preparations were analyzed and data presented as mean ± SD. * represents p  ≤  0.05.
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4.2.7 Effect of IL-1β  and  TNF-α  on gene expression of hypertrophic chondrogenic
markers.
4.2.7.1 Real-time analysis of Runx2.
Data analysed for Runx2 expression indicated that the effect of IL-1β  or  TNF-α  varied  
between the mice strains (Fig. 4.10 A). At 48 hours, Runx2 was upregulated in ApoE-/VSCs whereas in C57BL/6 VSCs, Runx2 expression was suppressed. During follow up
at 7 and 14 days after IL-1β  or  TNF-α  treatment, Runx2 expression dropped in ApoE-/VSCs. ApoE-/- VSCs were shown to have significantly lower Runx2 mRNA levels at
day 7 upon IL-1β and TNF-α  treatment.   Upon  treatment   of  ApoE-/- VSCs with IL-1β,
Runx2 expression was decreased and a higher inhibition effect was observed at 14 and
21 days. In the case of C57BL/6 VSCs, Runx2 message was rapidly downregulated as
reported previously23, and then maintained at uniform level in presence of cytokines in
pellet culture.
4.2.7.2 Real-time analysis of alkaline phosphatase.
Both cytokines suppressed mineralization. ALP mRNA expression with IL-1β  or  TNF-α  
added to the chondrogenic medium was rapidly downregulated within 48h in C57BL/6
VSCs. Figure 4.10 B clearly indicates that both cytokines decrease ALP mRNA levels
with a much more pronounced effect at day 7 and 14 in C57BL/6 VSCs. However, we
found that IL-1β   treated   C57BL/6   could elevate ALP expression at day 21 in
comparison to 7 and 14 day whereas TNF-α   treated   C57BL/6   maintained   a uniform
level. The analysis of ApoE-/- VSCs ALP expression levels in the presence of cytokines
showed some increase after 48h. However, TNF-α,  unlike  IL-1β,  could  inhibit the ALP
mRNA expression to a greater degree at day 7 and maintained consistent
downregulation throughout differentiation. The IL-1β  showed  an abrogated effect at day
14 which was maintained until day 21 in pellet culture (Fig. 4.10 B).
4.2.7.3 Real-time analysis of type X collagen.
Type X collagen message was decreased at 48h post treatment with IL-1β and TNF-α
(Fig. 4.10 C). However, IL-1β   in pellet culture showed lesser inhibition at this time
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point in C57BL/6 VSCs. At day 7, the expression pattern showed a decrease with
continuing negative effect of both cytokines in all preparations (Fig. 4.10 C). The
downregulation was maintained throughout differentiation in ApoE-/- VSCs in the
presence of TNF-α  in  culture;;  in  contrast  IL-1β  elevated type X collagen expression at
day 14. Nonetheless, at day 21 IL-1β   had   inhibitory   effect   on   type X collagen
expression.
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Figure 4.10: Effect of IL-1β  and  TNF-α  on  Runx2,  ALP  and  type  X  collagen  gene  
expression in chondrogenically differentiating ApoE-/- and C57BL/6 VSCs. Isolated
cells were differentiated in chondrogenic conditions in the presence or absence of IL-1β  
(1ng/ml) and TNF-α (10ng/ml) and cultured in pellet format for 21 days. Pellets were
harvested at 0 hours, 48 hours, 7 days, 14 days and 21 days, RNA was extracted and the
expression of Runx2 (A), ALP (B) and type X collagen (C) measured by real-time PCR.
Expression levels were normalized to those for GAPDH. 2 technical replicates from 3
preparations were analyzed and data presented as mean ± SD. * represents p  ≤  0.05.
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4.3 Discussion
Since Ross revisited his response to injury theory and presented atherosclerosis as a
chronic inflammatory disease24, a number of reports have supported the role in
inflammation and immunity in pathogenesis of atherosclerosis as against SMC
proliferation25. Thus, it is conceived that atherosclerosis may be initiated by
monocyte/lymphocyte adhesion to activated EC. However, we are proposing here that
the inflammatory environment activates vessel derived stem cells which leads to their
differentiation to bone and cartilage. Thus, our approach was to investigate the effect of
pro-inflammatory cytokines, seen routinely in the atherosclerotic environment, on the
differentiation of VSCs from ApoE-/- mice and C57BL/6. In the atherosclerotic
environment, a number pro-inflammatory cytokines such as TNF-α, IL-6, IL-1β   are  
increased. TNF-α and IL-1β   are   major   cytokines   that   lead   to   cartilage resorption in
osteoarthritis and other inflammatory diseases. In contrast to their effect on cartilage
loss, inflammatory cytokines are strongly suspected to induce ectopic bone
formation26,27.
What triggers this inflammatory reaction is not completely understood. However,
numerous triggering factors such as oxidized LDL, free oxygen radicals and to some
extent, MMPs, heat shock proteins and advanced glycation end products have been
implicated. Activation of Toll like receptors via pathogen-associated molecular patterns
(PAMPs) is one the important pathways involved in atherogenesis known to induce
macrophages and vascular cells to produce pro-inflammatory cytokines. Much of the
initial evidence of cytokine expression in atherosclerosis came from the work done by
Hansson and colleagues3,6,28. TNF-α,   generally considered as a prerequisite for
induction of many other pro-inflammatory cytokines24, has been shown to be expressed
in the atherosclerotic plaque by a number of reports6,24. ApoE-/- mice deficient in TNF-α  
has been shown to have significantly decreased expression of other pro-inflammatory
cytokines compared to ApoE-/- mice29
Potentially, all cells present in the atherosclerotic plaque can produce a set of cytokines
contributing to the inflammatory milieu of the plaque. IL-1α  and  IL-1β  are  produced  by  
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SMC and EC30 while SMC can be induced to produce TNF-α   in   the presence of
TNF-α31. IL-6 production is quite high in activated SMCs32 and IFN-γ   induces   EC   to  
produce IL-15 which has been implicated in T-cell migration33. However, macrophages,
with their huge repository of pro-inflammatory cytokines such as TNF-α,   IL-1, IL-6,
IL-12 are by far the most important source of cytokines in the atherosclerotic plaque.
Platelets may also participate in inflammatory action as they are rich source of
chemokines and cytokines. IL-1β  is  secreted  by  platelets  in  activated  state34. Mast cells
present in the arterial wall form a part of inflammatory cell infiltrate in
atherosclerosis35. Mast cells, both in the resting and stimulated state, can secrete
exuberant amounts of TNF-α36.
It has been reported that brain pericytes also produce immunoregulatory cytokines like
IL-1β and IL-637. It has be suggested that TGF-β produced by pericytes might act also
as an immunomodulator at the BBB38,39. Pericytes are associated with blood vessels and
proinflammatory cytokines and vasoactive substances secreted by them and other cells,
could differentiate them to the chondrogenic lineage during the increased tension and
oxidative stress associated with atherosclerotic plaque formation.
The vessel-resident progenitor cells or VSCs could possibly act as uncontrolled cells
during ectopic bone formation. In conjunction with growth factors and cytokines
released from EC and SMC and localized inflammatory cells, they seem to either
commit to an endochondral ossification path and form bone or inhibit bone formation as
shown by this study.
The overall research goal of this chapter was to seek the reason behind the abnormal
vascular calcification in atherosclerosis. Data presented here help to better understand
the regulatory mechanisms that links pericytes/VSCs and ectopic calcification. In this
context the aims of the chapter were to determine effects of IL-6, IL-1β and TNF-α on
chondrogenic differentiation and mineralization shown here for the first time with VSCs
and to determine how VSCs, a heterogeneous stem cell population, might behave in an
inflammatory environment; thereby to determine the feasibility of using different
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inflammatory modulators to control the process occurring in the aortic plaque
formation.
As shown in the previous chapter, the isolated MSCs from BM and VSCs from an aorta
have abilities to differentiate to osteo- and chondro-genic lineage. The MSC and VSC
populations were positive for stem cell markers but the pericyte markers were expressed
only by VSCs. The fact that ApoE-/- VSCs that had significantly increased chondrogenic
activity as described in Chapter 3, additional investigation to assess their ability to
respond to pro-inflammatory cytokines during the course of chondrogenesis was
required. Furthermore, whether the intrinsic capacity of the ApoE-/- VSCs that are prone
to calcification resulted in a higher GAG/DNA ratio or whether this is seen due to
alternative effects of inflammatory mediators, remained to be investigated.
To expand the current understanding of the behaviour of VSC niche in the atherogenic
environment, this present study looked at the ability of VSCs to form bone in presence
of proinflammatory cytokines via the endochondral ossification pathway. This was
achieved through a series of real time PCR experiments investigating the effects on
genes relevant at different time points during chondrogenesis. It was obvious that this
process is impacted by numerous factors, which included the presence of chondrogenic
growth factors and pro-inflammatory cytokines.
Differentiation of the cells in the presence of each of the tested cytokines showed lower
levels of GAG at 21 days compared to the pellets cultured in absence of the cytokines.
The work in this chapter highlights the potential inhibitory effect of all chosen
pro-inflammatory cytokines on C57BL/6 VSCs. Similarly, in a report on MSCs, Lacey
et al. demonstrated that when MSCs were differentiated down in the presence of
pro-inflammatory

cytokines,

genes

associated

with

chondrogenesis

were

downregulated40. Interestingly, the GAG/DNA ratio in ApoE-/- VSCs treated with IL-6
was significantly higher compared to the controls; in contrast to reduction in GAG
production in MSCs as shown previously41. In this study, we have shown for the first
time that the ApoE-/- VSCs have the ability to respond to IL-6 treatment and induce
accumulation of proteoglycans. The difference between ApoE-/- VSCs and C57BL/6
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VSCs was clear when following the pellet culture for 21 days cultured with IL-6, the
ApoE-/- VSCs showed a chondrogenic morphology and pellets were similarly in size to
the control pellets with strong toluidine blue staining; however, C57BL/6 VSC pellets
were considerably smaller and showed no evidence of matrix accumulation.
The chondrogenic ability of ApoE-/- and C57BL/6 VSCs was significantly reduced in
presence of IL-1β   and   TNF-α compared to chondrogenic controls. However the
morphology and GAG concentration in TNF-α treated ApoE-/- VSCs showed
accumulation of proteoglycans with positive toluidine blue staining. Nonetheless, the
GAG/DNA ratio was significantly lower as there was observed or lower synthesis per
cell or high turnover. The C57BL/6 VSCs had smaller pellets and did not stain with
toluidine blue, except in case of IL-1β   treatment   where   very   little   staining   was  
observed.
The molecular analysis in this chapter was based on markers signifying three
progressive phases of chondrogenesis. The early gene expression profile takes into
account markers of chondrogenic progenitors like Sox9 and fibromodulin, followed by
markers of mature chondrocytes like type II collagen and aggrecan, and by markers of
hypertrophic chondrocytes defined by robust upregulation of collagen type X, alkaline
phosphatase and Runx242. To this purpose, the VSCs cultured in chondrogenic medium
in the presence or absence of IL-6, IL-1β   and   TNF-α   were analysed to assess these
markers.
During first phase of chondrogenic differentiation with IL-6 at 48h, the Sox9 message
was increased in ApoE-/- VSCs compared to C57BL/6 VSCs, where it was decreased.
The effect of IL-1β and TNF-α showed decreased Sox9 and fibromodulin RNA levels in
both ApoE-/- and C57BL/6 VSCs. The importance of Sox9 expression not only in
encoding cartilage matrix proteins such as type II collagen but also in promoting their
transcription has been reported previously43. This may, at least partially, explain the
increase in type II collagen expression in ApoE-/- VSCs.
Fibromodulin message was at low levels at early stages of chondrogenesis in both
ApoE-/- and C57BL/6 VSCs in the presence of IL-6. Fibromodulin binds to TGF-β  and  
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maintains cartilage integrity in murine articular cartilage44 and promotes early articular
cartilage development in mice limb20. Our study shows a slight but not significant
increase in fibromodulin expression at day 7.
The last stage of chondrogenic process, with GAG accumulation, represents mature
chondrocyte formation. At 14 days Sox-9 expression remains at low levels in both IL-6
treated cell populations but at the 21 day time point there was significant upregulation
(up to 1.9-fold change) over and above the normal levels in ApoE-/- VSCs. In C57BL/6
VSCs, Sox-9 remains inhibited at 21 days.
A similar suppressive effect of IL-1β   and   TNF-α   on Sox-9 and fibromodulin gene
expression (albeit with lesser effect of C57BL/6 VSC in presence of IL-1β) was noted
in both ApoE-/- and C57BL/6 VSC populations.
Type II collagen, which is critically important in chondrogenesis was assessed at all
stages of chondrogenesis. During the middle phase of chondrogenesis in MSCs,
expression of type II collagen and aggrecan message was observed20. Type II collagen
and aggrecan expression during the early and middle phases of chondrogenesis showed
constant uniform low expression in the presence of IL-6 in ApoE-/- and C57BL/6 VSCs.
However, at day 21, significant overexpression of type II collagen (28-fold) was
observed in ApoE-/- VSCs in the presence of IL-6. This result suggests that the cytokine
plays an important role in the fate of the resident blood vessel stem cells. In our studies
Sox9 upregulation at 21 days (up to 1.9-fold) and type II collagen (up to 28-fold) could
support the previous finding that upregulation of type II collagen is dependent on
increased levels of Sox9 expression even in the phase of mature chondrocyte formation.
Thus, late appearance of type II collagen in the matrix assembly can be linked with Sox9 expression in IL-6-treated ApoE-/- VSCs. Another possible link is between type II
collagen and aggrecan. Along with type II collagen upregulation after exposure to IL-6
presence in ApoE-/- VSCs, our studies showed that aggrecan is significantly
overexpressed, up to 3.9-fold, at 21 days. It has previously been shown that type II
collagen makes aggregates with other collagen types and proteoglycans to form mature
chondrocytes45,46. Molecular analysis after IL-1β and TNF-α treatment of ApoE-/- and
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C57BL/6 VSCs showed suppression of type II collagen and aggrecan at each time point.
This finding is consistent with a previous report by Lacey et al where both cytokines
decreased type II collagen and aggrecan expression in murine enriched C57BL/6 MSCs
over 14 days in chondrogenic conditions in vitro 40.
Our results indicated that in presence of IL-6, Runx2 expression remained at uniform
levels in ApoE-/- VSCs as compared to a drop in Runx2 expression in C57BL/6 VSCs at
each time point. Exposure to IL-1β   and   TNF-α   induces a slight increase in Runx2
expression at 48h in ApoE-/- VSC, but later time points showed suppression which is
consistent with previous studies in human MSC mineralization in the presence of these
cytokines47.
The alkaline phosphatase transcript levels in ApoE-/- VSCs in exposed to IL-6 was
shown to have a slight but not significant increase. The most obvious significant (25.1fold) upregulation was observed at day 7. This finding suggests that the presence of Il-6
cytokine exaggerates the effect of chondrogenic induction and promotes Alp
expression, as opposed to C57BL/6 VSCs where inhibition was observed at each time
point. Day 14 showed robust downregulation of Alp in the presence of IL-6 in ApoE-/VSCs. Surprisingly, at day 21 the Alp expression was significantly raised to 7.7-fold.
The most interesting finding in the study could be that IL-6 strongly acts on the one of
the mature chondrogenic genes in VSCs and is able to stimulate further mineralization.
This data might indicate that progenitor cells from blood vessels provide the cellular
link between calcification of atherosclerotic plaques and chondrogenesis with
deposition of calcified matrix within.
Further analysis of type X collagen, known to be associated with hypertrophic
cartilage42, showed downregulation in IL-6 exposed culture of ApoE-/- and C57BL/6
VSCs. At 48h, there was a significant drop in expression of the type X collagen as well
as at 7, 14, and 21 days in ApoE-/- and C57BL/6 VSCs. In general, type I, II and X
collagen are expressed sequentially, type X collagen making its appearance at a later
stage in differentiating cells20. Expression of type X collagen in IL-1β and TNF-α
treated cultures showed similar inhibition patterns to IL-6 exposed cultures.
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Taken together, the significant upregulation of key genes in chondrogenesis in ApoE-/VSCs in the presence of IL-6 at different stages of chondrogenic differentiation reveals
that this cytokine plays a central pathological role in the atherosclerotic
microenvironment. VSCs possess a differentiation potential which is responsive to
cytokines and makes them capable of formation of ectopic bone in non-bone tissue like
aorta. The differentiation of ApoE-/- VSCs in the presence of IL-6 to chondrocytes
characterized in this study and the temporal changes observed in the gene expression
largely paralleled the pattern of extensive calcification in vivo occurring in
atherosclerosis.
Sequential gene expression patterns which closely regulate cell-cell and cell matrix
interactions leading to alterations at morphological and metabolic levels during
development of cartilage48,49 are not only mirrored during deposition of calcified matrix
in the atherogenic processes but also to some extent during commitment of VSCs to the
endochondral pathway.
IL-6 has multifunctional effect and changes in its level have been implicated in cause
and development of chronic inflammatory diseases. So far, the effect of IL-6 has been
studied more extensively in chronic joint diseases such as OA and RA. A study pointed
out that IL-6 may contribute to the destructive changes in bone and cartilage
accompanying joint disease50. The study showed that IL-6 leads to downregulation of
major cartilage-specific genes through activation of STAT signaling pathways but not
ERK-dependent pathways. The study also reported downregulation of Sox9 expression,
concluding that IL-6 contributes to loss of chondrocyte phenotype and alteration of
articular cartilage in joint diseases. In RA, the ability of IL-6 to decrease aggrecan
synthesis in ECM has been shown51. Another pathway through which IL-6 may act in
RA is by stimulation of MMPs52. Similar MMPs mediated mechanism of cartilage
destruction by IL-6 has been observed in OA53.
On the contrary, a recent study in 2012 indicated that increased levels of IL-6 appear to
enhance anabolic activity of the chondrocytes and also formation of new cartilage
during in vitro regeneration experiment54. It has been postulated that high levels of IL-6
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produced by chondrocytes during regeneration play direct role in cartilage regeneration.
Tocilizumab (monoclonal antibody against IL-6 receptor) has shown positive effects in
diseases such as RA55-57, systemic juvenile idiopathic58,59 and many other inflammatory
disorders.

The postulation is that this treatment can inhibit progression of

atherosclerosis and thereby decrease cardiovascular events60,61.
A report has shown significant increase in ALP expression at day 7 in IL-6 treated
MSCs during osteogenesis41. In chondrogenic assays, MSCs treated with IL-6 showed
increase in the size of pellets although collagen type II and aggrecan were decreased at
day 2141.  However,  this  study  didn’t  investigate  other  chondrogenic  markers.  In  light  of  
these range of different effects of IL-6, in our studies, it was not surprising to observe
stimulatory effect of IL-6 on chondrogenic genes in atherosclerotic VSCs.
This study also revealed that in presence of pro-inflammatory cytokines, IL-6 in
particular, released by surrounding or localized inflammatory cells, ApoE-/- VSCs
become more permissive to this microenvironment and commit to chondrogenic
differentiation pathway leading to endochondral ossification and create an expression
pattern of cartilage specific genes. On the contrary, the constant inhibition of
chondrogenic genes in C57BL/6 VSCs under the influence of the pro-inflammatory
cytokines suggests that these cytokines promote their stemness and keep them at an
undifferentiated stage
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5.1

Introduction

Atherosclerotic lesions are known to contain ectopic tissue including bone, cartilage, fat
and marrow1,2. VC is one of the common complications of cardiovascular, renal disease
and diabetes3. It is increasingly understood that VC is a cell-mediated process, which is
controlled through both a local and systemic balance between inducers and inhibitors of
calcification3,4. There is some evidence that resident vascular cells contribute to VC.
Reports have shown that resident stem cells in the vessel wall can differentiate to bone
and cartilage under certain conditions5,6. Mechanisms controlling VC are not fully
understood; however, the resemblance to bone formation is suggested by the presence
of many bone regulators in the vessel wall7-13 and mediators of hydroxyapatite
deposition in atherosclerotic plaque by chondrocyte-like cells14,15. One of the most
important factors is BMP2 which regulates ectopic calcification in atherosclerosis as
well endochondral ossification in skeletal bone formation15-18. Another factor which has
been found in bone development and cartilage maturation as well in atherosclerotic
plaque is TGF-β18,19 which has been implicated in regulation of ossification by the
endochondral pathway during skeletal development and fracture healing20-22. The link
between bone formation and atherosclerotic plaque calcification is more complex. The
growth factors expressed in both processes are similar. Atherosclerotic plaque
calcification also involves expression of major transcription factors such as Runx2 and
Sox923,24 which are key regulators of bone and cartilage differentiation during skeletal
development24,25. Thus, the processes of endochondral bone formation and vascular
calcification with deposition of bone in atherosclerotic lesions can be understood to be
linked.
The process of bone formation through the endochondral pathway is complex and well
regulated, and is initiated by formation of a vascular bud in the cartilaginous template26.
Apart from ectopic bone formation, the vascularization process in the plaque is
increasingly being accepted to take place de novo with invasion of other blood vessels.
The significance of vascularization following a bone graft cannot be over emphasized.
One major factor that leads to graft rejection is poor vascularization in vivo27-29. In
contrast, calcification of atherosclerotic lesions, which is also a highly organized
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process, was originally thought to be a passive process. The ectopic calcification in
aorta can occur either in the media and/or intima30. The result is mineralized bone-like
tissue containing marrow and cartilage. The process resembles endochondral bone
formation or repair20,31 with factors in the vessel acting as angiogenic stimuli and
ultimately blood vessels invading the plaque. In this process, pericytes play an
important role by modulating angiogenesis6,32. It is also important to note that
progression

of

plaque

in

atherosclerosis

is

associated

with

intraplaque

neovascularization33.
It is hypothesized that in the response to injury, resting pericyte-like cells or VSCs in
the blood vessel are activated through a number of factors and start to proliferate and
differentiate into bone-forming cells and other cell lineages. In physiology, these cells
are known to be required to repair and regenerate injured cells in other organs.
However, they may also contribute to pathological processes. On one hand, it is
believed that during atherogenesis there is attenuation of VSC development and
inadequate differentiation into mature vascular cells with diminished proliferation and
increased vascular cell apoptosis34. On the other hand, it is thought that during
atherosclerotic plaque formation there are certain, not yet fully understood, mechanisms
by which cells under the effect of certain factors start to form bone and cartilage.
Although it is widely believed that the cells involved in differentiation are SMCs23,35,
there is evidence suggestive of differentiation of progenitor cells23,36,37.
Here, the aim was to investigate the effect of the atherosclerotic environment on VSC
and MSC differentiation in an attempt to further understand the role of resident and
circulating progenitor cells in ectopic bone and cartilage formation in the atherosclerotic
plaque and VC. We investigated whether bone-like structures found in atherosclerotic
plaque can be formed in vivo via the endochondral ossification pathway under the
influence of the pro-inflammatory environment in atherosclerosis. There are many
soluble factors that play role an important role in promoting the cascade of ectopic
calcification in forming atherosclerotic plaque, so the effect of the combined effect of
this environment was assessed.
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MSCs and VSCs from ApoE-/- and background C57BL/6 mice were loaded on a
collagen-glycosaminoglycan scaffold and chondrogenically primed to form a
cartilaginous template prior to subcutaneous implantation in vivo. The effect of the
atherosclerotic environment on bone formation was interrogated by implantation of both
donor cell preparations into ApoE-/- recipient mice (Fig. 5.1). Donor cell preparations
were implanted subcutaneously in C57BL/6 mice as controls (Fig. 5.1). The incidence,
extent and quality of calcified cartilage, bone and bone formation was assessed by a
histological grading system.
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Figure 5.1 Experimental design for analysis of the role of VSCs and MSCs in
atherosclerosis. To investigate the in vivo differentiation of ApoE-/- and C57BL/6
MSCs and VSCs, chondrogenically primed constructs were implanted subcutaneously
in the back of control and ApoE-/- mice. The control constructs grown in control
medium were implanted in the same fashion. After 8 weeks post-implantation, the level
of bone formation, bone marrow as well as blood vessels and fat appearance in the
retrieved constructs was analysed.
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5.2

Results

5.2.1

Assessment of MSCs and VSCs construct seeding
5.2.1.1

Priming / pre-differentiation

The collagen-chondroitin sulphate scaffolds used in this study were kindly gifted by
Prof.  F.  O’Brien.  These scaffolds have been previously used to assess bone formation38.
The scaffolds were non-toxic and stimulated cell growth in 3D culture39. The scaffolds
were seeded with isolated cells, either MSCs or VSCs, from C57BL/6 or
ApoE-/- mice. Briefly, 3 to 5mm scaffolds were placed in agarose-coated 6-well plates
(LE analytical grade, Promega) (scaffold/well). The cells were seeded drop-wise on one
side of the scaffold; after 30 min incubation at 37°C in 5% CO2, scaffolds were removed
from the incubator and flipped on the other side and seeded again and left for a further
30min at 37°C in 5% CO2. This method of seeding was optimized previously40.
Following seeding, the seeded scaffolds were incubated for 32 days with half medium
changes for chondrogenic priming every 3-4 days. Seeded and unseeded scaffolds fed
with control medium (section 2.8.1 and 2.8.2) were used as controls. Control and
chondrogenically-primed constructs were stained with toluidine blue to assess the
quality of seeding before implantation. The staining indicated distribution of cells
throughout the scaffold; however, the density of cells was higher at the edges. In all the
seeded and chondrogenically-primed scaffolds, except for the controls, staining for
GAG was evident. Primarily, GAGs were observed at the edges of the seeding scaffold
as seen in figure 5.2. The cells formed cartilage-like nodules embedded in lacunae.
Toluidine blue staining confirmed the homogenous distribution of cell seeding on the
scaffolds, whereas the controls showed no GAG deposition as expected. Cross-sections
through the toluidine blue stained scaffolds showed that the cells penetrated the material
homogenously and shrinkage of the material indicated contraction of the scaffold by the
cells. Cells enclosed in the scaffolds looked healthy and a layer of cells on the top of the
scaffold was evident.
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Figure 5.2 Toluidine Blue staining showing homogenous cell distribution and
chondrogenic priming of constructs after 32 days in culture. Low magnification
images at 200µm confirm homogenous cell seeding throughout scaffolds and
accumulation of GAGs at the edges of primed constructs. Small regions of scaffolds
were also present, indicated with red arrows. High magnification images at 50µm show
GAG deposition and cartilage like cells in the primed samples.
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5.2.1.2

Subcutaneous implantation in ApoE-/- and C57BL/6 control
mice and sample retrieval

Following chondrogenic priming, seeded scaffolds were implanted subcutaneously in
the back of C57BL/6 or ApoE-/- mice in a randomized manner and harvested after 8
weeks as described in section 2.8.3. The constructs were explanted, processed and
sectioned for histology as described in section 2.8.4. Sections were stained with
hematoxylin-eosin or safranin O/fast green (sections 2.8.5-6) for microscopic evaluation
to clarify the differences of maturity level of the bone formed. Immunohistochemistry
for Collagen type II and X was also performed (section 2.6.1.2) to further assess the
maturity of de novo formed bone.
To explore whether bone can be formed in vivo after being induced towards to the
chondrogenic lineage and if the process is enhanced by the atherosclerotic environment,
constructs, both treated and untreated, were implanted in ApoE-/- and C57BL/6 mice
(Fig. 5.1) as described previously (section 2.8.3). Empty constructs were used as
internal controls to rule out in vivo derived bone formation driven by the infiltration of
host MSC or VSC. After 8 weeks, implanted samples were retrieved. Figures 5.3 and
5.4 show the gross appearance of constructs after retrieval. All the retrieved constructs
were processed and sectioned as described in section 2.8.4.
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A

B

C

D

Figure 5.3 Examples of the gross appearance of retrieved samples. (A), (B)
chondrogenically primed ApoE-/- MSC constructs retrieved from C57BL/6 mice
showing the appearance of blood vessels. (C), (D) chondrogenically primed ApoE-/MSC constructs retrieved from ApoE-/- mice showing the appearance of hard bone-like
structures.
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B

A

D

C

Figure 5.4 Examples of the gross appearance of retrieved samples. (A), (B)
chondrogenically primed ApoE-/- VSC constructs retrieved from C57BL/6 mice. (C),
(D) chondrogenically primed ApoE-/- VSC constructs retrieved from ApoE-/- mice. Both
retrieved samples showing the appearance of hard bone-like structures and blood
vessels. One division is 1mm.
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5.2.1.3.

Analysis of bone formation

Sections from each animal and each treatment were randomized to eliminate bias and
then examined and scored by three independent, blinded researchers. The sections were
graded according to the histological scale (see section 2.8.7). The grading system
involves assessment of bone formation and the stage of maturity of cartilage, bone and
bone marrow. It allots a total score of formed bone in correlation to the total amount of
extracted sample on a scale of 0-4. Overall bone score was determined by adding the
scores for calcified cartilage, bone and bone marrow. The overall bone formation in
each sample was then calculated as percentage of the overall bone score for that sample
with a score of 4 as 100%. The system also assesses the formation of fat in the
interspaces of the explants and appearance of blood vessels and fibrous matrix. Hostderived tissue such as muscle or hair follicles was noted. The presence of a high
proportion of surrounding host tissue in the retrieved samples was a confounding factor
in assessment of the percentage of overall level of the bone formation in some
constructs. For semi-quantitative assessment of the achieved results, the focus was on
the purity and maturity of the formed bone. Results are detailed in Tables 5.1, 5.2 and
5.3.
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Table 5.1 Histological analysis of MSC constructs retrieved from ApoE-/- and
C57BL/6 mice scored for bone, calcified cartilage and bone marrow
formation. The constructs were stained with H&E staining for light microscopic
evaluation.

Note: The numbers in blue represent constructs showing the presence of the particular
feature out of the total retrieved constructs. The numbers in brackets represent the
scores allotted by the grading system. Percentage of overall bone formation was
calculated by the overall bone score based on the grading system with a score of 4 as
100%.
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Table 5.2 Histological analysis of VSC constructs retrieved from ApoE-/- and
C57BL/6 mice scored for bone, calcified cartilage and bone marrow
formation. The constructs were stained with H&E staining for light microscopic
evaluation.

Note: The numbers in blue represent constructs showing the presence of the particular
feature out of the total retrieved constructs. The numbers in brackets represent the
scores allotted by the grading system. Percentage of overall bone formation was
calculated by the overall bone score based on the grading system with a score of 4 as
100%.
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Table 5.3 Summary of overall bone formation by histological analysis of MSC and
VSC constructs retrieved from ApoE-/- and C57BL/6 mice (extracted from
tables 5.1 and 5.2)

Note: The numbers in red represent percentage of overall bone formation. The numbers
in brackets represent percentage of bone marrow scored by grading system. Percentage
of overall bone formation was calculated by the overall bone score based on the grading
system with a score of 4 as 100%.
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5.2.2

Capacity of MSCs and VSCs from atherosclerotic mice to form bone:
ApoE-/- cells in C57BL/6 mice

When chondrogenically primed constructs from atherosclerotic mice were transplanted
into subcutaneous pouches of control mice, all constructs underwent mineralization and
formed bone as shown in figure 5.5.
In the case of the primed ApoE-/- MSC constructs retrieved from C57BL/6 mice, 5 out
of 5 retrieved constructs formed bone. The overall bone formation was 77.5% with
more than 20% of bone marrow formation suggesting areas of maturity. However, the
presence of 25% calcified cartilage suggested areas of less mature bone. The control
ApoE-/- MSCs constructs which were retrieved from C57BL/6 mice did not form bone,
calcified cartilage or bone marrow; all were graded as 0 as per the grading system. On
the contrary, the remnants of cellular structure outside of the scaffolds were obvious in
the constructs (Fig. 5.5).
The ApoE-/- control VSC constructs were found not to form bone but some minimal
cartilage in 1 of 6 constructs retrieved from C57BL/6 mice (according to two of the
three independent researchers) (Fig. 5.6). No bone marrow was seen in the sections.
The chondrogenically primed ApoE-/- VSC constructs retrieved from C57BL/6 mice
formed bone or immature bone in 5 out of 5 retrieved samples. In 3 out of 5 constructs,
bone marrow was seen (Fig. 5.6). Of the 58.4% of overall bone formation, 25% was
immature bone with calcified cartilage while 17.75% of bone marrow suggesting a
more mature ossicle.
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Figure 5.5: Bone formation by primed ApoE-/- MSCs in C57BL/6 mice. All
chondrogenically primed ApoE-/- MSC constructs retrieved from C57BL/6 underwent
mineralization and clear bone formation (black arrows). Control ApoE-/- MSC
constructs, on the other hand, neither formed bone nor calcified cartilage nor bone
marrow. The cellular structure outside of the scaffolds can be obviously seen (red
arrows). Low magnification at 200µm and high magnification at 100 and 50µm.
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Figure 5.6: Bone formation by primed ApoE-/- VSCs in C57BL/6 mice. All
chondrogenically primed ApoE-/- VSC constructs retrieved from C57BL/6 underwent
mineralization and clear bone formation (black arrows) could be seen. Control ApoE-/VSC constructs, on the other hand, neither formed bone nor calcified cartilage nor bone
marrow. The remnants of scaffolds can be obviously seen (red arrows). Low
magnification at 200µm and high magnification at 100 and 50µm.
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5.2.3

The atherosclerotic environment complements the intrinsic capacity of
MSCs and VSCs to form bone: ApoE-/- cells in ApoE-/- mice

To investigate how the intrinsic capacity of MSCs and VSCs from atherosclerotic mice
is affected by the atherosclerotic environment, the fate of the ApoE-/- constructs in
ApoE-/- mice was assessed.
All 5 of 5 constructs of primed ApoE-/- MSCs retrieved from atherosclerotic mice
formed bone and bone marrow. With prominent dense bone appearance (30%), calcified
matrix (23.5%) and areas with bone marrow (15%), the overall bone formation was
rated at 68.5%. A large number of hypertrophic cells was observed surrounded by
cartilage-like matrix containing bone like tissue components and permeating blood
vessels (Fig. 5.7).
ApoE-/- MSC control constructs retrieved from atherosclerotic mice formed some bone
with 18% of overall bone formation and 10.25% cartilage observed only in 2 out of 4
retrieved constructs. Total bone marrow observed was 4.75% and seen in 2 out of 4
retrieved constructs (Fig. 5.7).
The examination of 6 out of 6 primed ApoE-/- VSCs in the ApoE-/- environment showed
the presence of osteoid tissue with a number of hypertrophied cells embedded in a
cartilaginous matrix and notably, all constructs had invading blood vessels (Fig. 5.8).
The bone appearance was dense with 83.25% of overall bone formation. The calcified
matrix was prominent with 24% coverage. In all treated ApoE-/- constructs retrieved
from ApoE-/- mice, substantial formation of bone marrow was observed (34%),
revealing the maturity of the developed bone.
Thus, overall, these results lead to the conclusion that the atherosclerotic environment
does not prevent or slow down the formation of bone but rather promotes the
calcification of the constructs and bone formation, giving a hint towards solving the
quest to understand ectopic bone formation in atherosclerotic plaque. Comparing these
results with those of atherosclerotic cells in a non-atherosclerotic environment, it is
evident that the level of maturity of bone and the overall calcifying effect is further
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enhanced by the atherosclerotic environment suggesting the complimentary role of the
environment on the intrinsic propensity of atherosclerotic cells to from bone.
In 3 of the 4 control constructs of ApoE-/- VSCs retrieved from atherosclerotic mice, a
poorer bone-like formation was observed with overall new bone formation of 18%.
Calcified matrix was found in 3 out of 4 retrieved constructs with 8% coverage while
total bone marrow was only 3.25%. Only one of the constructs was found to have bone
marrow but interestingly, without the appearance of bone (Fig. 5.8). However, when
compared to controls in C57BL/6 mice, the results of VSC controls in ApoE-/- mice
provide some evidence that even without chondrogenic priming, the atherosclerotic
environment plays some role in enhancing the bone formation by atherosclerotic VSCs.
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Figure 5.7: Mature bone formation in primed ApoE-/- MSCs in ApoE-/- mice.
Control ApoE-/- MSC constructs showed the presence of calcified cartilage and some
bone (red arrows). All primed ApoE-/- MSC constructs showed mature bone formation
with bone marrow (black arrow), fat (yellow star) and blood vessels (red star). Low
magnification at 200µm and high magnification at 100 and 50µm.
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Figure 5.8: Mature bone formation in primed ApoE-/- VSCs in ApoE-/- mice.
Control ApoE-/- VSC constructs showed the presence of calcified cartilage and some
immature bone (red arrows). All primed ApoE-/- VSC constructs showed mature bone
formation with bone marrow (red star), calcified cartilage (black arrow) and blood
vessels (yellow star). Low magnification at 200µm and high magnification at 100 and
50µm.
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5.2.4

Effect of the atherosclerotic environment on bone formation: C57BL/6 cells
in ApoE-/- mice

The results obtained from analysis of non-atherosclerotic constructs retrieved from the
atherosclerotic environment highlight the modest role of the atherosclerotic
environment alone. Two of 5 of C57BL/6 MSCs control constructs retrieved from
atherosclerotic mice formed some bone with overall bone formation of 5%. Of this, 3%
was calcified cartilage while no bone marrow was observed (Fig. 5.9). For ApoE-/- MSC
(4 out of 4) and C57BL/6 MSC (4 out of 4) control constructs retrieved from control
mice, there was no bone, cartilage or bone marrow formation (Fig. 5.9).
In the case of primed C57BL/6 MSCs retrieved from atherosclerotic mice, overall new
bone formation was 18.75%. Two of 5 constructs formed some bone while 3 out of 5
constructs showed an average of 9.25% calcified cartilage. One of the retrieved
constructs formed 3.5% bone marrow (Fig. 5.10).
Following retrieval of control and primed constructs of C57BL/6 VSCs from
atherosclerotic or control mice, no bone or calcified structures, either in primed (0 out
of 4) or in control (0 out of 4) constructs, were seen (Fig. 5.10). Also, there was no
evidence of bone marrow formation.
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Figure 5.9: Modest bone formation by C57BL/6 MSCs in ApoE-/- mice. Control
C57BL/6 MSC constructs showed calcified cartilage and some bone formation (red
arrows). Extra tissue such as muscle (yellow star) can be seen. Comparatively, primed
C57BL/6 MSC constructs showed more bone formation with marrow like spaces (black
arrows). Low magnification at 200µm and high magnification at 100 and 50µm.
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Figure 5.10: No bone formation by C57BL/6 VSCs in ApoE-/- mice. Control
C57BL/6 VSC constructs showed no bone formation while remnants of scaffold and
remnants of cellular structure (red arrows) can be seen. Primed C57BL/6 VSC
constructs showed no bone formation. Low magnification at 200µm and high
magnification at 100 and 50µm.
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5.2.5

C57BL/6 cells in C57BL/6 mice

Control constructs of C57BL/6 MSCs retrieved from control mice, did not show bone or
cartilage formation. Primed C57BL/6 MSCs implanted in C57BL/6 showed bone
formation of 9.5%. This represented detection in only one of the primed constructs;
3.75% of tissue was represented by newly formed bone-like structures while 5.75% of
tissue was essentially calcified cartilage with no bone marrow observed (Fig. 5.11).
This makes it clear that whatever little bone formation was induced after priming, no
maturation occurred. In the case of C57BL/6 VSCs retrieved from control mice, there
was no bone formation either in control or primed constructs (Fig. 5.12). Thus, in case
of non-atherosclerotic cells the effect of priming was minimal.
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Figure 5.11: Minimal bone formation by C57BL/6 MSCs in C57BL/6 mice. Control
C57BL/6 MSCs constructs showed no bone formation; however, remnants of scaffold
and cellular structures outside the scaffolds were seen (red arrow). In the case of primed
constructs, some bone formation was observed (black arrow) in one of the retrieved
constructs only. Low magnification at 200µm and high magnification at 100 and 50µm.
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Figure 5.12: No bone formation by C57BL/6 VSCs in C57BL/6 mice. Both control
(red arrows) and primed (black arrows) C57BL/6 VSC constructs showed no bone
formation, however remnants of scaffold and the remnants of cellular structure outside
of the scaffolds were apparent (yellow star). Low magnification at 200µm and high
magnification at 100 and 50µm.
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5.2.6

Priming enhances bone formation

That atherosclerotic cells have an intrinsic capacity to form bone even in a nonatherosclerotic environment has already been discussed. This capacity became more
evident when the cells were chondrogenically primed. In the case of ApoE-/- MSC
controls none of the retrieved constructs formed bone; however, when these MSCs were
primed all of the retrieved constructs (5 out of 5) formed bone (Fig. 5.5). In comparison,
in the case of ApoE-/- control VSCs there was no bone formation but the presence of
immature cartilage in one of the retrieved constructs was detected. Even here priming
had a significant boosting effect. Five out of five constructs formed mature or in some
regions immature bone, calcified matrix and bone marrow (Fig. 5.6).
The effect of priming in the atherosclerotic environment on atherosclerotic cells was
also assessed. Without priming, ApoE-/- MSCs formed bone and immature cartilage in 2
out of 4 retrieved constructs. However, when primed, ApoE-/- MSCs formed bone in all
5 out of 5 retrieved constructs (Fig. 5.7). The same boosting effect of priming was
observed in the case of ApoE-/- VSCs. While control ApoE-/- VSCs showed poor bone
formation in 3 of the retrieved constructs and calcified matrix in 3 out of 4 retrieved
constructs, primed ApoE-/- VSCs showed mature bone formation in all of the 6 retrieved
constructs (Fig. 5.8). Thus, from the above findings, it is clear that priming is important
for the cells to exhibit their intrinsic capacity to form bone and also to reveal the
complementary effect of the atherosclerotic environment on bone formation.
In the case of C57BL/6 MSCs retrieved from atherosclerotic mice, the effect of priming
was not as profound. Both primed and control cells showed bone formation in 2 out of 5
retrieved constructs (Fig. 5.9). However, with priming, there was 18.75% of overall
bone formation where calcified cartilage was 9.25%. This was higher as compared to
the controls where overall bone formation was 5% with 3% of calcified cartilage. Also,
priming induced some bone marrow formation in 3.5% of tissue in one of the constructs
which was not seen in the controls. In case of C57BL/6 VSCs retrieved from
atherosclerotic mice, there was no bone or calcified cartilage formation with or without
priming (Fig. 5.10).
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5.2.7

MSCs or VSCs in calcification associated with the atherosclerotic
environment?

The process of plaque hardening and calcification appears to form in the blood vessel
wall, hindering its function as an elastic perfusion tissue. Atherosclerotic metaplasia in
arterial walls, although well-known as underlying phenomenon for vascular
calcification, is not yet fully understood. The ectopic tissue in the artery wall is a
process which occurs over decades. Monocyte infiltration is required to get rid of
oxLDL. During this process, they turn into macrophages which secrete proinflammatory cytokines. Although not the direct cause of plaque formation, this process
may lead to proliferation and differentiation of resident VSCs. We sought to assess the
origin of bone and cartilage formation in the constructs to increase our understanding of
aortic metaplasia. ApoE-/- pre-treated cell populations, either isolated from bone marrow
or aortae, actively formed bone and calcified cartilage. Fat and bone marrow structures
were also observed (Figs. 5.7 and 5.8). There were minor differences between the
chondrogenically primed ApoE-/- MSC and VSC constructs. In the primed ApoE-/- MSC
constructs (5 out of 5), the newly formed bone was mature. Calcified cartilage
structures were also observed. They exhibited irregularly layered structures with regions
showing rough staining with hematoxylin and eosin. The newly formed bone had clear
scattered structures seen as blue in safranin-O and fast green staining (Fig. 5.13). All
samples had cartilage formation with spaces between filled up with marrow and fat. In
some of the samples, it was possible to pinpoint blood vessel formation with the
presence of red blood cells and platelets.
Primed ApoE-/- VSC constructs (6 out of 6) retrieved from atherosclerotic mice showed
the clear appearance of bone as seen by safranin O and fast green staining (Fig. 5.14).
Invasion of the blood vessels (neovascularization) was observed in the newly formed
bone structures. Also, the newly formed structures were highly enriched in bone
marrow enclosed in marrow like spaces and fat dispersed in the interspaces. Notably,
bone was formed throughout the scaffolds and apparently progressed inwards as the
calcified cartilage was interior to the bone and marrow regions. Also, it can be noted
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that osteoblasts-like cells were seen lining the newly formed bone. The level of
organization and mineralization was at a much lesser degree in the control constructs.
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Figure 5.13: Histological staining for glycosaminoglycan with A) Safranin O/fast
green and B) H&E staining of chondrogenically primed ApoE-/- MSCs constructs
retrieved from ApoE-/- mice. The cellular morphology showed round and oval cells
with lacunae surrounded by extracellular matrix. Also, the presence calcified cartilage
and mineralizing osteoid (black arrow), fat (red star), bone marrow (yellow star) and
blood vessels (red arrow) can be observed. Scale bars represent 200, 100 and 50 µm.
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Figure 5.14: Histological staining for glycosaminoglycan with A) Safranin O/fast
green and B) H&E staining of chondrogenically primed ApoE -/- VSCs constructs
retrieved from ApoE-/- mice. The cellular morphology showed round and oval cells
with lacunae surrounded by extracellular matrix. Also, the presence of calcified
cartilage and mineralizing osteoid (black arrow), fat (red star), bone marrow (yellow
star) and erythrocytes (red arrow) was observed. Scale bars represent 200, 100 and 50
µm.
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5.3

Discussion

This study explored whether in vivo bone formation is triggered in chondrogenically
primed constructs via endochondral ossification by the atherosclerotic environment.
Formation of prominent and mature bone like structures in the primed ApoE-/- VSC and
MSC constructs, even in a non-atherosclerotic environment suggested an intrinsic
proclivity of these cells to form ectopic bone, which was boosted in the atherosclerotic
environment. This notion was further supported by the observation that the cells from
control mice, whether primed or not, were substantially less prone to form bone even in
the atherosclerotic environment. In terms of mineralization, when the chondrogenically
primed construct were transplanted into the subcutaneous pouches of ApoE-/- mice, all
MSCs and VSCs derived and chondrogenically treated constructs of ApoE-/- cells
underwent mineralization and formed calcified cartilage.
Metaplasia and calcification occurs in the aortic tunica. It is now known that this
abnormality is not just a physical accumulation of calcium phosphate, but rather
involves several mechanisms similar to bone formation with a number of bone related
proteins expressed within the vessel wall41.
The calcification of chondrogenically primed MSC as well as VSC constructs suggest
the endochondral ossification pathway where, upon exposure to the atherosclerotic
environment, mature bone starts to form. Differentiation and calcification of the
constructs in the atherosclerotic environment is regulated by exposure to various factors
like TNF-α, IL-6 and other pro-inflammatory cytokines, and possibly other soluble
factors which may play role in formation of the plaque and atherogenesis. The
hardening and instability of the plaque is the most common reason for incidence of
stroke, where the unstable plaque starts to break and the cells enclosed in the
atherosclerotic capsule begin to invade the atherosclerotic vessel lumen. A blood clot
begins to form and may lead to a thromboembolic episode. Inflammation plays a huge
role in the instability of the plaque where MMPs begin to digest collagen and start to
compromise the collagen glue of the structure of plaque. The development of
atherosclerotic lesions starts when the initial infiltration of macrophages for resolution
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of the insult, turns into chronic inflammation and the cells start to secrete proinflammatory cytokines instead of preventing inflammation. The cascade of these
events leads to the changes resulting in development of the plaque environment. Recent
evidence has suggested that cells which usually build up the tunica media have the
capacity to differentiate under factors such as TGF-β and BMPs, which direct the cells
to harden and eventually become bone. The process is called ectopic metaplasia, where
extra tissue like fat, bone, cartilage and marrow is formed42.
To date, a number of researchers have reported the presence of stem cells in blood
vessels including the aortae43. Their regenerative role in injury is well known, however
our work was based on the premise that they can also be implicated in pathological
processes under certain conditions. The mechanism whereby this occurs is not fully
understood. The potential of these vessel wall stem cells to form bone, cartilage, muscle
or fat has been reported previously42. More specifically, the cells which are isolated
form aortic tunicae have more proclivity to differentiate to the osteogenic lineage42,44
upon exposure to inflammatory cytokines.
The processes involved in endochondral ossification include neovascularization of
avascular cartilaginous template tissue followed by calcification of cartilage, osteoclastdriven remodeling and then osteoblast-driven deposition of bone30. This endochondral
bone formation and neovascularization heavily depend on expression of Runx2 together
with Sox945. Chondrogenic metaplasia of arteries occurs in models of heritable vascular
calcification such as matrix Gla protein (MGP) knockout mice46,47 and ApoE-/- knockout
mice14, the model used in this study.
The chondrogenically primed constructs of ApoE-/- MSCs, retrieved from control as
well as atherosclerotic mice, formed mature bone and cartilage. It is interesting to note
that ApoE-/- MSCs showed a similar level of bone formation in the atherosclerotic and
control environments confirming their innate role in differentiation.
ApoE-/- MSCs had the potential to form highly developed structured bone under an
inflammatory environment. They may have overcome the effect of pro-inflammatory
cytokines which usually will suppress bone development48. When ApoE-/- VSCs were
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subjected to a chondrogenic assay, along with IL-6 treatment (as discussed in Chapter
4), assessment over 21 days suggested that IL-6 treatment enhanced the chondrogenic
potential of the cells. Cells started showing overexpression of markers of chondroprogenitors like Sox9 and fibromodulin followed by that of mature chondrocytes
markers like type II collagen and aggrecan and then by hypertrophic chondrocytes
defined by robust upregulation of Runx2 and Alp at 21 days in chondrogenic culture;
C57BL/6 VSCs on the other hand showed inhibition of cartilage development in
response to IL-6 treatment. Similarly, in this in vivo study where the combined effect of
all proinflammatory cytokines in the atherosclerotic environment can be assessed, the
chondrogenically treated ApoE-/- VSCs constructs formed more mature bone structures
in ApoE-/- mice compared to those implanted in the control C57BL/6 mice.
In both environments, ApoE-/- cells were prone to calcify and develop bone structures;
nevertheless VSCs were slightly more sensitive to environmental factors. The ApoE-/environment seemed to contribute to mature bone formation in the ApoE-/- primed
constructs but to a lesser degree in control non-primed constructs. Interestingly, the
ApoE-/- environment also triggered bone formation in C57BL/6 control constructs, even
without priming, albeit to a much lesser degree, again supporting the hypothesis that the
atherosclerotic environment plays a role in differentiation and ectopic bone formation.
The importance of the atherosclerotic environment in bone formation becomes even
more obvious by the observation that control constructs retrieved from the control nonatherosclerotic environment did not form any bone. Nevertheless, the finding that there
was some bone formation in primed C57BL/6 constructs retrieved from control mice,
was similar to previous findings in Balb/C mice49 and rats50.
Previously, it has been shown that cells subjected to differentiation assays will usually
down regulate bone and chondrogenic transcription factors under pro-inflammatory
conditions48. In this study, it was found that the pro-inflammatory environment did not
inhibit the formation of bone in subcutaneous implants but exaggerated the effect
leading to more advanced calcification, particularly in the case of VSCs. Very low bone
formation

in

C57BL/6

constructs

retrieved

220

from

atherosclerotic

and

Chapter 5 In vivo Assessment

non-atherosclerotic environments could be related to their resorption due to an immune
response.
From this study it is clear that endochondral ossification and calcification in
atherosclerosis is a complex interplay of a number of factors, each contributing
differently to the process. It can be concluded that a major contributing factor is the
intrinsic capacity of MSCs and VSCs derived from atherosclerotic mice to calcify.
Nonetheless, this study also demonstrated that the environment in which cells are predifferentiated and the actual host environment drive the implanted constructs to form
bone or premature bone, bone marrow, calcified cartilage and promote infiltration of
blood vessels as well as formation of fat.
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6.1

Overview

The most common cause of death in the western world is atherosclerosis, which is
largely attributed to chronic injury to the vasculature. There are many factors
contributing to the progression of atheromatous plaques. Amongst these, the remodeling
of the vascular wall that follows an assault, either acute or chronic, has been considered
by many researchers as a contributing factor. However, the exact role of this remodeling
and the underlying mechanisms remain largely unexplored1. Recent studies suggest that
ectopic tissue, including bone, cartilage, fat and marrow, in the aortic wall is a common
feature of pathogenesis of the plaque2. This ectopic calcification occurs in blood
vessels, heart valves and skeletal muscles3.
There is a growing body of evidence suggesting that pericytes are not only involved in
regulating angiogenesis but can also differentiate to the osteogenic and chondrogenic
lineages3. There have been reports showing new blood vessel formation within the
intima of the atherosclerotic plaque4-6. It has also been hypothesized that pericytes not
only can be the cause of angiogenesis occurring in the vessel wall during the
pathological process, but can also differentiate to the bone phenotype where the blood
supply of nutrients and oxygen is crucial. Vascular calcification is a common
complication that occurs in a number of disease conditions including atherosclerosis.
Calcification in atherosclerosis, has been found to spread through media and intima and
affects almost all vasculature3,7.
The identification of vascular stem cells creates the possibility of new therapeutic
strategies for regenerative medicine. However, dysregulation of pericyte function in the
vessel wall leads to severe problems like stroke which is a major problem. Although the
formation of new vasculature is critical to regeneration and repair, the process can
become pathological under the influence of certain factors leading to possible
accumulation of calcium salts in the previously healthy tissues. Recent studies have
emphasized the similarity between vascular calcification and endochondral bone
formation3. Amongst many possible mechanisms for vascular calcification, it has been
suggested previously that the arterial wall not only attracts circulating MSCs but also
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harbors resident progenitor cells with potential to differentiate to the ectopic tissues
found in the calcified vessel wall8. The contribution of VSCs to vascular remodeling
through their proliferation and differentiation has recently been shown9. With a parallel
comparison between background C57BL/6 and atherosclerotic ApoE-/- mice, this thesis
aimed to investigate the role of circulating MSCs and resident VSCs in progression of
atherosclerosis. Following isolation and in vitro characterization, these cells were
investigated through a series of in vitro and in vivo experiments looking at the effect of
individual potential inflammatory factors as well as the atherosclerotic environment as a
whole. Therefore, this study helped to reveal the involvement of stem cells isolated
from aortae in the progression of atherosclerosis.
The in vivo studies included in this thesis have contributed to knowledge about the role
of complex interactions between aorta-derived VSCs, other resident cells, and
infiltrating immune cells in atherosclerosis by filling some gaps, extending some
concepts and introducing new principles. This field of research is constantly growing,
and it is clear that the contribution of different cells in plaque progression is complex
and can both enhance and inhibit disease.
Chondrogenic differentiation was found to be significantly increased in ApoE-/- -isolated
cells over wild type C57BL/6 controls suggesting that ApoE-/--derived cells are more
prone to calcification and endochondral bone formation than the control cells and
implicating that their responses to specific modulators may occur in an environmentdependent fashion. The effect of pro-inflammatory cytokines in the increased
chondrogenic capacity was investigated using standardized methods. Interestingly,
expression of Sox9,   considered   the   “master”   chondrogenic transcription factor, was
specifically upregulated in ApoE-/- VSCs in response to the pro-inflammatory cytokine,
IL-6. Other molecules associated with chondrogenesis such as fibromodulin and type II
collagen were also upregulated as were the hypertophic markers Runx2 and ALP
suggesting promotion of vascular calcification. Furthermore, while analyzing the effects
of other pro-inflammatory factors, TNF and IL-1, there was no significant change in
the gene expression profile suggesting a unique, important role of IL-6 in the pathology
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of atherosclerosis. However, the effect of the treatment of IL-6 can be controversial10.
This cytokine can be secreted by MSCs10 as well as pericytes11. Also, it has been
published that during chondrogenic differentiation in human BM-derived MSCs, the
presence of IL-6 might cause downregulation of chondrogenic genes10. This thesis has
also shown significant effects of TNF and IL-1 in suppressing chondrogenesis in
wild type-isolated cells, whereas in ApoE-/- isolated cells the effect was enhanced, with
further reduction in expression of some of the chondrogenic genes tested. It was
important to understand how differentiated VSC populations behave in an in vivo
inflammatory environment and therefore to determine the feasibility of their
contributing to ectopic bone formation in blood vessels.
Notably, studies in this thesis have suggested the potential role of the VSC/pericyte in
phenotypic changes that occur in response to inflammation in an aorta due to injury.
Differentiation of the cells to the chondrogenic lineage and implantation in the
pathogenic environment revealed that the cells may play a role in atherosclerotic plaque
formation. Chondrogenically primed scaffolds seeded with MSC or VSC were used to
explore the cellular and molecular events regulating the maturation of bone through the
endochondral ossification pathway in vivo and provided a model to study the
pathogenesis of atherosclerotic plaque formation.
It was demonstrated that the atherosclerotic environment, with interplay of a number of
pro-inflammatory molecules, plays a huge role in the behavior and the response of the
cells. It was revealed that the intrinsic capacity of the cells plays a role in their ability
to calcify in vivo. Stem cells seem to be primed by the environment from which they
are isolated; MSCs and VSCs seem to be more prone to calcification if they are isolated
from an atherosclerotic mouse. However, the local microenvironment also plays a role
with local VSCs more responsive than MSCs exposed to the same systemic
environment that they were isolated from. From these insights, it can be suggested that
the VSCs participate in the endochondral bone formation associated with calcified
plaques.
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The work described in the thesis has therefore approached a new concept of stem cell
involvement in pathological processes and opens up avenues for development of
potential targets for clinical application in the future. The experiments carried out in
these studies have taken a step forward in our knowledge of a number of aspects and
will add to the overall field; isolation of stem cells from aortae is just one example. This
work also reveals that vessel-derived stem cells are chondrogenic and osteogenic.
Importantly, the work also addresses possible mechanisms whereby inflammation
interacts with resident cells to promote vascular calcification. In vivo studies have
contributed to knowledge concerning the role of complex interactions between aortaderived stem cells and other resident cells such as infiltrating immune cells in
atherosclerosis. The work has added to the state-of-art in the field and introduced new
concepts. This field of research is constantly growing and it is clear that the contribution
of different cells in plaque progression is complex with involvement perhaps in both
enhancement and inhibition of disease.
The salient findings and the implications thereby are summarized in the following
sections.
6.2 Summary of key findings and implications of each chapter
6.2.1 Chapter 3: Isolation and characterization of MSCs and VSCs
It was hypothesized that a population of progenitor cells exists in aortae, that is more
prone to osteogenic and chondrogenic differentiation and thereby to calcification. In
addition to developing methodology to isolate VSCs, MSCs were isolated from the
same mice to elucidate the involvement of bone marrow-derived stem cells in the
process of ectopic bone formation and calcification. Various protocols were used to
isolate the cell populations, with establishment of wild type MSCs causing the most
difficulty. To determine stemness of the populations, differentiation assays and cell
surface analysis was performed. Results demonstrated that all isolated populations had a
defining stem cell surface signature. All VSC populations were more than 86% positive
for Sca-1 and above 59% for CD44, typical MSC markers.
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CD90.2 has been shown to be strongly positive in above 81% of VSC populations,
where about 6.5% MSCs were positive. MSCs were negative for 3G5 whereas results
for VSCs varied with the mouse strain. Around 9.2% C57BL/6 VSCs were positive for
3G5 while over 42% VSCs from ApoE-/- mice were shown to be positive. On the other
hand, as deduced from immunohistochemistry MSCs were negative for 3G5 whereas
over 26% VSCs were positive. We showed that over 43% cultured VSCs also expressed
CD146, a molecule present at the pericyte surface. All populations had population
doublings typical for MSCs while retaining the MSC phenotype. Surface markers
analysis showed some variations among the cultures. This was in cohesion with
previous findings12 that their degree of the differentiation is related of site of origin as
well as any gene modification they may carry.
The site of origin also had a substantial impact on the differentiation of cells, with
varying degrees of differentiation seen in adipo-, chondro- and osteogenesis. For
example, ApoE-/- and C57BL/6 VSCs showed no adipogenic ability. This may be due to
the effect of interactions between the stem cells and local milieu12,13. However, as
ApoE-/- cells did not show a capacity to differentiate to the adipogenic phenotype, the
lack of ApoE may be a contributing factor14. A significant increase in chondrogenic
differentiation was observed in the ApoE-/- isolated VSCs and MSCs compared to the
wild type mice isolated cell populations.
The present study has provided robust evidence that stem/progenitor cells reside in
abundance in the aortic vessel wall; these cells can differentiate to chondrogenic cells
and perhaps participate in atherosclerotic lesion formation. ApoE-/- isolated VSCs and
MSC were also shown to have significantly higher levels of GAG concentration and it
was evident that pellets were bigger and more hypertrophic after morphological
assessment. The immunocytochemistry for type II and X collagen showed positive
staining in the chondrogenically treated pellets. These two collagens are expressed
during endochondral ossification. The presence of collagen type II indicated early
chondrogenesis suggesting that cells accumulated a cartilage matrix15. Type X collagen,
on the other hand is strongly associated with hypertrophic cartilage16. Differentiation to
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the osteogenic lineage was confirmed after culturing cells in osteogenic medium. All
isolated cells treated with osteogenic medium where positive for Van Kossa staining.
The ApoE-/- VSC and MSC showed significantly higher levels of calcium levels. It has
been shown that the isolated cells possess the ability to partially differentiate to the
myogenic phenotype, with some hints of a smooth muscle cell phenotype shown in this
anaylsis.
The idea that stem cell populations could have a role in formation of ectopic bone or
cartilage in vascular diseases such as atherosclerosis has been postulated as a result of
their multipotency. This postulation formed the hypothesis for the present study. Our
approach was to compare VSC and bone marrow-derived MSCs from diseased and
healthy animals. The differences seen in the potential of VSCs from ApoE-/- mice to
form aberrant tissue found in the atherosclerotic plaque points to their possible role in
the pathogenesis of atherosclerosis. The differences also suggest that there are certain
factors in the disease state that may trigger the activation of these cells to differentiate
and contribute to vascular calcification. This chapter provides insight into the
characteristics of VSCs in the vessel wall.
6.2.2 Chapter 4: Effect of the atherosclerotic niche on resident progenitor cells: In
vitro assessment
The aim of this chapter was to determine how the isolated aorta-derived progenitor cells
from ApoE-/- and wild type mice are affected by the factors found in calcifying
atherosclerotic plaques. More precisely, this chapter was aimed to assess whether VSCs
respond to candidate pro-inflammatory cytokines during chondrogenesis to regulate
markers of endochondral ossification. Towards this aim, the role of IL-1β,   IL-6 and
TNF-α   on the expression pattern of relevant molecules at different stages of
chondrogenesis in VSCs was assessed. This deconstructive approach provided insights
to discern the significance of external cues and identify individual factors controlling
the fate of progenitor perivascular cells. The basis of the approach was the concept that
inflammation is a contributing element at every stage of lesion progression in
atherosclerosis. Arterial wall inflammation is a distinctive feature of atherosclerosis and
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key factors in the process are the pro-inflammatory cytokines and chemokines secreted
by surrounding cells. Also, the interplay between EC, PC and SMC is directly or
indirectly involved in altering T cells which infiltrate the plaque. Thus the active
participation of these cells in inflammation cannot be overstated. Previous studies have
also shown enhancement of differentiation and mineralization of these vascular cells
under the influence of inflammatory factors17
Since the isolated ApoE-/- VSCs were significantly more chondrogenic, it was thought
that chondrogenesis of ApoE-/- VSCs might reflect an upregulation of chondrogenic
markers and C57BL/6 VSCs should theoretically have less potential to respond to the
stimuli. In order to assess if VSCs are involved in calcification of the plaque, the
conceivable association of relevant individual mediators of inflammation was
investigated.

It has been shown for the first time that ApoE-/- VSCs treated

chondrogenically for 21 days in the presence of IL-6 can exaggerate expression of
chondrogenic markers such as Sox9, fibromodulin, type II collagen, aggrecan and ALP;
C57BL/6 VSCs, on the contrary, show inhibition of chondrogenic markers.
Interestingly, type X collagen expression was not increased by IL-6 treatment.
TGF-β  has been shown to suppress chondrocyte hypertrophy in certain conditions and
could inhibit the type X collagen expression18,19. Thus presence of TGF-β   in   the  
chondrogenic culture medium may explain the suppression of collagen type X
expression.
Similar to previous findings that MSCs preserve their stemness while exposed to
differentiating factors in the presence of pro-inflammatory cytokines20, C57BL/6 VSCs
treated with IL-6 during chondrogenesis generally showed suppression of the markers
assessed.
In this chapter, it was shown that chondrogenic differentiation of ApoE-/- VSCs in the
presence of IL-6 was associated with early over-expression of fibromodulin by 2.3-fold,
an increase up to 3.9-fold in expression of aggrecan which appears in intermediate stage
of chondrogenic differentiation, and most critically, a 28-fold increase in expression of
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type II collagen, a marker definitive for chondrogenesis. Alkaline phosphatase gene
expression, usually associated with hypertrophic cartilage, showed a 7.7-fold increase.
As a whole, early to late chondrogenic markers were demonstrated to have significant
increases in ApoE-/- VSCs, thus revealing a cell population that is highly prone to
chondrogenesis in the presence of a pro-inflammatory cytokine seen in atherosclerotic
plaques. In contrast, IL-1β  and  TNF-α strongly inhibited expression of all chondrogenic
markers.

Thus,

investigation of the mechanisms

whereby IL-6

potentiates

-/-

chondrogenesis/endochondral ossification of ApoE VSCs may provide a feasible tool
to identify critical cues to comprehend the microenvironment that promotes the
formation of ectopic bone in vasculature.
In the case of C57BL/6 VSCs, strong inhibition of expression of all chondrogenic
markers tested was observed in the presence of all pro-inflammatory cytokines tested.
This inhibition suggested that the presence of pro-inflammatory cytokines can
compromise the ability of non-atherosclerotic cells to form bone. Thus, studying the
pattern of expression of chondrogenic markers not only helped understand the pathway
of controlled new bone formation but also the effect of inflammation on endochondral
ossification in atherosclerotic plaque calcification.
Thus, with the objective of investigating the influence of factors in the local milieu on
VSCs from atherosclerotic and control mice, this chapter attempted to map the sequence
of events during chondrogenesis by studying GAG deposition and expression pattern of
key matrix components. This exercise helped to define influential molecules associated
with the process of plaque calcification. The experiments in this chapter revealed a
novel action of IL-6 opening avenues to its further use in diagnostic and possibly
therapeutic areas. Also, data on individual cues suggested that in vivo study would
further help to investigate the effect of inflammation on bone ossicle formation in the
atherosclerotic plaque environment.
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6.2.3 Chapter 5: Endochondral ossification by chondrogenically primed vesselderived and mesenchymal stem cells in wild type and ApoE-/- mice
Earlier in the thesis, isolation and characterization of VSCs from aorta showed that
these cells can be expanded and maintained in long-term cultures and possess
multilineage potential. Later in an attempt towards understanding the pathogenesis of
vascular calcification and ectopic bone formation, chapter 4 focused on elucidating the
effect of inflammatory factors on VSCs from both diseased and control mice. The
finding that ApoE-/- VSCs were influenced by a pro-inflammatory cytokine to become
more chondrogenic led to the design on the in vivo study described in chapter 5. The
potential of the ApoE-/- VSCs to significantly upregulate early chondrogenic markers
like Sox9 and fibromodulin, as well as Runx2 and ALP, which are important mature
chondrocyte markers, offers a novel explanation for the mechanism that links VSCs and
ectopic calcification.
To elucidate the in vivo bone potential of VSCs and MSCs from ApoE-/- and C57BL/6
mice, subcutaneous implantations were performed. Prior to implantation, cells were
seeded onto collagen-chondroitin sulphate scaffolds and chondrogenically primed. The
cell distribution and differentiation into the chondrogenic phenotype on the scaffold was
assessed. Following 32 days, the differentiated seeded scaffolds were subjected to
histological analysis and were shown to successfully differentiate to the chondrogenic
phenotype. Integration of the cells into the scaffold surface and even distribution across
the scaffold surface was observed. These observations imply that prior to implantation,
scaffolds contained viable and differentiated cells.
Following chondrogenic priming, constructs were implanted in atherosclerotic and nonatherosclerotic environments to investigate their capability to form bone in vivo.
Following 8 weeks, constructs were retrieved, decalcified and stained. H&E and
safranin O/fast green staining provided histological evidence of mineralization in
constructs with chondrogenically primed ApoE-/- MSCs and VSCs retrieved from both
environments but to different extents. Bone formation, both in terms of extent and
maturity, was highest in atherosclerotic VSCs retrieved from the atherosclerotic
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environment suggesting an intrinsic capacity of atherosclerotic cells as well as a
synergistic effect of the atherosclerotic environment. However, it was notable that
appreciable calcified cartilage formation was observed even in control ApoE-/- MSCs
(2/4) and VSCs (1/4), that were not chondrogenically primed and retrieved from
atherosclerotic mice. This observation suggests the critical role of the atherosclerotic
environment in ectopic bone formation. Bone formation in the chondrogenically primed
constructs of ApoE-/- VSCs points towards the growing notion of looking at vascular
calcification as an active process akin to endochondral bone development and repair.
Another important point to note was that in the chondrogenic constructs, bone
formation was observed with significant blood vessel invasion (5/5 ApoE-/- MSCs and
6/6 ApoE-/- VSCs). This finding illustrates that the compatibility of the implants to the
host environment and again emphasizes the inclination towards ossification by the
endochondral pathway. Blood vessels with red blood cells were observed in almost all
ApoE-/- primed constructs.
It can be envisioned that the priming induced release of certain factors enhancing tissue
vascularization21,22. The association of angiogenesis and ectopic calcification in
atherosclerotic lesions has been made previously5,23 and the localization of blood
vessels surrounding ectopic bone in atherosclerotic plaques reported5,6,24. A previously
published report showed that MSCs primed along the chondrogenic lineage prompted
the release of angiogenic factors leading to infiltration of blood vessels in the bone
formed in vivo. It was shown here that chondrogenically primed constructs formed
vascularized bone in the atherosclerotic environment suggesting angiogenic and
remodeling properties of the priming.
The evidence of induced bone formation in C57BL/6 MSC constructs in the
atherosclerotic environment implicates the role of factors in atherosclerosis on the
differentiation properties of the cells. Indeed this finding may explain the implication
that MSCs are involved in ectopic bone forming processes in the vasculature. While
circulating, MSCs could infiltrate into the subendothelial space in response to local
signals, exhibit their repair properties, become stimulated to differentiate into
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chondrogenic phenotype and calcify. On the contrary, in the chondrogenically primed
and unprimed C57BL/6 VSCs, no bone or vascularization was visible, possibly due to
lack of released inductive factors. One plausible reason for minimal bone formation
may be resorption of the scaffolds. Another explanation could be the dependence of the
differentiation potential of C57BL/6 VSCs on the extent of vascular assault or disease
process. In other words, the intrinsic capacity of C57BL/6 VSCs and their ability to
respond to the atherosclerotic environment may be substantially lower than that of
ApoE-/- VSCs due to the difference in extent of vascular injury or disease process that
the cells are exposed to in their native environment. It has been suggested previously
that there are differences in differentiation potential of adult cells isolated from normal
and injured vessels9,25. In our studies, the C57BL/6 VSCs isolated from healthy mice
are

different

from

ApoE-/- VSCs in that the latter have an opportunity to be exposed to the inflammatory
process, which recruits more progenitor cells and acts as a priming event to redirect the
cells to calcification in the atherosclerotic environment.
If we take the vascular injury theory further and apply it to VSCs, it can be proposed
that VSCs can be activated by vascular injury and start to proliferate, differentiate and
thus take part in remodeling. Contrary to this, the C57BL/6 environment is devoid of
the instigating event of vascular injury leaving the cells dormant. Also, the
heterogeneity of VSCs may contribute to conflicting observations. The novel hypothesis
that vascular calcification in atherosclerosis may be a result of VSC activation and
differentiation is supported by findings reported in this thesis. Experiments in this
chapter suggest that under the influence of a permissive environment of cytokines and
factors released by local and infiltrating cells in the plaque, VSCs are committed to a
chondrogenic path to form ectopic bone. Taking this concept further, it is envisaged that
VSC activation and differentiation can play an important role in pathogenesis of other
vascular diseases. The work described in this chapter hinges on the role of vascular
stem cells in vascular diseases and remodeling, advocating that atherosclerosis, and
possibly other vascular diseases, are essentially stem cell diseases. This theory of the
role of resident stem cells in vessel walls contributing to atherosclerotic plaque
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formation emerging from the studies in this chapter advances the state-of-the-art in the
etiopathology of atherosclerosis.
6.3 Advancing the state-of-the-art
Vascular stem or progenitor cells bring a new perspective to understanding vascular
pathologies, vascular treatments and bone regeneration following damage. Stem cells
from varying sources can be different with varying parameters of surface antigens.
However, they show prolonged self-renewal and exhibit differentiation potential along
mesenchymal cell lineages.
With lineage tracking of smooth muscle myosin heavy chain (SMMHC), a recent report
has questioned the involvement of SMC de-differentiation in blood vessel remodeling.
Instead, a role of multipotent VSC was suggested through differentiation and
proliferation studies9. Many studies have described expression of similar markers on
MSCs and VSCs. Since both populations are progenitors found in blood vessels, VSCs
and pericytes might share a similar marker identification of a CD146+ PDGF-Rβ+
CD34- CD31- population. However, the ubiquitous pericyte marker accepted widely is
the 3G5 antigen26,27.
Similarity between pericytes and MSCs has been shown at various levels. For example,
pericytes express MSC markers like CD44, CD9028,29. Also, they exhibit differentiation
potential and proliferation similar to BM MSCs. The presence of pericytes in the
microvasculature makes it intuitive to locate them in the BM counterparts as has been
shown previously30. It can therefore be suggested that pericytes do play major role in
the BM niche. Taking this concept further, the potential of finding the pericyte niche in
other tissues is high, obviously due to the fact that blood vessels are present in most
tissues to provide nutrition.
Providing insights into the characteristics of VSCs, this thesis focused on identification
of progenitor cells within aorta that can differentiate into specialized cell types and
contribute to ectopic calcification of the aorta in the atherosclerotic environment. It was
notable that for the first time, that progenitor cells from aorta that have a greater
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potential to differentiate to the chondrogenic lineage was shown in this thesis. Figure
6.1 depicts a major contribution of this study showing the involvement of IL-6 cytokine
on chondrogenic differentiation of VSCs. These cells differentiate to chondrocytes
under the influence of chondrogenic medium in vitro. However, the presence of IL-6,
the proinflammatory cytokine, in the medium influences these cells to terminally
differentiate and at 21 day the ApoE-/- VSC start to over-express mature bone
phenotypic genes.
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Figure 6.1 Schematic representation of the sequence of the events occurring during
chondrogenesis in ApoE-/- VSC in the presence of IL-6. Temporal patterns of gene
expression are indicated above the curved arrows on induction of the chondrogenic
pathway in the presence of TGF-β3, BMP-2 and IL-6. The first 48h resulted in
significant upregulation of Sox9 and Runx2 followed by upregulation of ALP at day 7.
Runx2 remained at uniform levels at day 14. Further at day 21, the significant
upregulation of Sox9, fibromodulin, type II collagen, aggrecan and Runx2 was reported.
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Others have previously demonstrated that pro-inflammatory cytokines suppress
mineralization and chondrogenic gene expression in MSCs20. This negatively affects
regenerative capabilities of MSCs. In the pathological scenario with new bone
formation, the presence of inflammatory activity of the cytokines has, more than likely,
to be taken into account. Thus, the in vitro studies describing the differentiation of
VSCs under the influence of inflammatory cytokines provided further understanding of
the molecular mechanisms governing specific cytokine modulation of VSC
differentiation in vitro. This novel insight into the mechanism of calcification was an
input to the in vivo study. The data from this study provided a plausible pathway of
vascular calcification as depicted in figure 6.2. Advancing the current state-of-the-art,
this thesis, through in vitro and in vivo analysis, helped to identify a new population of
progenitor cells that can overcome the suppressive effect of the pro-inflammatory state
in atherosclerotic plaques and contribute to vascular calcification. Moreover, in disease
states such as rheumatoid arthritis where chronic inflammation is prevalent and bone
regeneration is desirable, this study made it intuitive to extrapolate that VSCs may play
a therapeutic role and may be also applied to treatment of bones defects clinically.
Clearly,   this   study   hasn’t   answered   all   questions.   Nonetheless,   it   has   revealed   that   in  
midst of many perplexing issues in regards to the VSCs or pericytes and their
pathophysiological functions, these cells possess many advantages and are promising
new tools in the field of stem cells.
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Figure 6.2 Proposed mechanism of pathologic processes occurring within the aorta
during atherosclerosis. Summary of the pathological processes that may occur within
the subendothelial space of the aorta involving VSC/pericytes, immune cells and other
molecules produced by the cells. Lesion progression in atherosclerosis is characterized
by the formation of a lipid core in the subendothelial space, which incites the
recruitment of T cells and monocytes. As the atherosclerotic lesion progresses, VSCs
start to differentiate to chondrocytes and upregulate hypertrophic chondrocyte markers
to form ectopic bone by an endochondral mechanism.
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6.4 Future plans
Many researchers are assessing MSCs populations implicated in the regeneration as
well as degeneration in the body. There is no complete understanding of MSC function
and the definition is changing as science progresses. As a result, an increasing number
of researchers are looking for methods to select the best cell population to use for
application in regenerative medicine as a therapeutic tool.
This thesis has demonstrated the versatility of VSCs. Different aspects of VSCs
revealed throughout this thesis can be taken further and applied in a number of other
disease processes. The studies here focused on understanding the complex mechanism
of the pathologic process involved in vascular calcification. However, based on the
results, an interesting direction could be the utilization of VSCs in development of
better therapeutic approach not only for atherosclerosis but also bone repair.
Our finding that VSC constructs lead to better vascularization of newly formed bone in
vivo may form the basis of their possible use in bone repair. The most important
approach in bone tissue engineering is to successfully stimulate cells towards the
phenotype that can induce blood vessel formation in bone grafts. Success in tissue
engineering demands an environment which supports the vascularization of the grafts.
Previous studied have highlighted the need to overcome formation of a necrotic core or
degradation due to cell death which is a major concern. From data presented in chapter
5 it is tempting to speculate that VSCs could be the missing link to better understanding
the angiogenic promotion of blood vessel formation in the engrafted constructs leading
to better chondrogenic differentiation to enable mineralization to occur. This study of
chondrogenically primed VSC and MSC implanted into an atherosclerotic environment
showed the likelihood of bone regeneration during fracture. Further studies can be
directed to specify what subpopulation of VSCs is responsible for improved
vascularization. One way forward is to sort this heterogeneous population of cells based
on their expression of the specific pericyte marker 3G5, especially because this may
allow further insights on the vascularization potential of the cells. Towards this, a
preliminary experiment was performed using FACS to sort 3G5-positive (3G5+) cells
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from parent ApoE-/- VSCs. Subsequently, the parent, and 3G5+ and 3G5- cells were
subjected to chondrogenic assays. As observed by immunohistochemistry, it was clear
that only a fraction of VSC preparations was positive for the pericyte specific 3G5
antigen (section 3.2.3.4). Therefore, to investigate the specific role of 3G5-expressing
cells in VSC preparations, their chondrogenic potential in vitro was determined. Surface
characterization with the 3G5 antigen was optimized using flow cytometry (Beckton
Dickenson, BD FACSCanto). 7-AAD staining was utilized to exclude dead cells and
gates were set according to the FMO and isotype controls (Section 2.5.1). Approx. 45%
viable ApoE-/- VSCs stained positive for the 3G5 antigen. Following this, cells were
prepared for sorting as described previously (Chapter 2, section 2.3.1). Figure 6.3 (a-d)
shows the appropriate cell gates and controls used to exclude doublets and dead cells.
Using appropriate gates and controls, sorting was performed and resulted in 100% pure
populations of 3G5+ and 3G5- cells as shown in figure 6.3 (e-h).
Previous reports have shown that 3G5+ cells differentiate to bone and cartilage31,32 and
it was shown that non-sorted VSCs have differentiation potential in this study. Sorted
cell fractions were subjected to chondrogenic assays with unsorted, parent cells as a
control. After 21 days induction in chondrogenic medium, pellets were harvested and
analysed. 3G5+ cells showed positive metachromatic staining of chondrogenic pellets.
This pattern was similar to that seen following chondrogenic assays performed on
isolated MSC and VSC preparations (section 3.2.4.2). The DMMB assay showed
deposition of GAGs (Fig. 6.4). In contrast, the negative fraction did not form defined
pellets and there was lower GAG deposition compared to the parent and 3G5+ cells.
DNA quantification suggested that cell proliferation was not affected. This preliminary
data indicates that the 3G5+ cell fraction may have a higher capacity to undergo
chondrogenesis and hints at a link between the chondrogenic and angiogenic functions
of the cells.
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Figure 6.3 Isolated VSCs were sorted by flow cytometry for expression of
3G5. Viable cells were selected by the forward versus side scatter profile (a), with dead
cells excluded by gating using 7-AAD (b) doublets by the single cell gate (c) and debris
by the scatter gate (d). The isotype control and 3G5 sort gates are shown in e) and f),
respectively where p5 is negative and p6 positive. Purity of each population was shown
to be g) 100% negative and h) 100% positive. Sorted positive and negative 3G5 cells
were subjected to chondrogenic assays. Parent VSCs (i) showed chondrogenic
morphology whereas the negative fraction (j) did not form a defined pellet and the 3G5+
sorted cells (k) formed a hypertrophic pellet. Scale bar, 200µm.
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Figure 6.4 Quantification of GAG and DNA following chondrogenic differentiation of parent, 3G5 positive and
3G5 negative cell populations. Results showed parent ApoE-/- VSCs and 3G5+ cell fractions displayed similar higher
GAG accumulation compared to 3G5- cell fraction. The 3G5+ cell fraction also had higher a GAG/DNA ratio compared to
parent ApoE-/- VSCs and 3G5- sorted cells. Results are representative of the mean ± SD of data from 3 technical replicates
from 1 pooled preparation.
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6.4.1 Harnessing IL-6 inhibition
Successful in vitro differentiation and mineralization of ApoE-/- VSCs under
inflammatory conditions is especially important since an inflammatory environment
is present in most conditions where bone repair is necessary33. ApoE-/- VSCs can
overcome the inhibitory effect of cytokines and IL-6, in particular, can induce their
chondrogenic differentiation. It is clear that successful bone regeneration in a proinflammatory environment may be modulated by IL-6 and this deserves some
attention in future studies.
Further, data in chapter 4 on inflammatory cytokines indicate that inhibition of IL-6
could be used as a clinically feasible approach to prevent atherosclerosis
progression. This strategy is already showing results in various diseases. Trials with
tocilizumab (anti-human IL-6R monoclonal antibody) have demonstrated a
significant suppression of disease activity in rheumatoid arthritis and other
autoimmune diseases. It has been also suggested that long term treatment may offer
protection against progression of atherosclerosis34. Considering our finding that IL-6
promotes the calcification of ApoE-/- VSCs, IL-6 inhibition could indeed be an
encouraging approach as an anti-inflammatory therapy to prevent the pathological
process of vascular calcification in atherosclerosis. Thus, investigating this approach
further and considering clinical studies of IL-6 inhibition therapy in patients with
coronary artery disease could be rewarding.
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6.6

Achievements
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