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Abstract 

Signalling mediated by the ubiquitous cellular messenger cyclic adenosine monophosphate 
(cAMP) plays a central role in numerous cellular processes. Within vascular endothelial cells 
(VECs), cAMP signalling influences adhesion to extracellular matrix and formation of VE-
cadherin cell-junctions, both part of the VECs angiogenic potential. The angiogenic signalling 
mechanism within VECs is not completely understood. Here we explored how the components of 
the cAMP signalling cascade, adenylyl cyclase (AC), protein kinase A (PKA), exchange protein 
activated by cAMP (EPAC), and phosphodiesterase enzymes (PDEs), influence VEC angiogenic 
potential.  

Plating human aortic endothelial cells (HAECs; model VECs) on the pro-angiogenic Matrigel in 
vitro tubule forming assay, we show that treatment of VECs with adenylate cyclase activator 
forskolin leads to formation of a distinct phenotype. The structures formed are reminiscent of a 
monolayer and display some features of early tubule formation. This phenotype was not elicited by 
activating the two effector proteins (PKA and EPAC) individually. Inhibition of EPAC activity 
hindered VECs’ response to forskolin and resulted in formation of poor structures, occupying 
significantly less area and showing significantly less branching than controls.  

Since the selectivity of cAMP-mediated responses is coordinated in part by actions of cAMP at 
individual VEC cAMP signalling complexes, we investigated the impact of PDEs on tubule 
formation. We recently showed that EPAC1-integration into a PDE3B-based VEC cAMP-
signalling complex allows PDE3 inhibitors to activate PI3Kγ and promote VEC adhesion to 
Matrigel, an early event in tubule formation. EPAC1 integrates into a PDE4D-containing, VE-
cadherin-based, cAMP signalling complex that allows EPAC1 to control VEC intercellular 
contacts, but not adhesions. We investigated how PDE4 inhibitors impacted VEC tubule 
formation and identified distinct roles for each PDE4B and PDE4D in the control of EPAC1-
mediated effects in tubule formation and identify potential novel therapeutic strategies to control 
these angiogenesis-related events. 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Chapter 1 

Introduction 

!
1.1 Vascular endothelial cells and angiogenesis 

Vascular endothelial cells (VECs) form a selectively permeable layer lining the lumens of all 

healthy, mature blood vessels. Smaller vessels, such as capillaries, are made up entirely of VECs, 

whereas larger blood vessels, such as arteries and arterioles, recruit fibroblasts, pericytes, and 

smooth-muscle cells for additional structural and functional support. This permits identification 

of blood vessel type based on the morphology of VEC monolayer lining the vessel’s interior. The 

VEC monolayer can be continuous (with lots of tight junctions), permeable (endothelial cell layer 

with fenestrations), or sinusoidal characterized by the presence of a large lumen, numerous 

fenestrations and irregular or non-existent basal lamina (Staton et al., 2009). Additionally, 

endothelial cells can be classified based on differences in size, shape, complexity of junctions, and 

presence or absence of plasmalemmal bodies  (Staton et al., 2009). 

Under homeostatic conditions VECs remain quiescent, favouring the formation of an endothelial 

monolayer; however, in response to various signals, such as  metabolic stress, mechanical stress, 

growth factors, immune/inflammatory response and genetic mutations (Ferrara and Kerbel, 

2005), VECs undergo a phenotype switch into an activated and invasive phenotype. Activated 

VECs proliferate, degrade basement membrane proteins and migrate towards the source of the 

activating-signal (Carmeliet, 2005; Carmeliet and Jain, 2010; Carmeliet and Jain, 2011; Chung and 

Ferrara, 2011; McGonigle and Shifrin, 2008). The goal of VECs activation is the formation of new 

and functioning blood vessels from larger pre-existing vasculature in a process known as 

angiogenesis (Figure 1.1)(Chung and Ferrara, 2011). Activated VECs are therefore pro-angiogenic 

and form new blood vessels, whereas quiescent VECs are quintessential in the process of vessel 

maturation.  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Figure 1.1 Overview of angiogenesis 
Figure depicting the process of angiogenesis in an arteriole, where some endothelial cells 
underwent a phenotypic shift from quiescent to activated phenotype and began 
invading the extracellular matrix along the chemokine gradient of the stimulus. 
Activated VECs express metalloproteases which allow them to degrade extracellular 
matrix and collagen. Activated VECs proliferate ensuring that the newly formed tubule 
is lined with a monolayer of endothelial cells. 



Survival of all cells within the human body depends on two things: (1) an adequate supply of 

oxygen and nutrients, and (2) a system for the removal of waste. Consequently, no living cell is 

located further than 100 to 200 µm from the vasculature; a distance largely dictated by the 

diffusion limit of oxygen (Carmeliet, 2005). Therefore, recruitment of endothelial cells and 

formation of new vascular structures from pre-existing vasculature is essential for organ growth, 

tissue repair and tumour expansion beyond the diameter of a few hundred micrometers  

(Netherton and Maurice, 2005). Interestingly, blood vessels remain largely quiescent in adulthood, 

with angiogenesis occurring regularly only in the cycling ovary and in the placenta during 

pregnancy (Carmeliet, 2005). Under physiological conditions angiogenesis is closely regulated by 

interactions between pro- and anti-angiogenic signals. Disruption of these signals frequently leads 

to progression of opportunistic diseases that rely on maladaptive angiogenesis, such as tumour 

growth and tumour metastasis (Carmeliet and Jain, 2011). 

When setting out to study angiogenesis and endothelial cell behaviour, it is critically important to 

choose an appropriate VEC type for each experiment. There is an astonishing degree of 

heterogeneity within the endothelial cell population, where identifiably different VECs can be 

obtained from specific microenvironments along the vascular tree (Staton et al., 2009). The use of 

endothelial cells harvested from physiologically relevant parts of the vasculature was elegantly 

demonstrated in vitro nearly thirty years ago, by providing evidence that cells derived from a 

brain-tumour adhere preferentially to endothelial cells sampled from the brain vasculature (Alby 

and Auerbach, 1984). Currently human umbilical vein endothelial cells (HUVECs) are frequently 

used in studies of angiogenesis (Aranda and Owen, 2009). However, HUVECs are obtained from 

the macrovasculature and as such are a poor model of angiogenesis, a process which is carried out 

primarily by cells of the microvasculature (Staton et al., 2009). Here we use the primary human 

aortic endothelial cells (HAECs) whose tubule forming potential has been demonstrated in elegant 

in vitro studies performed by our group in the past (Wilson et al., 2011) and in studies carried out 

by others (Basu et al., 2008). 
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1.2 Assaying angiogenesis  

The second critical decision made in the design of any VEC behaviour experiment is the selection 

of an appropriate assay to produce meaningful data which can be effectively and confidently 

translated into in vivo and clinical models (Staton et al., 2009). The desired gold standard 

angiogenesis assay should be robust, rapid, reproducible and reliable, with automated assessment 

and verification of results against positive and negative controls  (Staton et al., 2009). Continuous 

development of new methods of assaying angiogenesis has produced more sophisticated and 

intuitive analysis software; however, the gold-standard for assaying angiogenesis remains to be 

developed.  

The studies of angiogenesis in vivo deliver the most relevant information, but such methods are 

frequently expensive, labour intensive and require extensive training and time to perform 

accurately leading to their less than frequent use (Donovan et al., 2001). Less expensive, faster and 

simpler in vitro angiogenesis assays are routinely chosen for primary studies, despite their inherent 

and unavoidable shortcomings. Usually, these assays focus on examining the basic processes of 

angiogenesis, often assessing only one step of the angiogenic cascade: such as proliferation, 

migration or morphologic differentiation of endothelial cells. When performed properly these 

assays are effective tools for study of angiogenic mechanisms and for discovery of novel therapies 

or drugs that promote or inhibit angiogenesis (Donovan et al., 2001).  

Although in vitro angiogenic assays are relatively easy to perform, correct interpretation of their 

results is challenging because endothelial cells begin to proliferate and express an angiogenic 

phenotype early in culture (Staton et al., 2009). This presents an obvious dilemma in studies 

investigating pro-angiogenic responses, because cells used in the experiment already express a 

pro–angiogenic phenotype. Proliferation of endothelial cells in culture leads to further phenotypic 

changes, such as loss of organ specific characteristics, as well as changes in expression patterns of 

genes and cell-surface antigens (Jackson and Nguyen, 1997). To circumvent those issues, we 
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followed the recommendation of Arnatuova and colleagues  (2009) and used primary cells at 

passage 7 or less in all our experiments. Considering that the change into a pro-angiogenic, 

proliferative phenotype occurs rapidly in culture and cannot be avoided, we focused our 

investigations on factors that affect formation of endothelial tubule networks in vitro. 

1.3 Endothelial tubule formation assay on Matrigel (differentiation assay) 

To differentiate into tubules in vitro, endothelial cells require appropriate growth and pro-

angiogenic factors in addition to a suitable support, such as a gel substrate closely mimicking a 

pro-angiogenic extracellular environment and providing VECs with appropriate stimulatory 

factors (McGonigle and Shifrin, 2008). Differentiation of endothelial cells into tubules has been 

modelled successfully in vitro, using collagen, fibrin, fibronectin, and Matrigel as gel support 

(Auerbach et al., 2003; Staton et al., 2004). Assessment of the potencies of various gel matrices 

revealed that Matrigel rapidly induces differentiation of VECs with visible tubule formation 

starting as early as one hour after plating (Figure 1.2)(Auerbach et al., 2003; Staton et al., 2004).  

Matrigel is a trademarked mixture derived from mouse tumour cells rich in extracellular proteins 

(the Engelbreth-Holm-Sarcoma cells). It is a heterogeneous mixture of solubilized basement 

membrane preparation, composed chiefly of collagen, laminin and entactin  (Lawley and Kubota, 

1989; McGonigle and Shifrin, 2008; Staton et al., 2009). Additional components of the preparation 

include heparin sulphate and proteoglycans (McGonigle and Shifrin, 2008). Matrigel preparation 

resembles a clear, viscous liquid at 4 ˚C and gels rapidly at room temperature (Arnaoutova et al., 

2009; McGonigle and Shifrin, 2008). Initial preparations of Matrigel were rich in growth factors, 

often resulting in overwhelming pro-angiogenic responses and reducing the applicability of 

Matrigel. The significant reduction of growth factors in improved Matrigel formulations 

circumvent these issues and allowed researchers more control over cell behaviour (Staton et al., 

2009). Growth factor-reduced Matrigel does not elicit the overstimulation of endothelial cells, and 

reduces the background signals coming from growth factors within the gel matrix itself.  
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The in vitro Matrigel tubule formation assay was developed in order to mimic the natural in vivo 

conditions where endothelial cells are in contact with a thin, extracellular matrix basement 

membrane on their apical (non-luminal) side (Arnaoutova et al., 2009). The assay begins when 

endothelial cells adhere to the surface of gelled Matrigel, begin to migrate, and undergo 

morphological differentiation into tubular structures over a time-course of several hours 

(Kanzawa et al., 1993; Lawley and Kubota, 1989). Generally, cells are plated directly on the 

Matrigel gel matrix in the presence of a potential modulator (drug), and the development and 

maturation of tubules are assessed at periods between 4 and 24 hours (Arnaoutova et al., 2009; 

Staton et al., 2009). It is generally accepted that this differentiation assay is representative of the 

latter stages of angiogenesis, and due to its simple set-up it is used frequently to screen for novel 

modulators of angiogenic activity (Staton et al., 2009).  

Previous studies, using electron microscopy confirmed the presence of tight junctions in the 

endothelial tubules formed in vitro (Auerbach et al., 2003). To this date however, debate ensues 

over whether the tubular structures formed on Matrigel (or other gelled matrices for that matter) 

contain a lumen, and as such resemble capillaries, or not (Staton et al., 2009). Several different 

studies have demonstrated evidence for the presence of lumens in tubules formed on Matrigel 

(Kubota et al., 1998; Grant et al., 1991; Connolly et al., 2002) whereas other studies disclosed 

results to the contrary (Bikfalvi et al., 1991). 

Quantification of tubule formation on Matrigel is based on four frequently measured variables: 

average tubule length, summed tube length, tubule area, and number of branch points  (Aranda 

and Owen, 2009; Staton et al., 2009). All of those variables can be assayed manually, or 

automatically with the aid of image processing software. In this study we followed an automated 

approach to quantification with the exception of counting branch points, which we continued to 

tally manually. When quantifying tubular area automatically, it is important to ensure that only 

tubules and not islets of proliferating cells are counted (Liu et al., 2002). Here we focused much 
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Figure 1.2 Formation of Tubules on Matrigel in two-dimensions 
1. Living endothelial cells visualized with the aid of green-fluorescent cell tracker are 

suspended in the cell media and seeded at a density of 62,500 cells per cm2 into a 
well of a clear 96 well plate on top of a thin layer of growth factor reduced Matrigel 
matrix. 

2. Immediately after making contact with the Matrigel substrate the cells begin to 
adhere to the matrix and flatten out. Under normal conditions this process happens 
in the first 10 minutes after plating. Once cells have adhered drug based treatments 
were administered into the cell media.  

3. Endothelial cells begin to migrate and restructure the matrix, morphologically cells 
become elongated and form projections with which they establish contact with 
other cells. At two hours the layout of possible ‘branches’, or ‘cords’ is discernible. 

4. As early as six hours after plating and before 24 hours the cells have assembled into 
three dimensional structures often having a characteristic clump of cells in the 
middle and several projections, or tubules (cords etc) radiating from it. It is 
generally assumed that the structures are hollow inside. 

5. Micrograph images are taken in “bird’s eye view” looking at the tubular network as a 
whole and not down the length of individual tubes.

3"



more on the cellular response to cAMP elevating agents rather than tubule-formation alone. 

When cell flattening and adhesion became a focus later, we decided to measure not just the tubule 

area but rather the total area occupied by cells on Matrigel, referred hereafter as percent total area. 

The quality of data obtained from Matrigel differentiation assays rely heavily on good quality 

micrographs, which in turn depend on uniform plating of cells between treatments and an ideal 

amount of Matrigel plated for each sample (Staton et al., 2009). If too little Matrigel is added, cells 

may come in contact with the plastic, altering their tubule-forming potential. But there is a risk of 

creating uneven coating with depressions favouring aggregation and pooling of cells if too much 

Matrigel is added. Although the method has been adapted for use with 384- and 1536-well formats 

(Sanz et al., 2002) here we follow the more commonly used 96-well protocol because manual 

plating could be performed in that setup with ease. 

In an attempt to model in vivo endothelial tubule formation more closely, protocols for three-

dimensional Matrigel assays have been developed. Those typically involve sandwiching of VECs 

between thin layers of Matrigel allowing the cells to proliferate for longer periods of time (days) 

(Staton et al., 2009) or suspending cells in thin Matrigel clots or plugs. Quantification of three-

dimensional tubule-formation is much more challenging than in the two-dimensional 

experiments, and generally involves confocal microscopy. Alternatively dehydration and fixation 

of the gel followed by haematoxylin and eosin staining and assessment of microvessel densities in 

each subsequent 5 μm slice may be used (Ilan et al., 1998; Staton et al., 2009).  

1.4 Cyclic adenosine monophosphate signalling in the endothelium 

Within the vascular system VECs receive a plethora of signals, through hormones and 

transmitters, growth factors or the sheer force of the flowing blood. Many responses to these 

signals are transcribed into changes in cyclic adenosine monophosphate- (cAMP) signalling 

(Maurice et al., 2003). Within endothelial cells cAMP affects processes integral to angiogenesis 
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and tubule formation such as, adhesion, migration, and differentiation, and the question of how 

cAMP elevating agents impact angiogenesis is actively studied (Sakurai et al., 2011; Jin et al., 2010; 

Namkoong et al., 2009; Rüegg et al., 2004).  

The second messenger cAMP is generated from ATP by Adenylyl Cyclases (ACs), a family of 

largely trans-membrane enzymes expressed in most cells of the body, under the control of many 

G-protein coupled receptors (GPCRs) whereby AC activation and cAMP synthesis follow 

dissociation of Gαs subunit from the receptor and activation of AC happens in response to 

activated transmembrane GPCRs (Figure 1.3). 

1.5 Adenylyl cyclases 

Mammalian cells express up to nine distinct membrane bound isoforms of AC and one soluble 

isoform found in the cytosol (Hanoune and Defer, 2001), whereas human VECs are known to 

express only AC3, AC6, and AC7 (Sunahara and Taussig 2002, Cioffi et al., 2002). 

Within most cells cAMP dependent protein kinases A (PKAs) and guanine nucleotide exchange 

factors referred to as exchange proteins activated by cAMP (EPACs) constitute the two main 

effectors of cAMP mediated signalling (Wahl-Schott and Biel, 2009). However, in specialized cells 

cAMP has additional targets such as cyclic nucleotide gated ion channels, cyclic nucleotide 

regulated phosphodiesterase enzymes (PDEs) and several ABC transporters (MRP4 and MRP5) 

for which it is a substrate (Wahl-Schott and Biel, 2009). 

1.6 Protein kinases A 

Protein kinase A is perhaps the longest studied effector protein of cAMP signalling. The interest in 

PKA is well placed as it regulates a multitude of cellular functions, such as cell growth and 

differentiation, cell movement and migration, hormone secretion, cellular metabolism, and gene 

transcription (Francis and Corbin 1994). These occur either by direct phosphorylation of targets 

or by cross talk with other signalling pathways (Fimia and Sassone-Corsi 2001).  
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PKA is a heterotetrameric holoenzyme formed through reversible interactions between a catalytic 

(C) dimer and a regulatory (R) dimer. Four cAMP molecules are needed to bind to the R subunits 

(two cAMP each) to cause a change in the R subunit affinity for the C subunit and initiate the 

release of the C dimer. When intracellular cAMP is low the regulatory units remain bound to the 

catalytic subunits inhibiting them. Once dissociated the active C subunits phosphorylate serine 

and threonine residues on specific protein substrates, such as metabolic enzymes, transport and 

regulatory proteins, ion channels and transcription factors (Taylor et al., 2008). 

Each of the two R subunits (RI and RII) can exist as either an α or β isoform (Taylor et al., 1992), 

additionally three C unit isoforms dubbed Cα, Cβ, and Cγ, exhibiting different subcellular 

localizations and binding affinities for cAMP have been described (Taylor et al., 2008). Both C and 

R subunits interact with other cellular proteins, where the type of interaction is dependent on the 

particular subunit isoform (Carnegie et al., 2009; Wong and Scott, 2004).  

1.7 Exchange proteins activated by cAMP 

EPAC is a recently discovered second effector protein of cAMP signalling (de Rooij et al., 1998; 

Kawasaki et al., 1998). Numerous effects of cAMP action that could not be attributed to its then 

known effectors: PKA and nucleotide-gated ion channels, have now been attributed to EPAC 

(Gloerich and Bos, 2010). Two isoforms, EPAC1 and EPAC2, both act as guanine nucleotide 

exchange factors (GEF) for the small G proteins Rap1/Rap2 and R-Ras, and are expressed in most 

tissues, at varying levels (Gloerich and Bos, 2010). EPACs also associate with various cellular 

proteins at specific cellular loci, such as at the plasma membrane where EPAC associates with 

mitotic spindle, or the nuclear membrane where EPAC binds tubulin (Qiao et al ., 2002, Mei and 

Cheng 2005), ezrin-radixin-moesin proteins (Gloerich et al., 2010, Ross et al., 2011), and 

nucleoporin RanBP2 (Liu et al., 2010, Gloerich et al 2011) Although EPAC1 is expressed 

ubiquitously, it is highly abundant in cells of the vascular system (Gloerich and Bos, 2010), 

whereas EPAC2 is predominantly expressed in the brain (de Rooij et al., 1998).  

 10



Under homeostatic conditions EPAC exists in a state of intramolecular autoinhibition, which is 

terminated upon cAMP binding to the amino-terminal cAMP-binding site on EPAC (Rehmann et 

al., 2006). Within the cell EPACs and other guanine nucleotide exchange factors facilitate the 

exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) thereby activating 

small G-proteins, of the Ras family (Gloerich and Bos, 2010). Upon activation EPAC promotes the 

accumulation of activated Rap and R-Ras with subsequent signalling to phospholipase Cε, 

phospholipase D, Raf1, p38 MAPK, and phosphatidylinositol 3-kinase (Gloerich and Bos 2010 , 

Lopez et al 2006, Shmidt et al 2001). In the context of VECs, EPAC is thought to play a distinct 

role in the processes mediating cellular adhesion and cell-to-cell junction formation 

(Chrzanowska-Wodnicka et al., 2005; Crittenden et al., 2004; Duchniewicz et al., 2006; Gloerich 

and Bos, 2010; Knox and Brown, 2002; Ohba et al., 2001; Pellis-van Berkel et al., 2005) and is 

involved in the process of endothelial cell barrier formation (Fukuhara et al 2005, Kooistra et al 

2005). 

The synthesis of EPAC selective cAMP analog 8-pCPT-2’-O-Me-cAMP or simply 007, has been 

extremely helpful in determining the roles of EPAC-mediated signalling downstream from cAMP 

(Enserink et al., 2002). 007 acts as superagonist of EPAC1 demonstrating a tenfold higher 

efficiency at activating EPAC than cAMP and activation of EPAC1 with 007 results in three-fold 

higher maximum activity (Gloerich and Bos, 2010). New evidence demonstrates that some of 

cAMP signalling effects may be mediated by EPAC rather than PKA (Bos et al., 2006, Bos et al., 

2003). The current view considers the possibility that EPAC and PKA might act independently 

(Arnoff et al., 2005), cooperate (Hochbaum et al, 2008, Kwak et al., 2008, Yokoyama et al., 2008 A, 

Yokoyama et al, 2008 B) or oppose each other (Yokoyama et al., 2008 C). 

The study of EPAC mediated signalling has benefited by the development of selective noncyclic 

nucleotide small molecule inhibitors of EPAC such as the recently discovered 3-(5-tert-butyl-

isoxazol-3-yl)-2-[(3-chloro-phenyl)-hydrazono]-3-oxo-proponitrile or simply ESI-09 (Almahariq 
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Figure 1.3 cAMP signalling within the cell 
Vascular endothelial cells, similar to other cells in the body, respond to external 
signals, arriving in the form of G-protein coupled receptor (GPCR) ligands. Each 
cell can express multiple different GPCRs embedded within the plasma membrane, 
which then can allow the cell to respond to a multitude of extracellular ligands. 
Many ligands are known be stimulatory and lead to release of Gs subunits from the 
GPCRs. The Gs subunit will generally activate one of the neighbouring adenylyl 
cyclases (ACs), which are the family of transmembrane enzymes responsible for 
synthesis of cellular cAMP. Once synthesized cAMP is free to, in theory, diffuse 
throughout the cell and act on its effector proteins. Within endothelial cells the two 
known targets of cAMP are protein kinases A (PKAs) and exchange proteins 
activated by cAMP (EPACs). It is through those two types of effectors that cAMP 
elicits the majority of its functions within endothelial cells. However, should the 
process continue, cAMP would be constantly synthesized and its effectors constantly 
activated. Cells have developed a means of keeping cAMP synthesis under control 
through the super-family of phosphodiesterase enzymes (PDEs) of which there are 
over a 100 different isoforms that may be expressed. Human aortic endothelial cells 
(HAEC) chiefly express isoforms from the PDE3B, PDE4 and PDE5A families.



et al., 2012). ESI-09 is thought to elicit its inhibitory function by binding to the cAMP binding 

pocket (CBP) of EPAC1 and EPAC2, and is highly selective for EPAC proteins over other cAMP 

targets, e.g. ESI-09 is 100 times more selective for EPAC proteins than PKA (Almahariq et al., 

2012). 

1.8 Cyclic nucleotide phosphodiesterase enzymes 

The strength of signal dependent on alterations in cAMP levels is also regulated by cAMP 

hydrolysis by cellular cyclic nucleotide PDEs (Baillie, 2009; Bender and Beavo, 2006; Maurice et 

al., 2003; Netherton and Maurice, 2005; Stangherlin and Zaccolo, 2012). PDEs constitute a family 

of related phosphohydrolases responsible for selective hydrolysis of 3' cyclic phosphate bonds of 

adenosine and/or guanosine 3',5'cyclic monophosphate of the cAMP and cGMP molecules 

respectively (Bender and Beavo, 2006; Maurice et al., 2003). There are 11 distinct PDE families of 

enzymes within the PDE super-family, each with several subtypes and many enzyme isoforms 

produced by alternate splicing, all of which function to degrade cyclic nucleotide second 

messengers (Maurice et al., 2003). Individual cell types frequently express several different types of 

PDEs, which together with PDE intracellular spatial localization have an impact on local 

distribution and availability of cAMP and cGMP. Some physiological redundancy might be 

present between the different enzyme isoforms; however, it is generally believed that each PDE 

serves a specific cellular function (Bender and Beavo, 2006). Current theories propose that 

individual PDEs help generate those specific cellular responses by directly regulating the three-

dimensional shape, amplitude, and duration of "clouds" of cyclic nucleotides; therefore, PDEs 

control local access of cyclic nucleotides to specific cAMP and cGMP receptors (Bender and 

Beavo, 2006; Maurice, 2011). Human endothelial cells express several isoforms of the 11 distinct 

PDE families. The identities of individual PDEs responsible for localized activation of PKAs and 

EPACs in human endothelial cells and the downstream events activated by said complexes remain 

largely unknown (Pawson and Scott, 2010). 
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Hand in hand with the appreciation of the fact that there are many PDE enzymes which are 

differentially expressed in tissues and connected to specific physiological function, came an 

appreciation for PDEs as drug targets (Bender and Beavo, 2006). Regulation of PDEs occurs at 

both the genetic and biochemical level including phosphorylation/dephosphorylation, allosteric 

binding of cGMP or cAMP, binding of Ca2+/calmodulin, and various protein interactions (Bender 

and Beavo, 2006). Although possessing a certain degree of homology at the active site, some PDEs 

are differentially selective for either cAMP or cGMP, whereas some can hydrolyze both. Numerous 

selective PDE inhibitors have been developed to date. Another reason why PDEs are suitable drug 

targets is the generally low intracellular concentration of secondary messengers with which the 

selective inhibitor would have to compete: typical cellular cAMP and cGMP concentrations range 

from < 1 to 10 µM (Bender and Beavo, 2006). Importantly, basal levels of cAMP or cGMP are not 

freely floating in cells but rather these are bound to PKA or PKG, respectively. 

1.9 Compartmentalization of cAMP signalling within endothelial cells 

Fidelity of cAMP signalling relies on cAMP levels being high enough, in one region of the cell, to 

activate a local pool of effector proteins, but too low to activate pools of effectors in other parts 

(Feinstein et al., 2012). This is partially achieved by modulating the location of cAMP synthesis, 

for example in the cells of pulmonary microvasculature, cAMP produced at the plasma membrane 

enhances endothelial barrier integrity, whereas cAMP produced in the cytosol disrupts endothelial 

barrier integrity (Feinstein et al., 2012). However, despite cAMP synthesis occurring primarily at 

the cell membrane following activation of AC in VECs (Maurice, 2011), if left unchecked, this 

process would saturate the cell with second messenger in an instant. This is due to the rapid rate of 

diffusion of free cAMP in the cytosol, which is thought to range from 400 μm2s-1 (Houslay et al., 

2007) to as high as 700 μm2s-1 (Oliveira et al., 2010, Stangherlin and Zaccolo, 2012). Cells avoid 

rapid saturation with cAMP/cGMP by exerting specific control on the sites of cAMP synthesis by 

gathering individual components of the cAMP-signalling system (AC, GPCRs, PKA, EPAC, and 
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PDEs) and anchoring or tethering the components in discrete subcellular domains through 

protein-protein interactions (Figure 1.4) (Maurice, 2011; Mika et al., 2012; Pawson and Scott, 

2010; Scott and Pawson, 2009; Stangherlin and Zaccolo, 2012). Such grouping of signal generators, 

effectors and terminators within the cell ensures that a particular signal follows a specific pathway, 

lasts a defined amount of time, and terminates in a predeterminate pattern (Stangherlin and 

Zaccolo, 2012). This concept of signalling complexes allows us to to better understand the 

intricacies of cellular signalling, and is an exciting and rewarding avenue of research. Indeed, our 

group alone has documented the presence of two such complexes or signalosomes, which enable 

specific and localized cAMP signalling in VECs (Netherton et al., 2007; Rampersad et al., 2010; 

Wilson et al., 2011). We have demonstrated that these cAMP-signalosomes were responsible for 

regulation of distinct VEC functions whilst acting independently from global cAMP levels 

(Rampersad et al., 2010; Wilson et al., 2011). Our data reveals that the specificities of cAMP-

mediated responses in VECs are regulated, in large part, by multiple, autonomous cAMP 

signalosomes (Maurice, 2011).  

Agents that increase cAMP, promote VEC junction stability and reduce VEC permeability to 

solutes and cells (Maurice, 2011). Since PDEs control the duration, magnitude and cellular 

localization of free cAMP, recent studies have focused on their role in mediating the specificity of 

cAMP-signalling (Maurice, 2011). For example inhibition of PDE4 with rolipram leads to a 

marked decrease in permeability whereas inhibition of PDE3 with cilostamide elicits no such 

effect (Rampersad et al., 2010). Subsequent knockdown of EPAC1, but not that of PKA, resulted in 

marked increase in permeability, identifying EPAC1 as the primary mediator of this event 

(Rampersad et al., 2010). Further knockdown studies identified PDE4D as the dominant PDE 

subtype in controlling cAMP activation of EPAC1 and its effects on permeability. Knockdown of 

PDE4D resulted in a marked increase in permeability, showing that PDE4D acts not only as a 

control for the amount of cAMP reaching EPAC1, but plays an equally important role in tethering 

EPAC1 and keeping it localized to its area of effect (Maurice, 2011; Rampersad et al., 2010). 
 15
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Figure 1.4 Two distinct  PDE signalling complexes identified within human VECs 
These complexes are responsible for spatial and functional regulation of integrin- and 
vascular endothelial cadherin-based adhesions. PDE3B interacts directly with EPAC  
forming a plasma membrane signalling complex which regulates cAMP-mediated 
activation of RAS-related protein (RRAS) and its subsequent activation of the p84-
regulatory domain-associated p110γ subunit of phosphoinositide 3-kinase γ and, 
ultimately, integrin-based adhesions with the extracellular matrix. Disruption of  
PDE3B–EPAC1 protein–protein interactions (PPIs), increases local cAMP and 
promotes signalling through this signalling complex (Wilson et al., 2011). PDE4D binds 
EPAC1 and promotes assembly of these proteins into a vascular endothelial cadherin-
based signalling complex which enables regulation of endothelial cell permeability 
through cAMP-induced EPAC1-based activation of small GTPase RAS-related protein 
1 (RAP1). Disruption of PDE4D–EPAC1 PPIs, prevents integration of these proteins 
into the signalling complex and increases endothelial cell permeability (Rampersad et 
al., 2011). Figure modified from Maurice DH, Ke H, Ahmad F, Wang Y, Chung J, 
Manganiello VC. (2014) Advances intargeting cyclic nucleotide phosphodiesterases. Nat 
Rev Drug Discov 13:290-314.



Given that angiogenesis, and the tubule formation assays used to study it, are complex processes it 

is highly likely that each PKA, EPAC and PDEs will play a role in some aspect of these events 

(Maurice, 2011). Novel PDE associated cAMP-signalling complexes continue to be identified 

(Netherton et al., 2007; Rampersad et al., 2010; Wilson et al., 2011), further emphasizing the dual 

role of the PDEs as both regulators of cAMP signal strength and tethers for cAMP effector 

proteins (Houslay et al., 2007; Maurice, 2011; Stangherlin and Zaccolo, 2012).  

Wilson and colleagues (2011) reported the existence of a previously undocumented EPAC1/

PDE3B/R-Ras/PI3Kγ cAMP-signalling complex, which coördinates some of the very early events 

associated with VEC adhesion, migration and tubule formation on Matrigel. In this complex, 

PDE3B directly bound EPAC1 and tethered it to the membrane where activation of EPAC1, either 

by the EPAC activator 007 or through PDE3 inhibition with cilostamide, led to an increase in cell 

adhesion (demonstrated as an increase in cell surface area) whereas EPAC1 knockdown had an 

opposite effect on adhesion. 

1.10 Research rationale and objectives 

The knowledge that many pathologies, such as tumour growth or ischemic disease, can arise from 

excessive or insufficient angiogenesis, encourages detailed study of the angiogenic process in 

hopes of fuelling the discovery of treatments (Carmeliet and Jain, 2000; Carmeliet, 2005; 

Carmeliet and Jain, 2011; Ferrara and Kerbel, 2005; Kerbel and Folkman, 2002; Staton et al., 2009). 

We know that individual cAMP-elevating agents, such as hormones or drugs, selectively impact 

discrete cellular functions including, adhesion, migration, permeability, and proliferation with 

exquisite specificity (Maurice et al., 2003; Maurice, 2011; Netherton and Maurice, 2005). 

Therefore activation or inhibition of cAMP signalling cascade should allow for 

differential regulation of HAEC tubule formation in vitro. 
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This study was conducted in vitro with HAECs as model VECs and Matrigel as model extracellular 

matrix protein. Matrigel was chosen due to its well documented potential to promote tubule-

formation behaviour of endothelial cells in vitro (Arnaoutova et al., 2009; Bikfalvi et al., 1991; 

Staton et al., 2004; Staton et al., 2009). This compound was previously utilized in a set of 

experiments demonstrating the influence of PDE3B inhibition and EPAC1 activation, together 

with their respective knockdowns on the extremely early events of tubule formation (1 hour) in 

HAECs (Wilson et al., 2011).  

Following these studies, here we set out to investigate how elements of cAMP signalling influence 

tubule formation and maturation in HAECs. We accomplished this through the use of selective 

inhibitors and/or activators in conjunction with targeted knockdowns of cellular PDEs. Studying 

the effects of inhibition, activation and knockdowns of selective components at relatively early 

time point of two hours allowed us to observe their impact on early events of tubule formation. 

Analysis of data gathered at six hours allowed us to determine their role in the later effects of 

tubule formation and maturation. 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Chapter 2  

Materials and Methods 

!
2.1 Materials 

Human aortic endothelial cells (Lonza, USA) were cultured in endothelial cell basal medium-2 

(EBM-2), and endothelial cell growth medium-2 (EGM-2; both Lonza USA) in tissue culture 

flasks (Corning Inc., USA). Assays were performed using growth factor reduced Matrigel (VWR 

International, USA) and cells were tracked with green fluorescent cell tracker and DAPI nuclear 

stain (Invitrogen-Life Technologies, USA). 

Table 2.1 Drugs used

Name Effect Concentration Source

Fsk Activates adenylyl cyclases, 
Increases cAMP 10 μM Calbiochem-Novachem 

Corp. (Canada)

iFsk

Fsk analog, 
Does not activate adenylyl 
cyclase 
Does not increase cAMP

10 μM Calbiochem-Novachem 
Corp. (Canada)

007 Activates EPAC 10 μM, 100 μM BioLog (Germany)

ESI-09 Inhibits EPAC 10 μM
Gift from Cheng, 
Xiaodong 
<xcheng@UTMB.EDU>

6-Bz-cAMP Activates PKAs 10 μM BioLog (Germany)

Cil Inhibits PDE3, 
Increases cAMP 1 μM Calbiochem-Novachem 

Corp. (Canada)

Ro 20-1724 Inhibits PDE4, 
Increases cAMP 10 μM Calbiochem-Novachem 

Corp. (Canada)

DMSO Negative control 
Vehicle 1% Sigma (Canada)
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2.2 Cell culture 

Human aortic endothelial cells, isolated from human donors, were cultured in EGM-2 

(endothelial basal media (EBM-2) supplemented with 2% FBS, hydrocortisone, hFGF-B, VEGF, 

R3-IGF-1, ascorbic acid, hEGF, GA-1000, and heparin). Cells were incubated at 37 °C in 95% air 

supplemented with 5% CO2. HAECs were cultured in T-25 tissue culture flasks and passaged using 

trypsin-EDTA when they reached 80% confluence as previously described (Netherton and 

Maurice, 2005; Netherton et al., 2007; Rampersad et al., 2010; Wilson et al., 2011). Cells were used 

for experiments up to the seventh passage. 

2.3 Transient transfection of HAECs 

HAECs were grown to 80% confluence in T-25 tissue culture flask and transfected using 7 μL 

Lipofectamine 2000 (Invitrogen-Life Technologies) and 7 μL of siRNA (20 pmol), according to 

manufacturer’s directions. The previously validated siRNAs used were: PDE3B (GCCUCACCA 

AGAAUUUGGCAUUUCA), PDE4B (CGUCUGUCAGUGAGAUGGCUUCUAA), and PDE4D 

(UUUCCACGGAAGCAUUGUGCUUGUC) (Rampersad et al., 2010; Wilson et al., 2011). 

Transfection was carried in growth factor reduced EBM-2 (Lonza, USA) for four hours, then 

Table 2.2 HAEC-donor characteristics

Lot N Manufacture 
Date Received Age Sex Race

6F3303 03/03/2006 06/16/2010 54 Female Hispanic

0000227761 03/28/2011 09/26/2012 58 Female Black

0000239151 06/17/2011 06/25/2013 18 Female Caucasian

0000240066 06/21/2011 03/30/2012 55 Female Caucasian

0000305906 06/15/2012 04/24/2013 27 Male Hispanic/Black
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culture medium was changed to EGM-2 (Lonza, USA). Cells were used for tube forming 

experiments 48 hours after transfection. 

2.4 Immunohistochemistry 

The expression of endothelial cell specific proteins by HAECs (Lonza, Switzerland) was confirmed 

through immunohistochemistry staining for VE-cadherin. Cells were fixed with 4% (w/v final) 

paraformaldehyde and stained with anti-human VE-cadherin (BV6 clone) antibody, Phalloidin-

TRITC P1951 (Sigma-Aldrich, Canada) and 4’,6’-diaminido-2-phenylindole-DAPI (Sigma-

Aldrich, Canada) as previously described (Rampersad et al., 2010). Fluorescent images were 

obtained using Zeiss Axiovert S100 microscope and Slidebook software (Intelligent Imaging 

Innovations 3i, USA). 

2.5 Viability assay 

30,000 cells were plated per well of a 24-well dish and treated with drugs following adhesion. 

Viability was established at six hours following treatment administration using the trypan blue 

exclusion test. Cells were trypsinized and resuspended in 10% FBS solution. The cell suspension 

was then diluted with 0.4% trypan blue solution in PBS at a 1:1 ratio. Cell count was performed 

using a hemacytometer. Cell viability was established using the following formula. 

!
2.6 Immunoblotting 

Cells treated with appropriate siRNA were washed with cold PBS and lysed in lysis buffer (1mM 

EDTA, 100 mM NaCl, 5 mM MgCl2, 10 mM sodium β-glycerophosphate, 10 mM sodium 

pyrophosphate, 0.5% nonaethylene glycol monododecyl ether, 10 mM NaF, 10 mM sodium 
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Aldrich, Canada) as previously described (Rampersad et al., 2010). Fluorescent images were 

obtained using Zeiss Axiovert S100 microscope; presence of green endothelium specific VE-

cadherin staining confirmed the identity of the cells. 

2.5 Viability Assay 

We have plated 30,000 cells per well of a 24 well dish, and following adhesion the cells were 

treated with drugs of choice. Viability was established at 6h following treatment administration 

using the trypan blue exclusion test. Cells were trypsinized normally and resuspended in FBS 

solution. Cell suspension was diluted with 0.4% trypan blue solution in PBS at a 1:1 ratio. Cell 

count was performed using a hemacytometer. Cell viability was established using the following 

formula. 

!"#$"%&!!"#$%&!!"##$ = !""!!"##$ − !"#$!!"##$
!""!!"##$ !×!100% 

2.6 Immunoblotting 

Cells treated with appropriate siRNA were washed with cold PBS and lysed in lysis buffer 

containing (1mM EDTA, 100 mM NaCl, 5 mM MgCl2, 10 mM sodium β-glycerophosphate, 10 

mM sodium pyrophosphate, 0.5% nonaethylene glycol monododecyl ether, 10 mM NaF, 10 mM 

sodium vanadate, 10 mM phenylmethylsulfonyl fluoride, 227 µg/ml leupeptin, 5 µl/ml bestatin, 1 

µl/ml aprotinin, 5 mM benzamidine 1 µg/ml E-64, 250 µg/ml pepstatin A and 100mM pH 7.4 Tris 

buffer). Cell lysates were centrifuged at 10,00 g for three minutes and the soluble fraction was 

used for bicinchoninic acid protein assay with aim to determine protein concentration against 

bovine serum albumin standard. 



vanadate, 10 mM phenylmethylsulfonyl fluoride, 227 μg/ml leupeptin, 5 μl/ml bestatin, 1 μl/ml 

aprotinin, 5 mM benzamidine 1 μg/ml E-64, 250 μg/ml pepstatin A and 100 mM pH 7.4). Cell 

lysates were centrifuged at 10,000 g for three minutes and the soluble fraction was used for 

bicinchoninic acid protein assay to determine protein concentration. 

Samples were prepared with Laemmli buffer (10% w/v SDS, 10 mM dithiothreitol, 20% v/v 

glycerol, 0.2 M Tris-HCl pH 6.8, 0.05% w/v bromophenol blue) and incubated for 5 minutes at 

80°C. The proteins were resolved by SDS-PAGE (7.5% acrylamide) and transferred to a 

nitrocellulose membrane using a TE Series Transphor Electrophor Electrophoresis Unit (Hoefer, 

USA) in transfer buffer containing 25 mM Tris base, 192 mM glycine and 10% v/v methanol. 

Following transfer, membranes were blocked with 5% BSA and 0.1% Tween 20 in PBS at room 

temperature for 1 hour and then incubated for 16 hours at 4 °C in primary antisera (1:1000). 

Membranes were incubated with secondary anti-rabbit or anti-mouse horseradish peroxidase-

conjugated IgG (1:5-5000; Bio-Rad, Canada) antisera for 1 hour at room temperature. Resolved 

proteins were visualized using chemiluminescence detection system (ECL. Western Lightening, 

Perkin Elmer). 

2.7 Tube formation assay in two dimensions 

A 5% green cell tracker solution in EBM-2 was administered to HAECs rinsed prior with HBSS. 

Cells were incubated for 30 minutes at 37 °C. 30 μL of Matrigel were added into each well of a pre-

chilled clear 96-well plate at 4 °C and allowed to gel at 37 °C. HAECs were trypsinized using 

trypsin-EDTA in HBSS (1:4), re-suspended in EGM-2 media, and plated at a density of 20,000 

cells per well containing gelled Matrigel (Arnaoutova et al., 2009). Treatments were added 10 

minutes after seeding to a final concentrations of: DMSO 1%; forskolin, 10 μM; i-forskolin, 10 μM; 

007, 10-100_μM; ESI-09, 10 μM; 6-Bz-cAMP, 10 μM; Cil, 1 μM; and Ro 20-1724, 10 μM. 

Formation of tubules on Matrigel surface, in two dimensions, was captured using Cooke 
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SensiCam mounted on a Zeiss Axiovert S100 microscope equipped with a Plan-Neofluor 5x 

objective. at two and six hour intervals. 

2.8 Tube formation assay in two dimensions - movie 

A 5% green cell tracker solution in EBM-2 was administered to HAECs washed with HBSS. The 

cells were incubated for 30 minutes at 37 °C. 100 μL of Matrigel were added into each well of a 

pre-chilled clear 96-well plate at 4 °C and allowed to gel at 37 °C. HAECs were trypsinized using 

trypsin in HBSS (1:4), re-suspended in EGM-2 media, and re-suspended in phenol red-free 

EGM-2 supplemented with HEPES (0.2 g per 100 mL, pH 7.4) and 250,000 cells were added on 

top of gelled Matrigel. Treatments were added 10 minutes after plating. The surface of EGM-2 

media was coated with a thin layer of mineral oil to prevent evaporation of media over the course 

of experiment; cells were kept at 37 °C using heated microscope stage. Tubule formation, in two-

dimensions, was captured using Cooke SensiCam mounted on Zeiss Axiovert S100 microscope 

equipped with a Plan-Neofluor 5x objective. Image acquisition software (Slidebook) was set to 

take images every 5 minutes for 10 hours. Movies were formatted to display 20 frames per second. 

2.9 Matrigel sandwich to determine the presence of lumen 

A 5% green cell tracker solution in EBM-2 was administered to HAECs rinsed with HBSS. A 

5_mm thick layer Matrigel were gelled on the surface of pre-chilled clear 25-well dish in 

conditions as described above. HAECs were trypsinized, re-suspended in phenol red-free EGM-2 

and a total of 150,000 cells were plated. Treatments were added 20 minutes after plating. Six hours 

after plating a 5 mm layer of 0.1% low melting point agarose at 37 °C was added on top of the 

endothelial cell layer, thus ‘sandwiching’ the tubules between two layers of 5 mm thick gel 

medium. After the agarose had solidified the Matrigel/cell/agarose disks were submerged in 4% 

paraformaldehyde and sent for paraffin embedding, slicing (at an angle perpendicular to the plane 

of the cells to permeate assessment of presence of lumen) and hematoxylin and eosin staining. 
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2.10 Two- vs three-dimensional Matrigel experiments 

Eight-well Millicell® Ez Slides (Millipore) were used to compare the formation of endothelial 

tubular networks in two and three dimensions using the Queen’s University confocal microscope. 

For the two-dimensional experiments cells were plated over a thin layer of Matrigel (as described 

above) and fixed after 6 hours. For the three-dimensional experiments HAECs were re-suspended 

to a density of 100,000 cells with 50 μL of Matrigel and subsequently plated on the Millicell® Ez 

Slide. Gelled Matrigel was then supplemented with EGM-2 media containing 10 μM forskolin or 

0.1% DMSO. Cells were allowed to form tubules within the gel for 48 hours and then fixed over-

night with 4% paraformaldehyde solution. Nuclei were stained with DAPI to visualize their 

differential positioning and verify the presence or absence of tubular lumens in two and three 

dimensions.  

2.11 Data analysis in Image-Pro Plus 

Images of tubular networks were obtained (20x magnification) at 2 and 6 hour time points and 

subsequently used to determine the total area occupied by cells, total length of the tubular 

network, average length of tubes, and number of branch points. All measurements, other than 

number of branch points, were carried out automatically with the aid of an Image-Pro Plus (Media 

Cybernetics) and Angiogenesis Macro (Mediacy.com) downloaded from (http://

www.mediacy.com/index.aspx?page=ViewSolution&solid=1613). The number of branch points 

was determined manually by carefully comparing the skeletonized image created by the Image Pro 

software to the original image. Branch points were defined as any point of bifurcation where a 

multicellular tube-like structure splits into two or more multicellular tube-like structures 

(Appendix A). 

2.12 Statistical analysis 

Statistical significance of observable differences between treatments was derived using one-way 

ANOVA followed by Newman-Keuls post-hoc test. An unpaired two-tailed student’s t-test was 
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used to verify significance between two means. We carried out all computation in GraphPad Prism 

4.0 software and report all values as means ± standard error of the mean. A p-value of ≤0.05 

indicated statistical significance. 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Chapter 3  

Results 

!
3.1 Activation of adenylyl cyclase leads to rapid formation of a distinct 

phenotype 

The influence of cAMP-signalling on the processes associated with angiogenesis was tested in 

HAECs by measuring the effect of activation of AC with forskolin (10 μM). HAECs were plated on 

the surface of gelled Matrigel, and formation of tubules was measured at 2 and 6 hour time points. 

To determine the role of cAMP in this process we ran two sets of control experiments, one where 

cells were treated with the vehicle (DMSO 1% v/v) or with an analogue of forskolin (1, 9-dideoxy-

forskolin 10 μM, herein i-forskolin), which does not activate ACs but does share in other 

properties of this agent such as modification of K+ channel activity (Hoshi et al., 1988), 

desensitization of GABAA receptors (Tehrani et al., 1989) and protection against TNF-α mediated 

cytotoxicity (Uboldi and Savage 2002). 

Incubation of HAECs with forskolin (10 μM), but not i-forskolin (10 μM) or vehicle (DMSO, 1% 

v/v) promoted “flattening” of these cells. Flattened HAECs appeared larger than the controls 

(Figure 3.3). As early as the 2 hour time point forskolin treated cells had flattened and begun to 

form a contiguous monolayer largely devoid of tubular structures. In contrast, vehicle or i-

forskolin treated cells began to form branched tubular networks at that point. Automated 

quantification (Materials and Methods and Appendix 1) of the 2 hour micrographs demonstrated 

that cells treated with forskolin occupied more surface area on the gel than either the control or i-

forskolin treated HAECs (1.15- and 1.26-times more, respectively; Figure 3.1). Furthermore, 

forskolin treated cells maintained this flattened appearance over time and produced only weakly 

formed tubular structures, between the 2 and 6 hour time points.  
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Formation of tubules is indicated by the presence of honeycomb structures, Figure 3.3, but in case 

of forskolin these structures were considerably smaller than those present in cultures incubated 

with DMSO or i-forskolin. Indeed, at 6 hours the forskolin-treated cells occupied 1.68- and 1.82-

times the areas occupied by those treated with DMSO or i-forskolin.  

Although at 2 hours after plating forskolin-treated HAECs had generated 24% more branch-points 

than the DMSO-treated cells, this difference was lost at 6 hours (Figure 3.1; p ≤ 0.05). 

Interestingly, branching in i-forskolin-treated HAECs was reduced at the 6 hour time point, (see 

Figure 3.2; p ≤ 0.05). When using the total tubular network size parameter to assess the effects of 

these treatments, forskolin treated cells formed a more robust network (1.19 and 1.31 times larger 

than DMSO or i-forskolin) at 2 hours. Similar patterns were observed at the 6 hour time point 

(1.34 and 1.43 times larger than the DMSO and i-forskolin).  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Figure 3.1 Increase in cellular cAMP produces a distinct phenotype at 2 hours 
This figure demonstrates the impact of activation of adenylyl cyclase with 10 μM 
Forskolin on: [A] extent of cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average 
tube length. Data were collected at the early (2 hour) time point. Adenylyl cyclase 
activation was contrasted against the effect of vehicle control (1% DMSO v/v) and i-
Forskolin (10 μM), which is an inactive analogue of Forskolin that does not lead to 
activation of adenylyl cyclase and subsequent cAMP synthesis. Error bars represent 
s.e.m. of three independent experiments unless otherwise indicated. !
* denotes significance (p <0.05) against control unless otherwise indicated 
‡ denotes significance (p <0.01) against control unless otherwise indicated 
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Figure 3.2 Forskolin-induced flattening of HAECs continues at 6 hours 
This figure demonstrates the impact of activation of adenylyl cyclase with 10 μM 
Forskolin on: [A] extent of cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Data were collected at a late (6 hour) time point. Adenylyl cyclase activation was 
contrasted against the effect of vehicle control (1% DMSO v/v) and i-Forskolin (10 μM), 
which is an inactive analogue of Forskolin that does not lead to activation of adenylyl 
cyclase and subsequent cAMP synthesis. Error bars represent s.e.m. of three 
independent experiments unless otherwise indicated. !
† denotes significance (p <0.001) against control unless otherwise indicated 



!

 30

1 % DMSO at 2h 1 % DMSO at 6h

10 μM Fsk at 2h 10 μM Fsk at 6h

10 μM i-Fsk at 2h 10 μM i-Fsk at 6h

100 μm

100 μm 100 μm

100 μm

100 μm 100 μm



 31

Figure 3.3: Micrographs demonstrating effects of global increases in cellular cAMP on 
tubule formation. 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at 2 and 6 hour time points. Already at the two hour time 
point the cells treated with forskolin begin to distinguish themselves from those treated 
with DMSO or i-forskolin. Although uniform quantity of cells was plated in each well 
(20,000), cells with forskolin occupy more space on the gel and consequently have 
smaller  honeycomb structures and appear to be more round and flatter than those 
treated with other drugs. The cells treated with DMSO and i-forskolin do not look 
different from one another. Interestingly branching can already be observed in the early, 
2 hour time point, micrographs. !
The difference between forskolin and the control treatments persists well into the 6 hour 
time point where the process of tubule maturation is ongoing, favouring formation of 
fewer but thicker and less developed structures. We observe a characteristic network 
pattern exhibited at this stage by both the DMSO and i-forskolin treated HAECs with 
large, multiple honeycomb structures and tubules that appear to be made of numerous 
cells and where individual cells cannot be easily distinguished. Whereas, the cells treated 
with forskolin retain similar degree of flattening as in the 2 hour time point, despite 
having undergone cellular migration and assembly into more mature structures 
(determined by appearance of honeycombs with clean edges). However, their 
honeycomb structures are still significantly smaller than those of comparator treatments 
and it remains possible to easily distinguish individual cells in structures.



3.2 Activation of individual cAMP targets does not equated adenylyl cyclase 

activation with Forskolin 

Data described above indicate that forskolin, but not DMSO or i-forskolin, promoted cell 

flattening on matrigel and that this effect led those cells to form structures that occupy a larger 

area on the gel surface (increase in percent total area and in total tube length). Since forskolin-

induced activation of ACs can activate both PKA and EPAC (Figure 1.3), we next determined if 

selective activation of these effectors would allow us to duplicate the response observed following 

forskolin administration. Activation of PKA was accomplished with 10 μM 6-Benzyl cAMP (6-

Benz), whereas activation of EPAC was achieved with 100 μM cAMP analogue: 007. Following 

forkolin-induced synthesis, cAMP is free to activate both of its effector proteins; here we model 

this in an in vitro experiment by co-administering the two drugs.  

From inspection of the data shown in Figure 3.6, it is apparent that incubation with either 6-Benz 

or 007 alone or in combination did not recreate the effect of forskolin. Indeed, in all instances 

these treatments led to cells that more closely resembled the 1% DMSO v/v –treated cells than 

those treated with forskolin.  

The results of our automated image processing protocol revealed that the three treatments did not 

differ significantly from the 1% DMSO v/v treated control, whereas cells treated with 10 μM 

forskolin demonstrated a distinct phenotype and occupied a significantly larger portion of the 

total area at early and late time points. 

Although treatment of HAECs with 007 for 2 hours appeared to increase the number of branch 

points formed at this time point, the effect was not significant and was not observed at the 6 hour 

time point.  

When the effects of 007 and 6-Benz on total tubular network length were compared at the 2 and 6 

hour time points distinct effects were noted. While 007-treated cells more closely resemble those 
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treated with forskolin at 2 hours, the effect was lost at 6 hours making them comparable with 

controls, whereas 6-Benzyl-treated HAECs formed slightly larger, on average, networks at the 6 

hour time point. While 007 seemed to affect average tubule length at 2 hours, this effect was not 

significant and absent in cells after 6 hours. This phenomenon appears to indicate that the modest 

effects associated with incubating HAECs with 007 were confined to early events.  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Figure 3.4 Attempt to duplicate Forskolin-induced cell flattening through activation of 
targets of cAMP signalling (PKA and EPAC) at 2 hours 
This figure demonstrates the impact of activation of targets of cAMP signalling: PKA (10 
μM 6-Benz) and EPAC (100 μM OO7) independently and following co-administration 
(10 μM 6-Benz and 100μM OO7). The treatments were compared against the vehicle 
control (1% DMSO v/v) and adenylyl cyclase activator (10 μM Forskolin), by analysis of: 
[A] cell flattening (%-total area); [B] branching (number of branch points); [C] length of 
tubular network (total tube length); and [D] average tube length. Data were collected at 
an early (2 hour) time point. Error bars represent s.e.m. of three independent 
experiments unless otherwise indicated. !
* denotes significance (p ≤ 0.05) against control unless otherwise indicated
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Figure 3.5 Forskolin-induced response was not duplicated with activation of PKA or EPAC 
at 6 hours 
This figure demonstrates the impact of activation of targets of cAMP signalling: PKA (10 
μM 6-Benz) and EPAC (100 μM OO7) independently and following co-administration 
(10 μM 6-Benz and 100μM OO7). The treatments were compared against the vehicle 
control (1% DMSO v/v) and adenylyl cyclase activator (10 μM Forskolin), by analysis of: 
[A] cell flattening (%-total area); [B] branching (number of branch points); [C] length of 
tubular network (total tube length); and [D] average tube length. Data were collected at 
a late (6 hour) time point. Error bars represent s.e.m. of three independent experiments 
unless otherwise indicated. !
† denotes significance (p <0.001) against control unless otherwise indicated 
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Figure 3.6: Activation of effectors of cAMP signalling (PKA and EPAC) 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at 2 and 6 hour time points. This figure compares the 
effects of targeted activation of the effector proteins of the cAMP signalling cascade, 
namely EPAC and PKA, separately and simultaneously with the effects of DMSO 
(negative control) and forskolin (positive control). Careful observation of these 
representative images demonstrates that activation of either PKA (6-Bz) or EPAC (007) 
individually or together leads to a similar response, which is greater than that with 
DMSO but lesser than the one observed with forskolin (this observation did not 
translate into a significant difference when images underwent automated analysis). 
Activation of EPAC or EPAC and PKA together, seems to have lead to earlier events of 
branching when compared to the results obtained from PKA activation alone (2 hours). 
At 6 hours the tubes formed by PKA activation alone appear somewhat rougher and do 
not have such well defined honeycomb structures as the comparator treatments. despite 
the fact that PKA and EPAC are responsible for nearly all effects of cAMP signalling, 
their simultaneous activation failed to reproduce the forskolin response when analyzed 
statistically. However on the image and after treatment with EPAC activator alone the 
cells appear to be behaving similarly to those treated with forskolin, namely they lie flat 
on the surface of the gel (as demonstrated by the ease of distinguishing individual cells 
in the image at 6 hours) and do not appear to come together to form three-dimensional 
mature tubules as it may happen with the negative controls.



3.3 A comparison of EPAC inhibition and activation on dynamics of tubule 

formation 

To test whether the limited effects of 007 in these assays were reflective of high levels of basal 

EPAC activation in our model, we next assessed the impact of a novel, selective EPAC antagonist: 

ESI-09 (gift from dr. X. Cheng). Consistent with this idea, data presented in Figures 3.7-3.9 

demonstrate that addition of the EPAC inhibitor altered tubule networks appearance at several 

levels, albeit modestly. Statistical analysis of data shown in (Figures 3.7 & 3.8) indicated that the 

effects were not significant statistically even though a 20% decrease in cell area was seen at 6 

hours. 

By far the largest effect of the EPAC inhibitor was the profound effect that this agent had on the 

ability of HAECs to begin to form branches. At the 2 hour time point ESI-09-treated cells only 

produced half of the branch points observed in cells treated with the EPAC activator (p < 0.05).    

At the 6 hour time point, EPAC-inhibited cells did not experience a change in the number of 

branches formed. All other treatment groups followed the more widely observed trend towards 

formation of fewer branches as the network matures over time (demonstrated by fewer branch 

points at 6 hours). Consequently, all treatment groups analyzed resulted in formation of the same 

number of branch points upon tubule maturation.  

Similarly to previous study groups and treatments no differences were observed among the 

parameters of total and average tubular lengths when compared at 2 and 6 hour time points.  

 38



 39

Figure 3.7 Effects of EPAC inhibition with ESI-09 at 2 hours 
This figure contrasts the effect of EPAC activation (100 μM OO7), inhibition (10 μM 
ESI-09), and co-administration of EPAC activator and inhibitor (100 μM OO7 + 10 μM 
ESI-09), against the vehicle control (1% DMSO v/v). The parameters measured at 2 
hours were: [A] the extent of cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Error bars represent s.e.m. of three independent experiments unless otherwise 
indicated. !
* denotes significance (p ≤ 0.05) against control unless otherwise indicated 
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Figure 3.8 Effects of EPAC inhibition with ESI-09 at 6 hours 
This figure contrasts the effect of EPAC activation (100 μM OO7), inhibition (10 μM 
ESI-09), and co-administration of EPAC activator and inhibitor (100 μM OO7 + 10 μM 
ESI-09), against the vehicle control (1% DMSO v/v). The parameters measured at 6 
hours were: [A] the extent of cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Error bars represent s.e.m. of three independent experiments unless otherwise 
indicated. !
* denotes significance (p ≤ 0.05) against control unless otherwise indicated 
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Figure 3.9: The effect of EPAC inhibition on tubule formation on Matrigel in vitro 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at 2 and 6 hour time points. Effects of EPAC activation 
are clearly seen in this set of micrographs as cells where EPAC was selectively activated 
begin forming branches sooner (as observed by the presence of more defined 
honeycombs at 2 hours when compared to competitive treatments) and form thicker 
more flattened structures than the DMSO treated cells do at 6 hours. Inhibition of EPAC 
with ESI-09 lead to formation of structures which look similar to those of DMSO 
treated control. The co-administration of the EPAC inhibitor and activator has lead to 
formation of structures which visually resemble the DMSO treated cells. None of the 
observed features have successfully translated into statistical significance using 
automated assay protocols.  



3.4 EPAC inhibition counters the forskolin-induced effect 

To more fully assess the effects of EPAC inhibition on tubule formation, we next compared the 

consequence of ESI-09 on forskolin-induced effects in these cells. We showed that, forskolin 

stimulated significant increases in both the area occupied by the tubular structures as well as the 

number of branch points formed. In these experiments, the results obtained were marked, but 

confusing. While addition of ESI-09 had no statistical impact on the increase in total cell area, it 

did significantly reduce the ability of forskolin to induce its characteristic increase in the total area. 

More surprising results were obtained when looking at the number of branches formed with each 

of the treatments. Two hours of ESI-09 administration led to formation of significantly fewer 

branches (p <0.05), with co-treatment of ESI-09 and forskolin leading to an even greater decrease 

(p <0.001) (Figure 3.10). The effects of co-treatment on branch point formation were persistent, 

unlike the treatment with ESI-09 alone where branching has caught up with the control treated 

cells by the 6 hour time point (Figure 3.11). The co-treated cells, although having doubled the 

amount of branches were still lagging far behind their forskolin-only counterparts, with an average 

of 19 branches vs. 35, representing 54% fewer branches formed by 6 hour time point (p <0.001). 

The treatment of cells with 10 μM ESI-09 alone was not enough to significantly alter the 

cumulative length of all the endothelial tubules; however, HAECs treated with 10 μM forskolin 

and 10 μM ESI-09 simultaneously formed a much less robust (lengthy) endothelial tubule network 

than those cells that were treated with 1% v/v DMSO or 10 μM forskolin at 2 hours after drugs 

were administered (p <0.05). However by 6 hours the co-treatment group has caught up to the 

values expressed by control cells, remaining significantly different from both the adenylyl cyclase-

activated forskolin and EPAC-inhibited ESI-09 treated groups (p <0.05) (Figure 3.11). 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Figure 3.10 Inhibition of EPAC with ESI-09 prevents Forskolin-induced response at 2 hours 
This figure compares the outcome of EPAC inhibition (10 μM ESI-09) on Forskolin 
(10_μM) mediated effect against vehicle control (1% DMSO v/v). The parameters 
analyzed at 2 hours were: [A] cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Error bars represent s.e.m. of three independent experiments unless otherwise 
indicated. !
α p <0.01 vs. Vehicle, and ESI-09; p <0.001 vs. Forskolin + ESI-09 
β p <0.05 vs. Vehicle; p <0.01 vs. Forskolin + ESI-09; p <0.001 vs. ESI-09 
γ p <0.001 vs. Vehicle, and Forskolin; p <0.01 vs. ESI-09 
δ p <0.001 vs. Vehicle, and ESI-09; p <0.01 vs. Forskolin + ESI-09 
ε p <0.01 vs. Vehicle, and Forskolin; p <0.05 vs. ESI-09 
* denotes significance (p ≤ 0.05) against control unless otherwise indicated 
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Figure 3.11 Inhibition of EPAC with ESI-09 prevents Forskolin-induced response at 6 hours 
This figure compares the outcome of EPAC inhibition (10 μM ESI-09) on Forskolin 
(10_μM) mediated effect against vehicle control (1% DMSO v/v). The parameters 
analyzed at 6 hours were: [A] cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Error bars represent s.e.m. of three independent experiments unless otherwise 
indicated. !
α p <0.001 vs. Vehicle, ESI-09, and vs. Forskolin + ESI-09 
β p <0.05 vs. Vehicle;  p <0.01 vs. ESI-09; p <0.001 vs. Forskolin + ESI-09 
γ p <0.01 vs. Vehicle, and ESI-09; p <0.001 vs. Forskolin 
δ p <0.001 vs. Vehicle, ESI-09, and Forskolin + ESI-09 
ε p <0.05 vs. Vehicle, and Forskolin + ESI-09; p <0.001 vs. Forskolin 
† denotes significance (p < 0.001) against control unless otherwise indicated 
* denotes significance (p < 0.05) against control unless otherwise indicated 
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Figure 3.12: Stimulation of AC in the absence of EPAC activity 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at 2 and 6 hour time points. At both time points the cells 
treated with EPAC antagonist ESI-09 appear different from the DMSO treated control 
cells. There is little to  no tubule formation at the 2 hour time point, and at 6 hours the 
tubular structures appear thinner and have irregular honeycomb structures. Forskolin 
leads to an opposite phenotype where cells flatten excessively on the matrigel resulting 
in formation of wide structures with well defined honeycombs. Interestingly forskolin 
phenotype did not develop when cells were treated with the selective EPAC inhibitor 
ESI-09. In fact the cells looked worse than the DMSO controls or the ESI-09 treated cells 
alone. Very few short structures were formed and cells occupied little of the area 
available to them.



3.5 Phosphodiesterase enzymes play a vital role in endothelial tubule 

formation 

It is well established that different isoforms of phosphodiesterase enzymes (PDEs) play a role in 

cAMP mediated signalling within numerous cell systems, including endothelial cells. We 

investigated the consequences of inhibiting two of the most prominent PDEs expressed by 

HAECs, namely PDE3B and PDE4D. Currently available small molecule inhibitors are not 

selective enough to inhibit individual PDE isoforms, but inhibit whole PDE families instead. 

Cilostamide at 1 μM was used to inhibit all PDE3 activity, and 10 μM Ro 20-1724 was used to 

inhibit all PDE4 activity (the concentrations were chosen based on previous experiments 

performed within the Maurice Laboratory). 

The microscope images in Figure 3.15 demonstrate the importance of PDEs to the formation of 

endothelial tubules on Matrigel in vitro. In just 2 hours targeted inhibition of PDE3 with 1 μM 

Cilostamide promoted significantly greater cellular adhesion (Figure 3.13), where on average 

Cilostamide-treated cells occupied an area 1.25 times larger than that occupied by the DMSO-

treated controls. Interestingly this Cilostamide effect, similar to forskolin-induced event, was long 

lasting and HAECs at 6 hours remained significantly larger than both their control-treated and 

PDE4-inhibited counterparts (Figure 3.14; p ≤ 0.05). 

The effects of 1 μM Cilostamide were not limited to an increase in percent total cell area, but also 

translated into a 20% increase in the total tubular network (sum of all the tubules formed) at the 6 

hour time point (Figure 3.14). 

Whereas inhibition of PDE3 activity promoted adhesion of HAECs onto the Matrigel matrix, 

selective inhibition of PDE4 activity lead to a different, yet significant response. Without active 

PDE4 HAECs displayed a significantly reduced branching potential at the 6 hour time point when 
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compared to either the 1% v/v DMSO-treated control or 1 μM Cilostamide treated HAECs (Figure 

3.15).  

Consistently with several previous experiments, selective inhibition of either PDE3 or PDE4 

activity had no effect on the average length of the tubules formed at either the 2 hour or 6 hour 

time points (Figure 3.13 & 3.14).  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Figure 3.13 Inhibition of PDE3 with Cilostamide leads to Forskolin-like effect at 2 hours 
This figure demonstrates the effect of inhibition of PDE4 (10 μM Ro 20-1724) and PDE3 
(1 μM Cilostamide) on: [A] cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Data were collected at an early (2 hour) time point. Error bars represent s.e.m. of 
three independent experiments unless otherwise indicated. !
* denotes significance (p ≤ 0.05) against control unless otherwise indicated 
‡ denotes significance (p <0.01) against control unless otherwise indicated 
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Figure 3.14 Inhibition of PDE4 activity reduces branching at 6 hours 
This figure demonstrates the effect of inhibition of PDE4 (10 μM Ro 20-1724) and PDE 
(1 μM Cilostamide) on: [A] cell flattening (%-total area); [B] branching (number of 
branch points); [C] length of tubular network (total tube length); and [D] average tube 
length. Data were collected at a late (6 hour) time point. Error bars represent s.e.m. of 
three independent experiments unless otherwise indicated. !
* denotes significance (p ≤ 0.05) against control unless otherwise indicated 
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Figure 3.15: Effects of PDE inhibitors on HAEC tubule formation on Matrigel 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at 2 and 6 hour time points. Inhibition of either PDE4 or 
PDE3 family of enzymes led to visually different results. Addition of PDE4 inhibitor 
(Ro) has resulted in formation of thin/whispy tubular networks, which when assessed 
for total cell area turned out to be comparable to controls whilst having statistically 
fewer branch-points at the 6 hour time point. Interestingly addition of Cil (PDE3 family 
inhibitor) has produced cells that adhere tightly to the matrix, and form wide structures 
with round and well defined honeycombs at 6 hours. 



3.6 Selective knockdown experiments 

To further study the impact of specific PDEs on formation of endothelial tubules on Matrigel we 

carried out experiments where we combined the effects of individual PDE siRNA mediated 

knockdown together with small molecule mediated inhibition of PDEs.  

Contrary to expectations from earlier experiments where selective inhibition of PDE3 with 

Cilostamide promoted an increase in the total cell area, knockdown of PDE3B (reduced PDE3 

activity) led to a reduction in the total cell area when compared to the siRNA negative control at 

the 6 hour time point (p <0.01) (Figure 3.16). PDE3B knockdown cells also expressed reduction in 

their branch forming capabilities at 6 hours. No further changes to branching potential of PDE3B 

knockdowns were observed following administration of 1 μM Cilostamide (Figure 3.19). 

However, inhibition of PDE4 activity with 10 μM Ro 20-1724 in cells where PDE3B has been 

knocked down resulted in near total elimination of branch forming capabilities (p <0..001) (Figure 

3.19), better demonstrated through sample images in Figure 3.20 & Figure 3.21.  

Six hours after HAECs were plated on Matrigel there were no differences observed with respect to 

the total area occupied by PDE4D knockdowns vs. that occupied by siRNA negative controls. 

These data were in accordance with the previous experiments conducted with 10 μM Ro 20-1724, 

where we reported no differences in percent total cell areas. In terms of branching, similarly to the 

PDE4 inhibited cells, cells where PDE4D was knocked down developed significantly fewer branch 

points (Figure 3.19). Interestingly when Ro 20-1724 was administered to cells where PDE4D has 

been knocked down, we observed an additional 50% decrease in the number of branch points 

(p_<0.001).  

Although initially puzzling, this result was indicative of potential presence of an alternative 

enzyme from the PDE4 family whose participation proved essential to the branch forming 

 54



process. Knowing that HAECs express other PDE4-family enzymes we investigated the impact of 

PDE4B knockdown on the tubule formation in vitro on Matrigel in two-dimensions.  

HAECs where PDE4B has been knocked down demonstrate significant reduction in the percent 

total area, the largest among the three knockdown treatments administered. Furthermore, 

knockdown of PDE4B negatively affected branching of HAECs, as is demonstrated by a significant 

drop in the number of branch points formed at 6 hours post plating (a drop to 62% of the value of 

the control treated cells). When PDE4 inhibitor Ro 20-1724 is administered to cells where PDE4B 

has been knocked down the number of branch points formed falls by an additional 50%. This 

demonstrates that the process of branch-point formation might depend on cooperation and 

uninterrupted activity of both PDE4B and 4D enzymes.  

When either the PDE4B or 4D enzyme was knocked-down and PDE3 activity was inhibited the 

cells retained their ability to form branches and therefore administration of Cilostamide had no 

effect on their branching potential. These results point to the importance of enzymes from the 

PDE4 family in HAECs in the process of branch point formation on Matrigel in vitro. 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Figure 3.16 The effect of selective knockdown of individual PDEs with siRNA on cell area 
This figure compares the effect of PDE knockdown on the extent of cell flattening (%-
total area), at [A] early (2 hour) and [B] late (6 hour) time point. Knockdown of PDE3B 
and PDE4D initially leads to a significant increase in total cell area which is lost at the 6 
hour time point. Knockdown of PDE4B decreased %-total area at both time points. 
Error bars represent s.e.m. of three independent experiments unless otherwise 
indicated. !
† denotes significance (p < 0.001) against control unless otherwise indicated 
‡ denotes significance (p <0.01) against control unless otherwise indicated 
* denotes significance (p ≤ 0.05) against control unless otherwise indicated !
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Figure 3.17 Selective knockdown of individual PDEs with siRNA and treated with small-
molecule PDE family inhibitors at 2 hours 
This figure compares the effect of selective PDE knockdowns on the extent of cell 
flattening (%-total area) at an early (2 hour) time point. Groups where a specific PDE 
has been knocked down are identified on the graph as ‘PDE si’. The knockdowns were 
exposed to small-molecule PDE inhibitors, the effects of inhibition are graphed to the 
right of the respective knockdown. Error bars represent s.e.m. of three independent 
experiments unless otherwise indicated. !
† denotes significance (p < 0.001) against corresponding knockdown unless otherwise 
indicated !
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Figure 3.18 Selective knockdown of individual PDEs with siRNA and treated with small-
molecule PDE family inhibitors at 6 hours 
This figure compares the effect of selective PDE knockdowns on the extent of cell 
flattening (%-total area) at a late (6 hour) time point. Groups where a specific PDE has 
been knocked down are identified on the graph as ‘PDE si’. The knockdowns were 
exposed to small-molecule PDE inhibitors, the effects of inhibition are graphed to the 
right of the respective knockdown. Error bars represent s.e.m. of three independent 
experiments unless otherwise indicated. !
‡ denotes significance (p <0.01) against corresponding knockdown unless otherwise 
indicated 
† denotes significance (p <0.001) against corresponding knockdown unless otherwise 
indicated 
* denotes significance (p <0.05) against corresponding knockdown unless otherwise 
indicated
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Figure 3.19 Changes in branching among selective knockdown of individual PDEs with 
siRNA and treated with small-molecule PDE family inhibitors at 6 hours 
This figure compares the effect of selective PDE knockdowns on the extent of branching 
(number of branch points) at a late (6 hour) time point. Groups where a specific PDE 
has been knocked down are identified on the graph as ‘PDE si’. The knockdowns were 
exposed to small-molecule PDE inhibitors, the effects of inhibition are graphed to the 
right of the respective knockdown. Error bars represent s.e.m. of three independent 
experiments unless otherwise indicated. !
α p <0.001 vs. Control si 
β p <0.001 vs. Control si 
γ p <0.001 vs. Control si 
† denotes significance (p < 0.001) against corresponding knockdown unless otherwise 
indicated 
* denotes significance (p ≤ 0.05) against corresponding knockdown unless otherwise 
indicated
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Figure 3.20 Impact of selective PDE knockdowns combined with PDE inhibition on HAEC 
tubule formation at 2 hours 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at the 2 hour time point after the cells were treated with 
an siRNA and a selective inhibitor for either PDE3 or 4 families.
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Figure 3.21 Impact of selective PDE knockdowns combined with PDE inhibition on HAEC 
tubule formation at 6 hours 
These are representative micrographs at 10x magnification of endothelial tubules formed 
on Matrigel in two dimensions at the 6 hour time point after the cells were treated with 
an siRNA and a selective inhibitor for either PDE3 or 4 families.
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3.7 Three-dimensional Matrigel experiments 

The results obtained following administration of 10 μM forskolin in two-dimensional experiments 

were very interesting: the cells assumed a completely novel phenotype characterized by a vast 

expansion of the total cell area. However, to verify the true nature of the tubules formed following 

treatment with forskolin we decided to investigate their three-dimensional properties regardless of 

whether the the tubules were formed in two- or three-dimensional Matrigel experiments (in two-

dimensional Matrigel experiments tubules are formed on the surface of the gel).  

From Figure 3.22 it is evident that the forskolin-treated cells in two-dimensional experiments 

appear flatter, and are in fact much flatter than the control-treated cells at the 6 hour time point. 

The control cell nuclei are displaced along the z axis signifying differential vertical positioning of 

the cells, which does not constitute a proof of existence of tubular lumens, but rather strongly 

hints at their presence or at the very least demonstrates that HAECs do form structures, with a z 

axis component. Forskolin treated cells, on the other hand, do not, indicating that albeit 

progressing through early checkpoints of angiogenesis, the structures formed by forskolin-treated 

cells are not tubules because they lack the essential three-dimensional component. Lack of cell 

nuclei positioning along the z axis for forskolin treated cells, is indicative of the lack of lumens 

among structures formed within this treatment group. 

Further evidence points to the inability of forskolin-treated cells to progress past the adhesive 

stage comes from the three-dimensional Matrigel plug experiments, wherein HAECs were 

suspended in Matrigel and allowed to proliferate for 72 hours in three-dimensions. Again images 

in Figure 3.22 demonstrate the much reduced z axis component amongst the cells treated with 

10_μM forskolin vs. cells treated with 1% v/v DMSO. Demonstrating that although forskolin 

treatment promotes adhesion and branching at early points, it ultimately results in formation of 

immature, and highly two dimensional structures that have more in common with an endothelial 

cell monolayer than endothelial tubules.  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Figure 3.22: Forskolin-treated cells are more prostrate when assayed in two- and three-
dimensions (confocal images) 
A) These are representative confocal micrographs of cells plated in two-dimesions. The 

DAPI staining clearly indicates that the nuclei of control cells are more dispersed 
along the z axis than the nuclei of forskolin-treated cells. Likewise an overlay image 
demonstrates that cell bodies, along with the nuclei, show greater z axis distribution 
among the control-treated cells than among those with forskolin. These data 
indicate that forskolin-treated HAECs likely form two-dimensional monolayers 
when plated on Matrigel, whereas control-treated cells appear to form more mature, 
three-dimensional structures where presence of a lumen is likely. !

B) These are representative confocal micrographs of cells plated in three-dimensions 
(dispersed throughout matrigel). Even when dispersed in three dimensional matrix 
forskolin-treated cells assemble into mono-planar structures, whereas clear 
distribution across the z axis is visible amongst the control-treated cells. 



Chapter 4 

Discussion 

4.1 Summary of findings 

I. In contrast to controls, HAECs form prostrate (flat), monolayer-like structures on Matrigel 

when treated with AC-activator forskolin. This effect can be attributed directly to enhanced 

AC activity and increased cellular cAMP because HAECs treated with i-forskolin (forskolin 

analogue which does not activate AC) were no different from the control group. 

II. The effects of forskolin-mediated activation of AC, delay or inhibit endothelial tubule 

formation regardless of whether HAECs are plated in two- or three-dimensions. 

III. Activation of the two cAMP effector proteins: EPAC and PKA, either individually or in 

tandem did not replicate the forskolin effect in full. However, inhibition of EPAC with ESI-09 

opposed the forskolin-mediated effect. 

IV. Studies conducted with PDE inhibitors and knockdowns demonstrated that lack of PDE3B 

activity has led to significant and prolonged cell flattening, whereas lack of PDE4 activity was 

detrimental to branching.  

!
4.2 Direct increases in cellular cAMP levels change endothelial cell 

morphology 

Imaging the dynamics of  endothelial cell differentiation: 

Human aortic endothelial cells rapidly differentiate into tubules on Matrigel, but the dynamics of 

this process are difficult to demonstrate with static micrographs alone. By plating HAECs on 

heated delta dishes, we were able to capture images of the same microscopic area every 5 minutes 

for 10 hours. These data were assembled into pseudo-coloured video clips which show the speed 
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and dynamics of endothelial cell differentiation, highlighting the temporal-dependancy of this 

assay. However, only a single sample could be run in each video-capture experiment, increasing 

the time and cost required to gather the necessary data to compare the actions of selected 

activators and inhibitors of cAMP signalling on endothelial cell differentiation. Thus, while we use 

the video clips to demonstrate the dynamics of endothelial cell differentiation, the majority of data 

were obtained from the analysis of micrographs captured at two and six hours after plating. 

Influence of  activated ACs on HAEC morphology and differentiation: 

Forskolin, a diterpene extracted from the roots of Coleus forskolii (Bhat et al., 1977), acts as a 

potent and unique activator of ACs in various tissues, membrane preparations and intact cells 

(Matzger and Lindner 1981; Daly et al., 1981; Seamon et al., 1981; Pinto et al., 2008). The half-

maximal effective concentration range (EC50) of forskolin has been reported as 5-10 µM in rat 

cerebral cortical membranes and 25 µM in rat cerebral cortical slices (Seamon et al., 1981). 

However, due to the low solubility of forskolin in water (Pinto et al, 2008) and the desire to limit 

the amount of DMSO in the cell media to ≤1%_v/v, we used forskolin at 10 µM concentration, 

which is sufficient to elicit a significant increase in cellular cAMP (Netherton and Maurice 2004). 

A 10 µM forskolin concentration initiated rapid and profound change in cell shape, area and  

degree of differentiation among HAECs plated on Matrigel (Figure 3.3). In contrast to other 

cAMP elevating agents, forskolin-treated cells were larger and more prostrate than the untreated 

group. This was reflected through a significant increase in total cell area (1.68 times that of DMSO 

control, p <0.05), and the observation of a more diffuse signal being captured by the microscope 

camera when exposure time was kept constant (unpublished observation). Others reported similar 

changes in HAEC cell shape, manifested as alterations in contours, area, and perimeter, following 

treatment with forskolin in cell culture in vitro (Antonov et al.,1986). Here we extend that finding 

by demonstrating that forskolin-induced activation of ACs and subsequent increase in cellular 
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cAMP not only alter HAEC morphology but also delay and possibly inhibit their ability to 

differentiate into tubules on Matrigel. 

HAECs treated with 10 µM inactive forskolin analogue (i-forskolin) did not undergo a change in 

their morphology and remained comparable to the 1% DMSO control group (Figure 3.3). The 

total percent cell area of HAECs treated with i-forskolin was significantly lower than that of 

forskolin-treated group (p_<0.05), and equivalent to that of the control group, indicating that the 

observed change in HAEC phenotype is driven by increases in cellular cAMP levels and signalling, 

and not a result of forskolin’s off-target binding to glucose transporters or ion channels (Insel and 

Ostrom 2002). It is possible, an increase in cell proliferation could lead to the observed change in 

the total cell area, but such an event is unlikely due to the long (48 hours) doubling-time of 

untreated HAECs and documented antiproliferative activity of forskolin, where 10 µM forskolin 

was found to inhibit of bovine aortic endothelial cell proliferation by 60% (Leitman et al., 1985). 

Investigating the presence or absence of  a lumen: 

In two-dimensional differentiation assays, after adhering to the gel substrate, endothelial cells 

begin to migrate, and establish cell-to-cell connections (Kanzawa et al., 1993; Lawley and Kubota 

1989; Arnaoutova et al., 2009). Those early events of endothelial cell differentiation involve 

formation of branch points, alignment of cells into cords (tube-like structures) and formation of 

honeycombs, which are the black round or hexagonal shapes formed in the negative space 

between individual cords (Figure A.1). Honeycombs appear black on screen because they do not 

contain cells and are fundamentally different from tubular lumens, presence of which is not easily 

assessed and highly debated in two-dimensional differentiation assays. 

From our micrographs alone, we were unable to determine if endothelial cells differentiate into 

hollow, capillary-like tubules on Matrigel. Fixing the assay at 6 hours with paraformaldehyde and 

embedding it in low melting point agarose, allowed us to image the structures in three-dimensions 
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with confocal microscopy by noting the displacement of DAPI-stained nuclei along the z axis (axis 

perpendicular to the surface of the gel). When AC activity was stimulated with forskolin, HAECs 

were displaced less than the control treatment group along the z axis (observation; Figure 3.22), 

demonstrating that forskolin-treated cells are indeed more prostrate than the untreated controls 

and unlikely to form true tubules with lumen. Since our findings show no evidence for the 

presence of lumen, this leads us to believe that forskolin-treated cells do not form mature, true 

tubules on Matrigel at six hours.  

Use of  automated image processing methods in data analysis: 

Computation and automated analysis software represent great assets facilitating fast and unbiased 

analysis of data gathered from in vitro experiments of endothelial cell differentiation. Several 

software packages are available and allow the user to perform automated quantification of many 

parameters related to endothelial tubule formation. We used a macro written for the ImagePro 

image analysis software, because it provided a familiar interface, was readily available and allowed 

us to perform analysis of all data in-house instead of relying on image uploads to remote servers 

for analysis, as would be the case with services such as WimAsis (ibidi). However, even with the 

benefits of automated image analysis we remained critical of automatically gathered data, because 

over-reliance on automated analysis software could lead to flawed interpretation. For example, the 

algorithm utilized in our analysis produces a measurement referred to as the “total tube 

area” (reported in our findings as total percent cell area), but an increase in the “total tube area” 

does not necessarily correlate with more or bigger tubes. In fact, our studies on forskolin-induced 

differentiation indicate that despite a significant increase in total cell area, relatively few tubules 

were formed.  

A recent study examined the effects of forskolin on human umbilical vein endothelial cells plated 

on two-dimensional Matrigel (Namkoong et al., 2009). Significant increases in the total tube area 

measurements were reported and the treatment was considered to be pro-angiogenic in vitro. Our 
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results show the opposite, with 10 µM forskolin-treated cells forming a monolayer rather than a 

network of tubules at the two hour time point, demonstrating a significant lag behind the control 

and i-forskolin groups, as well as displaying poorly defined tubules by the six hour time point 

(Figure 3.1-3.3). Studies by Namkoong (2009) and us, both report an increase in total tube/cell 

area (measured as the number of bright pixels on each micrograph; Appendix A); however, our 

micrographs and three-dimensional assay results demonstrate that addition of forskolin delays 

endothelial tubule formation and maturation in vitro.  

To form three-dimensional structures in a two-dimensional assay, the cells must come together in 

a three-dimensional fashion capable of supporting complex features characteristic of mature 

tubules. Our two- and three-dimensional data indicate that the effects of forskolin limit 

differentiation of HAECs on Matrigel to early tubule-forming events, which are characterized by 

adhesion of cells to the matrix, spreading and formation of branch-points (Arnaoutova et al., 

2009). Additionally, these results caution against attempting to predict drug's angiogenic potential 

from in vitro data alone. We show that a significant increase in total cell area does not necessarily 

warrant a conclusion that stimulation of AC activity with forskolin in HAECs promotes 

angiogenesis, since we found no evidence of tubule maturation. However, increased AC activity 

produces a novel and morphologically distinct HAEC phenotype which delays and possibly 

inhibits cell differentiation and whose effect on angiogenic process in vivo remains to be 

investigated in further studies. 

4.3 Involvement of PKA and EPAC 

Since HAECs express two important effectors of cAMP signalling: PKA and EPAC (Maurice, 

2011), we proposed that activating one or both of the effector proteins would mimic the effect of 

AC activation with forskolin. However, activation of PKA and EPAC, individually or in tandem, 

failed to replicate the forskolin-induced response. These findings are interesting because the data 

from i-forskolin experiment clearly demonstrate that the response arises due to an increase in 
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cellular cAMP brought forth by increased AC activity. It is likely, the global increases in cAMP 

produced by activated ACs cannot be modelled through sequential activation of cAMP’s two main 

effector proteins alone.  

EPAC's involvement is limited to the early events of  HAEC differentiation: 

Focusing on the early time point, Wilson and colleagues (2011) demonstrated that HAECs 

adhered faster to Matrigel surface and formed more branch points than the control group at one 

hour after EPAC activation with 100 µM 007. However, the effect of EPAC activation on branch 

point formation is minimal at two hours, and indistinguishable from control group by six hours 

(Figure 3.7 & 3.8). But, inhibition of EPAC with selective EPAC inhibitor (10 µM ESI-09) reduces 

the number of branches formed at two hours. These data correspond to previous findings (Willson 

et al., 2011) and provide further evidence for the role of EPAC activity during early periods of 

endothelial cell differentiation. Cumulatively our findings show that EPAC activity is necessary for 

endothelial branching at early time points, where activation of EPAC promotes branching and 

inhibition of EPAC delays it. 

EPAC activity is essential during global increases in cAMP: 

Even though direct activation and inhibition of EPAC made little difference in cell adhesion to the 

matrix at two and six hours (represented as the total percent cell area) functional EPAC is 

absolutely essential during the state of increased global cAMP. Endothelial cells where EPAC 

activity was inhibited were desensitized to the effects of AC activation and subcellular increase in 

cAMP concentration. Forskolin-treated and EPAC-inhibited HAECs had total cell surface area 

comparable to that of the 1% DMSO control group, which was significantly lowered than the 

forskolin-only group at 6 hours (p≤0.05). Additionally, fewer branches were formed by this 

treatment group at either time point (p≤0.05). These findings highlight the important role EPAC 

plays in mediating responses associated with increased cellular cAMP during early HAEC 

differentiation events. 
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The persistence of ESI-09-induced EPAC inhibition and its pronounced negative effect observed 

when cAMP synthesis is stimulated with activation of AC by forskolin could be related to the 

mechanism of EPAC inhibition. Recently Rehmann (2013) demonstrated that ESI-09 does not 

compete with cAMP to bind EPAC in a reversible fashion as was originally proposed by Tsalkova 

and colleagues (2012). Since the effects of ESI-09 did not depend on cAMP concentration, and 

since ESI-09 inhibited intrinsic, cAMP-independent exchange of activity of EPAC, Rehmann 

(2013) concluded that EPAC-inhibiting activity of ESI-09 occurs primarily through protein 

denaturing effects. The amount of functional EPAC would thus be severely reduced, rendering 

cells incapable of mounting an adequate response to counter global increases in cAMP. This 

correlates with our observation where HAECs treated with >10 µM ESI-09 experienced a 

significant reduction in cell viability (unpublished observation). These findings identify a pivotal 

role played by EPAC in cAMP signalling within HAECs, where inhibition of EPAC does not 

interfere with endothelial cell differentiation on Matrigel. However, in a state where cellular cAMP 

levels rise, diminished quantity of functional EPAC prevents endothelial cell differentiation and 

tubule formation. 

4.4 Differential effects of Phosphodiesterase inhibition and knockdown on 

endothelial tubule formation in vitro 

Phosphodiesterases are the only enzymes within the cell capable of hydrolyzing cAMP thereby 

terminating its signalling (Figure 1.3) (Maurice et al., 2007). Different PDEs are responsible for 

hydrolysis of cAMP in different cell types (Maurice et al., 2003). Thus, to study the impact of PDEs 

on cellular signalling within a specific cell type, the expression and activity profile of PDEs needs 

to be known. In HAECs, the bulk of cAMP degradation is carried out by PDE4 (46%) and PDE3 

(36%), which became the focus of our studies (Netherton and Maurice, 2005). 

!
!
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Inhibition of  PDE3 promotes early events of  HAEC differentiation: 

Addition of 10 µM forskolin induces rapid activation of membrane-bound and soluble ACs 

resulting in synthesis of cAMP at the membrane and throughout the cell (Seamon et al., 1981). 

This increase in cAMP concentration profile is similar to what we and others reported following 

inhibition of PDE3B or PDE4D (Wilson et al., 2011, Blackman et al., 2011). The pro-angiogenic 

properties of the PDE3 inhibitor cilostamide in the early events of tubule formation (one hour 

time point) have been reported (Wilson et al., 2011). Here we demonstrate that this response, 

exemplified as an increased total cell area, is not limited to just the early time point but persists 

throughout the six-hours-long experiment (Figure 3.13 & 3.14). Although the evidence indicates 

that EPAC activation mediates this effect (Wilson et al., 2011), inhibition of PDE3 or activation of 

ACs have much greater impact than direct activation of EPAC. It has been established that PDE3B 

and EPAC form a signalling complex at the cell membrane involved in cell adhesion to the 

extracellular matrix (Wilson et al., 2011). A forskolin-driven increase in AC activity likely 

saturates PDE3B with cAMP leading to continuous EPAC activation. Likewise, inhibition of 

PDE3B would prevent degradation of basal cAMP levels and promote EPAC activation. This 

model is further supported by the fact that AC-activated and PDE3-inhibited cells both assume a 

prostrate phenotype that is significantly different from the control group at six hours. Therefore, 

early events of endothelial differentiation are controlled by PDE3B which sets a cAMP threshold 

limiting EPAC activation. 

Since the early angiogenic response is dependent on the endothelial cell’s ability to adhere to the 

matrix, the results of early time points were interpreted as pro-angiogenic (Wilson et al., 2011). 

However, the cilostamide effect is not limited to just one and two hour time points, but represents 

a long lasting effect instead, challenging the pro-angiogenic assumption at the later time points. 

We propose that the cells remain firmly attached to the extracellular matrix, as demonstrated by 

their increased area and thus are not capable of assembling together into differentiated three-
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dimensional tubules as rapidly as the controls. It is critical to remember that foremost Matrigel is a 

differentiation assay (Auerbach et al., 2003; Staton et al., 2004) and therefore the impact of 

cilostamide on angiogenesis in vivo is difficult to predict. Nevertheless, the response is unique and 

both statistically and experimentally significant.  

Cilostamide did not alter the branching profile of HAECs indicating that perhaps influences of 

PDE3B activity are limited mostly to the cell adhesion profiles. Our results demonstrate that the 

enzymes from the PDE4 family rather than PDE3B have a much greater impact on the branching 

profile of HAECs in vitro. Notably, following treatments with PDE4 family selective inhibitor Ro 

20-1724, the number of branches formed by HAECs at the six hour time point was significantly 

reduced. 

Inhibition of  PDE4 negatively affects later events of  HAEC differentiation: 

Generally, during endothelial differentiation, cells occupy a greater area and have more branch 

points at the earlier time points than at the later ones. This is due to the extensive and dynamic 

remodelling of tubular structures over time that involves combining smaller tubules into larger 

ones. From the videos showing tubule remodelling on Matrigel, it becomes apparent how 

important it is for cells to establish, break down, and re-establish cell-to-cell junctions throughout 

this assay. PDE4D is important in establishing these cell-to-cell junctions and maintaining an 

impermeable monolayer, where inhibition of PDE4D leads to an increase in the formation of tight 

VE-CAD junctions (Rampersad et al., 2011). It is not surprising that treatment with a PDE4 

family inhibitor decreased the amount of branches formed. These results can be explained in part 

by the PDE4D’s activity on the formation of VE-CAD junctions in HAECs, with PDE4D 

inhibition protecting the said junctions from degeneration, re-assembly and overall re-modelling 

of the structures, becoming evident as the marked reduction in the number of branches formed. 
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The observed reduction in the branching potential warranted further investigation since HAECs 

express several variants of PDE4 enzymes, of which 4D is the most prominent but certainly not 

the only one (Netherton and Maurice, 2005). Unfortunately, no selective small-molecule inhibitors 

are currently available for individual members of the PDE4-family, limiting researchers to use 

family specific inhibitors such as Ro 20-1724. However, individual PDEs can be knocked down 

with small interfering RNA (siRNA; Blackman et al., 2011), 

Knockdowns of  specific PDEs affect HAEC differentiation in different ways: 

In our early experiments we have transfected HAECs for only the most abundant PDEs, namely 

PDE4D and PDE3B, and set out to determine the transfection efficiency by treating the 

transfected cells with respective PDE-family inhibitors. Ideally, the inhibitor should have no effect 

on the knocked down cells. Although, PDE3B knockdowns experienced a significant drop in 

branch point formation, further treatment with cilostamide proved ineffective as predicted. 

Likewise, PDE4D knockdowns experienced a reduction in the number of branch points formed. 

However this time, the cells remained sensitive to treatment with PDE4 family inhibitor Ro 

20-1724, which further reduced the number of branch points by ~50%. This indicated that another 

PDE4 isoform was likely involved in the process of branch point formation in HAECs.  

A recent publication documented presence of a discrete PDE4B signalling complex localized at the 

plasma membrane of the rat fibroblasts (Blackman et al., 2011). Since PDE4B is also expressed in 

HAECs, we investigated its impact on branching and HAEC differentiation. Knockdown of 

PDE4B decreased the number of branches formed to a greater extent than either the PDE3B or 

PDE4D knockdown relative to control (sham siRNA). Like the PDE4D knockdown before, PDE4B 

knockdown was also sensitive to drug-induced inhibition with Ro 20-1724 establishing that 

PDE4D and PDE4B are both essential for proper formation of branches in vitro. To our 

knowledge, this is the first instance where activity of PDE4B has been studied in relation to 
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endothelial cell differentiation in vitro, creating a novel and interesting avenue for PDE4 research 

and angiogenesis. 

Differentiation of  HAECs on Matrigel relies on presence and activity of  several PDEs: 

The formation of branches is a complex process integrating the activities of numerous PDEs, 

elegantly demonstrated by comparing the effects of PDE family inhibitors with isoform specific 

knockdowns. Administration of PDE4 family inhibitor to PDE3B knockdown drastically reduced 

the number of branches formed, leading to near total ablation of branching potential. Judging by 

the thin or "wispy" appearance of cellular structures and few identifiable branch points, the 

treatment seems to have affected the overall viability of cells as well. These findings show that 

despite the apparent lack of PDE3B involvement in branching, proper functioning of this enzyme 

is absolutely necessary at times of compromised PDE4 activity. This strongly suggests that  within 

HAECs the pools of cAMP modulated by these three PDEs overlap. In each experiment where we 

knocked-down a single PDE4 isoform and inhibited PDE3 activity with cilostamide we were 

unable to replicate the above result. In fact, inhibition of PDE3 activity in cells where only one 

PDE4 isoform has been knocked-down did not affect branching at all. This result indicates that 

PDE4s play a dominant role in HAEC branching whereas PDE3B acts as an additional buffer. 

However, in situations where both principal players, namely PDE4B and PDE4D, are inhibited, 

PDE3B becomes the chief mediator of cellular cAMP signalling; inhibition of which prevents 

further differentiation of HAECs in vitro.  

This experiment beautifully illustrates the complexity of responses obtained when studying 

endothelial cell behaviour and differentiation in vitro on Matrigel. It further demonstrates that like 

many other biological and physiological systems, endothelial cell differentiation is protected by 

redundancy and functional overlap of many systems involved. Although it has been proposed that 

individual PDEs have very specialized roles (Blackman et al., 2011), the results of our study 
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indicate that, at least in the instance of HAEC differentiation in vitro, some redundancy of PDE 

function is present.  

4.5 Future directions  

Albeit being an excellent differentiation assay, promoting assembly of endothelial cells into cords 

and possibly tubules, two-dimensional Matrigel is a poor determinant of angiogenic potential of 

drugs in vivo. Matrigel serves as an excellent screening tool, through which one can readily 

compare how drugs affect time-related events of tubule formation and differentiation in vitro; 

however, the assay does not convey enough information to make credible predictions on the 

investigative drug’s angiogenic potential in vivo. We found that AC activator, and to a lesser extent 

PDE3B inhibitor and EPAC activator promoted formation of cells which adhered to the matrix at 

much earlier time points. It would be pertinent to determine what effects these, and other drugs 

used in our previous experiments have on angiogenesis in vivo.  

Murine in vivo Matrigel-plug experiment: 

In order to determine the angiogenic or anti-angiogenic potential of tested drugs we propose to 

use murine Matrigel plug in vivo study protocol which has the potential to detect such interactions 

(Malinda 2009). Initially, we would use 12- to 24-month-old C57B1/N6 female mice, because  

older animals have been reported to have better angiogenic response (Passeniti et al., 1999), and 

inject subcutanously 0.5 to 1.0 mL of Matrigel (alone, or supplemented) into the ventral region of 

the animal (Figure 4.1), where it will gel forming a plug. Murine endothelial cells will invade the 

plug and form vessels, with the extent of the response depending on the angiogenic potential of 

the drugs mixed into Matrigel. A plug without supplementation will act as the negative control 

(previous studies demonstrated that it is poorly vascularized when not supplemented with pro-

angiogenic factors), whereas a plug supplemented with 10 ng/mL of endothelial growth factor will 

serve as a positive control. 
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Initially, four animals per treatment will be sacrificed on day 8 after injection, and comparative 

analysis will be carried by embedding and sectioning Matrigel plugs in paraffin and staining with 

Masson’s Trichrome, which colours Matrigel blue and endothelial cells red. The individual sections 

will then be imaged and degree of vascularization, measuring such parameters as tube length will 

be analyzed and compared among treatment groups (please refer to Figure 4.1 for sample of 

expected results). 

!
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288 Malinda

forms a gel when warmed to 37°C  (1) . When plated on Matrigel, 
human umbilical vein endothelial cells (HUVECs) undergo dif-
ferentiation into capillary-like tube structures  in vitro   (2,   3) .  In 
vivo , Matrigel is injected either alone or mixed with potential 
angiogenic compounds. When injected subcutaneously into the 
ventral region of mice, it solidifies, forming a “Matrigel plug.” 
When known angiogenic factors, such as basic fibroblast growth 
factor (bFGF), are mixed with the Matrigel and injected, mouse 
endothelial cells migrate into the plug-forming vessels. The level 
of angiogenesis is typically viewed by embedding and section-
ing the plugs in paraffin and staining using Masson’s Trichrome, 
which stains the Matrigel blue and the endothelial cells/vessels 
red (   Fig. 17.1 ). These vessels contain erythrocytes, indicating 
that they form functional capillaries. In addition, these capillaries 

  Fig. 17.1.    Sections of Matrigel plugs stained with Masson’s Trichrome. All sections are oriented with the side underlying the skin 
at the top of the figure. ( A ) and ( B ) Representative fields of plugs containing 5 µg/mL thymosin β 4 . ( C ) Field showing Matrigel 
alone. ( D ) Representative field of a plug with 10 ng/mL endothelial cell growth supplement (ECGS) (positive control). Sections 
with thymosin β 4  contain many more cells than Matrigel alone and have cells with a similar morphology to those in the ECGS 
control. Bar 100 µm. (With permission from  ref.   11 , Malinda, K. M., Goldstein, A. L., Kleinman, H. K., 1997, Thymosin β 4  stimu-
lates directional migration of human umbilical vein endothelial cells,  FASEB J   11 , 474–481.       

Figure 4.1: Murine Matrigel plug assay 
(Left) A cartoon diagram showing ventral side of a mouse, the arrows point to the 
optimal sites for Matrigel injection. Adapted from Malinda 2009. !
(Right) A set of micrographs depicting sectioned, vascularized Matrigel plugs stained 
with Masson’s Trichrome demonstrating anticipated results. (A) and (B) Representative 
fields of plugs containing 5 μg/mL thymosin β4. (C) Negative control plug containing  
Matrigel without additional treatments. (D) A positive control plug with 10 ng/mL 
endothelial cell growth supplement (ECGS). Thymosin β4 sections resemble the positive 
control in the number of cells and their morphology. Bar 100 μm. (Image taken from 
Malinda, K. M., Goldstein, A. L., Kleinman, H. K., 1997, Thymosin β4 stimu- lates 
directional migration of human umbilical vein endothelial cells, FASEB J 11, 474–481). 
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Figure A.1 Original image 
A sample image of endothelial cell network formed in two dimensions on the surface of 
Matrigel basement matrix, observed at 20x magnification six hours after plating. Such 
image was generated for every individual sample, and directly used to generate data 
such as the total tube area, total tube length, average tube length, and to count the 
number of branch points. 



!
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Figure A.2 Total cell area is obtained from binary image. 
This is a sample image of endothelial cell network formed in two dimensions on the 
surface of Matrigel basement matrix observed at 20x magnification at six hours. The 
image has undergone segregation using Image-Pro Plus Angiogenesis Macro (Media 
Cybernetics). Segregation refers to conversion of a greyscale image (Figure A.1) to a 
binary image composed only of black and white pixels. We determined the total cell area 
at this step, by counting the number of white pixels. We then proceeded to convert the 
values into percent area using the formula below. 



!!
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Figure A.4.3 Skeletonized image of endothelial cell tube network. 
The original image of endothelial tube network at 20x magnification at 6h, has 
undergone automated skeletonization using the Angiogenesis Macro in Image-Pro Plus. 
Each skeleton image is comprised of segments which are ‘x’ pixels in length and 1 pixel 
in width. Therefore the number of white pixels represents the total length of the 
endothelial tubular network. We use the Image-Pro Plus software to count the length of 
each individual line segment, and sum them for both the total tube length and average 
tube length measurements. !
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Figure A.4 Quantification of branch points. 
We use the same skeletonized image from previous step to determine the number of 
branch points. We define a branch point as the point of origin (a bifurcation) of a 
multicellular projection; therefore unicellular and discontinuous cellular projections are 
omitted from the branch point count. To achieve a high degree of fidelity and maintain 
the ability to decide what meets are specific criteria of a branch point the investigator 
tags the branch points manually, by using his better judgment using both the 
skeletonized and the original image. !
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