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Abstract 
 

Endothelial cells (ECs) form a dynamic surface within blood vessels, constantly 

monitoring and responding to their local environment by synthesising and 

releasing diffusible and cell surface bioactive molecules. The regulated secretion of 

a range of such molecules is mediated by the exocytosis of secretory granules (SGs) 

called Weibel-Palade bodies (WPBs). Optical data has suggested that WPBs 

undergo different forms of exocytosis whereby subsets of cargo molecules are 

released or retained based on their size. In other cell types the SG fusion pore is 

implicated in regulating selective release of specific molecules, however almost 

nothing is known about the WPB fusion pore. A highly effective method for 

studying fusion pore formation and expansion is carbon fibre amperometry, an 

electrochemical technique, allowing each stage of exocytosis to be quantified with 

submillisecond resolution. The primary aim of this thesis was therefore to 

establish carbon fibre amperometry as a technique to measure the WPB fusion 

pore in order to analyse its dynamics for the first time.   

Because WPBs did not contain endogenous oxidisable molecules suitable for 

amperometric detection, methods were developed to specifically load WPBs with 

suitable molecules. Amperometry was then used in combination with live cell 

imaging of WPB exocytosis to provide direct characterisation of the properties of 

the WPB fusion pore during Ca2+-driven WPB exocytosis. WPB fusion pore 

parameters were comparable to those reported for SGs in other cell types (e.g. 

chromaffin cells), indicating that WPBs may share similar processes controlling 

membrane fusion and the mobilisation and release of oxidisable species. Half of the 

exocytotic events demonstrated a pre-spike foot (PSF) signal prior to the current 

spike indicating that a restricted fusion pore had initially formed. In rare cases PSF 

signals showed step changes or fluctuations suggesting that during expansion the 

fusion pore may transition through different configurations before fully opening.  

Following characterisation of the WPB fusion pore under control conditions, 

factors which may affect the behaviour of the fusion pore were investigated, 

including the role of PM cholesterol. In line with previous studies, depletion of PM 
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cholesterol increased the rate of fusion pore expansion and decreased the duration 

of the lifetime of the restricted fusion pore. This has been attributed to the 

promotion of the formation of a restricted fusion pore due to the intrinsic negative 

curvature of cholesterol, which is subsequently destabilised upon removal of 

cholesterol. Results presented here therefore support this idea. However, in 

contrast to results obtained from a range of cell types, which reported an inhibition 

of SG exocytosis following PM cholesterol depletion, WPB exocytosis remained 

largely unperturbed providing evidence for the insensitivity of the EC response to 

removal of PM cholesterol.    

In conclusion, the work presented in this thesis provides a detailed 

characterisation of the WPB fusion pore and has begun to address factors which 

may be important for its regulation. The extensive characterisation under control 

conditions now allows further elements potentially involved in the regulation of 

the WPB fusion pore to be investigated.  
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1. Introduction 
 

1.1 Outline 

This thesis examines the formation and dynamics of the fusion pore formed during 

calcium-driven Weibel Palade body (WPB) exocytosis in human umbilical vein 

endothelial cells (HUVEC), a widely used model to study endothelial cell (EC) 

function. This chapter begins with a brief description of the endothelium and the 

roles which ECs play in mediating various endothelial specific processes, 

specifically through the formation and regulated exocytosis of WPBs. A description 

of the regulated secretory pathway then follows including formation, trafficking 

and exocytosis of secretory granules (SGs), with reference to the WPB. This section 

includes a detailed description of the exocytotic fusion pore and techniques used 

for its analysis. This sets the stage for the establishment of the aim of this thesis, 

which was to investigate the WPB fusion pore in detail for the first time.   

1.2 Overall structure of the endothelium 

The endothelium forms the lining of blood vessels and is composed of a monolayer 

of ECs, totalling approximately 1012 cells in an adult and with a surface area of 

more than 1 m2 (Jaffe, 1985). Following the discovery that blood vessels were lined 

with cells by von Recklinghausen in the 1800s, it was assumed that this layer of 

cells formed an inert semi-permeable barrier; however, it was later realised that 

the endothelium is in fact a dynamic and active cellular monolayer, involved in the 

mediation of a number of endothelial specific processes through its behaviour as a 

specialised secretory organ (Fishman, 1982). The endothelium exhibits extensive 

heterogeneity depending on the local environment and vessel size (Kumar et al., 

1987), reflected in differences in the ECs themselves; including intracellular 

continuity, degree of fenestration and protein expression profiles (Aird, 2007, 

Dejana, 1996). The development of EC isolation protocols in the 1970s has allowed 

endothelial function to be studied in vitro providing detailed insight into 

endothelial function, often at the single cell level (Lewis et al., 1973). Despite the 
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fact that the EC phenotype is altered under culture conditions (Grant et al., 1989), 

they retain many properties found in ECs in vivo and so provide a convenient and 

practical model for the study of the endothelium (Bachetti and Morbidelli, 2000). 

In particular, HUVEC have become a widely used model for EC function and were 

the cell type used in this thesis (Jaffe et al., 1973).    

1.3 Primary functions of the endothelium 

Three of the most important functions of the endothelium can be summarised as 

follows: 

1) Control of vascular tone 

2) Recruitment of circulating immune cells 

3) Creation of an anti-thrombotic surface which can transform into a pro-

thrombotic surface upon disruption to the endothelium to promote blood 

coagulation.  

These processes are mediated by the tightly controlled expression, synthesis, 

release or secretion of endothelial derived factors onto the EC surface or into the 

surrounding vascular milieu. Regulated secretion plays a particularly important 

role in the EC control of vascular homeostasis under a range of different 

conditions. As such, ECs contain distinctive secretory organelles known as WPBs 

(Figure 1.1) which contain proteins and molecules involved in the processes listed 

above. The next section will now cover these primary endothelial functions in 

more detail.  

1.3.1 Control of vascular tone 

The continuous adjustment of vascular tone is essential for the control of blood 

pressure and is mediated by endothelium-derived vasodilators or vasoconstrictors 

which promote the relaxation or contraction of underlying smooth muscle cells 

(SMCs). Two of the best characterised vasodilators are nitric oxide (NO) and 

prostacyclin (PGI2), which are synthesised and released from ECs (Furchgott and 

Zawadzki, 1980, Palmer et al., 1988, Huang et al., 1995, Whittaker et al., 1976, 

Gryglewski et al., 1976). Synthesis of both NO and PGI2 can be stimulated by agents 
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which increase intracellular Ca2+ concentrations ([Ca2+]i) such as those produced 

following platelet activation, including bradykinin, thrombin and ATP (Carter and 

Pearson, 1992, Pearson, 2000, Hallam et al., 1988, Carter et al., 1988). This is 

believed to be via Ca2+-dependent activation of the rate limiting enzymes involved 

in NO and PGI2 synthesis, endothelial nitric oxide synthase (eNOS) and 

phospholipase A2 respectively (Carter and Pearson, 1992). NO and PGI2 synthesis 

can also be stimulated by protein kinase B (PKB) as can the activity of eNOS, in 

particular in response to shear stress (Fulton et al., 1999, Wheeler-Jones et al., 

1996, Ayajiki et al., 1996, Dimmeler et al., 1999). This is thought to be due to the 

localisation of eNOS in plasma membrane (PM) invaginations known as caveolae 

(covered in more detail in section 1.5.7.2) which sense sheer stress induced by 

increased blood flow or pressure leading to the feedback production of local 

vasodilators to maintain vascular homeostasis (Rizzo et al., 1998, Pearson, 2000).  

ECs also make the potent vasoconstrictor endothelin-1, the release of which can 

also be modulated by shear stress (Kuchan and Frangos, 1993). There is evidence 

for the increased circulation of endothelin-1 levels in cases of human hypertension 

(Haynes and Webb, 1998). Another molecule which can act as both a 

vasoconstrictor and a vasodilator is the amine serotonin (5-hydroxytryptamine or 

5-HT). Circulating 5-HT is taken up by blood platelets and stored in the platelet 

dense core granules at an estimated concentration of ~0.5 M (Ge et al., 2009) and 

is released into the vasculature upon platelet activation. 5-HT is capable of 

mediating both vasoconstriction and vasodilation due to the presence of a variety 

of 5-HT receptors on SMCs, ECs and perivascular neurons (Martin, 1994).  

1.3.2 Leukocyte trafficking 

ECs are responsible for mediating the recruitment of circulating leukocytes at sites 

of inflammation through the expression and release of adhesive molecules on the 

cell surface following cellular activation by [Ca2+]i-raising agents (e.g. thrombin 

and histamine) and/or inflammatory cytokines (e.g. interleukin 1 (IL-1) or tumour 

necrosis factor (TNF)). The recruitment of leukocytes to sites of inflammation can 

be separated into distinct stages: leukocyte rolling along the EC surface; leukocyte 
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activation and adhesion; and finally transmigration through the endothelium 

(Langer and Chavakis, 2009). Leukocyte rolling is mediated by a family of 

carbohydrate-recognising molecules known as selectins, of which there are three 

types; E-selectin, P-selectin and L-selectin (Vestweber, 1992). E-selectin is 

expressed on the surface of activated ECs within a few hours of EC stimulation with 

cytokines (e.g. IL-1 or TNF) (Bevilacqua et al., 1989), P-selectin is stored in SGs in 

platelets and ECs (α-granules and WPBs respectively) and is secreted onto the 

platelet and EC surface following stimulation (Hsu-Lin et al., 1984, Hattori et al., 

1989, McEver et al., 1989, McEver and Martin, 1984) and L-selectin is 

constitutively expressed on the surface of leukocytes (Gallatin et al., 1983, Tedder 

et al., 1989). In P-selectin deficient mice a significant reduction in leukocyte rolling 

and a 1-2 hour lag in neutrophil recruitment to sites of inflammation were 

observed (Mayadas et al., 1993). A deficiency in both E- and P-selectin caused a 

more severe phenotype with almost complete depletion of leukocyte rolling and 

hence increased susceptibility to opportunistic bacterial infection (Frenette et al., 

1996). The most important carbohydrate selectin ligand present on the surface of 

leukocytes is P-selectin glycoprotein ligand-1 (PSGL-1), which can bind to both E- 

and P-selectin (McEver and Cummings, 1997). L-selectin has been suggested to 

contribute to the function of the other two selectins during leukocyte rolling (Ley 

et al., 1991).  

Following rolling along the EC surface, leukocytes are then activated by locally 

concentrated chemokines and become more strongly attached to the EC surface via 

receptor-ligand interactions between integrins on the leukocyte surface and 

immunoglobulin family molecules on the EC surface. Leukocytes express integrins 

of the β-2 family, which bind intercellular cell adhesion molecules (ICAM) 1-5 and 

vascular cell adhesion molecule-1 (VCAM-1) present on the EC surface (Elices et 

al., 1990, Osborn et al., 1989, Dustin and Springer, 1988). Chemokines are 

presented at the EC surface and induce conformational changes in the integrin 

structure, mediated by G-protein coupled chemokine receptors, increasing their 

ligand affinity and therefore strengthening leukocyte attachment (Weber et al., 

1996). 
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The final stage in leukocyte recruitment is transmigration through the 

endothelium. This is thought to involve another member of the immunoglobulin 

superfamily, platelet-endothelial cell adhesion molecule (PECAM), present both 

between ECs and on the leukocyte surface. The dissociation of homodimers of 

PECAM between ECs, followed by the formation of new dimers between EC and 

leukocyte PECAM, is thought to be crucial to allow leukocyte transmigration 

(Muller, 2003). When cells were treated with a monoclonal antibody to PECAM, 

transendothelial migration of monocytes and neutrophils was blocked, with 

leukocytes observed to be tightly bound to the apical surface of the EC directly 

over intercellular junctions (Muller et al., 1993).  

1.3.3 Antithrombotic and prothrombotic functions 

Under resting conditions the major role of the endothelium is to provide an anti-

thrombotic surface over which blood plasma can flow freely. This is mediated by 

the release and/or expression of a number of factors which are involved in the 

following: inhibition of both primary and secondary haemostasis; prevention of 

platelet activation; and stimulation of fibrinolysis (dissolution of blood clots). 

Some important factors mediating these processes include: the anti-coagulants 

tissue factor pathway inhibitor (TFPI), protein C and annexin V; inhibitors of 

platelet activation such as PGI2 and NO; and factors which promote fibrinolysis 

including tissue plasminogen activator (tPA) and plasminogen activator inhibitor 1 

(PAI-1) (van Hinsbergh, 2001). Following disruption or damage to the 

endothelium, the environment must transform itself to create a prothrombotic 

surface allowing the recruitment of circulating platelets to form a platelet plug and 

then thrombus over the damaged endothelium, to rapidly prevent blood loss in a 

process known as primary haemostasis (Blockmans et al., 1995). One of the key 

mediators of this process is von Willebrand Factor (VWF), present as both a 

circulating protein in the blood plasma and also in WPBs which can be rapidly 

deployed from ECs at sites of blood vessel damage providing a secondary source of 

the protein (Wagner, 1990). VWF functions as an adhesive glycoprotein, forming 

filaments which bind to the endothelial surface and extend into the blood vessel to 

recruit circulating platelets by binding to the glycoprotein Ib-IX complex on the 
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platelet surface (Sakariassen et al., 1986). Platelet binding induces activation and 

adherence to the subendothelial tissues as well as to each other to form a platelet 

plug which closes the gap in the damaged blood vessel. VWF secreted from 

platelets further promotes platelet aggregation by cross-linking glycoprotein IIb-

IIIa integrin receptors on neighbouring platelets (De Marco et al., 1986). 

Deficiencies or absence of VWF lead to von Willebrand disease (VWD), the most 

common congenital bleeding disorder which can lead to extended bleeding times 

in affected individuals (Nichols and Ginsburg, 1997).  

The formation of a platelet plug precedes the coagulation cascade (or secondary 

haemostasis) which strengthens the platelet plug by the formation of an insoluble 

fibrin clot (Davie et al., 1991). In a complex reaction initiated by tissue factor 

(which only comes into contact with the blood following tissue injury (Maynard et 

al., 1977, Maynard et al., 1975)) and in which the serine protease thrombin is a key 

component, the glycoprotein fibrinogen is converted to fibrin via proteolysis. 

Fibrin monomers are then polymerised leading to the formation of an insoluble 

fibrin clot (Laudano and Doolittle, 1980). In order for the clot to break up, which is 

required for tissue repair, fibrinolysis must occur. This is catalysed by the enzyme 

plasmin, generated from plasminogen in a reaction requiring the enzyme tPA in 

the presence of newly formed fibrin (Davie et al., 1991). tPA is constitutively 

released from ECs from small punctate granules, which provide the majority of the 

circulating pool, but can also be stored in WPBs leading to an increase in 

circulating tPA upon cell stimulation (Datta et al., 1999, Knipe et al., 2010).      

1.4 The endothelium as a secretory organ 

As discussed in the above sections, the endothelium must respond rapidly to 

changes in the vascular environment to mediate inflammation and prevent blood 

loss at sites of tissue damage. This rapid response is achieved, in part, by the 

regulated secretion of a plethora of proteins and molecules from WPBs, thought to 

be the sole regulated secretory organelle present in ECs (Knipe et al., 2010) 

(Figure 1.1). WPBs were identified in 1964  in pulmonary artery ECs in sections of 

rat and human lungs analysed by electron microscopy (EM) (Weibel and Palade, 

1964). It was noted that these structures contained cylindrical tubules running the 
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length of the organelle which are now known to represent helical tubules of VWF 

multimers, the main component of the WPB (Wagner et al., 1982, Berriman et al., 

2009). WPBs emerge from the trans Golgi network (TGN) with VWF tubules 

thought to drive the formation of WPBs into their characteristic rod-like 

morphology (Michaux and Cutler, 2004, Hannah et al., 2002, van Mourik et al., 

2002). The organelles then accumulate in the EC cytoplasm forming a pool of 

stored, secretable molecules which can be deployed as and when required. Table 

1.1 summarises the main constituents of the WPB. Although WPBs predominantly 

contain VWF, under certain conditions they become a storage organelle for 

additional components. For example, following stimulation of ECs with 

proinflammatory cytokines (e.g. interleukin-1β (IL-1β)) expression of both 

chemokines (e.g. interleukin-8 (IL-8) involved in neutrophil recruitment) and 

cytokines (e.g. Groα also involved in neutrophil recruitment) is upregulated, which 

promotes their inclusion into WPBs forming a secretable pool of inflammatory 

mediators (Romani de Wit et al., 2003a, Utgaard et al., 1998, Wolff et al., 1998, 

Knipe et al., 2010). It has therefore become clear that WPBs can contain a complex 

mixture of cargo, making the tight control of their secretion essential for 

maintenance of proper EC function (Rondaij et al., 2006). WPBs undergo 

exocytosis in response to a range of natural and pharmacological agonists which 

induce a rise in [Ca2+]i, including histamine, thrombin and calcium ionophore, as 

well as agents that increase cyclic adenosine monophosphate (cAMP), including 

adrenaline (covered in more detail in section 1.5.8.1) (Sporn et al., 1986, Brock and 

Capasso, 1988, Vischer and Wollheim, 1997). Due to their unusual shape and size 

(on average 0.2 µm wide and up to 5 µm long), WPBs are readily identifiable both 

at the light and ultrastructural level. This, coupled with the physical properties of 

ECs (being very thin and flat) and their physiological relevance, make these cells 

and the WPB an excellent model system to study the regulated secretory pathway, 

including SG biogenesis, trafficking and exocytosis. The next section will 

summarise this pathway with reference to VWF synthesis and WPB biogenesis. 
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Table 1.1 Primary constituents of the WPB 

Protein Function Reference 
Lumenal proteins 
von Willebrand factor (VWF)      
Interleukin 8 (IL-8)                             
Eotaxin-3                                            
Endothelin                                        
Endothelin converting enzyme            
Tissue-type plasminogen activator 
(tPA)                                        
Angiopoietin-2                         
Osteoprotegerin                                 
Monocyte chemotactic protein-1 
(MCP-1)                                                  
Groα                                                  
Interleukin 6 (IL-6)  
 
Membrane proteins 
P-selectin                                                    
CD63                                                         
Rab27A 

 
Haemostasis                                              
Inflammation, neutrophil recruitment     
Inflammation, eosinophil recruitment  
Vasoconstriction                                   
Vasoconstriction                                            
Fibrinolysis                                                     
 
Inflammation, vascular homeostasis             
Vascular homeostasis                              
Inflammation, monocyte/neutrophil 
recruitment                                                 
Neutrophil recruitment                           
Inflammation 
 
 
Inflammation, leukocyte adhesion                         
Cell adhesion/migration                                  
Organelle identity/trafficking 

 
(Wagner et al., 1982, Reinders et al., 1984) 
(Wolff et al., 1998)                                   
(Oynebraten et al., 2004)                                       
(Ozaka et al., 1997, Russell et al., 1998)   
(Russell et al., 1998)                                      
(Huber et al., 2002)                                          
 
(Fiedler et al., 2006, Fiedler et al., 2004)    
(Zannettino et al., 2005)                                                           
(Knipe et al., 2010)                                              
 
(Knipe et al., 2010) 
(Knipe et al., 2010) 
  

 
(McEver et al., 1989, Bonfanti et al., 1989)   
(Vischer and Wagner, 1993)                        
(Hannah et al., 2003) 
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Figure 1.1 Immunofluorescence image of HUVEC stained with a specific antibody 
to VWF, the main constituent of the WPB, allowing the visualisation of WPBs as 
rod-shaped organelles throughout the EC. 
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1.5 Overview of the eukaryotic regulated secretory pathway 

The secretory pathway in eukaryotic cells is essential for the synthesis and 

delivery of lipids and proteins throughout the cell, the generation and maintenance 

of subcellular compartments and the control of cell growth and division (Rothman 

and Orci, 1992). Soluble proteins destined for secretion, or integral membrane 

proteins destined for the PM or intracellular organelles are inserted into the lumen 

(soluble proteins) or limiting membrane of the endoplasmic reticulum (ER) and 

move via the Golgi complex to the trans-Golgi network (TGN), where they are 

sorted and transported to their final destination (Stephens and Pepperkok, 2001). 

The TGN marks the point where proteins diverge into two separate pathways, the 

constitutive or regulated secretory pathways. Proteins destined for the regulated 

secretory pathway are segregated and packaged into SGs, which are specialised to 

remain in the cytosol until an appropriate signal drives their fusion with the PM 

during exocytosis.  

1.5.1 ER to TGN: an overview 

Proteins destined to be secreted by the cell are synthesised by ribosomes attached 

to the membrane of the rough ER which forms a network of membrane tubules and 

cisternae continuous with the nuclear envelope (Palade and Siekevitz, 1956, 

Birbeck and Mercer, 1961). Newly synthesised proteins are inserted into the 

lumen of the ER where modifications such as glycosylation, folding and 

oligomerisation occur (Anelli and Sitia, 2008). Modified proteins are then 

transported from the ER to the Golgi complex, a series of membrane compartments 

consisting of three distinct groups of cisternae, the cis, medial and trans 

(Lippincott-Schwartz et al., 2000). As proteins are transported through the Golgi 

complex they undergo additional modifications including carbohydrate 

modifications, acylation and sulfation catalysed by resident enzymes. Protein 

transport through the cisternae is traditionally thought to be mediated by budding 

and subsequent fusion of transport vesicles (Rothman and Wieland, 1996), 

however, an alternative view suggests that each compartment is highly 

interconnected by the formation of tubules, allowing diffusion of proteins through 
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the network via directional membrane flow (Sciaky et al., 1997, Lippincott-

Schwartz et al., 2000). The final compartment, the TGN, marks the site of protein 

sorting into three populations; constitutively secreted proteins, secretory vesicle 

targeted proteins and lysosomal targeted proteins (Griffiths and Simons, 1986). 

Constitutively secreted proteins are sorted into transport vesicles which 

subsequently fuse with the PM, a process representing bulk flow of synthesised 

proteins through the pathway (Kelly, 1985). Conversely, proteins which enter the 

regulated secretory pathway have been suggested to contain sorting information 

allowing them to be packaged into SGs, often in a highly concentrated form (for 

example up to 200-fold in endocrine SGs (Salpeter and Farquhar, 1981)). An 

important feature of the regulated secretory pathway is a gradual reduction in pH 

through each compartment, from ∼7.4 in the ER, to ∼6.2 in the Golgi and finally to 

∼5.5 in SGs (Wu et al., 2001). This is important for protein processing and 

aggregation, for which VWF is a good example, the synthesis and packaging of 

which will now be discussed. 

1.5.1.2 VWF synthesis and WPB biogenesis 

VWF is the primary cargo protein of the WPBs with its unique structure believed to 

drive the formation of WPBs into their characteristic morphology (Wagner et al., 

1982, Michaux and Cutler, 2004, Hannah et al., 2002, van Mourik et al., 2002) 

(Figure 1.2). Consistent with this idea, de novo expression of VWF in other cell 

systems, including HEK cells, induces the formation of rod-like organelles which 

resemble WPBs at the light and ultrastructural levels and which recruit molecular 

components identical to those of native WPBs (Wagner et al., 1991, Voorberg et al., 

1993, Hannah et al., 2003). The coding sequence for VWF is located in 

chromosome 12 and contains 8439 nucleotides leading to the synthesis of a 2813 

amino acid polypeptide, comprised of a signal peptide, a pro-sequence (known as 

proregion) and mature VWF of 22, 741 and 2050 amino acids respectively 

(Ginsburg et al., 1985, Verweij et al., 1986) (Figure 1.2). Following transcription, 

entry of pre-pro-VWF into the ER lumen leads to the removal of the signal peptide, 

and glycosylation through the addition of N-linked carbohydrates. ProVWF 

subunits are then dimerised ‘tail-to-tail’ through the formation of disulfide bonds 

between the C terminal cysteine knot (CK) domains (Wagner and Marder, 1984, 
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Wagner et al., 1986, Voorberg et al., 1991). ProVWF dimerisation is a prerequisite 

for exit from the ER and entry to the Golgi apparatus. In the Golgi, the proregion 

domain is cleaved from the mature VWF subunit, most likely by the protein 

processing protease furin (Wagner and Marder, 1983, Denault et al., 1995). VWF 

dimers then undergo further covalent assembly by the formation of disulphide 

bonds between the N-terminal regions to form head-to-tail and tail-to-tail 

multimers, a process requiring the low pH and high Ca2+ conditions found in the 

Golgi (Mayadas and Wagner, 1989, Huang et al., 2008). As such, proregion and 

mature VWF remain associated in a 1:1 stoichiometry (Vischer and Wagner, 1994).  

 

 

Figure 1.2 Structure of pre-pro-von Willebrand factor. Domains required for 
dimerisation and multimerisation are indicated.  

 

VWF multimers are then packaged as condensed helical tubules into WPBs at the 

TGN, a process also requiring the presence of proregion and a low pH (Michaux et 

al., 2006a). Upon release, VWF tubules unfurl to form filaments which can extend 

to several hundred microns across the endothelial surface where they are able to 

bind circulating platelets along the length of the filament (Michaux et al., 2006a). 

The correct packaging of VWF into ordered tubules is thought to be essential for 

the efficient unfurling of VWF strings following their release. The largest 

multimers are up to 20 million Da and so require condensation to allow ordered 

packaging into WPBs. As such, in vitro assembly of VWF tubules demonstrated that 

tubular packaging condensed the length of the VWF multimer by approximately 

50-fold (Huang et al., 2008, Sadler, 2009, Michaux et al., 2006a). The packaging of 
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these large VWF tubules into emerging WPBs has been demonstrated to require 

clathrin, which functions as a cytoplasmic coat complex with the adaptor protein 

complex 1 (AP-1), and is thought to provide a protein scaffold during WPB 

formation. Concomitantly, AP-1 and clathrin coated membranes were shown to be 

essential for the formation of pseudo-WPBs in HEK cells expressing full length 

VWF (Zenner et al., 2007, Lui-Roberts et al., 2005). In addition, the AP-1 effectors 

aftiphilin and gamma-synergin have been suggested to be involved in the 

formation of WPBs which are able to respond to secretagogues. Depletion of both 

effectors lead to the formation of mature WPBs, but which displayed unregulated 

exocytosis, suggesting that these AP-1 effectors may mediate the recruitment of 

specific factors necessary for the regulated secretion of WPBs (Lui-Roberts et al., 

2008).  

An additional step in the process of WPB biogenesis is recruitment of the integral 

membrane protein P-selectin. This occurs at the TGN during WPB formation and is 

thought to require sorting information found in both the cytoplasmic tail and the 

intra-WPB luminal domain of P-selectin (Harrison-Lavoie et al., 2006). In addition, 

the luminal domain has been demonstrated to bind to the D’ and D3 domains of 

VWF, leading to the suggestion that this binding is responsible for recruitment of 

P-selectin to WPBs (Michaux et al., 2006b). However, it has also been suggested 

that the structure of the proregion-VWF tubules themselves may be involved in the 

entrapment and subsequent enrichment of P-selectin in forming WPBs, due to the 

fact that P-selectin becomes immobile following its recruitment to immature WPBs 

as quantified by fluorescence recovery after photobleaching (FRAP) of expressed 

P-selectin-EGFP (Kiskin et al., 2010). Immobility was shown to correlate to P-

selectin enrichment, as mutant constructs lacking complement consensus repeats 

(CCRS) in the luminal domain were more mobile and less enriched in newly 

formed WPBs.  

1.5.2 Secretory granule maturation and trafficking 

Following emergence from the TGN, SGs are classified as immature and must 

undergo specific changes and modifications during the maturation process to 



31 
 

produce releasable SGs. These can include a reduction or an increase in SG size, 

removal of specific membrane or luminal proteins through vesicle budding and 

recruitment of proteins which mediate the latter stages of the secretory pathway, 

such as SG trafficking and fusion. A reduction in size is caused by condensation of 

the granule core and subsequent membrane removal (von Zastrow and Castle, 

1987, Wong et al., 1991). Conversely, increases in size are attributed to homotypic 

fusion of two or more immature SGs (Tooze et al., 1991). Removal of membrane 

proteins can occur through the formation of clathrin coated vesicles (CCVs). This 

was initially observed as a decline in density of intramembranous particles 

revealed by freeze-fracture EM (Sesso et al., 1980). Examples of membrane 

proteins which are removed by CCVs include the mannose-6-phosphate receptor, 

involved in lysosomal enzyme sorting, and syntaxin 6, thought to be involved in 

CCV transport from the TGN to endosomes (Klumperman et al., 1998). The process 

of CCV dependent removal of membrane proteins is thought to be important for 

recycling of components back to the TGN as well as the trafficking of lysosomal 

specific proteins to the endosomal compartments (Arvan and Castle, 1998). 

Finally, in order for SGs to move through the latter stages of the secretory pathway, 

specific membrane proteins are recruited that mediate processes such as SG 

trafficking and fusion. These are generally membrane associated proteins 

recruited from the cytosol to the SG membrane and include members of the ADP-

ribosylation factor (ARF) and Rab families of small GTPases (Munro, 2002).  

The Rab superfamily is particularly well studied and contains over 60 members in 

mice and humans (Fukuda, 2008). Specific members localise to distinct organelles, 

with the Rab carboxy terminal region believed to determine organelle delivery 

(Chavrier et al., 1991). The differential localisation of specific Rabs to distinct 

membranes has led to the suggestion that they confer organelle identity and are 

key in mediating the recruitment of specific effector proteins to the appropriate 

compartments of the secretory pathway (Pfeffer, 2001). Rab proteins are active in 

the GTP-bound state and inactive in the GDP-bound state, with GTPase activating 

proteins (GAPs) mediating the exchange of GTP for GDP and GTP exchange factors 

(GEFs) mediating the reverse exchange (Bos et al., 2007). A large number of Rabs 

can be present on SGs, for example 14 are found localised to pancreatic β cell 



32 
 

insulin-containing granules (Brunner et al., 2007). The best characterised SG Rabs 

are Rab3A, B, C and D and Rab27A and B. In general Rabs are positive regulators of 

secretion with depletion demonstrated to inhibit specific stages of SG formation, 

trafficking and fusion. For example Rab3A or Rab27A knockdown in PC12 cells 

reduced the number of docked vesicles, and in Rab27A and B double knockout 

mice the number of platelet dense core granules was shown to significantly 

decrease as well as the extent of 5-HT release (Tsuboi and Fukuda, 2006, 

Tolmachova et al., 2007). 

One of the major roles of granule membrane G proteins is the recruitment of 

effectors allowing SGs to be trafficked around the cell via the actin and microtubule 

cytoskeleton. Microtubules extend asymmetrically from the microtubule 

organising centre, located in the perinuclear region (minus end), to the cell 

periphery (plus end) and are believed to be involved in trafficking of SGs to the PM 

(Bergen et al., 1980). For example, adipocytes displayed inhibited trafficking and 

docking of Glucose transporter 4 (GLUT4) containing SGs following microtubule 

disruption with nocodazole (Chen et al., 2008). The actin cytoskeleton has been 

suggested to mediate exocytosis in varying ways. SG transport along actin 

filaments driven by myosin motor proteins has been demonstrated to be important 

for the correct localisation of PC12 secretory vesicles at the PM (Lang et al., 2000). 

In particular myosin V was shown to be important, with inhibition of vesicle 

docking and exocytosis observed following myosin V depletion or expression of 

the dominant negative myosin V tail domain (Jacobs et al., 2009, Varadi et al., 

2005). Conversely the presence of a network of cortical actin filaments at the PM 

has been suggested to form a barrier, preventing SGs from accessing the PM and 

therefore undergoing exocytosis. However, upon cell stimulation the cortical actin 

network disassembles, and so may function to prevent exocytosis in the absence of 

stimulus (Cheek and Burgoyne, 1986, Orci et al., 1972, Trifaro et al., 2002). In 

agreement with this, chromaffin cells treated with phorbol ester myristate (PMA), 

which disrupts the cortical actin network, had an increased initial rate of granule 

secretion and demonstrated increased localisation of granules in the 

subplasmalemmal region (Vitale et al., 1995). The microtubules, and possibly also 

actin filaments, are therefore thought to mediate the long range trafficking of SGs 
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from the site of biogenesis at the TGN to the site of exocytosis at the PM, which is 

surrounded by the cortical F-actin network, which may mediate short range 

movements of SGs to sites of fusion and prevent fusion with the PM in the absence 

of a stimulus (Burchfield et al., 2010).  

1.5.2.1 Maturation and trafficking of WPBs 

Following formation at the TGN, WPBs undergo a number of changes during their 

maturation to generate a releasable pool of WPBs capable of undergoing 

exocytosis at the PM, including condensation of the VWF containing core and 

recruitment of specific membrane proteins required for WPB trafficking and 

exocytosis. High-pressure freezing EM studies have shown that newly formed 

WPBs at the TGN appear electron-lucent and contain loosely separated tubules 

surrounded by a baggy membrane from which clathrin coated buds can be 

observed (Zenner et al., 2007). In contrast, mature WPBs appear more electron-

dense and the tubules have a more ordered appearance with the majority running 

continuously from one end of the WPB to the other, leading to a decrease in WPB 

diameter from 222 nm (immature) to 151 nm (mature). WPBs contain a variable 

number of VWF tubules ranging from 6 to 58. Irregularly shaped WPBs have been 

suggested to result from homotypic fusion of WPBs (Valentijn et al., 2008), 

although it is still not clear whether this mechanism truly operates to form these 

irregular organelles. Cryo-EM analysis of intact vitrified ECs (Berriman et al., 2009) 

have confirmed the helical structure of VWF tubules determined in in vitro studies 

by negative stain EM (Huang et al., 2008) and showed that VWF tubules are 

flexible, packed closely and bend to follow the curvature of a tightly associated and 

smooth unit membrane. 3D reconstruction of VWF tubules from electron 

tomograms showed that the tubules extend throughout the length of the WPB and 

pack to form a paracrystal core.   

The formation of the tightly packed VWF paracrystal is thought to be important for 

the retention and organisation of additional WPB cargo molecules. As previously 

mentioned, P-selectin becomes immobile when recruited to WPBs in a process 

thought to be mediated by entrapment of the luminal domain by the paracrystal 

(Kiskin et al., 2010). In addition, small soluble cargo proteins, such as eotaxin-3, 
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become less mobile upon WPB maturation, possibly due to condensation of the 

tubular core. Thus, the VWF paracrystal may dictate the structural organisation of 

other cargo molecules, either through direct binding or physical entrapment.  

In addition to structural changes, WPBs also recruit specific membrane proteins 

during maturation. CD63 is a member of the tetraspanin superfamily present on 

the WPB membrane and upon release is thought to be involved in leukocyte 

recruitment alongside P-selectin (Vischer and Wagner, 1993, Pols and 

Klumperman, 2009, Toothill et al., 1990, Doyle et al., 2011). CD63 is recruited to 

WPBs in a process dependent on the adaptor protein AP-3, which is involved in 

targeting proteins from early endosomes to lysosomes (Robinson and Bonifacino, 

2001, Harrison-Lavoie et al., 2006). Although immature WPBs initially lack 

secretory Rabs, they are now known to recruit a complex mixture of these proteins 

during their maturation, including Rab27A, Rab3B and Rab3D (Knop et al., 2004, 

Hannah et al., 2003, Bierings et al., 2012). Rab27A forms a Rab/effector complex 

with MyRIP, which then goes on to bind the actin motor Myosin Va. The formation 

of this tripartite complex has been suggested to anchor WPBs to peripheral actin 

and prevent the release of incompletely processed VWF multimers. In accordance 

with this anchoring role, depletion of Rab27A, MyRIP or Myosin Va led to increased 

secretion of less multimeric VWF which subsequently formed shorter strings. In 

addition, the density of peripheral WPBs decreased, indicating that actin may play 

a role in trafficking WPBs to the cell periphery from the TGN (Nightingale et al., 

2009, Rojo Pulido et al., 2011). Direct analysis of the role of the cytoskeleton in 

WPB trafficking using total internal reflection (TIRF) microscopy of fluorescent 

granules revealed that long range WPB motions were more frequent and were 

shortened upon actin and myosin inhibition. This was attributed to the loss of the 

inhibitory effect of actin on granule movement along microtubules, which are 

believed to be the predominant cytoskeletal element mediating long range granule 

motion (Manneville et al., 2003). Together these results indicate that both the actin 

and microtubule cytoskeleton may play a role in trafficking WPBs to the cell 

periphery, although the exact nature of how each cytoskeletal component interacts 

with WPBs and their associating membrane proteins is still not clear.   
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Other Rab proteins involved in biogenesis of WPBs include Rab10 and Rab8A 

which interact with AP-1 and, unlike WPB-bound Rab27A, are localised to the Golgi 

region. Knockdown of both Rabs led to a decrease in the early phase of VWF 

secretion, which was attributed to the inhibition of Rab8A/10 recruitment of an 

unknown component of the exocytotic machinery which may modulate the WPB 

response to secretagogue (Michaux et al., 2011). Overall, previous work indicates 

that recruitment of WPB membrane proteins, required for the correct trafficking 

and fusion of the organelle, may occur at multiple stages in the secretory pathway, 

specifically at the TGN during biogenesis as well as during maturation following 

budding from the TGN. Work is still ongoing to determine the exact mechanisms 

for the regulation of WPB trafficking and fusion and which GTPases and effector 

proteins may be involved in this regulation.    

1.5.3 Fusion of secretory granules with the plasma membrane: exocytosis 

Following SG biogenesis and trafficking to the cell periphery the next stage in the 

regulated secretory pathway is exocytosis of SGs following stimulation with a 

specific secretagogue. Palade may have been the first to observe exocytosis after 

publishing an EM image in 1959 showing the acinar lumen of the exocrine 

pancreas receiving the content of a zymogen granule with both the granule 

membrane and PM in continuity, indicating that the membranes had fused (Orci et 

al., 1981, Palade, 1959). Subsequently in 1971, Jamieson and Palade determined 

that an increase in release of proteins from pancreatic exocrine cells was due to 

discharge from storage organelles as opposed to increased protein synthesis 

and/or intracellular transport (Jamieson and Palade, 1971). Exocytosis has since 

been extensively studied in a range of cell types, with neuroendocrine cells in 

particular providing detailed information about each stage of the process, 

including SG tethering to the PM, docking, priming and finally fusion (Tsuboi, 

2009). Each of these stages is thought to be mediated by specific proteins 

associated with both the SG and PM. 
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1.5.3.1 Control of exocytosis by the SNARE complex 

A protein complex fundamental to the control of membrane merger during 

exocytosis is comprised of what are known as SNARE (soluble N-ethylmaleimide-

sensitive factor (NSF) attachment protein (SNAP) receptors) proteins. The 

components which make up the name SNARE indicate how these proteins were 

discovered. Initially, N-ethylmaleimide sensitive fusion protein (NSF) and soluble 

NSF- attachment proteins (SNAP) were identified as essential components of the 

intracellular fusion machinery. Specifically, NSF was purified based on its ability to 

restore intercisternal Golgi transport in a cell-free system and was shown to be 

involved in transport vesicle fusion (Glick and Rothman, 1987, Block et al., 1988, 

Malhotra et al., 1988). NSF required additional cytoplasmic factors to attach to 

Golgi membranes which led to the discovery of soluble NSF attachment proteins or 

SNAPs of which there are three types, α, β and γ (Weidman et al., 1989, Clary et al., 

1990). NSF-SNAP complexes were then prepared and used to isolate proteins from 

bovine brain extracts which bound the complex, hence the naming of these 

proteins as SNAP receptors or SNAREs (Sollner et al., 1993b). Four SNAREs were 

identified in this original study: syntaxin A and B; synaptosome associated protein 

of 25 KDa (coincidentally named SNAP25) and vesicle associated membrane 

protein (VAMP), aka synaptobrevin. Syntaxin and SNAP25 are PM-associated and 

are known as target membrane- or t-SNAREs and VAMP is associated with the 

vesicle membrane and known as a vesicular- or v-SNARE (Bennett et al., 1992, 

Oyler et al., 1989, Trimble et al., 1988) 

A protein complex was then demonstrated to form from the three SNAREs, 

syntaxin, SNAP25 and VAMP/synaptobrevin, with an associating protein also 

identified, synaptotagmin (the function of which will be covered in more detail in 

section 1.5.3.3) (Sollner et al., 1993a, Matthew et al., 1981). Initially, energy for 

membrane merger was believed to be provided by an ATP-dependent step in 

which the SNARE complex was activated by binding of α-SNAP followed by ATPase 

NSF. NSF-dependent hydrolysis of ATP then led to the dissociation of the complex 

separating syntaxin, SNAP25 and VAMP which was suggested to provide the 

motion to initiate bilayer fusion (Sollner et al., 1993a). However, the presence of 

the three SNAREs alone was demonstrated to be sufficient to induce fusion of 
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reconstituted lipid vesicles, suggesting that NSF and α-SNAP were not required to 

provide the energy for membrane fusion (Weber et al., 1998).  

Resolution of the crystal structure of the SNARE complex in 1998 provided some 

insight into how this complex may function to bring membranes together during 

fusion (Sutton et al., 1998). Syntaxin and VAMP are attached to the PM and vesicle 

membrane respectively by a single transmembrane domain (TMD) at the C-

terminus connected by a linker domain to a conserved 60-70 amino acid region 

known as the SNARE motif (Figure 1.3). SNAP25, on the other hand, is anchored to 

the PM through palmitoyl chains bound to cysteine residues in a loop which is 

flanked by two SNARE motifs (Figure 1.3 Aii). The three SNARE proteins therefore 

contain four N-terminal SNARE motifs between them which spontaneously 

assemble into a four α-helix bundle termed the trans-SNARE complex. This is 

believed to occur by a zippering action starting at the N-terminus of each SNARE 

motif and continuing up to the linker domains of syntaxin and VAMP. Inside the 

cell, this is defined as vesicle docking and brings opposing membranes into close 

apposition. Continued zippering of the SNARE proteins brings membranes closer 

together and allows the lipid bilayers to merge in a multistep pathway, which leads 

to the formation of an aqueous fusion pore (Chernomordik and Kozlov, 2008). The 

most widely accepted mode of lipid bilayer merger is known as the stalk-pore 

hypothesis, with the merging membranes transitioning between a hemifusion stalk 

to a hemifusion diaphragm which subsequently opens to form a lipidic fusion pore 

(Figure 1.4 B, section 1.5.4), however alternative theories for how fusion pores 

form also exist, which will be covered in more detail in section 1.5.4. Much is still 

not known about how the SNARE complex may induce the formation of each 

intermediate, although recent work has suggested that partial zippering of the 

SNARE complex (formation of the trans-SNARE complex) leads to the formation of 

hemifusion intermediates with continued zippering of the linker domains and 

TMDs of syntaxin and VAMP (to form the cis-SNARE complex) providing the 

energy necessary to overcome the energy barrier of membrane fusion which leads 

to the opening of the fusion pore (Hernandez et al., 2012, Stein et al., 2009).   

What about the role of NSF and SNAP in exocytosis? Rather than being involved in 

membrane fusion they are now believed to disassemble cis-SNARE complexes to 
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allow the recycling of SNARE proteins for subsequent rounds of exocytosis. SNAP 

initially binds to the cis-SNARE complex and then NSF, which initiates its ATPase 

activity, leading to the separation of the SNARE proteins (Sollner et al., 1993a, 

Morgan et al., 1994). The exact mechanism by which this occurs is still not clear.  
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Figure 1.3 SNARE proteins and formation of the SNARE complex. A, The structure 
of the three best characterised SNARE proteins, syntaxin 1A (i), SNAP25 (ii) and 
VMAP2/synaptobrevin 2 (iii). B, The three SNARE proteins come together to form 
the trans-SNARE complex, comprised of a helical bundle made up of the SNARE 
motifs of each of the three SNARE proteins: syntaxin 1A (Sx1A, red), SNAP25 (SN1 
(N) and (C), green) and synaptobrevin 2 (Syb2, blue). C, The trans-SNARE complex 
brings the SG membrane and PM together with the SNARE associated protein 
synaptotagmin in close proximity. A and B adapted from Stein et al. (1998) and C 
adapted from Jackson and Chapman (2006).  

 

1.5.3.2 Regulation of the fusion machinery 

Much of the work into the formation of the SNARE complex has been carried out in 

vitro, utilising recombinant SNARE proteins and reconstituted lipid bilayers. Whilst 

such work has proven invaluable in determining the basic mechanism of SNARE 

complex formation and function, the situation in vivo is thought to contain 

additional layers of regulation to allow the cell to fine tune the process of 

exocytosis. Syntaxin is one site of regulation, as the protein is capable of adopting 

two distinct conformations termed open and closed. In the closed conformation an 

N-terminal domain, Habc, interacts with the C-terminal domain of the cytoplasmic 

region, H3, which contains the SNARE motif. This interaction is thought to inhibit 

the rate of SNARE complex formation by preventing the syntaxin-SNAP25 

interaction (Misura et al., 2000, Dulubova et al., 1999). A number of factors have 

been shown to interact with closed syntaxin, preventing it from adopting the open 

conformation. These include proteins of the Sec1/Munc18-like (SM) superfamily, 

for example Munc18-1 (aka syntaxin binding protein 1), which binds closed 

syntaxin 1A in neuroendocrine cells and prevents its inclusion in the functional 

SNARE complex (Dulubova et al., 1999, Fisher et al., 2001).  

As with control of vesicle trafficking, Rab-GTPases and their effectors have also 

been implicated in the regulation of SNARE complex formation. Synaptotagmin-

like protein 4a (Slp4a) is a Rab effector whose expression was first observed in 

pancreatic β Cells (Wang et al., 1999). Slp4a has a limited tissue distribution, being 

specifically expressed in pancreatic β cells, pituitary tissue and ECs, but not in 
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pancreatic α cells, the adrenal gland or other major organs including the brain 

(Izumi et al., 2003, Bierings et al., 2012). Slp4a binds Rab27A at a site in the slp 

homology domain (SHD) at the N-terminus which is linked to tandem C2 domains 

(C2A and C2B) at the C-terminus by a linker region (Kuroda et al., 2002). C2 

domains are found in a range of signalling proteins and bind a variety of ligands 

including Ca2+, phospholipids and intracellular proteins (Nalefski and Falke, 1996). 

The C2 domains in Slp4a have been suggested to be involved in its attachment to 

the PM  in a process independent of Ca2+ binding (Tatyana and Jefferson, 2012). 

The SHD has been demonstrated to bind syntaxin 1A, specifically in the closed 

conformation (Torii et al., 2002). In both PC12 cells and pancreatic β cells, 

overexpression of Slp4a led to an inhibition of exocytosis but an increase in 

immobile docked vesicles; attributed to Slp4a binding to closed syntaxin 1A, 

promoting docking at the PM but blocking SNARE mediated membrane fusion 

(Gomi et al., 2005, Torii et al., 2002, Tsuboi and Fukuda, 2006). Tsubosi and 

Fukuda also demonstrated that the linker domain of Slp4a was capable of binding 

Munc18-1 suggesting that multiple interactions may occur between Rab27A, Slp4a, 

syntaxin 1 and Munc18-1 to ultimately regulate the formation of a functional 

SNARE complex (Tsuboi and Fukuda, 2006).  

Mechanisms of SNARE complex regulation are still being discovered, but such 

mechanisms have been suggested to lead to the presence of populations of SGs in 

individual cells which display different secretion kinetics. Following stimulation of 

neuronal, neuroendocrine (e.g. chromaffin cells) and endocrine cells (e.g. 

pancreatic β cells), exocytosis can occur in two distinct phases, with an initial fast 

component and a slower, sustained component. The fast component has been 

attributed to the release of a ‘readily releasable pool’ of SGs with the sustained 

phase due to exocytosis of SGs in a ‘reserve pool’ (Bittner and Holz, 1992, Smith et 

al., 1998, Neher and Zucker, 1993, Rosenmund and Stevens, 1996, Rizzoli and Betz, 

2004, Ge et al., 2006). It is not exactly clear how these populations are defined, 

however, in chromaffin cells correct SNARE complex assembly was required for 

the sustained response, as this component was inhibited by the addition of a 

SNAP25 specific antibody which blocked SNARE complex formation. It was 

suggested that the conformation of the SNARE complex determined the 
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releasability of docked SGs, indicating an additional regulatory role of the SNARE 

complex (Xu et al., 1999).      

1.5.3.3 Ca2+-triggered exocytosis 

In the 1960s it was discovered that Ca2+ can drive exocytosis following the 

observation that extracellular Ca2+ is required for synaptic vesicle release (Katz 

and Miledi, 1967). Ca2+ driven exocytosis has since been observed in a range of cell 

types including neuroendocrine cells, mast cells and ECs. The mechanisms 

controlling [Ca2+]i under resting conditions and following cell stimulation will be 

covered in section 1.5.8, with emphasis on ECs. Following the observation that Ca2+ 

can trigger exocytosis, it was discovered that the cell employs a molecular 

mechanism to sense changes in [Ca2+]i and translates this signal to the fusion 

machinery. What followed was the identification and characterisation of a family of 

Ca2+ sensors, the synaptotagmins, which contains 15 members, eight of which bind 

Ca2+; synaptotagmin 1, 2, 3, 5, 6, 7, 9 and 10 (Sudhof, 2002). Synaptotagmin 1 was 

first discovered as an abundant synaptic vesicle associated protein and is the best 

characterised of the family (Perin et al., 1990). The protein contains tandem C2 

domains in the cytoplasmic region, with C2B at the C-terminal end and C2A 

connected by a short linker. A second linker domain connects the cytoplasmic 

portion to a single TMD which is inserted into the vesicle membrane (Figure 1.3 C) 

(Perin et al., 1991). Five Ca2+ ions bind synaptotagmin 1, three to C2A and two to 

C2B (Ubach et al., 1998, Fernandez et al., 2001). Synaptotagmins can homo- and 

hetero-oligomerise and may function in vivo as oligomeric complexes with 

evidence that a four subunit complex forms on synaptic vesicles (Mignery et al., 

1990). This oligomerisation has suggested to be mediated by the C2B domain and 

is driven by Ca2+. Mutations in the C2B domain blocked synaptotagmin clustering 

and inhibited Ca2+-stimulated exocytosis suggesting that clustering is necessary for 

efficient exocytosis (Desai et al., 2000, Littleton et al., 2001).  

The mode of action of synaptotagmin has been attributed to interactions with 

effector molecules upon binding of Ca2+ to the C2 domains. These include the t-

SNAREs syntaxin and SNAP25 and phospholipids of the target membranes, 

including phosphatidylinositol 4,5-bisphosphate (PIP2) enriched in the PM and 
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which binds the C2B domain (Tucker et al., 2004, Brose et al., 1992, Schiavo et al., 

1996, Holz et al., 2000). Evidence suggested that SNARE complexes do not fully 

form unless Ca2+ is present, indicating that Ca2+ may promote membrane fusion via 

synaptotagmin interactions with SNARE proteins to drive complete SNARE 

complex formation. Interactions of synaptotagmin with PM phospholipids may 

contribute to the action of the SNARE complex by pulling membranes together 

therefore promoting membrane fusion (Chapman, 2002). Specific isoforms of 

synaptotagmin have also been implicated in the regulation of opening and closing 

of the exocytotic fusion pore, which forms upon membrane fusion, highlighting 

further roles in the control of exocytosis (Wang et al., 2001). These roles are 

covered in the following section which discusses the fusion pore in more detail.      

1.5.4 The exocytotic fusion pore   

During the merger of the vesicle membrane with the PM during exocytosis a so-

called fusion pore forms, connecting the vesicle interior with the extracellular 

environment allowing the release of vesicular contents. Various 

electrophysiological, electrochemical and fluorescence techniques (covered in 

section 1.5.5) have allowed the fusion pore to be analysed in detail, revealing it to 

be a highly dynamic structure capable of pausing in specific configurations during 

expansion as well as closing  before fully expanding (Jackson and Chapman, 2006). 

The early fusion pore forms as a narrow channel with a diameter of 1-3 nm, as 

estimated from electrophysiological measurements in mast cells in which early 

fusion pores had conductances of 20 to 300 pS (Breckenridge and Almers, 1987a, 

Breckenridge and Almers, 1987b). In addition to conducting ions, early narrow 

fusion pores permit the release of neurotransmitter molecules, as measured using 

direct electrochemical detection of molecular release using amperometry (section 

1.5.5.3) (Alvarez de Toledo et al., 1993, Chow et al., 1992). In addition, early fusion 

pores have been shown to flicker, as inferred from fluctuations in both fusion pore 

conductances and rate of neurotransmitter release (Nanavati et al., 1992, Zhou et 

al., 1996). Therefore, early fusion pores have been suggested to be relatively 

unstable and either expand (allowing increased vesicular release) or close 

(allowing retention of unreleased vesicular content). The latter is described as 
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‘kiss-and-run’ fusion and can occur with both synaptic vesicles and LDCVs in 

neuronal, neuroendocrine and endocrine cells, and may allow cells to rapidly 

recycle SGs without the need for clathrin-mediated endocytosis of fully fused SGs 

(Staal et al., 2004, Klyachko and Jackson, 2002, MacDonald et al., 2006, Tsuboi et 

al., 2004, Taraska et al., 2003, Vardjan et al., 2007, Zhou and Misler, 1996, Albillos 

et al., 1997).  

Fusion pores have also been shown to pause in a slightly larger configuration of 5 – 

12 nm in both pancreatic β cells and ECs, termed prolonged or lingering-kiss fusion 

(MacDonald et al., 2006, Takahashi et al., 2002, Babich et al., 2008). The formation 

of nm sized fusion pores during kiss-and-run and lingering kiss exocytosis has 

been suggested to allow the selective release of smaller molecules which may be an 

important regulatory feature in cells which contain a mixed population of proteins 

and molecules in SGs. For example in pancreatic β cells, lingering kiss events allow 

the release of small signalling molecules such as ATP, but the retention of the 

larger insulin peptide, possibly providing a mechanism to selectively control local 

auto- and paracrine signalling without the release of endocrine hormones 

(MacDonald et al., 2006). The formation of prolonged stable fusion pores has also 

been shown to occur in zymogen granules of exocrine pancreatic acinar cells, 

whereby fusion pores remained stable for several hundreds of seconds. This was 

thought to allow the subsequent fusion of additional SGs to the fused SG in a 

process known as compound exocytosis (Nemoto et al., 2001, Thorn et al., 2004). 

Stable fusion pores can also form in alveolar type II cells allowing the slow release 

of surfactant in complexes known as lamellar bodies (Haller et al., 2001).  

1.5.4.1 Is the exocytotic fusion pore lined with protein or lipid? 

Much has been discovered about the formation and behaviour of the exocytotic 

fusion pore over the last 25 years, however, one issue remains largely unresolved 

which is whether the early fusion pore is lined with proteins or lipids (Lindau and 

Almers, 1995). Both the vesicle membrane and PM are predominantly composed of 

lipids, however, as discussed above, exocytosis is thought to proceed via the action 

of specific proteins embedded in the membranes, and so the predominant 

component of the fusion pore is not clear. To address this issue two opposing 
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fusion pore models have been proposed, one in which the fusion pore in lined with 

protein and one in which it is lined with lipid (Figure 1.4 A). In the first model, the 

early restricted fusion pore is thought to be formed from the TMDs of proteins 

present in both the vesicle membrane and PM which create hemichannels. These 

hemichannels then combine to create a continuous pore through both membranes 

allowing restricted release of vesicle content. At this stage the fusion pore is 

analogous to a gap junction (which spans two membranes) or an ion channel 

(spanning a single membrane) which have similar estimated diameters (Almers, 

1990, Lollike et al., 1995). To allow a proteinaceous pore to dilate it has been 

suggested that lipids from each bilayer must be incorporated into the fusion pore, 

possibly directed by the proteins themselves (Jackson and Chapman, 2006).  
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Figure 1.4 Fusion pores may be lined with protein or lipid. A, A proposed model 
for membrane fusion with the merging membranes transitioning through a 
hemifusion intermediate before fusion pore formation. The fusion pore has been 
proposed to either be lined with proteins or lipids (adapted from (Lisman et al., 
2007)). B, The proposed sequence of events during the formation of a lipid lined 
fusion pore as suggested by the stalk-pore hypothesis. When membranes come 
into contact a hemifusion stalk and then diaphragm form before the fusion pore 
proper forms, adapted from Chernomordik and Kozlov (2008).  
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On the other hand, the second model describes how fusion would proceed if the 

fusion pore were purely lipidic (Figure 1.4 B). This model is based on the stalk 

pore hypothesis and begins with two lipid bilayers coming into close proximity 

which induces the formation of a hemifusion stalk between the outer leaflets. This 

promotes lipid mixing in the outer leaflets, which then pull back leading to the 

formation of a hemifusion diaphragm formed from the inner leaflets. A pore is then 

able to form through the hemifusion intermediate, allowing release of vesicular 

content (Kozlov et al., 1989). Lipid mixing has been suggested to occur between 

the outer leaflets prior to aqueous compartment mixing which coincides with the 

onset of inner leaflet mixing. In this model the major roles of the membrane 

proteins are to bring the lipid bilayers into close proximity and potentially regulate 

bilayer curvature through interactions with the TMDs which are embedded in the 

membranes, although they are not directly present in the fusion pore lining 

(Jackson and Chapman, 2006).  

Despite the fact that early fusion pores were first assumed to be proteinaceous due 

to their similarities to gap junctions, evidence has now accumulated to suggest that 

the lipid lined model may more closely resemble what occurs during biological 

membrane fusion (Almers, 1990). Analysis of protein free lipid bilayer merger in 

cell free systems has allowed the proximity model to be rigorously tested, with 

experimental data in close agreement with the predicted series of events of the 

model (Lee and Lentz, 1997). In particular, the formation of a stalk intermediate 

has been demonstrated during fusion of planar lipid bilayers following 

dehydration, which promotes close association of membranes and therefore fusion 

(Yang and Huang, 2002). The hemifusion intermediate, as well as flickering fusion 

pores, have also been observed in these cell-free experiments (Lu et al., 2005), 

with fusion pores demonstrating similar conductances to those recorded from cells 

undergoing exocytosis (Chanturiya et al., 1997). In addition, the use of liposomes 

containing reconstituted SNARE proteins has demonstrated that fusing 

membranes can transition through each stage of the proximity model, with the 

hemifusion intermediate directly visualised using negative stain EM (Yoon et al., 

2006, Hernandez et al., 2012).  
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Whilst in vitro experiments have provided insight into how lipidic fusion pores 

may form and behave, there is evidence to suggest that proteins may be present in 

the fusion pore to some extent, possibly providing a structural element. Analysis of 

the flux of neurotransmitter during exocytosis in PC12 cells has been carried out 

following the expression of various syntaxin mutants (Han et al., 2004). Native 

residues in the TMD of syntaxin, which spans the PM, were substituted for bulky 

tryptophan residues and smaller glycine residues. Tryptophan substitution at 

three of the 14 locations tested decreased NA flux from fused SGs, two of which 

also reduced pore conductance; whereas glycine substitution at the same three 

residues increased NA flux (pore conductance was not measured). The three 

residues were identified to be present on the same side of the TMD α-helix, 

suggesting that these residues may face into the fusion pore and therefore altering 

their size affected fusion pore volume and NA flux (Han et al., 2004). The charge of 

the side chains of these residues was also demonstrated to affect NA flux, likely 

through electrostatic interactions, providing further evidence that a portion of the 

syntaxin TMD lines the fusion pore (Han and Jackson, 2005). The authors proposed 

that 5-8 syntaxin molecules may line the fusion pore, based on estimates of the 

fusion pore diameter (Han et al., 2004). However, this remains the only evidence 

so far for the presence of a protein component in the lining of the fusion pore and 

does not exclude the presence of lipid (Jackson and Chapman, 2008). Without 

definitive evidence for an entirely proteinaceous or lipidic fusion pore, it is logical 

to suggest that both components may be present and may have specific regulatory 

roles during fusion pore formation and expansion (Curran et al., 1993, Zimmerberg 

et al., 1991).  

1.5.5 Methods for studying the fusion pore 

Exocytotic fusion pores were first identified in the early 1980s using quick-freeze 

and freeze-fracture EM analysis of degranulating rat peritoneal mast cells, which 

allowed membrane lines pores of 20 – 100 nm in diameter to be visualised 

(Chandler and Heuser, 1980). However, as stated above, the early fusion pore has 

been estimated to be on the scale of ~1 nm, too small to visualise directly, and so 
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analysis of early fusion pores has relied on the use of biophysical techniques, 

including fluorescence, electrophysiological and electrochemical based methods. 

1.5.5.1 Fluorescent imaging 

Specific fluorescent probes can be used to study various aspects of exocytosis, 

including SG trafficking, docking and fusion. Live cell imaging of the uptake of 

external dyes, diffusion of membranous lipid probes and release of fluorescently 

tagged vesicular cargo has been used to investigate the opening and re-sealing of 

exocytotic fusion pores in a number of cell types including chromaffin cells, PC12 

cells, pancreatic β cells, pancreatic acinar cells, alveolar type II cells, pituitary 

lactotrophs and ECs (Vardjan et al., 2007, Haller et al., 2001, Tsuboi et al., 2004, 

Taraska and Almers, 2004, Thorn et al., 2004, Nemoto et al., 2001, Taraska et al., 

2003, Perrais et al., 2004, Babich et al., 2008, Nightingale et al., 2011). Uptake of 

external fluorescent probes allows the onset of fusion to be detected as well as the 

diameter of the fusion pore to be estimated. For example, uptake of the fluid phase 

tracer sulforhodamine B (SRB) was observed in pancreatic β cells undergoing 

exocytosis following stimulation with glucose (Takahashi et al., 2002). In the same 

study addition of tracers of varying molecular sizes were used to estimate the size 

of the fusion pore at 1.4 – 4 nm. Fluorescent lipid probes allow lipid mixing during 

fusion to be investigated, for example, PC12 cells loaded with the lipid dye FM4-64 

were shown to lose vesicle associated dye to the PM upon vesicle fusion, even 

when exocytosis was transient (Taraska and Almers, 2004). In addition, expression 

of fluorescently tagged SG cargo proteins allows the release or retention of SG 

constituents to be imaged directly. In PC12 cells, release of neuropeptide Y-EGFP 

was observed upon vesicle fusion, whereas the membrane protein phogrin-dsRED 

was retained, allowing the fate of exocytosed vesicles to be visualised (Taraska et 

al., 2003). Imaging of GFP tagged molecules also allows intravesicular pH to be 

monitored which provides a marker for fusion pore opening and re-sealing when 

vesicle pH increases and decreases respectively (Erent et al., 2007). Whilst 

fluorescent probes can provide detailed information about fusion pore formation 

and behaviour, imaging techniques have a limited temporal resolution when 

considering that the fusion pore can form, dilate, fluctuate and/or re-close on a 
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sub-millisecond time-scale. Electrophysiological and electrochemical based 

techniques allow the analysis of the fusion pore with much higher temporal 

resolution and have therefore provided the most detailed information to date 

about fusion pore behaviour. 

1.5.5.2 Electrophysiological measurements 

Whole cell capacitance is proportional to the PM surface area and therefore 

provides a means of measuring increases and decreases in PM surface area 

following exocytosis and endocytosis respectively (Gillis, 2009). This technique has 

been applied to chromaffin cells using the whole cell patch clamp configuration. 

Following cell stimulation, capacitance step increases of ~1 fF were recorded 

(Neher and Marty, 1982). When applied to rat mast cells, larger capacitance 

increases of ~10 - 30 fF were recorded, reflecting the presence of larger SGs in this 

cell type (Fernandez et al., 1984). In both cases downward capacitance steps of 

equivalent values were occasionally recorded providing some of the first evidence 

that fusion pores can re-close rather than irreversibly expand. Whole cell 

capacitance measurements are obtained by voltage clamping the cell at a known 

holding potential and monitoring current transients which correspond to a 

discharge of the vesicle capacitance when the fusion pore opens. Only cells 

containing especially large granules, such as beige mouse mast cells with SGs of a 

mean diameter of ~3 µm (Breckenridge and Almers, 1987b), can produce 

capacitance steps large enough to be resolved at a constant holding potential 

(Breckenridge and Almers, 1987a, Lindau and Alvarez de Toledo, 2003). This 

configuration also allowed the initial fusion pore conductance to be measured with 

subsequent estimation of the diameter at ~1 nm (Breckenridge and Almers, 

1987a).  

For continuous measurements of pore conductance, as well as detection of 

capacitance steps in cells with smaller granules, a sinusoidal command voltage is 

applied to the cell and the resulting whole cell current compared to a reference 

voltage using a lock-in amplifier (Neher and Marty, 1982). The application of a 

sinusoid wave, as opposed to a constant potential, causes continued charging and 

discharging of vesicle capacitance allowing continued measurement of the fusion 
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pore conductance and therefore diameter. Using this approach, Breckenridge and 

Almers demonstrated that the fusion pore conductance increased rapidly following 

its formation, providing the first evidence of rapid fusion pore dilation during 

exocytosis (Breckenridge and Almers, 1987a). Fusion pore flickers have also been 

measured in mast cells using this technique, providing evidence that fusion pores 

are capable of expanding and contracting before reclosing in potential ‘kiss and 

run’ events (Spruce et al., 1990).  

Exocytotic events can also be measured with high temporal resolution by the 

detection of membrane currents elicited by ligand gated ion channels following 

binding of the corresponding ligand released during SG exocytosis (Braun et al., 

2004, Hazama et al., 1998, Whim and Moss, 2001, Whim and Moss, 2004). For 

example, expression of P2X2 receptors in PC12 cells allowed the release of ATP 

from SGs to be measured as current spikes during whole-cell patch-clamp 

recordings (Hazama et al., 1998). Similarly, quantal release of GABA and ATP was 

measured in rat β cells overexpressing either GABAA or P2X2 receptors, with the 

formation of restricted fusion pores detected as slowly rising and decaying current 

transients of low amplitude, suggesting the slow release of ligand (in this case 

ATP) through a restricted fusion pore (MacDonald et al., 2006). Neuropeptide 

secretion can also be measured using this technique following the genetic tagging 

of the neuropeptide prohormone of interest with the sequence for FMRFamide, an 

invertebrate neuropeptide. Expression of the mutant prohormone therefore leads 

to the packaging of the neuropeptide of interest along with FMRFamide in SGs. Co-

expression of the ionotropic FMRFamide receptor then allows SG exocytosis to be 

measured as a series of current spikes following release of FMRFamide and 

subsequent binding to the expressed receptors (Whim and Moss, 2001, Whim and 

Moss, 2004).    

1.5.5.3 Electrochemistry: carbon fibre amperometry 

Electrochemical detection of the release of vesicular content during exocytosis 

using carbon fibre microelectrodes (CFMEs) was established in the early 1990s 

and since then has proved invaluable for the analysis of fusion pore dynamics in a 

range of cell types (Duchen et al., 1990, Leszczyszyn et al., 1990, Leszczyszyn et al., 
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1991, Tatham et al., 1991). CFMEs contain a single carbon fibre, usually enclosed 

within a glass pipette and insulated to the tip, to provide a circular reactive surface 

at the end of the fibre, capable of detecting minute current changes due to its 

conductive properties. Exocytosis is monitored as current increases produced by 

the oxidation of molecules released from SGs at the surface of the CFME placed in 

close apposition to the cell surface (Figure 1.6 A and B). Single exocytotic events 

are visualised as single current spikes with an example current trace shown in 

Figure 1.6 C. Amperometry has predominantly been used to measure exocytosis in 

cell types which store and release oxidisable molecules in SGs, i.e. neuronal and 

neuroendocrine cells containing neurotransmitters such as noradrenaline (NA), 

adrenaline (AD), dopamine (DA) and 5-HT (Clark and Ewing, 1997).  

1.5.5.4 Principles of electrochemical detection 

For the electrochemical detection of oxidisable molecules, an appropriate detector 

is required (Chow and Von Ruden, 2009). Carbon fibre is frequently used since it 

can form what is known as a ‘polarisable electrode’. Such electrodes carry current 

through the transfer of electrons, whereas in solution (e.g. saline solution), current 

is transferred in the form of dissolved ions (e.g. Na+, K+ and Cl-), meaning that when 

the electrode is immersed in solution no current flows. When a voltage is applied, 

excess charge accumulates at the surface of the electrode rendering it 

electroactive. To establish electroneutrality, mobile counterions in the solution are 

attracted electrostatically to the CFME surface forming an equilibrium in which no 

net current flows. However, when oxidisable molecules diffuse to the surface of the 

electrode, electrons are transferred, leading to current flow. To promote efficient 

oxidation at the CFME surface, a potential is applied which exceeds the redox 

potential of the species, thereby promoting complete and rapid conversion to the 

oxidised form. In practical terms the redox potential should be exceeded by at least 

200 mV, and so for the conversion of species including NA, AD, 5-HT and DA, a 

potential of + 600-700 mV is applied to the CFME during amperometric recordings 

(Robinson et al., 2003, Jackson et al., 1995, Wightman et al., 1991, Chow and Von 

Ruden, 2009). In contrast, histamine has a higher redox potential and so cannot be 

detected unless a potential of ~1300 mV is applied to the CFME (Travis et al., 

2000). 
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Figure 1.5 Measurement of exocytosis using carbon fibre amperometry. A, To 
make amperometric measurements a CFME is placed adjacent to the cell to detect 
the release of oxidisable molecules upon exocytosis. B, When the molecules make 
contact with the CFME they undergo oxidation and release electrons, with the 
oxidation reaction of 5-HT shown as an example. C, Each release event produces an 
increase in current, measured as a current spike on the trace. 
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A similar technique to amperometry can be used to determine the identity of the 

species being oxidised at the electrode surface, known as cyclic voltammetry. In 

this case, instead of applying a constant potential to the CFME, a voltage ramp is 

applied; typically in the form of a triangle wave which cycles from a specific 

negative potential to a positive one and back again (Figure 1.7 Ai). This leads to the 

oxidation and reduction of the species present at specific potentials in the ramp 

which is reflected in the current trace recorded by the CFME. The oxidation and 

reduction peaks can then be used to identify different species, for example, both 

DA and 5-HT have a single oxidation peak, at around +530 mV, but 5-HT has two 

reduction peaks compared with one for DA (Figure 1.7 Aii and iii) (Rice et al., 

1997). The current can be plotted against the applied voltage to produce a cyclic 

voltammogram which is generally specific for each species (Figure 1.7 B).  

 

Figure 1.6 Identification of oxidisable species by cyclic voltammetry. A, A voltage 
ramp is applied to the CFME (i) and the subsequent oxidation and reduction peaks 
are monitored which allows the identification of the species present (ii and iii). For 
example, both DA and 5-HT have a single oxidation peak, but DA has a single 
reduction peak (ii) compared with two for 5-HT (iii). B, Voltage is plotted against 
current to produce a cyclic voltammogram, the shape of which allows the 
identification of the reactive species, with the cyclic voltammogram for DA (i) and 
5-HT (ii) shown. Current traces taken from (Rice et al., 1997) and cyclic 
voltammograms taken from (Michael and Wightman, 1999). 
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Whilst cyclic voltammetry provides qualitative information about which species 

are released during exocytosis, amperometry is the technique of choice to obtain 

kinetic information for single release events (Michael and Wightman, 1999). This is 

due to the fact that measurements of much higher temporal resolution can be 

made, as the CFME is held at a constant potential allowing continued oxidation of 

the release product. In this configuration, and with the CFME placed adjacent to the 

PM of the cell, each exocytotic event is detected as a rapidly rising current spike 

(Figure 1.6 C). Each spike can then be analysed individually to determine the 

release kinetics of each exocytotic event. Typically a number of parameters are 

determined for each spike (summarised in Figure 2.4 in Materials and methods), 

including maximum amplitude (Imax measured in pA), area under the spike (which 

equates to the charge; Q in pC), width at half the spike maximum (t1/2 in ms), time 

to rise (trise in ms) and decay (tdecay in ms), and rate of spike rise (rise slope in 

pA/ms) (Mosharov and Sulzer, 2005, Mosharov, 2008). Amperometry can also be 

used to quantify the number of molecules released, assuming that the identity of 

the released species is known, by using the total charge of the spike and the 

number of electrons transferred per mole of compound (Wightman et al., 1991). 

1.5.5.5 Analysis of the fusion pore using amperometry 

The true sensitivity of the technique for measuring fusion pore dynamics became 

apparent with the observation that a small increase in current was often present 

preceding the fast amperometric spike. This was named the ‘foot’ or pre-spike foot 

(PSF) signal and was believed to represent the release of molecules through an 

early restricted fusion pore (Chow et al., 1992) (Figure 1.8). This idea was 

confirmed with simultaneous capacitance and amperometric measurements of 

beige mouse mast cells undergoing exocytosis, during which PSF signals were 

found to correspond to increases in fusion pore conductance (Alvarez de Toledo et 

al., 1993). In the same study, transient fusion events were detected as capacitance 

flickers with amperometric detection of 5-HT release shown to correspond almost 

exactly, providing evidence that capacitance flickers did indeed represent transient 

release of vesicular content. Similarly, it was also demonstrated that the PSF signal 

can flicker extensively, possibly indicative of rapid changes in diameter of the early 

fusion pore (Zhou et al., 1996).  
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Figure 1.7 The stages of fusion pore formation and expansion can be visualised by 
analysing the shape of individual current spikes. Fusion pore formation is 
indicated by a small increase in current termed the PSF signal with fusion pore 
expansion visualised as the fast rising current spike. 

 

Transient fusion events recorded using amperometry have been reported in a 

number of cell types including mast, chromaffin, PC12 and pancreatic β cells and 

have been termed stand alone foot (SAF) signals, characterised by a small increase 

in current typical of a PSF but with no subsequent fast rising spike (Alvarez de 

Toledo et al., 1993, Zhou and Misler, 1996, Albillos et al., 1997, MacDonald et al., 

2006, van Kempen et al., 2011). These events are thought to represent the opening 

of a fusion pore which either re-closes or remains in a restricted configuration, 

indicating that kiss-and-run or lingering kiss fusion has occurred respectively. In 
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chromaffin and PC12 cells, SAF have been shown to occur relatively frequently 

making up 10-20% of events (Zhou and Misler, 1996, van Kempen et al., 2011, 

Albillos et al., 1997). Similarly in pancreatic β cells, whole cell capacitance 

measurements revealed that 25% of LDCV exocytotic events were kiss-and-run 

(MacDonald et al., 2006). In other studies SAF have been reported to occur more 

infrequently, with 1% of current spikes classified as SAF signals in PC12 cells 

(Tang et al., 2007, Wang et al., 2010). 

As with amperometric spikes, specific parameters can be calculated from the PSF 

signal including the duration (tfoot in ms), amplitude (Ifoot in pA) and charge (Qfoot in 

pC) (Figure 2.4 in Materials and methods). Quantification of both the PSF signal 

and the current spike therefore allows each stage of exocytosis to be determined 

with exquisite sensitivity, including formation of the early fusion pore 

(represented by the PSF), fusion pore expansion (the rising phase of the main 

spike) and diffusion of molecules from the vesicle (decay phase). Amperometry is 

therefore widely considered to be the technique of choice to measure and quantify 

single exocytotic events.  

1.5.5.7 Amperometry has been used to detect exocytosis from a range of cell 
types  

Amperometry was developed on chromaffin cells and has since been applied to a 

range of cell types which are capable of synthesising and/or accumulating 

oxidisable molecules into SGs, including both neuronal and non-neuronal cell types 

(summarised in Table 1.2 and 1.3). In addition, exocytosis can be measured using 

amperometry from cells types which do not contain endogenous oxidisable 

compounds through addition of exogenous species. For example, mouse pancreatic 

β-cells were loaded with exogenous 5-HT, since it has been demonstrated that they 

possess the machinery to take up monoamine molecules into SGs (Harris et al., 

2008, Zhou and Misler, 1996). Cell types not possessing specific uptake 

mechanisms can also be loaded with exogenous oxidative species, for example, dog 

pancreatic duct epithelial cells and AtT-20 cells were loaded with DA and 5-HT 

prior to amperometric detection of exocytosis, simply by the addition of high 

concentrations of both monoamines (Kim et al., 2000, Koh et al., 2000).    
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Secretory cells which store oxidisable neurotransmitters in SGs either synthesise 

or actively accumulate neurotransmitter molecules into the cytosol from the 

extracellular environment (transport mechanisms are summarised in Figure 1.9). 

Secretory cells such as enterochromaffin cells in the gastrointestinal tract and 

neuronal cells of the central nervous system, transport monoamine molecules from 

the extracellular environment into the cytosol by the action of specific high affinity 

PM transporters of the SLC6A family (Torres et al., 2003). Transporters exist for 

DA, NA and 5-HT (DAT, NET and SERT respectively), and are present in synaptic 

terminals of the relevant neurons as well as peripheral tissues. As an example, 

SERT is present in both serotonergic neurons as well as platelets (Talvenheimo 

and Rudnick, 1980), the intestinal tract (Wade et al., 1996), the adrenal gland 

(Schroeter et al., 1997) and specific regions of the endothelium, including 

pulmonary ECs (Lee and Fanburg, 1986a, Lee and Fanburg, 1986b) and blood 

brain barrier ECs (Brust et al., 2000). Each transporter is thought to be comprised 

of 12 TMDs and all three require the presence of Na+ ions for transporter activity 

(Gu et al., 1994). SERT has the best characterised mode of action and binds Na+, Cl- 

and 5-HT+ in a 1:1:1 stoichiometry before undergoing a conformational change to 

expose these ions to the interior of the cell, allowing their dissociation. K+ then 

binds and the transporter undergoes a second conformational change, discharging 

K+ to the exterior of the cell and completing the electroneutral ion exchange 

(Nelson and Rudnick, 1979, Rudnick and Nelson, 1978). These transport 

mechanisms were first identified in platelets, however, the identity of the 

transporter was not revealed until SERT was identified in rat and human brain 

tissue and was subsequently demonstrated to be responsible for Na+-dependent 5-

HT transport in platelets (Blakely et al., 1991, Lesch et al., 1993a, Lesch et al., 

1993b).  

An additional plasma membrane monoamine transporter, PMAT, has since been 

identified initially in the human brain and central nervous system, belonging to the 

equilibrative nucleoside transporter (ENT) or SLC29 family (Engel et al., 2004). 

PMAT has highest affinity for 5-HT, followed by DA, which are transported in an 

Na+-independent mechanism which is insensitive to SERT, DAT or NET inhibitors, 

and instead relies on an electrochemical gradient (Zhou et al., 2007). PMAT does 
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not transport AD or NA efficiently, although an additional family of transporters, 

the organic cation transporter (OCT) or SLC22a family members, demonstrate an 

opposite affinity for neurotransmitters in comparison to PMAT, with highest 

affinity for AD and NA and lower affinity for 5-HT and DA (Grundemann et al., 

1998, Wu et al., 1998). The presence of these transporters has been suggested to 

complement those of the SLC6A family, providing low affinity but high capacity 

transport of monoamine molecules allowing regulation of the extracellular 

monoamine concentration, a process of particular importance in the brain and 

central nervous system (Engel et al., 2004).    

Following synthesis or uptake, neurotransmitter molecules are then accumulated 

into SGs through the action of an SG associated vesicular monoamine transporter 

(VMAT) of which there are two types VMAT1 and 2. VMATs consist of 12 TMDs 

spanning the vesicular membrane and belong to the SLC18A family of transporters 

(Eiden et al., 2004). Transport of monoamines is dependent on a proton gradient 

across the vesicle membrane (generated by an ATPase proton pump) as well as the 

presence of ATP (Fishkes and Rudnick, 1982). VMATs transport the following 

biogenic amines, in descending affinity: 5-HT; DA; AD; NA and histamine. In 

general VMAT1 is localised to cells of the neuroendocrine system (including 

chromaffin cells of the adrenal medulla and enterochromaffin cells in the 

gastrointestinal (GI) tract) and VMAT2 is localised to cells of the nervous system 

(including neurons found in the brain and GI tract), neuroendocrine system 

(endocrine pancreas and enterochromaffin-like cells of the stomach), mast cells, 

dendritic cells, basophils and platelets (Erickson et al., 1996, Eiden et al., 2004). 

Generally, amperometry has been performed on cell types containing these various 

transporters, as they allow uptake of oxidisable neurotransmitter molecules into 

SGs which are subsequently released upon exocytosis. 
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Figure 1.8 Uptake of monoamine molecules into SGs using specific transporters 
localised to the PM and SG membrane. Three types of transporter are found on the 
PM, with members of the SLC6A family providing high affinity uptake and 
members of the SLC22A and SLC29A families providing high capacity but low 
affinity uptake. Members of the SLC18A family are involved in monoamine uptake 
into SGs, dependent on the action of a V-ATPase proton pump.  
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1.5.6 Factors determining release kinetics measured by amperometry                  

The kinetics of neurotransmitter release as measured by amperometry may be 

influenced by several factors. Two such factors, the properties of fusion pore itself 

and the composition of the SG matrix, will be considered in more detail. It was 

observed that spike parameters originating from chromaffin cell LDCVs did not fit 

a model which predicted instantaneous release from SGs, suggesting that there 

were processes restricting the release of neurotransmitter molecules (Schroeder 

et al., 1996). Mathematical fitting of the rise phase of current spikes revealed that 

an exponentially modified Gaussian (EMG) curve provided the best model for 

fitting, suggesting that at least two factors influenced the rise rate. The exponential 

portion was suggested to be shaped by diffusion of molecules from the vesicle, 

with the Gaussian portion distorting the curve suggesting that a second rate-

determining process influenced molecular release. The latter was attributed to 

retardation of neurotransmitter release by an expanding fusion pore. In contrast, 

the decay phase of current spikes displayed an exponential decrease, thought to 

correspond to rate-limiting diffusion of neurotransmitter from the vesicular matrix 

only, with the fusion pore no longer limiting release. It was therefore apparent that 

the rate of release of neurotransmitter was dependent on both the formation and 

expansion of the fusion pore initially and subsequently dissociation of molecules 

from the vesicular matrix (Amatore et al., 2007). 

1.5.6.1 The role of the vesicle matrix in determining release rate  

The importance of the structural composition of the SG core in determining rate of 

neurotransmitter release during exocytosis becomes apparent when 

amperometric data from different cell types is examined. Table 1.2 summarises the 

major spike parameters recorded from a range of cell types. Neuronal cells contain 

synaptic vesicles (SVs) and/or dense core vesicles (DCVs), the latter similar to 

those found in neuroendocrine and endocrine cells. Differences can be seen 

between parameters recorded from both types of vesicle, which can be attributed 

to distinct mechanisms of release (Bruns and Jahn, 1995, Pothos et al., 1998).  
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Current spike parameters from SVs tend to have more rapid rise times (e.g. trise (50 

to 90%) was 90 ± 5 µs for SVs compared to 475 ± 23 µs for DCVs from the same 

cell type (Bruns and Jahn, 1995) and smaller peak amplitudes (Imax) and charge. 

This has been attributed to the lower concentration of neurotransmitter found in 

SVs compared with neuroendocrine cells (for example SVs in DA containing 

neurons of Planorbis corneus have an average vesicular DA concentration of 1.36 

attomole (Chen et al., 1995) compared with a catecholamine concentration of 0.5 – 

1 M in chromaffin cell LDCVs (Borges et al., 2010, Nordmann, 1984)). In addition, 

release from SVs has suggested to be largely due to kiss and run fusion, thereby 

producing smaller current transients in comparison to full fusion events 

(Wightman and Haynes, 2004, Staal et al., 2004). Finally, SVs do not contain a 

dense core and so neurotransmitter molecules are freely diffusible in the vesicle 

lumen allowing rapid release following fusion pore opening.  

In contrast to SVs, DCVs in both neuronal and non-neuronal cells display quite 

different spike parameters with larger quantal release (defined by Q) and slower 

kinetics (Table 1.2). The reasons for these differences may be due to the higher 

concentration of neurotransmitter present in DCVs as well as the presence of a 

dense core which, depending on the composition, can bind neurotransmitter 

molecules and slow their release through the fusion pore (Marszalek et al., 1997). 

Consistent with this, the behaviour of the dense core upon fusion pore formation 

has been suggested to be highly influential in determining release kinetics 

(Amatore et al., 2007). In vesicles containing a proteoglycan matrix, e.g. mast cells 

and chromaffin cells, one of the most important changes is swelling of the matrix, 

which is intimately linked to release of neurotransmitter molecules due to the 

interdependence of these two processes (Breckenridge and Almers, 1987b, 

Amatore et al., 2000). The sequence of events has been proposed to start with the 

unbinding of neurotransmitter molecules (in their cation state) from the matrix 

and subsequent diffusion from the vesicle down the concentration gradient. In 

order to preserve electroneutrality of the matrix, ion exchange occurs via the influx 

of hydrated cation molecules into the vesicle leading to swelling of the matrix. This 

in turn promotes the disassociation of more bound neurotransmitter molecules, 

leading to a rapid efflux of molecules through an expanding fusion pore and 
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creating the characteristic shape of a fast rising amperometric spike (Marszalek et 

al., 1997). It has been suggested that matrix swelling provides the driving force 

required for fusion pore expansion due to increasing internal pressure which 

overcomes what is known as the edge energy of the pore circumference 

(Chizmadzhev et al., 2000, Amatore et al., 1999, Amatore et al., 2000). However, in 

beige mouse mast cells it was demonstrated that inhibition of granule swelling did 

not affect the rate of fusion pore expansion, and so the exact role of the vesicle 

matrix in driving fusion pore expansion remains unclear (Monck et al., 1991).  

This sequence of events has been demonstrated experimentally in mast cells. Ion 

exchange occurs between the extracellular solution and the vesicle interior, driving 

the dissociation of 5-HT+ from the proteoglycan matrix (Pihel et al., 1996, 

Marszalek et al., 1997, Uvnas and Aborg, 1983). The subsequent degree of matrix 

swelling has been shown to be dependent on the valancy of the cation species 

entering the vesicle as the structure of the matrix is influenced by the electrical 

density of bound cations (Curran and Brodwick, 1991). Divalent cations tighten the 

matrix by cross-linking negative charges whereas monovalent ions cause the 

granule matrix to swell and loosen by dislodging the endogenous divalent cation, 

histamine (Pihel et al., 1996, Curran and Brodwick, 1991). The rate of dissociation 

of 5-HT+ from the matrix is therefore dependent on the species and concentration 

of cation entering the vesicle from the external solution, with monovalent ions (e.g. 

Cs+ and Na+) increasing and divalent ions (e.g. Zn2+ and histamine (Hi++)) 

decreasing the rate of release respectively (Pihel et al., 1996, Marszalek et al., 

1997).   

An additional factor which has been demonstrated to influence the rate of 

neurotransmitter release is the intravesicular pH change which occurs upon fusion 

pore opening (Amatore et al., 2007). In chromaffin cells, chromogranin A 

undergoes pH induced conformational changes as it dissociates from a tetramer at 

pH 5.5 to a dimer at pH 7.5. This change is coupled to a decrease in catecholamine 

binding affinity. Wightman et al. (2005) demonstrated that decreasing the 

extracellular pH to 5.5, thereby eliminating the pH gradient between the vesicle 

interior and the cell exterior, inhibited exocytosis leading to a reduction in 

frequency and amplitude of amperometric spikes. 
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Table 1.2 Amperometric spike parameters from a range of cell types. All data are expressed as mean ± SEM except for * which are mean ± 
SD. 

 Imax (pA) Q (pC) t1/2 (ms) trise Reference 
Neuronal cell types 
Midbrain DA neurons 
(SVs) 
 
Superior cervical ganglion 
neurons (catecholamine) 
 
Serotonergic neurons of 
the leech 

- SVs 
- LDCVs 

 
14.6 ± 1.4 

 
 
 

1-20 
 
 
 
 

5.5 ± 0.1 
19.5 ± 1.5 

 
- 
 
 
 

0.0135 
 

 
 
0.003 ± 0.0001 
0.0474 ± 0.003 

 
0.12 ± 0.04 

 
 
 
- 
 
 
 
 

0.595 ± 0.04 
3.6 ± 0.23 

 
- 
 
 
 
- 
 
 
 

90 ± 5 µs (50 to 90%) 
475 ± 23 µs (50 to 90%) 

 
(Pothos et al., 1998) 
 
 
 
(Zhou and Misler, 
1995) 
 
 
(Bruns and Jahn, 
1995) 

Non-neuronal cell types 
PC12 cells 
(catecholamine) 
 
Mast cells (5-HT) 
 
Pituitary melanotrophs 
(peptide hormones, α-
melanocyte stimulating 
hormone) 

 
 

6.46 ± 4.88* 
 

61 ± 5.5 
 
 
 

0.5 – 5 
 
 

 
 

0.06 ± 0.06 
                                  
- 
 
 
 

0.036 ± 0.006 
 
 

 
 

6.58 ± 2.19 
                                    

1000 ± 100 
 
 
 

36 ± 6 
 
 

 
 
- 
                                              
- 
 

 
- 
 
 

 
 
(Colliver et al., 
2000a) 
(Alvarez de Toledo 
et al., 1993) 
 
(Paras and Kennedy, 
1995) 
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Chromaffin cells 
(Catecholamines) 
 
 
 
 
 
 
 
Platelets (5-HT) 
 
 
Pancreatic β cells (5-HT 
loaded) 

 
51 

 
 

25 ± 2 
 
 

25.7 ± 14.4 
 
 
 

52.68 ± 9.89 
 
 

6.4 ± 4.5* 

 
0.54 

 
 

0.950 ± 0.07 
 
 

0.18 ± 0.07 
 
 
 

0.26 ± 0.04 
 
 

0.056 ± 0.038 

 
6.2 

 
 

32.5 ± 1.0 
 
 

4.7 ± 1.8 
 
 
 

6.78 ± 0.56 
 
 

6.6 ± 6.1 

 
8.5 ± 0.5 ms (20 to 

90%) 
 

0.74 ± 0.58 ms (25 to 
75%) 

 
4.11 ± 0.32 ms (10 to 

90%) 
 
 
- 
 
 
- 

 
(Wightman et al., 
1995) 
 
(Amatore et al., 
2005) 
(Mosharov and 
Sulzer, 2005)  
 
 
(Ge et al., 2009) 
 
 
(Zhou and Misler, 
1996) 

 

Table 1.3 PSF parameters from mast and chromaffin cells. All data are expressed as mean ± SD except for * which is mean ± SEM. 

 Ifoot (pA) tfoot (ms) Qfoot Reference 
Non-neuronal 
Mast cells  
Chromaffin cells  
 

 
5.3 ± 4.9  
1.8 ± 0.9  

7.17 ± 5.28 
3.3 ± 0.1* 

 
410  

3.2 ± 3.7  
8.26  

17.7 ± 0.8*  

 
- 

7.69 ± 6.09 aC 
34 fC 

28.0 ± 2.0 fC* 

 
(Alvarez de Toledo et al., 1993) 
(Mosharov and Sulzer, 2005) 
(Chow et al., 1992) 
(Amatore et al., 2009) 
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1.5.6.4 Regulation of release kinetics by the fusion pore        

The behaviour of the vesicle matrix, in part, determines the rate of molecular 

release from SGs, however, control of the fusion pore itself also provides an 

additional level of regulation. Molecular manipulation of protein components of 

the fusion machinery, including the SNARE complex and associated proteins such 

as synaptotagmin, has provided insights into how this regulation may occur. The 

role of the SNARE complex in fusion pore opening was analysed by constructing a 

range of SNARE protein mutants to disrupt specific regions of the four helix SNARE 

bundle (Han and Jackson, 2006). Exocytosis was then measured using 

amperometry. Mutations towards the N-terminus of the SNARE proteins 

lengthened the PSF signal, indicating a delay in fusion pore dilation. The authors 

attributed this effect to the possibility that fusion pore dilation may require 

additional conformational changes of the SNARE complex. Similarly, VAMP2 was 

demonstrated to play a role in fusion pore dilation with the PSF duration 

significantly decreased in VAMP2 knock out cells (Borisovska et al., 2005). 

Expression of the related v-SNARE cellubrevin (VAMP3), which contains a distinct 

TMD in comparison to VAMP2, failed to rescue foot duration leading to the 

suggestion that interactions between v-SNARE and t-SNARE TMDs may be 

required for fusion pore dilation. This is in line with recent evidence suggesting 

that continued zippering of the SNARE complex up to and including the TMDs, may 

be required for complete fusion of lipid bilayers (Hernandez et al., 2012). 

In addition to the core SNARE complex, associating proteins have also been 

suggested to play a role in regulation of fusion pore behaviour, the best 

characterised of which is the synaptotagmin family. Overexpression of two 

synaptotagmin isoforms, I and IV, in PC12 cells had opposite effects on the 

duration of PSF signals (Wang et al., 2001). Synaptotagmin I significantly 

lengthened the PSF, indicating fusion pore stabilisation, whereas synaptotagmin IV 

shortened the PSF indicating that the fusion pore was destabilised and went on to 

dilate more rapidly. Further analysis of the effect of synaptotagmin IV on the fusion 

pore in PC12 cells revealed that overexpression increased the number of kiss-and-

run events, as evidenced by an increase in SAF signals, which were also longer in 

duration in comparison to control cells (Wang et al., 2003). This effect was 
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dependent on the ability of Ca2+ to bind to the C2 domains, with kiss-and-run 

fusion inhibited by disruption of Ca2+ binding to the C2B domain of synaptotagmin 

IV.  Further evidence for the role of Ca2+ binding to specific C2 domains in fusion 

pore regulation came from analysis of synaptotagmin VII in chromaffin cells 

(Segovia et al., 2010). Cells expressing synaptotagmin VII with abolished binding of 

Ca2+ to the C2B domain, had a higher frequency of kiss-and-run fusion events and 

fusion pores of longer duration. This was attributed to stabilisation and dilation of 

the fusion pore upon Ca2+ binding to the C2B domain. Overall, results indicate that 

the synaptotagmin family may play a role in the regulation of the fusion pore 

through stabilisation of the early pore and promotion of pore dilation, likely 

mediated by binding to both the SNARE complex and membrane phospholipids in 

a Ca2+-dependent manner (Schiavo et al., 1996, Tucker et al., 2004).  

1.5.7 The plasma membrane is involved in regulation of exocytosis and the 
fusion pore  

Since SGs must fuse with the PM during exocytosis, the structure and organisation 

of the PM can play an important role in the regulation of the process, particularly 

with respect to fusion pore formation. Determining the composition and 

organisation of the PM has proved challenging, however, some insight has been 

gained by the analysis of reconstituted lipid bilayers, as well as direct analysis of 

intact and fractionated cellular PMs. However, controversy exists as to the exact 

conformation of the PM in vivo, in particular with regards to distinct PM domains 

termed lipid rafts which are believed to organise proteins required for specific 

cellular processes, including exocytosis, in distinct regions of the PM. The next 

section will cover what is known about the organisation of the PM, with particular 

emphasis on its role in the regulation of exocytosis.  

1.5.7.1 Structure of the PM 

Cellular phospholipid bilayers are composed of three classes of lipid, categorised 

by the structure of their hydrophobic backbones: phosphoglycerides, the most 

abundant; sphingolipids; and steroids, specifically cholesterol and its derivatives 

(Lodish et al., 2007). Cellular lipid bilayers, rather than being made up of a random 
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mixture of lipids, have been suggested to organise into separate phases, the liquid 

ordered (lo) and the liquid disordered phases (ld) (Ipsen et al., 1990, Ahmed et al., 

1997). The former phase has been suggested to be enriched in sphingolipids and 

cholesterol and is composed of more densely packed phospholipids, due to higher 

levels of saturation of the hydrocarbon chains (Morrow et al., 1995). In model 

membranes the formation of the lo phase was shown to be dependent on the 

presence of cholesterol, with the membrane almost entirely in the lo phase at 

cholesterol concentrations > 30% (Ahmed et al., 1997, Sankaram and Thompson, 

1991, Reyes Mateo et al., 1995, Recktenwald and McConnell, 1981, Vist and Davis, 

1990). The PM has been suggested to contain a cholesterol concentration of 30-

40%, suggesting that the majority of the PM should be in the lo phase (Simons and 

van Meer, 1988). This was shown to be the case in a range of cell types, including 

RBL-2H3, COS-7, NIH-3T3 and CHO cells using electron spin resonance (ESR) 

analysis of spin-labelled lipids, with the PM made up of lipids in both ld and lo 

phases, but with the lo phase predominating (Swamy et al., 2006).    

The heterogeneity of lipid bilayers has also been investigated by analysing 

insolubility of membrane fractions in non-ionic detergents, such as Triton X-100. 

Cold Triton X-100 extraction of membranes led to the formation of low-density 

insoluble fractions, termed detergent resistant microdomains (DRMs), enriched in 

cholesterol, sphingolipids, glycolipids and specific proteins, including 

glycophosphatidylinositol- (GPI-) anchored proteins (Brown and Rose, 1992). 

DRMs have been suggested to be part of the lo phase of the PM and have since been 

termed lipid rafts (Schroeder et al., 1994, Brown and London, 1998, Simons and 

Ikonen, 1997). It has been suggested that hydrogen bonds form between 

sphingolipids and cholesterol, rendering DRMs insoluble, and both lipids are 

required for the localisation of GPI-anchored proteins to DRMs (Cerneus et al., 

1993, Hanada et al., 1995, Sot et al., 2002, Patra et al., 1999). However, much 

debate surrounds the subject of lipid rafts, including their size and composition in 

live cells and even their existence (Munro, 2003). In particular, the use of cold 

Triton X-100 for their extraction has proven contentious, with several studies 

suggesting that application of the detergent to both model membranes and live 

cells induces the aggregation of cholesterol- and sphingolipid-enriched insoluble 
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fractions, which may be unrepresentative of the composition of the native 

membrane (Heerklotz, 2002, Sot et al., 2002, Ingelmo-Torres et al., 2009).   

However, although the subject of lipid rafts remains controversial, the hypothesis 

that the PM is heterogeneous is supported by a number of studies which have 

avoided the use of detergent extraction for membrane analysis. Ahmed et al. 

(1997) used fluorescence quenching methods to examine the phase behaviour of 

model membranes containing phosphatidylcholines, sphingolipids and cholesterol. 

The presence of cholesterol and sphingolipids, at concentrations similar to those 

predicted for the PM, promoted formation of the lo phase at physiological 

temperature, suggesting that similar lipid organisation may occur at the PM. Native 

lipid rafts are predicted to be on the sub-micron scale, therefore too small to image 

using light microscopy (Varma and Mayor, 1998). To overcome this problem, the 

redistribution of fluorescently tagged lipids following antibody cross-linking of the 

Immunoglobulin E (IgE) receptor on the surface of RBL cells was examined 

(Thomas et al., 1994). Results suggested that redistribution of cell surface antigens 

influenced PM organisation by the aggregation of pre-existing microdomains. 

Förster resonance energy transfer (FRET) microscopy has also been used to 

demonstrate that GPI-anchored proteins organise into specific membrane 

domains, in comparison to proteins anchored to the PM by TMDs which were 

distributed randomly (Varma and Mayor, 1998). It was estimated that domains 

were likely to be < 70 nm in diameter and were disrupted by the removal of 

cholesterol. Similarly, chemical cross-linking of live cells demonstrated that GPI-

anchored proteins localised to cholesterol-dependent domains within the PM 

(Friedrichson and Kurzchalia, 1998). Interestingly, the same study demonstrated 

that detergent treatment substantially increased the size of the microdomains, 

providing further evidence that detergent extraction may disrupt the PM and does 

not lead to the extraction of native lipid rafts. Finally, a recent study employing 

atomic force microscopy demonstrated the presence of cholesterol-dependent 

lipid microdomains of 100-300 nm in live cells, which were distinct from DRMs 

extracted following detergent treatment (Cai et al., 2012). Therefore, there is 

increasing evidence supporting the concept of the formation of cholesterol-

dependent lipid microdomains in native PMs, which may be involved in 
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organisation of specific proteins including those with GPI-anchors, however, lipid 

rafts/DRMs may not be a true representation of native PM microdomains.  

 1.5.7.2 Caveolae are a distinct type of lipid microdomain 

Caveolae are found in a range of cell types including ECs, and are enriched in 

glycosphingolipids, cholesterol and a wide range of membrane associated proteins, 

including GPI-anchored proteins (Reeves et al., 2012, Anderson, 1998). Identified 

as ‘flask-shaped’ PM invaginations, caveolae were first observed in ECs by Palade 

(1953) and subsequently named caveolae intracellularis (meaning ‘little caves’) by 

Yamada (1955), who observed similar structures in gall bladder epithelial cells. 

They have been implicated in a range of cellular processes including trafficking of 

cellular components (in a manner distinct from receptor mediated endocytosis) 

and signal transduction at the cell surface mediated by a range of signalling 

proteins and molecules (Lisanti et al., 1994, Sargiacomo et al., 1993, Chang et al., 

1994). In ECs caveolae mediate the transport of molecules across the cell in a 

process known as transcytosis and have also been implicated in the control of 

vasodilation and vasoconstriction by sensing changes in shear stress and 

subsequently mediating the relevant signalling pathways, allowing the vasculature 

to respond to these changes (Rizzo et al., 1998, Simionescu et al., 2002, Simionescu, 

1983). Cholesterol has been shown to be a major component of caveolae, required 

for the localisation of GPI-anchored proteins which are involved in the regulation 

of caveolae functions (Rothberg et al., 1990, Chang et al., 1992).  

The role of cholesterol in caveolae formation was further elucidated following the 

identification of the primary caveolae coat protein, caveolin (cav), which was 

shown to bind to cholesterol (Rothberg et al., 1992). Cav has four gene products in 

mammals, cav-1α, -1β, -2 and -3 and is an integral membrane protein capable of 

binding to cholesterol and trafficking it bidirectionally from the PM to the ER, the 

site of cholesterol synthesis (Tang et al., 1996, Glenney, 1992, Scherer et al., 1996, 

Rothberg et al., 1992, Murata et al., 1995, Smart et al., 1996). Cav-1 is 

predominantly expressed in ECs, smooth muscle cells, fibroblasts and adipocytes 

where it is thought to regulate signal transduction through interactions with other 

integral membrane proteins, including tyrosine kinase receptors, eNOS and 
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heterotrimeric G proteins (Okamoto et al., 1998, Couet et al., 1997, Li et al., 1995). 

Depletion of cellular cholesterol has been shown to lead to a reduction in both the 

number of invaginated caveolae and the localisation of cav at the PM, which 

subsequently concentrates in intracellular membrane fractions, demonstrating the 

major role which cholesterol plays in the maintenance of caveolae structure 

(Rothberg et al., 1990, Smart et al., 1996). 

Much less controversy surrounds the definition and identification of caveolae in 

contrast to aforementioned lipid rafts, predominantly due to the fact that cav 

provides an unambiguous marker for their identification and various detergent-

independent isolation techniques can be used to extract caveolae membranes 

(Smart et al., 1995). Density gradient centrifugation was established as a reliable 

method for the isolation of caveolae membranes, which exploited their unique 

buoyant density to separate them from other membrane domains. Extraction by 

this method preserved native caveolae proteins, such as prenylated transducing 

molecules, not present in detergent insoluble fractions (Smart et al., 1995). 

However, it is still not clear whether caveolae are distinct from DRMs or whether 

they represent the same membrane domains (Isshiki and Anderson, 1999).  

1.5.7.3 The PM during exocytosis 

The role of the PM during exocytosis can be considered to be three-fold: 1) 

regulation of Ca2+ signalling; 2) control of localisation and concentration of 

essential exocytotic proteins required for vesicle docking and fusion; and 3) 

structural regulation of membrane merger during formation of the exocytotic 

fusion pore. Cholesterol has been shown to be important for all three roles. Its 

involvement in the first two is due to the requirement for cholesterol in the 

maintenance of lipid microdomains in the PM, which have been implicated in the 

concentration of proteins and molecules required for Ca2+ signalling and SNARE 

complex formation. Cholesterol is involved in the third role due to its intrinsic 

negative curvature which promotes membrane bending during fusion pore 

formation and expansion (Churchward and Coorssen, 2009).  

Depletion of membrane cholesterol has been shown to disrupt lipid microdomains 

in both model membranes and intact cells, allowing the role of microdomains to be 



71 
 

investigated in a range of cellular processes. In terms of Ca2+ signalling, cholesterol 

depletion inhibited Ca2+ sensitivity of cortical secretory vesicle exocytosis in a cell 

free system utilising membranes and vesicles isolated from sea urchins, attributed 

to the disruption of lipid microdomains (Churchward et al., 2005). In intact cells, 

removal of cholesterol inhibited Ca2+-dependent exocytosis in rat brain 

synaptosomes, rat basophil leukemia (RBL-2H3) cells and pancreatic β cells 

(Waseem et al., 2006, Vikman et al., 2009, Kato et al., 2003). In synaptosomes and 

pancreatic β cells, this was attributed to disruption of the association between 

SNARE components and proteins involved in the Ca2+ response, including the Ca2+ 

sensor synaptotagmin and voltage gated Ca2+ channels. In RBL-2H3 cells influx of 

extracellular Ca2+ through the store-operated calcium (SOC) channel was suggested 

to be inhibited. These effects on Ca2+ signalling in intact cells were all attributed to 

disruption of lipid microdomains by cholesterol depletion. 

The second role of the PM during exocytosis, the localisation of exocytotic proteins, 

is also thought to be dependent on lipid microdomains. Concentration of SNARE 

proteins in lipid microdomains has been demonstrated in a range of cell types 

including PC12 cells (Lang et al., 2001, Salaun et al., 2005, Chamberlain et al., 

2001), pancreatic α and β cells (Xia et al., 2004, Xia et al., 2007, Vikman et al., 2009, 

Ohara-Imaizumi et al., 2004), hippocampal neurons (Linetti et al., 2010), mast cells 

(Puri and Roche, 2006), alveolar type II cells (Chintagari et al., 2006), adipocytes 

(Chamberlain and Gould, 2002) and ECs (Predescu et al., 2005). PM cholesterol has 

shown to be required for clustering of these proteins into specific lipid 

microdomains, particularly SNAP23/25 and syntaxin, with cholesterol depletion 

disrupting clusters. In some cell types, including PC12 cells and β cells, these 

microdomains have been suggested to be distinct from Triton X-100 insoluble lipid 

rafts (Ohara-Imaizumi et al., 2004, Chamberlain et al., 2001). SNARE proteins also 

demonstrate differential localisation to caveolae, with SNAP23 concentrated in 

non-caveolae domains in adipocytes (Chamberlain and Gould, 2002) but with 

syntaxin 4 and SNAP23 localised to caveolae in ECs, as determined by 

colocalisation with cav-1 (Predescu et al., 2005). These disparities may represent 

the compartmentalisation of specific SNARE proteins in distinct microdomains to 

provide a further level of regulation.  
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This idea is supported by evidence that disruption to lipid microdomains by 

cholesterol depletion can lead to opposing effects on exocytosis. In the majority of 

cell types, including PC12 cells, β cells, hippocampal neurons, rat brain 

synaptosomes, mast cells and alveolar type II cells, exocytosis is inhibited to some 

extent (Lang et al., 2001, Chamberlain et al., 2001, Zhang et al., 2009, Vikman et al., 

2009, Ohara-Imaizumi et al., 2004, Linetti et al., 2010, Waseem et al., 2006, Kato et 

al., 2003, Chintagari et al., 2006). However, enhancement of exocytosis following 

cholesterol depletion has also been demonstrated in pancreatic α and β cells (Xia 

et al., 2004, Xia et al., 2007). This effect was suggested to be due to redistribution 

of SNARE proteins from lipid microdomains into the remainder of the PM 

providing more sites for fusion. This was supported by results from PC12 cells, in 

which the effect of increasing and decreasing the localisation of SNAP23/25 to 

microdomains was investigated. SNAP23 concentrates more efficiently into 

microdomains due to an extra cysteine residue between the two coiled-coil 

domains, increasing its hydrophobicity and therefore membrane association 

through cysteine palmitoylation (attachment of fatty acids) (Vogel and Roche, 

1999). Mutants were made to reverse this effect, i.e. a cysteine residue was added 

to SNAP25 and one was removed from SNAP23 leading to increased and decreased 

microdomain association respectively. Expression of both mutants rescued 

exocytosis in SNAP25 deficient PC12 cells, however, the SNAP25 mutant rescued 

exocytosis to a lesser extent in comparison to the SNAP23 mutant, suggesting that 

concentration of SNARE proteins into lipid microdomains may act as a negative 

regulator of exocytosis in PC12 cells (Salaun et al., 2005). These opposing results in 

different cell types highlight the complex nature of protein organisation in the PM.  

A third role for cholesterol in exocytosis is its role in the promotion of membrane 

curvature during fusion pore formation and expansion. Cholesterol is a lipid which 

displays spontaneous negative curvature, defined as the tendency for a lipid to 

form curved structures in hydrated assemblies (Chen and Rand, 1997). Lipids with 

positive curvature form convex, micelle-like structures with the hydrophobic tails 

facing inwards, whereas those with negative curvature form concave structures 

with hydrophobic tails facing outwards. Lipids displaying negative curvature are 

cone-shaped with small polar head groups relative to the non-polar acyl chains, 
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therefore promoting membrane curvature around the head groups in order to 

accommodate the acyl chains (Szule et al., 2002, Churchward and Coorssen, 2009). 

The formation of the fusion pore involves both positive and negative lipid 

curvature in the SG membrane and PM as the membranes merge (Figure 1.4 B). 

Cholesterol has been suggested to promote the stages in fusion requiring negative 

membrane curvature, i.e. formation of the hemifusion diaphragm, whereas lipids of 

positive curvature promote the transition from the hemifusion phase to fusion 

pore opening (Churchward and Coorssen, 2009, Biswas et al., 2008, Garcia et al., 

2001). This is reflected in amperometric data recorded from PC12 cells, chromaffin 

cells and platelets in which cholesterol depletion reduced the percentage and 

duration of PSF signals as well as the proportion of SAF signals, indicating that 

formation of a stable restricted fusion pore was inhibited (Ge et al., 2010, Wang et 

al., 2010, Koseoglu et al., 2011, Tse et al., 2012). In extracted sea urchin 

membranes and vesicles, inhibition of Ca2+-triggered membrane fusion following 

cholesterol depletion was reversed by the addition of alternative lipids with 

negative curvature, indicating that the structure of cholesterol is an important 

feature of its function in exocytosis (Churchward et al., 2008, Churchward et al., 

2005).   

This section has highlighted some of the important discoveries made in the last 

couple of decades in relation to fusion pore regulation. The techniques described in 

section 1.5.5 have been highly influential in the process of making these 

discoveries, particularly the use of capacitance and amperometry which have 

provided high temporal resolution analysis of the forming and expanding fusion 

pore.  

1.5.8 WPB exocytosis  

In comparison to well studied models of exocytosis such as chromaffin cells, 

relatively little is known about the process of WPB exocytosis. Ca2+-dependent 

WPB exocytosis is thought to be SNARE mediated, with a number of SNARE 

proteins identified in ECs. These include the t-SNAREs syntaxin 2, 3, 4, and SNAP23 

and the v-SNAREs VAMP3 (cellubrevin) and VAMP8, as well as the cytosolic factors 



74 
 

NSF and α- and γ-SNAP (Fu et al., 2005, Sehgal et al., 2007, Yamakuchi et al., 2008, 

Matsushita et al., 2003, Pulido et al., 2011). WPB exocytosis is dependent on NSF 

activity, with nitric oxide (NO) inhibiting WPB exocytosis through nitrosylation of 

NSF cysteine residues, a common mechanism of protein regulation by NO. The 

nitrosylation was shown to prevent NSF dependent SNARE complex disassembly 

by inhibiting the conversion of chemical energy from ATP hydrolysis to mechanical 

energy necessary for SNARE disassembly (Matsushita et al., 2003). Later it was 

discovered that WPB exocytosis was dependent on syntaxin 4 (Fu et al., 2005), and 

specifically on the formation of a complex of syntaxin 4 with SNAP23 and VAMP3, 

suggesting that these SNAREs may form the core SNARE complex in ECs (Pulido et 

al., 2011). Expression of the SNARE proteins listed above has been demonstrated 

in a range of EC types including human lung microvascular ECs (Fu et al., 2005) 

human aortic ECs (Matsushita et al., 2003), rat pulmonary artery ECs (Sehgal et al., 

2007) and HUVEC (Pulido et al., 2011), the latter of particular interest since 

HUVEC were used in the work presented in this thesis. The SNARE proteins 

syntaxin 4 and SNAP23 have also been implicated in the control of caveolae 

exocytosis and are concentrated in cholesterol dependent clusters in the PM which 

serve as caveolae fusion sites. However, it is not known whether WPB exocytosis 

also occurs in these PM regions (Predescu et al., 2005).  

Despite the identification of the SNARE proteins likely to be involved in WPB 

exocytosis, little is known about which SNARE associating proteins are present 

which may be involved in the regulation of WPB exocytosis. The syntaxin 4 

regulatory protein Munc18c was shown to be expressed in human lung 

microvascular ECs with its activity demonstrated to be dependent on protein 

kinase Cα mediated phosphorylation (Fu et al., 2005). Munc18c binds to the N-

terminus of syntaxin 4 (Hu et al., 2007) and has been most extensively studied in 

adipocytes, which express the glucose transporter GLUT4 on the PM through SG 

exocytosis in response to insulin (Bryant et al., 2002). In this case tyrosine 

phosphorylation of Munc18c was shown to inhibit its binding to syntaxin 4, 

promoting the formation of the SNARE complex and consequent GLUT4 PM 

expression, suggesting that Munc18c may act as a negative regulator of exocytosis 

when bound to syntaxin 4, a result also demonstrated in β cells and ECs, as 
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mentioned above (Aran et al., 2011, Brandie et al., 2008, Oh and Thurmond, 2006, 

Fu et al., 2005). Apart from Munc18c, further regulatory elements of the EC SNARE 

machinery have not been characterised, including Ca2+ sensing molecules such as 

synaptotagmins. 

1.5.8.1 Stimulation of WPB exocytosis 

Despite the fact that the identity of Ca2+ sensing molecules have yet to be 

determined in ECs, the signalling pathways leading to WPB exocytosis have been 

well characterised. WPB exocytosis can be stimulated by physical exercise (Claus 

et al., 2006), shear stress (Ishida et al., 1997) and by physiological agonists which 

induce an increase in either [Ca2+]i or cyclic adenosine monophosphate (cAMP). 

Physiological agonists which induce an increase in [Ca2+]i include histamine 

(Hamilton and Sims, 1987, Paltauf-Doburzynska et al., 2000), ATP (Hallam and 

Pearson, 1986, Vischer and Wollheim, 1998), vascular endothelial growth factor 

(VEGF) (Matsushita et al., 2005), proteinase-activating receptor2- (PAR2-) 

activating receptor (Cleator et al., 2006) and thrombin (Carter et al., 1998, Levine 

et al., 1982), whereas those that induce an increase in cAMP include, vasopressin 

(Kaufmann et al., 2000) and adrenaline (Vischer and Wollheim, 1997). 

Interestingly, 5-HT has also been shown to stimulate WPB exocytosis by inducing a 

decrease in intracellular cAMP (Schluter and Bohnensack, 1999).  

1.5.8.2 Signalling pathways involved in elevation of intracellular Ca2+ 

Figure 1.9 summarises the pathways involved in control of [Ca2+]i. Agonists with 

raise [Ca2+]i such as histamine (Figure 1.8) and thrombin do so by initially binding 

to specific receptors on the PM which are coupled to and activate a guanosine 

nucleotide binding protein which subsequently activates phospholipase Cβ (PLCβ) 

(Tran et al., 2000). PLCβ then hydrolyses the lipid precursor phosphatidylinositol-

4,5-bisphosphate (PIP2), an inositol localised to the inner leaflet of the PM, to yield 

the second messengers inositol 1,4,5-trisphosphate (IP3) and diaglycerol (DAG) 

(Berridge and Irvine, 1984). IP3 mobilises intracellular Ca2+ from the primary Ca2+ 

stores located in the ER by binding to IP3-receptors (IP3Rs) in the ER membrane. 

This activates IP3R Ca2+ release channels which deplete internal Ca2+ stores leading 
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to an elevation in [Ca2+]i (Tran et al., 2000, Ferris et al., 1989, Bezprozvanny and 

Ehrlich, 1995, Carter and Ogden, 1992). There are three IP3R isoforms, with 

differential subcellular localisation of each isoform suggested to regulate their 

effects (Vermassen et al., 2004, Ross et al., 1992). ECs display highest expression 

levels for type 1 IP3R (Tran et al., 2000). The second PIP2 hydrolysis product, DAG, 

activates protein kinase C (PKC) in the presence of Ca2+ which is thought to allow 

the persistence of Ca2+-dependent physiological responses following the short 

lived elevation in [Ca2+]i, although does not appear to be involved in VWF secretion 

(Carew et al., 1992, Nishizuka, 1984, Ron and Kazanietz, 1999, Birch et al., 1992). 

The elevation in [Ca2+]i has also been suggested to activate calmodulin (CaM), a 

calcium binding protein which can subsequently bind to and regulate a multitude 

of protein targets. In ECs, CaM is thought to play a role in WPB exocytosis, possibly 

through interactions with the fusion machinery (Birch et al., 1992, Rondaij et al., 

2008, Chamberlain et al., 1995).   

The Ca2+ response in ECs is biphasic with an initial [Ca2+]i peak followed by a 

sustained phase which gradually returns to prestimulation levels. The initial peak 

is believed to be induced by Ca2+ release from the ER as detailed above. The ER 

provides the primary source of intracellular Ca2+ in ECs making up 75% of the 

store, with a Ca2+-ATPase pump, the major membrane protein of the ER, involved 

in transporting Ca2+ into the ER lumen (Tran et al., 2000). The remaining 25% of 

intracellular Ca2+ originates from a mitochondrial store with mitochondrial Ca2+-

induced Ca2+ release (mCICR - which is triggered during IP3-induced Ca2+ 

mobilisation) thought to amplify Ca2+ signals originating from the ER (Tran et al., 

2000, Wood and Gillespie, 1998). Ca2+ is sequestered into mitochondria through 

the action of a uniporter, an inwardly rectifying Ca2+-selective ion channel present 

on the inner mitochondrial membrane (Kirichok et al., 2004, Sherratt, 1991) with 

slow discharge believed to occur through the action of an Na+/Ca2+ exchanger 

(NCE) (Frey et al., 2002, McCormack et al., 1990). The sustained phase of [Ca2+]i 

elevation is believed to be mediated by the influx of extracellular Ca2+ through PM 

Ca2+ entry channels. This influx is induced by a depletion of internal Ca2+ stores 

and so has been termed store operated Ca2+ entry (SOC) or capacitative Ca2+ entry 

(CCE) (Putney, 1986, Putney, 1990, Schilling et al., 1992). The source of Ca2+ entry 
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via the PM was first identified as an inward Ca2+ current by whole cell patch clamp 

measurements of mast cells upon depletion of intracellular Ca2+ stores, and was 

termed the Ca2+-release activated Ca2+ current (ICRAC) (Hoth and Penner, 1992, 

Hoth and Penner, 1993). The ICRAC was subsequently identified in ECs following 

application of the ER Ca2+-ATPase inhibitor thapsigargin, as well as intracellular 

IP3, which both led to a depletion of intracellular Ca2+ and an elevation of [Ca2+]i, 

through the initiation of a whole-cell Ca2+ inward current (Gericke et al., 1993, Oike 

et al., 1994). 

The Ca2+ channels responsible for ICRAC were then identified as homologues to 

channels found in Drosophila encoded by the transient receptor potential (TRP) 

genes. Drosophila with TRP mutations were unable to maintain a sustained 

potential in response to photostimulation, with TRP-dependent Ca2+ channels 

demonstrated to be required for replenishment of internal Ca2+ stores upon 

application of ER Ca2+-ATPase inhibitors (Cosens and Manning, 1969, Vaca et al., 

1994). At least 19 TRP isoforms are expressed in vascular ECs with TRP channels 1 

(TRPC1) and 4 (TRPC4) proposed to mediate CCE (Yao and Garland, 2005, Mehta 

et al., 2003, Cioffi et al., 2005, Ahmmed et al., 2004).  

The decay phase following the peak of [Ca2+]i elevation is mediated by the action of 

membrane pumps responsible for maintaining intracellular Ca2+ homeostasis. Ca2+ 

is removed at the PM by two transporters, the plasma membrane Ca2+-ATPase 

(PMCA) and NCE, the former has a higher affinity for Ca2+ and is activated by CaM 

and the latter functioning as a lower affinity Ca2+ exchanger which can compensate 

for the PMCA during submaximal activation (Sedova and Blatter, 1999). Inside the 

cell, Ca2+ can be sequestered back into the ER and mitochondria by the action of 

the ER Ca2+-ATPase and the mitochondrial uniporter respectively (Morgan and 

Jacob, 1998, Kirichok et al., 2004). Different types of ECs display different 

mechanisms for the removal of intracellular Ca2+. For example, in HUVEC the ER 

Ca2+-ATPase has suggested to be instrumental in shaping the decay phase of [Ca2+]i 

(Morgan and Jacob, 1998), whereas, in rat microvascular ECs the PMCA and NCE 

mediate this process (Moccia et al., 2002).   
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1.5.8.3 Ca2+ oscillations and waves in ECs 

During stimulation with low concentrations of agonist, including histamine (Jacob 

et al., 1988, Neylon and Irvine, 1990), thrombin (Birch et al., 1994), ATP or 

bradykinin (Carter et al., 1991), ECs can display oscillations or spikes in [Ca2+]i 

following the initial peak (Jacob, 1991). These spikes can become synchronised 

throughout the cell population in an EC monolayer with gap junction formation 

between cells likely to be important in this process (Neylon and Irvine, 1990, 

Carter and Ogden, 1994). Spikes are believed to originate from repetitive release of 

intracellular Ca2+ from ER stores, with replenishment of stores thought to depend 

on external Ca2+ since spike amplitude and frequency was reduced in the absence 

of extracellular Ca2+ (Jacob et al., 1988, Carter et al., 1991). The regulation of Ca2+ 

spiking is mediated by a secondary IP3 insensitive store, the release from which is 

induced by Ca2+ itself. In this model the initial IP3 induced rise in [Ca2+]i stimulates 

uptake of Ca2+ into the secondary store until rising [Ca2+]i triggers a release from 

this store by Ca2+-induced Ca2+ release (CICR) (Jacob, 1991). The role Ca2+ 

oscillations in ECs are not entirely clear, they are thought to be insufficient to 

stimulate WPB exocytosis (Birch et al., 1994) but instead may be involved in 

oscillatory release of vasoactive substances such as PGI2, NO and endothelin 

(Neylon and Irvine, 1990).    

Jacob (1991) also noted that ECs undergoing Ca2+ spiking displayed a [Ca2+]i rise in 

one region of the cell which then propagated throughout the cell in a so called Ca2+ 

wave. Similar observations have been made in a number of cell types including 

pancreatic acinar cells, SMCs and hepatocytes (Kasai et al., 1993, Iino et al., 1993, 

Rooney et al., 1990). In ECs, Ca2+ waves were observed following bradykinin 

stimulation as well as mechanical stimulation, the latter covered in more detail in 

section 1.5.8.5 (Moerenhout et al., 2001). It has been suggested that the generation 

of IP3 and IP3-sensitive Ca2+ stores may be located in a particular region of the cell, 

with the wave of [Ca2+]i being propagated across the cell by CICR (Rooney et al., 

1990). The function of such waves may allow large cells with only a small region in 

contact with hormone bearing blood to propagate the Ca2+ wave throughout the 

cell, however their role in ECs is less clear as the majority of the apical membrane 

is exposed to stimulation factors (Jacob, 1991).   
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1.5.8.4 Caveolae mediate Ca2+ signalling in ECs 

A major role of caveolae in ECs is the regulation of calcium signal transduction, 

mediated in part by the localisation of a range of signalling molecules and 

membrane associated proteins to caveolae, including G-protein-coupled receptors, 

IP3 receptor-like protein, Ca2+-ATPase, eNOS and PKC isoforms (Isshiki and 

Anderson, 1999). The IP3 receptor-like protein and Ca2+-ATPase have been 

suggested to function in a complementary fashion to sequester and discharge Ca2+ 

from caveolae vesicles, providing a mechanism for the regulation of entry of 

extracellular Ca2+ through a process known as protocytosis (Fujimoto et al., 1992, 

Fujimoto, 1993, Anderson et al., 1992, Isshiki and Anderson, 1999). Caveolae may 

also be involved in the spatial organisation of IP3-mediated [Ca2+]i waves and 

oscillations. Confocal microscopy of bovine aortic ECs demonstrated that the onset 

of Ca2+ waves stimulated by ATP occurred in regions rich in caveolae at the cell 

edges (Isshiki and Anderson, 1999, Isshiki et al., 1998). Three explanations were 

proposed for this effect, all related to the close association of caveolae with 

sections of ER (Smart et al., 1996): 1) IP3 released from caveolae may induce local 

Ca2+ release from associated ER through activation of IP3-receptors; 2) IP3 may 

bind directly to IP3 receptor-like proteins in caveolae inducing influx of 

extracellular Ca2+ promoting ER release of Ca2+ through further IP3 production; or 

3) caveolae vesicles may load the associated sections of ER with calcium through 

protocytosis, increasing ER [Ca2+] in these local regions which may be required for 

initiation of the calcium wave (Isshiki and Anderson, 1999, Meldolesi and Pozzan, 

1998).  

Additional evidence for the control of calcium signal transduction in ECs by 

caveolae was obtained in cav-1 knockout mice which lack caveolae (Murata et al., 

2007). Cav-1 knockout mice demonstrated inhibited [Ca2+]i increases in response 

to acetylcholine, specifically the sustained phase of increase thought to represent 

influx of extracellular Ca2+ following initial Ca2+ release from intracellular stores. 

This effect was suggested to be due to disruption of the caveolar localisation of 

TRPCs. Specifically, cav-1 was shown to be required for the formation of a channel 

complex consisting of TRPC1, TRPC4 and IP3R. Similarly, disruption of caveolae 

through cholesterol depletion in rat pulmonary artery ECs inhibited ATP-induced 
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Ca2+ entry, attributed to loss of cav-1-mediated regulation of PM Ca2+ channels 

(Paffett et al., 2011). These results highlight the importance of caveolae in the 

regulation of Ca2+ signalling in ECs. 

1.5.8.5 Elevation of [Ca2+]i by histamine and mechanical stimulation 

For the experiments presented in this thesis two types of stimuli were used to 

induce WPB exocytosis, application of the [Ca2+]i raising agonist histamine and 

mechanical stimulation which also causes an elevation in [Ca2+]i, both of which will 

now be covered in more detail. 

Histamine: Histamine is a hydrophilic vasoactive amine derived from the 

decarboxylation of the amino acid histidine by the enzyme L-histidine 

decarboxylase (Endo, 1982). It functions as a major mediator of acute 

inflammation and hypersensitivity responses and is stored in SGs in both mast 

cells and basophils (Riley and West, 1953, Graham et al., 1955). Release is 

stimulated following binding of IgE immunoglobulin, cross-linked to a specific 

allergen, to PM IgE receptors (Ishizaka and Conrad, 1983). The histamine receptor 

(HR) has four subtypes, HR1, HR2 HR3 and HR4 and is an aminergic G-protein 

coupled receptor (GPCR) comprised of 7 TMDs and which transduces extracellular 

signals via guanine nucleotide binding proteins (G proteins) and intracellular 

second messenger systems (Akdis and Blaser, 2003). The four subtypes have a 

varied tissue distribution, with HR1 and HR2 expressed in ECs (Hide et al., 1988, 

Bull et al., 1992). HR1 is coupled to the G protein subtype Gq and activates PIP2 

hydrolysis, production of IP3 and therefore an elevation of [Ca2+]i, whereas HR2 is 

coupled to Gs and activates adenylate cyclase leading to the production of cAMP 

(Akdis and Blaser, 2003, Hill et al., 1997). The distribution and density of HRs 

across the endothelium varies with the highest concentration found in venules, a 

lower concentration in arterioles, veins and muscular arteries and the lowest 

concentration in capillaries and the aorta (Heltianu et al., 1982).  

Histamine released in the circulation results in transient, regional activation of 

ECs, with histamine binding to HR1 leading to an elevation in [Ca2+]i in a dose 

dependent manner (Jacob et al., 1988, Lo and Fan, 1987, Hamilton and Sims, 1987). 

Stimulation with low concentrations results in oscillations in [Ca2+]i, whilst high 
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concentrations induce a single [Ca2+]i peak followed by a sustained reduction in 

[Ca2+]i to baseline levels, with the latter response coupled to a significant 

stimulation of WPB exocytosis (Jacob et al., 1988, Erent et al., 2007). 

Mechanical stimulation: ECs are sensitive to mechanical perturbations including 

shear stress and cellular injury which induce an elevation in [Ca2+]i, mediating 

various EC responses including release of vasodilators (PGI2 and NO) and WPB 

exocytosis as well as cellular remodelling and migration (Busse and Fleming, 1998, 

Galbusera et al., 1997, Korenaga et al., 1994, Liu et al., 2006). In vitro, this process 

has been investigated by exposing cultured ECs to fluid flow and by stimulation 

with external probes such as fine glass pipettes (Demer et al., 1993, Hoyer et al., 

1998).  

Following contact with an external probe, a wave of [Ca2+]i elevation has been 

shown to occur, initiating at the point of contact and propagating throughout the 

cell (Demer et al., 1993). Both intracellular and extracellular Ca2+ are required for 

this process, with influx of extracellular Ca2+ suggested to initiate the response 

leading to release of intracellular Ca2+ which may maintain and propagate the wave 

of [Ca2+]i elevation (Demer et al., 1993, Goligorsky, 1988, Sigurdson et al., 1993, 

Diamond et al., 1994). The wave was shown to take 300 to 500 ms to spread from 

the point of contact in the middle of the cell to the cell periphery and was 

dependent on PLC, a component in the IP3 pathway, suggesting that propagation of 

the Ca2+ wave is dependent on the production of second messengers (Demer et al., 

1993, Diamond et al., 1994).  

In addition, the Ca2+ wave initiated in the probed or injured cell has been shown to 

spread to neighbouring cells. Following contact with a glass pipette, the Ca2+ wave 

spread to 25-30 neighbouring cells, which was not dependent on the presence of 

external Ca2+ (Demer et al., 1993). A greater response occurred following lysis of a 

single EC in a monolayer, with a [Ca2+]i rise observed in ∼200 neighbouring cells, 

an effect dependent on intact gap junctions and cell-to-cell coupling, suggesting the 

involvement of mobilisation of second messengers between cells (Drumheller and 

Hubbell, 1991, Carter et al., 1996). In this case, removal of extracellular Ca2+ 

resulted in a diminished response that was markedly slower and involved fewer 
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cells around the wound site. In a HUVEC monolayer, depletion of extracellular Ca2+ 

completely inhibited Ca2+ wave initiation and propagation following cellular injury, 

suggesting that different types of EC may use different Ca2+ signalling pathways in 

response to mechanical stimulation (Zhao et al., 2008).   

The exact pathways involved in sensing mechanical stress and subsequent signal 

transduction in ECs have yet to be fully determined. The presence of a 

mechanotransducing ion channel sensitive to membrane stretching has been 

demonstrated in ECs, which induced influx of Ca2+ ions upon membrane stretching 

by both an attached patch pipette and expansion of a silicon membrane on which 

an EC monolayer was growing (Lansman et al., 1987, Naruse and Sokabe, 1993). 

The presence of this channel was suggested to drive an influx of extracellular Ca2+ 

which in turn stimulated release of intracellular Ca2+ from internal stores (Naruse 

and Sokabe, 1993). Ca2+ entry via mechanosensitive ion channels has also been 

demonstrated to occur in response to shear stress, again inducing a rise in [Ca2+]i 

(Brakemeier et al., 2002). More recently it has been suggested that a superfamily of 

TRP ion channels, transient receptor potential vanilloids (TRPVs), may act as 

mechanosensitive ion channels (O'Neil and Heller, 2005), with TRPV type 4 

involved in elevation of [Ca2+]i in ECs and subsequent stimulation of vasodilation 

(Kohler et al., 2006, Matthews et al., 2010, Mendoza et al., 2010). An influx in Ca2+ 

driven by a mechanosensitive ion channel is then thought to promote release of 

intracellular Ca2+ through CICR from internal stores (Otun et al., 1996, Iino and 

Endo, 1992, Missiaen et al., 1991). CICR is thought to promote increased 

intracellular Ca2+ release following the initiation of IP3R mediated release in a 

positive feedback loop, with Ca2+ itself suggested to bind to IP3Rs promoting 

increased activity and therefore Ca2+ release from internal stores (Berridge, 1993).  

Release of endothelial derived factors, such as ATP, have also been suggested to be 

involved in control of the Ca2+ response following mechanical stimulation. ATP 

release increases following an increase in shear stress (Bodin et al., 1991) which in 

turn mediates Ca2+ influx through binding to the purinergic receptor P2X4 

(Yamamoto et al., 2003). In addition, release of ATP following cellular injury in the 

rat aorta has been suggested to mediate the subsequent [Ca2+]i elevation in the 

neighbouring ECs through binding to purinergic receptors, predominantly those of 
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the P2Y family, which in turn activated PLC and production of IP3. A prolonged 

decay phase was observed following the peak in [Ca2+]i, not dependent on SOC but 

on Ca2+ entry through gap junctions (Berra-Romani et al., 2008). In addition, the 

NCE was suggested to mediate Ca2+ entry through reverse transport during Ca2+ 

oscillations following EC injury in the rat aorta, with activation of PLC also 

involved in mediating oscillations (Berra-Romani et al., 2008). Therefore, the 

propagation of the calcium response following mechanical stimulation may be 

driven by both the mobilisation of intracellular second messengers (e.g. IP3) and 

the release of extracellular factors (e.g. ATP).   

So far previous studies have primarily explored the role of mechanical stress in 

release of endothelial derived vasodilators as well as cell remodelling, which in 

vivo results in EC elongation and orientation in the direction of blood flow, 

however, little is known about whether mechanical stress significantly stimulates 

WPB exocytosis. One study demonstrated an increase in extracellular VWF 

following exposure of HUVEC to shear stress, attributed to WPB exocytosis as 

opposed to constitutive VWF release or an increase in VWF synthesis (Galbusera et 

al., 1997). In vivo, damage to the endothelium is likely to induce WPB exocytosis 

through mechanical stimulation, as well as through production of EC agonists such 

as thrombin. 

1.5.8.6 cAMP mediated WPB exocytosis 

As mentioned above, WPB exocytosis can also be driven by agonists which either 

raise or lower intracellular levels of cAMP. Agonists which raise intracellular cAMP 

include vasopressin and adrenaline and bind to GPCRs of the Gs-type resulting in 

the activation of adenylate cyclase (AC) and thus the formation of the second 

messenger cAMP from ATP. cAMP is then thought to trigger WPB exocytosis 

through the activation of protein kinase A (PKA), inhibition of which blocks VWF 

secretion (Kaufmann et al., 2000, Vischer and Wollheim, 1997). However, WPB 

exocytosis has also been shown to occur following a decrease in intracellular levels 

of cAMP, specifically induced by addition of 5-HT (Schluter and Bohnensack, 

1999). The PM 5-HT receptor thought to mediate this process was 5-HT 1D, which 

was suggested to have an inhibitory effect on AC activity thereby decreasing the 
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level of cAMP (Martin, 1994). Stimulation of WPB exocytosis due to a decrease in 

cAMP was attributed to dephosphorylation (and therefore deactivation) of specific 

enzymes in response to PKA inhibition, increasing their affinity to CaM and thereby 

stimulating exocytosis, although this mechanism has yet to be demonstrated 

directly (Schluter and Bohnensack, 1999). WPB exocytosis in response to a change 

in intracellular cAMP concentration is slower and of a lower magnitude in 

comparison to the response to a rise in [Ca2+]i (Schluter and Bohnensack, 1999, 

Vischer et al., 2000). cAMP has also been shown to only stimulate exocytosis of 

peripheral WPBs resulting in WPB clustering in the perinuclear region (Vischer et 

al., 2000, Romani de Wit et al., 2003b).  
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Figure 1.9 Pathways involved in the control of intracellular Ca2+ concentration 
([Ca2+]i). Rises in [Ca2+]i can be stimulated by binding of agonists to G-protein 
coupled receptors (GPCRs) which leads to the production of second messengers 
(IP3 and DAG)  through the activation of phospholipase Cβ (PLCβ). IP3 binds IP3 
receptors (IP3R) on the ER membrane which induces the release of Ca2+ through 
Ca2+ release channels. Intracellular Ca2+ is sequestered from the cytosol through 
the action of different pumps: Ca2+-ATPase on the ER and caveolae membrane; the 
plasma membrane Ca2+-ATPase (PMCA); the PM Na+/Ca2+ exchanger (NCE); and 
the mitochondrial uniporter. The mitochondrial NCE allows the slow discharge of 
Ca2+ from the mitochondria. Depletion of internal Ca2+ stores stimulates capacitive 
Ca2+ entry (CCE) through transient receptor potential channels 1/4 (TRPC1/4) on 
the PM. Mechanical stimulation stimulates Ca2+ entry through TRPV4 channels 
which goes on to stimulate release of intracellular Ca2+.  
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Figure 1.10 Generation of second messengers for Ca2+ signalling. Agonists (for 
example histamine and ATP) bind to specific GPCRs on the PM (blue) which 
activates a guanosine nucleotide binding protein which subsequently activates 
PLCβ. PLCβ then hydrolyses the lipid precursor PIP2, an inositol localised to the 
inner leaflet of the PM, to yield the second messengers IP3 and DAG. 
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1.5.9 The WPB fusion pore 

Despite increased insight into the WPB fusion machinery as well as the 

mechanisms leading to the stimulation of WPB exocytosis, almost nothing is 

known about the WPB fusion pore, with optical analysis of the release of 

fluorescently tagged WPB cargo proteins providing the most information so far 

(Babich et al., 2008, Erent et al., 2007). Formation of the WPB fusion pore can be 

imaged using GFP tagged WPB cargo proteins (i.e. proregion or VWF) which act as 

a pH indicator within the SG due to the pH sensitivity of GFP (Miesenbock et al., 

1998). Therefore when the fusion pore opens, GFP fluorescence increases 

following an increase in intra-WPB pH from ~5.5 to 7.4, due to proton influx (Erent 

et al., 2007). This was observed to be coupled to a collapse of the WPB morphology 

from a rod shape to a spherical structure followed by loss of EGFP fluorescence in 

90% of cases. However, for ~10% of events, a rise in proregion- or VWF-GFP 

fluorescence was not followed by a reduction in GFP fluorescence suggesting that 

the GFP tagged cargo was retained within the WPB, providing the first evidence 

that the WPB fusion pore could form in a restricted conformation preventing the 

release of specific cargo molecules (in this case proregion and VWF) (Erent et al., 

2007).  

This work was followed up with a more comprehensive analysis of loss or 

retention of fluorescently tagged WPB cargo molecules during these suspected 

transient fusion events, including VWF, proregion, P-selectin, CD63 and IL-8. 

Optical analysis of these events revealed that larger molecules, including VWF, 

proregion and P-selectin, remained in fused WPBs whereas smaller molecules 

were released, including CD63 and IL-8. Such events were termed lingering kiss 

fusion and account for 10-12% of secretion events under conditions of maximal 

stimulation (Babich et al., 2008, Nightingale et al., 2011) but during weak 

stimulation make up a higher proportion of 25% (Babich et al., 2008). These fusion 

pores can also be long lived, lasting up to 80 seconds (Babich et al., 2008). The 

prolonged nature of these events allowed the fusion pore diameter to be estimated 

at 12 nm following the addition of extracellular dextran dyes of varying molecular 

weights. The biological significance of these fusion events was attributed to the fact 

that it may be advantageous for ECs to selectively release small proinflammatory 
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molecules, such as IL-8, whilst retaining the large procoagulant VWF when only an 

inflammatory response is required. In addition, 1-2% of fusion events 

demonstrated abrupt transient increases in proregion-mEGFP fluorescence 

coupled to stepwise accumulation of extracellular dyes suggesting that the WPB 

fusion pore may be capable of rapid cycles of opening and closure, comparable to 

kiss-and-run fusion in other cell types (Babich et al., 2008). 

In addition to optical studies, WPB exocytosis has also been analysed using high 

resolution capacitance measurements of membrane surface area. Discrete step 

increases in capacitance were measured of 2.5-9 fF attributed to incorporation of 

WPB membranes into the PM during exocytosis. Distributions of exocytotic step 

increases were matched by distributions of step decreases, indicative of 

endocytosis, suggesting that in some cases fusion pore formation may be followed 

by rapid endocytosis of the intact WPB, likely representing kiss and run and 

lingering kiss fusion events (Zupancic et al., 2002). However, it was not possible to 

measure the fusion pore directly using this technique by measuring conductance 

as was done in mast cells (Breckenridge and Almers, 1987a). So far, it has 

therefore not been possible to measure the WPB fusion pore with high enough 

temporal resolution to analyse its formation and expansion in detail. 

1.6 Thesis aims 

Due to the technical limitations of the techniques used to date to study the WPB 

fusion pore it was clear that an alternative technique would need to be employed 

in order to study the WPB fusion pore in detail. As covered in sections 1.5.5.3-

1.5.5.5, carbon fibre amperometry provides detailed high temporal resolution 

measurements of exocytotic fusion pores, therefore, the primary aim of the thesis 

was to use this technique to measure WPB exocytosis and characterise the WPB 

fusion pore for the first time. Secondly, factors which may influence the fusion pore 

were begun to be assessed, including the role of PM cholesterol.     
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2. Materials and Methods 

2.1 Reagents 

All reagents were from Sigma (Dorset, UK) unless otherwise stated. 

2.2 Tissue culture of mammalian cells 

2.2.1 Human umbilical vein endothelial cells (HUVEC) 

Primary human umbilical vein endothelial cells (HUVEC) were purchased from 

PromoCell (Heidelberg, DE) and grown in HUVEC growth medium (HGM) (M199 + 

Earle’s +L-Glutamine, Invitrogen, Paisly, UK) supplemented with 20% foetal calf 

serum (Biosera, Ringmer, UK), 10 U/ml heparin, 30 µg/ml endothelial growth 

supplement (Upstate, Dundee, UK) and 50 µg/ml gentamicin (Invitrogen) under 

5% CO2 at 37 °C. HUVEC were cultured on 1% w/v porcine skin gelatine coated 14 

cm dishes, 9 mm glass coverslips (for immunocytochemistry) or 6-well plates (for 

ELISA and cholesterol assays). For live cell imaging and amperometry HUVEC were 

cultured on 35 mm diameter poly-D-lysine coated glass bottomed culture dishes 

(MatTeK, Ashland, MA). For passaging, monolayers of HUVEC at passage 3 or 4 and 

~80% confluency were rinsed once with tissue culture grade Dulbecco’s 1xPBS (D-

PBS) (Invitrogen) followed by addition of 0.25% trypsin-EDTA (Invitrogen) for 

~30 sec with agitation to disrupt the monolayer. Trypsin was inactivated by 

addition of excess HGM which suspended the cells in solution allowing them to be 

collected. The cell solution was diluted appropriately by addition of HGM and cells 

were re-plated at the correct density to allow cells to reach ~80% confluency 48 

hours later when they would be re-passaged or experiments would be performed.  

2.2.2 Rat pheochromocytoma (PC12) cell line 

PC12 cells were a gift  from Dr Matthew Hannah (Health Protection Agency) and 

were cultured in full growth medium (FGM) comprised of DMEM (Invitrogen) 

supplemented with 10% heat inactivated horse serum (Invitrogen), 5% foetal calf 
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serum (Biosera) and 50 µg/ml gentamicin (Invitrogen) on uncoated culture dishes. 

For immunocytochemistry cells were cultured on poly-D-lysine coated 9 mm glass 

coverslips. For passaging, cells at ~80% confluency were rinsed once with 1x D-

PBS followed by addition of 0.25% trypsin-EDTA for 30 sec with agitation to 

detach cells. Cells were passed through a fire polished glass pipette 6-7 times to 

dissociate cell clumps, before being diluted to the appropriate density in FGM. Cells 

were plated as required and maintained at 37 °C, 10% CO2.    

2.2.3 Human pancreatic carcinoid-derived (BON) cells 

BON cells were from Dr Robin Spiller (University of Nottingham) and were 

cultured in FGM comprised of 50% DMEM/50% Hams F12 (Invitrogen) 

supplemented with 10% foetal calf serum (Biosera) and 50 µg/ml gentamicin 

(Invitrogen) on uncoated culture dishes. For immunocytochemistry cells were 

cultured on 9 mm coverslips coated with 1% w/v porcine skin gelatine. 

Trypsinisation was the same as described for HUVEC. BON cells were maintained 

at 37 °C, 5% CO2.  

2.3 Treatment of cells with exogenous compounds 

Unless otherwise stated treatments with drugs and other compounds were in HGM 

or FGM. Drugs and compounds were dissolved in dH2O apart from reserpine which 

was dissolved in dimethyl sulfoxide (DMSO). Stock concentrations of compounds 

were generally made up to 10-100 mM. All treatments contained an untreated 

control whereby cells were incubated in medium containing the same volume of 

vehicle as the treated cells.  

2.4 Expression of fusion proteins in HUVEC by nucleofection  

Nucleofection is a technique based on electroporation which creates nm-scale 

pores in the PM using an electrical field to allow the uptake of large charged 

molecules, in this case DNA plasmids (Hamm et al., 2002, Neumann et al., 1982). 

HUVEC at passage 3 or 4 were transfected with 4-8 µg of expression vector DNA 

using the NucleofectorTM device and buffers according to the manufacturers’ 
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instructions (Lonza Biologics plc, Slough, UK). HUVEC were trypsinised, pelleted at 

179 x g (1000 rpm) for 3 min and resuspended in 100 µl nucleofection solution 

(HUVEC OLD) plus 4-8 µg DNA. The solution was pipetted into a cuvette and 

transferred to the nucleofector device where DNA was electroporated into the 

nucleus of the cell using programme U-01. An appropriate volume of HGM, 

warmed to 37 °C, was added to dilute cells to the correct density allowing them to 

reach confluency 24-48 hours later. 

2.4.1 Expression vectors 

Proregion fused to monomeric enhanced green fluorescent protein (mEGFP) was 

used to fluorescently tag WPBs for live cell imaging (Erent et al., 2007). Additional 

WPB markers used were mCherry-P-selectin (Babich et al., 2008). EGFP-VMAT1 

was used to load WPBs with biogenic amines and was a kind gift from Professor 

Giandomenico (University Hospital, Uppsala, Sweden) (Essand et al., 2005) EGFP-

VMAT2 and DsRed-VAChT were gifts from Professor Masami Takahashi (Kitasato 

University School of Medicine, Japan) (Shoji-Kasai et al., 2002). pEYFP-SERT was a 

gift from Professor Harald Sitte (Centre for Biomolecular Medicine and 

Pharmacology, Vienna).  

mCherry-VMAT1 was constructed by restriction digest of EGFP-VMAT1 and 

mCherry-C2 (BD Biosciences Clontech) using NheI and BsrGI (New England 

BioLabs, Hertfordshire, UK) to remove EGFP and mCherry respectively. Digested 

fragments were separated by Agarose Gel electrophoresis. Bands corresponding to 

mCherry and VMAT1 vector were identified, cut out and extracted using a 

QIAquick Gel Extraction Kit according to the manufacturers’ instructions (QIAGEN, 

West Sussex, UK). VMAT1 and mCherry were ligated using T4 DNA ligase (New 

England BioLabs) at room temperature (RT) for ~2.5 hours followed by 

transformation into DH5α competent bacteria (Invitrogen) using a 45 sec heat 

shock at 42 °C (Sambrook et al., 1989). Transformed bacteria were plated on L 

Agar supplemented with 50 µg/ml kanamycin and incubated overnight at 37 °C. 

Colonies were picked and cultured in L Broth supplemented with 50 µg/ml 

kanamycin overnight. DNA was extracted from 1.5 ml of bacterial culture using an 
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alkaline lysis method (Sambrook et al., 1989). For maxipreparation of DNA, 250 µl 

of the L Broth bacterial culture was pipetted into 250 ml L Broth and incubated at 

37 °C overnight to increase the size of the bacterial culture. DNA was then 

extracted according to a caesium-chloride based method (Sambrook and Russell, 

2001).  

2.5 Antibodies and immunocytochemistry 

Cells were cultured on gelatine (HUVEC and BON cells) or poly-D-lysine coated 

(PC12 cells) 9 mm glass coverslips for immunocytochemistry. For fixation culture 

medium was removed from cells and replaced with 3% (w/v) paraformaldehyde 

(PFA) in PBS for 15 min. Fixation was quenched by addition of 50 mM NH4Cl and 

cells were permeabilised simultaneously with 0.2% (w/v) saponin in PBS for 10 

min. Permeabilisation/quench solution was removed and replaced with 

permeabilisation solution (PGAS; comprised of 0.2% (w/v) gelatine, 0.02% (w/v) 

saponin and 0.002% (w/v) NaN3 in PBS) for 5 min to block non-specific antibody 

binding sites. Cells were incubated with 50 µl of primary antibody appropriately 

diluted in PGAS for 40 – 60 min in a humidified chamber at RT. Coverslips were 

washed three times in PGAS and incubated with 50 µl of the secondary antibody 

appropriately diluted in PGAS for 30 min, again in a humidified chamber at RT. 

Coverslips were washed three times in PGAS, followed by PBS and were dipped 

into dH2O twice prior to being mounted cell side down on 5 µl of Mowiol 

(Polysciences Inc., PA, USA) on a glass microscope slide (Thermo Scientific, 

Waltham, MA, USA). Mounted coverslips were stored in the dark at all times and 

Mowiol was allowed to dry before coverslips were viewed using an oil immersion 

lens. 

Immunofluorescence localisation of endogenous VWF was with rabbit polyclonal 

anti-human VWF (Dako Ltd, Ely, UK, catalogue number A0082) or sheep polyclonal 

anti-human VWF (Serotec, Oxford, UK, catalogue number AHP0692) diluted to 

1:10000. Localisation of 5-HT was with mouse monoclonal anti-5-HT diluted to 

1:50 (abcam, Cambridge, UK, catalogue number ab16007) and GFP with sheep 

polyclonal anti-GFP diluted to 1:250 (Biogenesis Ltd, Poole, UK, catalogue number 

4745-1051) or rabbit polyclonal anti-GFP diluted to 1:300 (Molecular Probes, 
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catalogue number A-11122). Rabbit polyclonal anti-red fluorescent protein (RFP) 

was diluted to 1:200 (abcam, catalogue number ab62341). Fluorophore-coupled 

secondary antibodies were diluted to 1:200 for Cy-5 and Red-X and 1:150 for Cy-2 

and were from Jackson ImmunoResearch Europe (Suffolk, UK).  

Confocal microscopy was performed using a Leica SP2 Laser Scanning Spectral 

Confocal Microscope (Milton Keynes, UK), equipped with a 40x, 63x/1.32 NA or 

100x/1.40 NA objective (Leica).    

2.6 Enzyme-linked immunosorbent assays (ELISAs) 

2.6.1 Collection of samples 

For ELISAs HUVEC were cultured to confluency on gelatine coated 6-well plates 

(Fisher Scientific, Roskilde, Denmark). Each well corresponded to a single release 

experiment with triplicate wells used for each condition. FGM was removed and 

replaced with bicarbonate free M199 (Invitrogen) supplemented with 20 mM 

HEPES and 0.1% (w/v) bovine serum albumin (BSA) (release media). HUVEC were 

incubated for 50 min at 37 °C to allow acclimatisation to the serum free release 

media and media was then removed and replaced with fresh release media for a 

further 10 min at 37 °C. This media was removed and collected for the 

measurement of basal protein release, and release media plus and minus stimulus 

(100 µM histamine) was added for 5-10 min. Release media added to the 

unstimulated control contained an equivalent volume of stimulus vehicle (dH2O). 

Release media samples were collected following the simulation period for the 

quantification of released protein following application of release media plus and 

minus stimulus. Cell lysates were prepared on ice by directly lysing cells in each 

well with 1 ml lysis buffer comprising 1% (v/v) Triton-X 100 and 1:100 dilution of 

protease inhibitor cocktail. Media samples were centrifuged for 3 min at 1300 rpm 

and cell lysate samples were centrifuged for 5 min at 4 °C at 1300 rpm. 

Supernatants from all samples were collected and pellets were discarded. 
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2.6.2 ELISA protocol 

96 well plates (Nunc, Rochester, NY, USA) were coated with 100 µl per well 

primary antibody diluted in PBS, overnight at RT. Plates were blocked with 300 µl 

per well Tween-ELISA buffer (TWEB; 0.1% (v/v) Tween 20, 0.2% (w/v) fish skin 

gelatine and 1 mM EDTA (Invitrogen) in PBS) for ~1 hour. The standard curve was 

made from serial 1:2 dilutions of a protein solution of known concentration, 

diluted in release media (for media samples) or lysis buffer (for lysate samples). 

100 µl per well of standards, blanks (release media or lysis buffer) and samples 

were loaded onto the 96 well plate in duplicate, covered and mixed for 1 hour. 

Samples were removed and wells were washed three times with 250 µl per well 

TWEB. A horse radish peroxidise (HRP) –conjugated anti-rabbit secondary 

antibody (Stratech scientific, Cambridgeshire, UK, catalogue number 711-035-

152), or intermediate antibody followed by an HRP-conjugated secondary 

antibody, were appropriately diluted in TWEB and added at 100 µl per well, 

covered and mixed for a further 1 hour per antibody incubation. Wells were 

washed three times in 250 µl per well TWEB and three times in 250 µl 1x PBS.  

The HRP colour change reaction was initiated by addition of 100 µl per well O-

Phenylediamine dihydrochloride (OPD), an HRP substrate producing a 

yellow/orange reaction product, prepared by dissolving 30 mg OPD in 20 ml CPT 

buffer (100 mM citric acid, 0.2 M Na2HPO4, 0.1% (v/v) Triton-X 100 in dH2O, pH 

6.2) for 10 min followed by 8 µl 30% H2O2 immediately before addition to the 

plate. The colour change reaction was quantified using a Versamax microplate 

reader (Molecular Devices, Sunnyvale, CA, USA) with absorbance of wells at 450 

nm measured kinetically until completion of the reaction (~10 min). Data 

acquisition was using Softmax Pro Version 4.8 (Molecular Devices). The standard 

curve was used to calculate the concentration of the protein being assayed in each 

of the samples.                  

2.6.2.1 Proregion ELISA 

ELISA plates were coated with 2 µl/ml CLB Pro-35 monoclonal antibody (Sanquin 

Research, a generous gift from Dr Jan Voorberg), secondary antibody was an 
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affinity purified rabbit polyclonal antibody specific to the putative C-terminus of 

proregion (Hewlett et al., 2011). The secondary antibody was detected with an 

HRP-conjugated anti-rabbit antibody. Standards contained a known concentration 

of proregion produced from HEK-475 cells stably expressing and secreting VWF. 

The top standard was made using a 1:3 dilution of HEK-475 media in lysis buffer 

(for lysate samples) and release media (for media samples) which was serially 

diluted 1:2 to produce 11 standards in total.      

2.6.2.2 GFP ELISA 

Plates were coated with sheep polyclonal anti-GFP antibody (Serotec, catalogue 

number AHP0692) at 1:1000 dilution and secondary antibody was rabbit 

polyclonal anti-GFP (Molecular Probes, catalogue number A-11122) diluted to 

1:5000 detected with HRP-conjugated anti-rabbit. The standard curve was made 

by diluting recombinant bacterially produced GFP 1:40 in release media or lysis 

buffer followed by serial 1:2 dilutions to produce 13 standards in total (Knipe et 

al., 2010). 

2.7 Quantification and manipulation of cellular cholesterol  

2.7.1 Cholesterol quantification 

2.7.1.1 Filipin staining    

HUVEC were cultured on gelatine coated 9 mm coverslips, fixed as for 

immunocytochemistry, quenched with 50 mM NH4Cl for 15 min and transferred to 

1x PBS prior to staining. Coverslips were incubated with 50 µl Filipin (stock 

solution at 4 mg/ml in ethanol) diluted 1:400 in PBS for 45 min in a humidified 

chamber in the dark. Coverslips were washed twice in PBS and mounted onto 5 µl 

Mowiol on glass microscope slides. Confocal microscopy was performed using a 

Leica SP1 Laser Scanning Spectral Confocal Microscope, equipped with a 40x, 

63x/1.32 NA or 100x/1.40 NA objective (Leica). Filipin was illuminated with a 405 

nm UV laser. For quantification of Filipin fluorescence intensity, low power images 

at 40x magnification were acquired under non-saturating conditions with the same 
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microscope settings used for all conditions. Images were acquired on the same day 

to limit variability.   

2.7.1.2 Amplex red cholesterol assay 

Total cellular cholesterol was quantified using the Amplex red cholesterol assay kit 

(Invitrogen) according to the manufacturers’ instructions. HUVEC samples were 

prepared from cultures grown on 6-well plates. Cells from each well were 

trypsinised, suspended in HGM and pelleted at 3000 rpm for 3 min. Pellets were 

washed with D-PBS by resuspension followed by centrifugation at 1000 rpm for 3 

min followed by aspiration of D-PBS. Cells were lysed in cholesterol extraction 

buffer (chloroform : isopropanol : Triton-X 100 in a ratio of 7:11:0.1) by passing 

five times through a 20-gauge blunt needle. Samples were centrifuged at 13000 

rpm for 5 min and the liquid phase was removed and retained. Samples were dried 

at 50 °C under vacuum in a spin vac concentrator (Savant, MA, USA) to remove 

chloroform and trace organic solvents leaving a dried pellet containing cholesterol. 

Pellets were resuspended in 250 µl 1x reaction buffer and were assayed neat or at 

a dilution of 1:2 or 1:4. A standard curve was made with the top standard 

containing a cholesterol concentration of 8 µg/ml (final concentration of 4 µg/ml 

following addition of reaction mix) and remaining standards serially diluted 1:1 

from the top standard to make 12 in total. 50 µl of each standard and sample was 

added to each well of a 96 well plate followed by 50 µl of reaction mix to initiate 

the reaction. Reaction mix contained 2 U/ml HRP, 2 U/ml cholesterol oxidase, 0.2 

U/ml cholesterol esterase and 300 µM Amplex red reagent. Both free cholesterol 

and cholesterol esters were detected, the latter hydrolysed by cholesterol esterase 

into cholesterol. Cholesterol was then oxidised by cholesterol oxidase to yield H2O2 

and the corresponding ketone product. H2O2 was detected using 10-acetyl-3,7-

dihydroxyphenoxazine (Amplex Red reagent), in the presence of HRP, to produce 

the fluorescent indicator resorufin. Resorufin fluorescence was detected at 585 nm 

emission with excitation at 560 nm by a fluorescent microplate reader (Molecular 

Devices).  
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2.7.2 Cholesterol depletion 

The reagents used for cholesterol depletion were methyl-β-cyclodextrin (MβCD), 

to extract PM cholesterol (Kilsdonk et al., 1995) and hydroxypropyl-β-cyclodextrin 

(HPβCD), a related cyclodextrin (CD) with a lower affinity for cholesterol, used as a 

positive control for the effect of addition of CD. HUVEC were incubated with M199 

supplemented with 0.1% BSA (serum free M199) for 50 min to acclimatise cells to 

the serum free medium used during CD treatments. MβCD and HPβCD were 

appropriately diluted in serum free M199 (to a final concentration of between 1 

mM and 10 mM) and added to HUVEC for 30 min at 37 °C, 5% CO2. Media 

containing CD was then removed and experiments carried out as required.  

2.8 RT-PCR 

RNA was extracted from no more than 1 x 107 cells using an RNeasy minikit 

(Qiagen, West Sussex, UK) according to manufacturers’ instructions. Cells were 

trypsinised and lysed by passing 5 times through a blunt 20-gauge needle. RNA 

was prepared using ethanol precipitation and extraction using a spin column. RNA 

integrity was verified on a 2100 Bioanalyser (Agilent Technologies, Berkshire, UK). 

RT-PCR was performed using a SuperScript III Reverse Transcriptase kit 

(Invitrogen) according to manufacturers’ instructions. ≤1 µg RNA was added to 

each reaction with the following cycling conditions; one cycle at 55 °C for 20 min, 

one cycle at 94 °C for 2 min, 40 cycles of 94 °C for 2 min, 50 °C for 30 sec and 68 °C 

for 30 sec and a final cycle at 68 °C for 5 min. VMAT1 primer sequences were as 

follows: pair 1, forward GTGGTGGTATTCGTCGCTTT and reverse 

CCACGGTGTTGTTGTTGAAG; pair 2, forward CTTCAAAGGCTGTGATGCAA and 

reverse GCTCGTCCTCTCTCATGGTC; and pair 3 forward 

ATGGGAGTGTCTACGCCATC and reverse GGCTTCTGGGTTGCATACAT.  
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2.9 Live cell imaging  

2.9.1 Experimental set-up 

An outline of the microscope and imaging set-up is shown in Figure 2.1 A. The set-

up comprised an inverted Olympus IX71 fluorescence microscope with 

epifluorescence illumination provided by a monochromator (Cairn Research, 

Faversham, UK) which was passed through a 50% neutral density filter to reduce 

fluorophore bleaching and reflected onto the sample using a 500DCXR dichroic 

mirror (Chroma Rockingham, USA). The objective was an Olympus UPLSAPO x 100 

1.40 NA. Emitted light was transmitted through the chromatic reflector to be 

selected by an emission filter and sent to an Ixon EMCCD camera (Andor, Belfast, 

UK) operated in frame transfer mode at full gain and cooled to -65 °C. TIRF 

microscopy was used for some proregion-mEGFP imaging as stated and was 

incorporated into the system with a 488 nm laser light source (Qioptiq Photonics 

Ltd, Hamble, Southampton as previously described (Mashanov and Molloy, 2007, 

Mashanov et al., 2003). Briefly, laser light was directed through the side of the 

microscope to a small mirror (3 mm diameter) positioned near the back aperture 

of the objective lens which reflected the beam vertically through the objective at a 

specific adjustable angle to produce internal reflection at the glass and water 

interface of the specimen. The internally reflected light (travelling back down the 

objective) was reflected by a second mirror, on the opposite side as the first, onto a 

position sensitive photodiode used for autofocus control. The incidence angle for 

total internal reflection was set to 64-65° using a hemispherical flint glass prism 

(NA 1.52, Comar Instruments, Cambridge, UK) coupled to the objective lens. Image 

capture was synchronised with illumination using Winfluor software 

(http://spider.science.strath.ac.uk). Images were acquired at 30 or 50-100 

(reduced pixel area on the camera chip) frames/sec. 

2.9.2 Imaging of intracellular calcium and WPB exocytosis 

Changes in intracellular calcium concentration ([Ca2+]i) were imaged using 

epifluorescence illumination of the ratiometric Ca2+ indicator Fura-2 (Invitrogen) 



99 
 

(Grynkiewicz et al., 1985). WPB exocytosis was imaged by monitoring WPBs 

fluorescently tagged with proregion-mEGFP using epifluorescence or TIRF 

illumination (Erent et al., 2007). HUVEC were nucleofected with proregion-mEGFP 

and cultured on 35 mm glass bottomed culture dishes. 48 hours later cells were 

transferred to physiological saline (PS) solution (140 mM NaCl, 5 mM KCl, 1.8 mM 

CaCl2, 10 mM glucose, 10 mM HEPES-NaOH, pH 7.4) supplemented with 0.5 µM 

Fura-2, diluted from a stock of 2 mM Fura-2 in DMSO with 2.0% Pluoronic F-127, 

and incubated at RT in the dark for 20 minutes to load cells with Fura-2. The Fura-

2 acetoxymethyl (AM) ester was used which passively diffuses across the PM 

where it is cleaved by cytosolic esterases to yield a charged molecule that becomes 

trapped inside the cell. Fura-2 was excited for ratiometric measurements at 355 ± 

7 nm and 380 ± 7 nm or at a single wavelength of 380 ± 7 nm. Fura-2 displays 

different excitation and emission profiles depending on whether or not it is bound 

to Ca2+ (Figure 2.1 B). At 355 nm excitation the fluorescence intensity at the 

emission wavelength (520 nm) does not change when Fura-2 binds Ca2+, however, 

at 380 nm fluorescence intensity at 520 nm quenches when Fura-2 binds Ca2+ 

providing the indication that [Ca2+]i has increased. Imaging at both wavelengths 

therefore allows the ratio of Fura-2 fluorescence at 355 nm/380 nm to be plotted 

with Fura-2 fluorescence intensity increasing upon [Ca2+]i elevation. Imaging of 

Fura-2 solely at 380 nm provided the timing of [Ca2+]i elevation but as a decrease 

in fluorescence intensity (therefore simply indicating fluorescence quenching upon 

binding to Ca2+). Ratiometric imaging of Fura-2 was possible in conjunction with 

TIRF illumination of GFP, however, using epifluorescence illumination of GFP only 

one wavelength could be used for Fura-2 illumination (380 nm).  

GFP illumination was at 470 ± 10 nm using the monochromator during 

epifluorescence imaging and 488 nm using the laser during TIRF imaging. 

Stimulation of exocytosis was with histamine at a final concentration of 100 µM. 

Application of agonist was by Gilson pipette or pressure injection from a glass 

pipette (Warner instruments, Kent, UK) at ~2 p.s.i positioned adjacent to the cell. 

Previous experiments have demonstrated that this method does not induce 

exocytosis in itself through fluid sheer stress (Erent et al., 2007). During 
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amperometric experiments, cells were stimulated mechanically with the CFME 

(discussed in Chapter 4).       

 

Figure 2.1 A schematic of the live cell imaging set-up used for experiments (A) and 
the excitation and emission wavelengths of the Ca2+ indicator Fura-2 (B).  
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2.9.3 Ammonium chloride (NH4Cl) pulse technique 

Resting intra-WPB pH (pHg) was measured by ammonium chloride pulse 

technique using intra-WPB GFP fused to proregion as the pH indicator (Erent et al., 

2007). NH4Cl is a weak base which completely ionises in solution to form ammonia 

(NH4+) and Cl-. NH4+ reacts with OH- in solution to form ammonia (NH3) and H2O. 

NH3 is cell permeable and rapidly passes through lipid bilayers, including those of 

acidic organelles where it binds protons to form NH4+ until NH3 and NH4+ reach 

equilibrium (Roos and Boron, 1981). This leads to alkalinisation of organelles 

resulting in an increase in intra-organelle GFP fluorescence (Erent et al., 2007). 

HUVEC were nucleofected with proregion-mEGFP and 48 hours later were 

transferred to 1 ml PS solution and imaged using epifluorescence illumination of 

GFP as described in section 2.9.2. Cells containing well defined fluorescent WPBs 

were selected for imaging. A stock solution of 5 M NH4Cl was diluted in PS solution 

to a concentration of 0.2 M, pH was adjusted to 7.4 with NaOH and was added to 

the bath solution of the specimen to give a final NH4Cl concentration of 10 mM. The 

intra-WPB GFP fluorescence change upon addition of NH4Cl was used to calculate 

pHg as previously described (Erent et al., 2007). 

2.9.4 Data analysis    

Analysis was carried out in Winfluor and ImageJ (http://rsb.info.nih.gov.ij) as 

previously described (Erent et al., 2007). Fura-2 fluorescence intensity decreases 

at 380 nm when it binds Ca2+ allowing the timing of [Ca2+]i increase to be 

determined. Fura-2 fluorescence intensity was measured either ratiometrically at 

355 nm/380 nm or singly at 380 nm. At each wavelength the background intensity 

from a region of interest (ROI) outside the cell was subtracted from the 

fluorescence intensity at a ROI placed on the cell. Timing of the [Ca2+]i rise was 

determined as the point when Fura-2 fluorescence intensity either rose above (355 

nm/380 nm ratio intensity plot) or fell below (380 nm intensity plot) the mean 

resting fluorescence level + 3 x standard deviation (SD) (ratio plot) or – 3 x SD 

(380 nm plot). Extent of WPB exocytosis per cell using imaging of proregion-

mEGFP containing WPBs was estimated as previously described (Erent et al., 



102 
 

2007). Briefly, time lapse images of single cells were exported as TIFF files from 

Winfluor and were analysed in ImageJ. The total number of WPBs per cell was 

quantified using the Pointpicker plugin 

(http://rsb.info.nih.gov/ij/plugins/index.html). Exocytosis of single WPBs was 

observed as an increase in intra-WPB GFP fluorescence due to an intra-WPB pH 

increase following fusion pore opening. The timing of each event was determined 

providing quantification of the rate of WPB exocytosis and delay of onset of 

exocytosis following the [Ca2+]i rise. The total number of events per cell was 

divided by the total number of WPBs per cell to quantify the extent of 

degranulation in single cells, expressed as a %. Data was handled using Origin 8 

(OriginLab Corp., Northampton, MA, USA) and all values are either reported as 

mean ± standard error of the mean (SEM) or mean ± standard deviation (SD) as 

defined in the text. Statistical analysis was carried out in Prism 5 using unpaired 

student’s t test to compare two groups of data or one-way ANOVA for more than 

two groups of data followed by Bonferroni post test to compare pairs of data sets.            

2.10 Electrochemistry 

2.10.1 Carbon fibre microelectrode fabrication and preparation 

Carbon fibre microelectrodes (CFMEs) insulated using electrophoretic deposition 

of paint (EDP) were purchased from ALA Scientific Instruments (Farmingdale, NY, 

USA). CFMEs insulated with Epoxy were fabricated using a previously published 

protocol (Pike et al., 2009). Briefly, a 7 µm carbon fibre (Goodfellow Cambridge 

Ltd, Huntington, UK) was aspirated into a 10 cm thin walled glass capillary of 1.5 

mm outer diameter and 1.17 mm inner diameter (Harvard Apparatus Ltd, Kent, 

UK) and pulled to a fine tip (Narishige, Tokyo, Japan) to create two glass encased 

carbon fibre electrodes. The fibre was cut in the middle and the seal between the 

glass and fibre was broken by gently pulling the fibre end at the tapered pipette 

tip. The carbon fibre was then tapped back into the glass pipette using the side of a 

scalpel blade under a dissection microscope until ~ 10 mm of fibre was protruding. 

The pipette tip and carbon fibre were then sealed using epoxy (Epon resin 828 

(Miller Stephenson, Danbury, CT, USA)) with epoxy hardener 1,3-phenylene-



103 
 

diamene flakes heated to ~90 °C and were cured overnight at RT. Electrodes were 

then cured at 100 °C for two hours and at 150 °C for ~24 hours. To improve carbon 

fibre insulation electrodes were sealed for a second time with epoxy by repeating 

the procedure but with an extended curing period of between 2-5 days at 150 °C. 

Carbon fibres were trimmed to ~2-5 mm using a size 22 scalpel blade under a 

dissection microscope, polished for 3-5 min at 45° on a microelectrode beveller 

with coarse diamond abrasive plate (Sutter Instruments, Novato, CA, USA) and 

soaked in 2-propanol for ~20 min before use. Commercial CFMEs were prepared 

by trimming the carbon fibre to ~5 mm using a size 22 scalpel blade under a 

dissecting microscope. Carbon fibres were trimmed on a glass microscope slide 

coated in several layers of scotch tape to provide a yielding surface for the scalpel 

to cut through. CFMEs were used for 1-3 experiments before being re-trimmed or 

re-bevelled.  

Both types of CFME were tested according to Schulte and Chow (1996). 

Commercial CFMEs were mounted onto the headstage of a VA-10X NPI 

amperometry amplifier (Tamm, Germany). Fabricated CFMEs were backfilled with 

a solution of 150 mM KCl and mounted onto the headstage of an Axopatch 200B 

amplifier (Axon Instruments, Foster City, CA, USA). CFMEs were lowered into a 

bath solution of 1 mM ferricyanide in 0.5 M KCl at pH 3.0, measured against an 

Ag/AgCl reference electrode filled with 0.5 M KCl pH 3.0. Winfluor software was 

used to apply a voltage ramp to the CFME from -200 mV to +600 mV over 7 sec and 

then back to -200 mV. One cycle took 14 sec at a rate of 100 mV/s (Figure 2.2 A). 

The corresponding oxidation/reduction current recorded from both types of CFME 

is shown in Figure 2.2 B and C. Commercial CFMEs generally went from 0 to -1 nA 

during the downward sweep of the ramp, with fabricated CFMEs typically reaching 

-2- -3 nA. The greater current change observed for fabricated CFMEs is likely due 

to the increased reactive surface area at the tip (carbon fibres in fabricated CMFEs 

have a larger diameter of 7 µm compared with 5 µm for commercial CFMEs and the 

bevelling process created an elliptical surface which has a larger surface area than 

the circular tip of commercial CFMEs). CFMEs with a larger current change were 

not used as excess current suggested that the fibre wasn’t fully insulated. Only 
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CFMEs with a symmetrical oxidation and reduction current change were used, 

which also had a stable baseline current at the constant potential of +700 mV.   

 

 

Figure 2.2 Protocol for testing CFMEs. A, A voltage ramp from +600 to -200 mV at 
a rate of 100 mV/s was applied to the CFME. The resulting current traces from a 
typical commercial (B) and a fabricated (C) CFME.  
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2.10.2 Amperometric data acquisition 

CFMEs were held at +700 mV vs. an Ag/AgCl reference electrode. Commercial 

CFMEs were mounted onto the headstage of an NPI VA-10X amperometric 

amplifier and fabricated CFMEs were backfilled with 150 mM KCl and mounted 

onto the headstage of an Axopatch 200B amplifier (Axon Instruments) in voltage 

clamp configuration. Data were acquired at 10 KHz and filtered at 5 KHz by a built-

in eight-pole (NPI amplifier) or four pole (Axopatch 200B) low-pass Bessel filter 

and acquired using Winfluor software after passing through a 16 bit A/D 

converter. HUVEC nucleofected with proregion-mEGFP and mCherry-VMAT1 were 

transferred to serum free HGM (M199 plus 0.2% bovine serum albumin) 

supplemented with 100 µM 5-HT for 30 min. 0.5 µM Fura-2 was added after 10 

min (for a 20 min incubation) and HUVEC were maintained at 37 °C, 5% CO2 

during 5-HT and Fura-2 loading. HUVEC were then washed and transferred to PS 

solution and positioned onto the microscope stage. CFMEs were positioned over a 

region of a single HUVEC containing WPB positive for proregion-mEGFP using a 

micromanipulator (Sutter Instruments). The cell was stimulated by lowering the 

CFME onto the PM of the cell until the tip of the CFME could be visualised as a 

fluorescent ring in the GFP channel and the Fura-2 fluorescence intensity 

decreased indicating that the cell had been stimulated mechanically by the CFME. 

CFMEs were used for no more than three stimulations before being re-bevelled or 

re-cut.        

2.10.3 Data analysis   

All analysis was performed using a custom written macro for Igor Pro (Mosharov, 

2008, Mosharov and Sulzer, 2005). What follows is a description of how the 

software detected spikes from the current trace and how each spike parameter 

was calculated.  

2.10.3.2 Digital filtering in Igor 

Prior to analysis current traces were digitally filtered using the filters included in 

the macro. Initially traces were filtered with a low-pass Gaussian filter with a cutoff 
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frequency of 1000 Hz followed by a binomial smoothing filter at 500 Hz. The use of 

two filters appears to be common practice in analysis of amperometric data 

(Mosharov and Sulzer, 2005). The first reduces noise prior to analysis but should 

not distort spike shape and so has a cutoff frequency (Fc1) higher than the 

maximum frequency of the signal. The maximum frequency present in 

amperometric data can be found in the rising phase of the fastest spike (Fsp(max)). 

Fsp(max) in chromaffin cell amperometric data has been reported to be around 550 

Hz (Gomez et al., 2002), but can range from between 200 to 1000 Hz. Typically Fc1 

will be set to around 2*Fsp(max) (usually 500 to 1000 Hz). Data is then filtered for 

a second time using a binomial finite impulse response (FIR) filter (Marchand and 

Marmet, 1983) which increases the signal-to-noise ratio sufficiently for event 

detection. This is a coarser filter with a cutoff frequency (Fc2) less than Fsp(max), 

typically around 0.5*Fsp(max), equating to around 100 to 400 Hz for chromaffin 

cell data (Mosharov and Sulzer, 2005). 

In order to determine the correct cutoff frequencies for both filters for HUVEC 

amperometric data, Fsp(max) was calculated using an example of a fast rising spike. 

The slope of the rising phase of the spike, measured in pA/ms, can be used to 

determine the rate of current increase. HUVEC spikes have a mean rise slope of ~ 

30 pA/ms but which can be as high as 200 – 300 pA/ms. From a control set of data 

(comprising 308 spikes) the fastest rising spike had a rising slope of 259 pA/ms 

(Figure 2.4 A). Fsp(max) was then calculated for this spike using a calculation taken 

from Mosharov and Sulzer (2005). Initially the first derivative was calculated for 

the spike, which is the change in current divided by the change in time between 

each data point (dI/dt). This gives a plot as shown in Figure 2.3 Bii where the peak 

of the plot corresponds to the rising phase of the spike when the current was 

changing most rapidly. The maximum of the first derivative (T(dI/dt)max) is found 

at this point which corresponds to the maximum rate of change in current in the 

rising phase of the spike (Figure 2.3 B).  In this example, T(dI/dt)max = 453.185 

pA/ms. The amplitude of the spike was then estimated as the maximum change in 

current (ΔI) between the two time points at the intercepts of dI/dt with zero to the 

left and right of T(dI/dt)max (Figure 2.3 Bi, circles). For this spike, ΔI was calculated 
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as 323.49 pA. The ratio of T(dI/dt)max to the spike amplitude represents twice the 

frequency of the spike, therefore in this case,  

Fsp(max) = (T(dI/dt)max / ΔI) / 2 

                  = 0.7 KHz or 700.47 Hz 

As the majority of spikes recorded from HUVEC have a much lower frequency, it 

was appropriate to use frequencies for Fc1 and Fc2 similar to those used for 

chromaffin cell data; 1000 Hz for Fc1 and 500 Hz for Fc2. This gave a final cutoff 

frequency (Fc) of ~450 Hz. 

The effect of using these filters on the aforementioned spike is demonstrated in 

Figure 2.3 C. The low pass Gaussian filter at 1000 Hz removes some of the high 

frequency noise whilst preserving the shape of the spike (Figure 2.3 Ci). The 

binomial smoothing filter at 500 Hz further removes high frequency noise, but due 

to its lower cutoff frequency, also reduces the spike amplitude marginally (Figure 

2.3 Cii). The effect on spike shape appears minimal; however, to prevent 

overfiltering, all traces were inspected prior to analysis to ensure that no spike 

distortion had occurred. Finally the effect on the differentiated trace is shown in 

Figure 2.3 Ciii which demonstrates the reduction in high frequency noise, resulting 

in an apparent enhancement of the maximum time derivative.    
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Figure 2.3 

 



109 
 

 

Figure 2.3 Determining appropriate cutoff frequencies for filtering of 
amperometric current spikes in HUVEC. A, Raw data for a fast rising spike (rise 
rate of 259 pA/ms). B, The first derivative (dI/dt) (ii) was calculated from the raw 
data (i) allowing the maximum rate of current change (T(dI/dt)max), as well as the 
change in current (ΔI) to be determined. From these the frequency of the spike was 
calculated at 700 Hz (see text for calculation). C, A Gaussian low pass filter with 
cutoff frequency of 1000 Hz was applied (i) followed by a binomial smoothing filter 
with cutoff frequency of 500 Hz (ii) to the current spike in A. The first time 
derivative following filtering is shown in iii.   
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2.10.3.3 Detection of amperometric spikes 

Following digital filtering data was ready for spike detection. Spike detection is 

dependent on determining when current exceeds the RMS noise, or standard 

deviation (SDI), of the baseline current by a specified amount (Mosharov, 2008, 

Mosharov and Sulzer, 2005). This approach was developed in the Wightman 

laboratory and provides a simple method of determining when spikes appear from 

the baseline current (Wightman et al., 1991, Schroeder et al., 1996). In Igor a spike-

free area of the baseline was selected using two cursors, from which the SDI was 

determined. A multiple of SDI was then set as the threshold above which current 

increases were identified as spikes, in this case 5* SDI and 2* SDI for spike and foot 

detection respectively. 

2.10.3.4 Calculation of spike parameters 

Figure 2.4 shows the parameters which were calculated during analysis for each 

detected spike. Initially the spike baseline was established and from this the time 

of spike beginning (Tbkg1) and end (Tbkg2) was determined as the time points when 

current exceeded and then returned to the average baseline value respectively 

(Mosharov and Sulzer, 2005). Between these points the time of the spike maximum 

(Tmax) was determined (Figure 2.4 Ai).  

Following calculation of spike baseline, basic spike parameters were then 

determined including spike amplitude (Imax in pA) equating to the difference 

between current at Tbkg1 and Tmax, width of the spike at 50% of Imax (t1/2 or half 

width in ms) and charge (Q in pC) which equates to the area under the spike 

(Figure 1.4 Aii). The rise time (trise in ms) and slope of the rising phase (in pA/ms) 

were derived from the linear fit of the current between two points on the 

ascending segment of the spike, in this case, 25% and 75% of Imax in order to 

exclude the PSF signal (Mosharov and Sulzer, 2005) (Figure 2.4 Bi). The decay time 

of the spike (tdecay in ms) was determined between two points in the falling phase 

of the spike, in this case 75% and 25% of Imax (Figure 2.4 Bii). From the falling 

phase the software attempts to fit an exponential function or functions between 

points at 75% of Imax and Tbkg2. If the falling phase cannot be fitted with a single 
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exponential then two are fitted. This may indicate that neurotransmitter release is 

dependent on two or more factors.  

2.10.3.5 Calculation of pre spike foot (PSF) parameters   

The three parameters calculated for PSF signals are amplitude (Ifoot in pA), 

duration (tfoot in ms) and charge (Qfoot in aC) (Figure 2.4 C). PSF beginning was 

defined as the time when current exceeded the baseline by 2*SDI (Chow and Von 

Ruden, 2009, Chow et al., 1992) and the end point by extending the rising slope 

until it intercepted the baseline of the spike (Figure 2.4 C, circles) (Mosharov and 

Sulzer, 2005). tfoot therefore corresponded to the time between Tbkg1 and PSF end 

as defined by the interception of the rise slope with the baseline. Qfoot was simply 

calculated by measuring the area between the current and the baseline and 

between PSF start and end. Calculating Ifoot can be slightly more complicated due to 

the presence of differently shaped PSF. For example, PSF can either have a ‘ramp’ 

shape (Figure 2.5 A) or can rise to a steady state plateau (Figure 2.5 B) (Amatore et 

al., 2009, Amatore et al., 2007). Ifoot for PSF with a steady state plateau can be 

determined using an averaged current on the PSF plateau, however, such events in 

HUVEC data were relatively rare and so Ifoot was simply calculated as the average 

current amplitude within tfoot (Mosharov and Sulzer, 2005) (Figure 2.4 C and 2.5 

green and gray dashed lines).  
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Figure 2.4 Calculation of parameters from amperometric spikes. Ai, Time when 
current exceeds 5*SD of the baseline (Tbkg1) and subsequently returns to the 
baseline (Tbkg2), as well as time of current maximum (Tmax) is calculated. Aii, 
Amplitude (Imax), area (Q) and width of the spike at half the amplitude (t1/2) are 
calculated. B, The duration of the rise (i) and decay (ii) phases are calculated 
between 25% and 75% of the Imax, as well as the rise slope measured in pA/ms (i). 
The decay phase can either be comprised of one or two exponential component(s), 
termed τ1 and τ2 (ii). C, PSF parameters. Time when current exceeds 2*SD of the 
baseline (Tbkg1) and the point where the rise slope intercepts the baseline mark the 
beginning and end of the PSF respectively and equate to the foot duration (tfoot). 
Amplitude of the PSF (Ifoot) is calculated as an average of the current values from 
the whole PSF (green dashed line). The area of the foot (Qfoot) is also determined.  
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Figure 2.5 Differently shaped PSF signals can be recorded. PSF can either 
comprise a ramp shape (A) or can have a steady state plateau following the initial 
rising phase (B). Ifoot is calculated as an average of the current amplitude during 
the PSF and so is usually measured at half the total PSF amplitude (inserts, grey 
dashed lines).  
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2.10.3.6 Criteria for spike rejection 

In some cases current spikes should be rejected based on specific cutoff criteria. 

One of the most common cutoffs is Imax where spikes below a specific amplitude 

are rejected (e.g. < 3-5 pA) (Mosharov and Sulzer, 2005) which removes the 

smallest spikes which may be buried in the noise and so are difficult to analyse. 

However, the smallest spikes recorded from HUVEC were ~10 pA, well above the 

cutoff criteria used for other cell types. Another common cutoff criteria is trise to 

reject slow spikes with a high trise which occurred away from the CFME detecting 

surface (Mosharov and Sulzer, 2005). Therefore spikes with a trise greater than 

mean trise plus 3*SD were rejected. It is also recommended that spikes which 

overlap by a certain amount are rejected. However, as relatively few spikes were 

recorded per cell this was less of a problem, although only well separated spikes 

were included in the analysis.  

During PSF analysis, an additional cutoff criterion was used. It is thought that even 

when there is no obvious PSF signal, the fast upstroke of an event is preceded by a 

very short “native” foot signal (Chow and Von Ruden, 2009). The duration of this 

signal is thought to be a fixed fraction of the rise time calculated with the following 

equation: 

native foot duration = 0.33 x 50-90% rise time 

PSF signals which last longer than this value have been suggested to be due to 

retardation of neurotransmitter release by a restricted fusion pore and are known 

as non-native PSF (Chow et al., 1992). Only non-native PSF were included in 

analysis of PSF signals and so trise 50 to 90% was determined to allow the above 

calculation to be carried out and used to reject PSF signals with a tfoot of less than 

this value. In addition, some laboratories simply define a true PSF signal as one 

lasting more than 1 ms (Amatore et al., 2005) and so for some analyses reported in 

later chapters, spikes were separated based on the presence or the absence of a 

PSF lasting more than 1 ms.    
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2.10.3.7 Statistical analysis 

Once amperometric spikes have been detected and quantified by calculating spike 

parameters the next step is to pool data together to create a data set representing 

exocytosis under a specific condition. Combining amperometric data from multiple 

cells to then compare to a different population of cells can be problematic as the 

mean of a population can be biased by overrepresentation of parameters from cells 

with a larger number of events and underrepresentation from cells with fewer 

events (Mosharov and Sulzer, 2005). It has been shown that there is no correlation 

between the mean of a spike parameter and the number of events recorded per 

cell and so this bias can be unpredictable (Colliver et al., 2000a). To overcome this 

it is conventional to calculate mean or median spike parameters for each cell and 

subsequently calculate the mean from these values to determine the mean of the 

population (Mosharov and Sulzer, 2005). However, this problem was identified 

using data recorded from cell types, such as chromaffin cells, whereby numerous 

events can be recorded from each cell due to the large number of vesicles per cell. 

A high level of variation is observed between the number of events recorded from 

each cell. However, this is not the case with amperometric data recorded from 

HUVEC. On average a single HUVEC will contain around 200 WPBs (Zupancic et al., 

2002) and only a relatively small fraction of these granules can be measured using 

amperometry due to the relatively small surface area of the CFME. Therefore, 

fewer events were recorded per cell, on average 6.16 ± 4.4, ranging from 1 to 30 

events. The problem of overrepresentation of certain parameter values from cells 

producing a large number of events therefore does not occur to the same extent. It 

was also not appropriate to calculate the mean or median for each parameter per 

cell due to the fact that some cells produced few spikes. Therefore, spike data was 

pooled together from the whole population of cells for one condition in order to 

calculate the mean.  

Amperometric data sets typically follow a log normal distribution (Amatore et al., 

2005) which influences the type of test for statistical significance which can be 

used (Mosharov and Sulzer, 2005). The Mann Whitney test can be used to compare 

sets of non-log transformed data since this test assumes non-parametric 

distributions. To use a test assuming parametric distributions (the simplest of 
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which is the student’s t test) data must therefore be log transformed first to 

generate a parametric distribution (Mosharov and Sulzer, 2005). The latter 

method was used to compare data presented in this thesis; data sets were log 

transformed and then compared by two-tailed unpaired student’s t test on Prism 5. 

When more than two data sets were compared a one-way ANOVA test with 

Bonferroni post test to compare pairs of data sets was used in Prism 5, again using 

log transformed data. Data is presented as mean ± SEM or mean ± SD as defined in 

the text.  

Log transformed data sets were also plotted as frequency histograms to assess the 

distribution and goodness of Gaussian fit. Parameters relating to the Gaussian fit 

were calculated in Origin 8 and included the centre of the distribution, width of the 

distribution and R2 value. Additional tests for goodness of Gaussian fit were carried 

out in Prism 5, including the D’Agostino-Pearson omnibus K2 normality test, which 

determines how far a distribution deviates from the Gaussian ideal by quantifying 

the skewness (or symmetry) and kurtosis (the height of the peak with respect to 

both tails) of a population. From the quantification of these two parameters a p 

value is calculated demonstrating the likelihood of a randomly selected data set 

deviating from the Gaussian ideal as much as the actual data set does. A p value > 

0.05 suggests that the deviation from the Gaussian ideal is not more than what 

would be expected due to chance alone and it is therefore appropriate to accept 

the null hypothesis that the data set is sampled from a Gaussian/normally 

distributed population (Motulsky, 2010). A second test was carried out on Prism 5, 

the Wald or runs test. This test determines how many points are above or below 

the Gaussian curve. If clusters of sequential points are present above or below the 

curve, then the distribution is said to deviate from the Gaussian ideal. This is 

expressed in the p value which when > 0.05 indicates that the population does not 

deviate significantly from the Gaussian ideal and therefore the population can be 

assumed to be normally distributed.    

2.10.3.8 Generating averaged spikes 

The calculation of an average spike from representative spikes of a specific 

population can provide information about the overall kinetics of release (Zhang et 
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al., 2009). To generate an average spike, 20 spikes were randomly selected from 

each population and current data points were extracted. The start of the spike was 

normalised to time 0 at the point when the current exceeded 3*SD plus mean of 

the baseline current. The baseline current was normalised to ∼0 pA by subtracting 

the mean baseline current from all values. Finally the peak (Imax) value was 

normalised to 1 using the following calculation; (1/Imax * all current values). 

Average values were then calculated for each time point from the 20 spikes (0 ms 

represented the start point for all spikes). 
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3. Results I 

Establishing protocols for introducing oxidisable 
molecules into Weibel-Palade bodies 

 

3.1 Introduction 

In order to use carbon fibre amperometry to measure the WPB fusion pore, it was 

first necessary to determine whether WPBs contained or could be loaded with 

oxidisable molecules suitable for amperometric detection. Although histological 

and biochemical studies have suggested that WPBs of the toad aorta contain and 

release histamine (Fujimoto et al., 1984), to date there have been no reports of 

WPBs of mammalian ECs (including those of human origin) containing oxidisable 

biogenic amines. However, it has been observed that a small proportion of cells in 

a HUVEC culture display 5-HT immunoreactivity (IR) localised to the WPBs (Dr 

Matthew Hannah, personal communication). This observation provided the basis 

for exploring the potential for using this biogenic amine for amperometric 

measurements.    

Loading SGs with exogenous oxidisable compounds has previously been used as a 

strategy to either enhance amperometric recordings or allow amperometry to be 

used on cells which would not normally contain suitable molecules in SGs (Zhou 

and Misler, 1996, Smith et al., 1995, Koh et al., 2000, Kim et al., 2000, MacDonald et 

al., 2006). In particular, mouse β-cells, which do not normally contain 5-HT in SGs 

but have the machinery to transport it, were loaded with 5-HT prior to 

amperometry (Smith et al., 1995). In addition, loading dog pancreatic duct 

epithelial cells, AtT-20 cells and cultured cerebellar granule cells with DA or 5-HT 

allowed exocytosis to be measured using amperometry (Koh et al., 2000, Kim et al., 

2000). In the former example, the cells utilised an active 5-HT uptake mechanism, 

likely involving a VMAT (Introduction, section 1.5.5.7). Transport mechanisms for 

the uptake of biogenic amines, including 5-HT have not been fully characterised in 

HUVEC. HUVEC are suggested to express PMAT (Introduction, section 1.5.5.7), a 
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member of the ENT family, which is also found in both cardiomyocytes and 

vascular ECs of the mammalian heart (Barnes et al., 2006). Other types of EC have 

been suggested to express the high affinity 5-HT transporter, SERT, including 

pulmonary and blood brain barrier ECs (Lee and Fanburg, 1986a, Lee and Fanburg, 

1986b, Brust et al., 2000). Expression of either VMAT1 or 2 has not been 

demonstrated in ECs to date. 

This chapter describes the development of conditions to load WPBs with a suitable 

oxidisable compound allowing amperometry to be used to measure WPB 

exocytosis. Due to preliminary data suggesting that 5-HT may be present in the 

WPBs of a subset of HUVEC, and the possible presence of PMAT which is capable of 

transporting 5-HT across the PM, the uptake of this amine was predominantly 

investigated. Uptake of exogenous 5-HT was assessed as well as the effect of 

expression of high affinity monoamine transporters including SERT and VMAT1 

and 2.   

3.2 Results 

3.2.1 Amperometric current spikes are not detected during WPB exocytosis 

in HUVEC 

It was important to first establish whether amperometric spikes could be 

measured from HUVEC under standard culture conditions. HUVEC were 

nucleofected with proregion-mEGFP which localises to WPBs and allows them to 

be visualised using epifluorescence microscopy. Fusion of individual WPBs was 

observed as an increase in proregion-mEGFP fluorescence due to an increase in 

intra-WPB pH following proton influx through the fusion pore (Erent et al., 2007). 

Simultaneously, changes in [Ca2+]i were visualised using Fura-2 imaging. For 

amperometric detection, a CFME was positioned above a region of a single HUVEC 

containing fluorescent WPBs (held at 700 mV to allow for the detection of the 

monoamine species 5-HT, DA, AD and NA) and lowered onto the PM which 

triggered an abrupt increase in [Ca2+]i through mechanical stimulation, as 

indicated by quenching of cytosolic Fura-2 fluorescence (520 nm) at 380 nm 
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excitation (Figure 3.1 B, grey trace). The use of mechanical stimulation to induce 

WPB exocytosis is discussed in detail in Chapter 4. An overall increase in EGFP 

fluorescence was measured from the region below the CFME, indicating that WPB 

exocytosis had occurred (Figure 3.1 B, green trace), however, no current spikes 

were recorded from the CFME (Figure 3.1 B, black trace). These data suggest that 

WPBs in HUVEC do not contain either sufficient or freely diffusible oxidisable 

molecules suitable for amperometric detection.   

Immunostaining of HUVEC with a 5-HT specific antibody showed that the majority 

of cells (~99%) had no detectable 5-HT-IR, although, consistent with an 

unpublished observation (Dr Matthew Hannah, NIMR), 5-HT-IR could be detected 

in a few WPBs in ~1% of cells in our HUVEC cultures (Figure 3.2 A). The same 

observation was made in adult human aortic ECs (Figure 3.2 B). Immunostaining of 

HUVEC with specific antibodies to NA or DA showed no evidence for these 

molecules in WPBs under our culture conditions (Dr Tom Carter, NIMR, personal 

communication). The lack of detectable WPB associated NA and DA, and the very 

low frequency of 5-HT positive cells, was consistent with the failure to detect 

amperometric spikes during WPB exocytosis. It was therefore necessary to explore 

ways in which WPBs could be loaded with oxidisable molecules. Due to the 

observation that a minority of HUVEC contain endogenous 5-HT, loading of this 

monoamine was investigated. 
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Figure 3.1 Under normal conditions, current spikes are not recorded from HUVEC 
undergoing exocytosis. HUVEC were nucleofected with proregion-mEGFP 48 hours 
prior to experiments. A, EGFP image of the proregion-mEGFP expressing cell, red 
circle indicates position of the CFME and scale bar is 10 µm. B, Fura-2 fluorescence 
at 380 nm and, C, EGFP fluorescence at 488 nm, both determined from the region 
below the CFME. D, Current trace recorded from the CFME held at +700 mV.  
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Figure 3.2 A minority of ECs display endogenous 5-HT-IR localised to WPBs. 
HUVEC (A) and human aorta ECs (B) stained with specific antibodies to VWF (red) 
and 5-HT (green). Inserts show close-ups of each cell in greyscale. Scale bars are 
50 µm (A) and 10 µm (B). 
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3.2.2 Exposure of HUVEC to exogenous 5-HT leads to the detection of 5-HT-IR 

in WPBs     

3.2.2.1 Optimisation of 5-HT concentration 

HUVEC were incubated with exogenous 5-HT to determine whether WPBs could be 

loaded with the monoamine. Figure 3.3 shows the time course for the 5-HT loading 

experiments. HUVEC grown on 9 mm glass coverslips were incubated in FGM 

(control) or FGM supplemented with 5-HT at concentrations ranging from 10 µM 

to 1000 µM for 30 minutes. Media was then changed to fresh FGM without 5-HT 

and cells incubated for a further 30 min (the chase period) prior to fixation and 

staining for endogenous VWF and 5-HT. Figure 3.4 A-D shows representative 

images of HUVEC following incubation with 100 (A), 300 (B), 600 (C) or 1000 (D) 

µM 5-HT. At concentrations below 100 µM very little 5-HT-IR was present in 

WPBs. At concentrations between 100 and 300 µM an increase in 5-HT-IR was 

observed compared to endogenous staining, however it was not present in all cells 

or in the majority of WPBs in each cell (Figure 3.4 A and B). Interestingly, at these 

concentrations, WPBs which displayed 5-HT-IR were localised to the perinuclear 

region of the cell in regions typically occupied by immature WPBs forming at the 

TGN (Hannah et al., 2003). At 5-HT concentrations above 400 µM the majority of 

WPBs displayed 5-HT-IR (Figure 3.4 C). As concentrations increased up to 1000 

µM the level of cytosolic 5-HT-IR increased (Figure 3.4 D) suggesting that the 

optimal concentration of 5-HT to use so that the majority of WPBs contained 5-HT-

IR, but which didn’t cause a significant level of cytosolic 5-HT-IR, was between 400 

and 600 µM.  

It has been previously reported that 5-HT can induce WPB exocytosis in HUVEC 

through 5-HT1D receptor mediated inhibition of cAMP production (Schluter and 

Bohnensack, 1999). Concentrations of 5-HT used to induce VWF release were 

relatively low, between 1 µM and 100 µM, however, this response was lost in cells 

cultured beyond passage 3-4. No evidence of WPB exocytosis was observed in 

cultures treated with 5-HT here, likely due to the fact that cultures at passage 4-5 

were used. In addition, no evidence of 5-HT (at concentrations up to 1000 µM) 

evoked WPB exocytosis was observed, assessed by specific ELISA assay of secreted 
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proregion, or by immunofluorescence detection of secreted VWF (Dr Tom Carter 

and Dr Ianina Conte, NIMR, unpublished data). In order to assess whether higher 

concentrations of 5-HT induced WPB exocytosis, and to determine whether such 

conditions improved loading efficiency, HUVEC were incubated with 

concentrations of between 1 and 20 mM. At concentrations ≥ 10 mM there was 

evidence of WPB exocytosis in some cells (Figure 3.5 A) and 5-HT-IR was 

predominantly present in the cytosol and not WPBs (Figure 3. 5 B).  

The experiments described above indicate that all cellular WPBs can be loaded 

with 5-HT following a short exposure to sub millimolar concentrations of 

extracellular 5-HT. For amperometric experiments extracellular 5-HT must be 

removed from the cells to prevent loss of sensitivity due to surface oxidation of the 

CFME by bulk phase 5-HT, therefore, it was important to assess the effect of 

removing extracellular 5-HT on the presence of 5-HT IR within WPBs. 

 

 

Figure 3.3 Time course for 5-HT loading experiments. 
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Figure 3.4 Incubation of HUVEC with exogenous 5-HT leads to the appearance of 
5-HT-IR localised to WPBs. HUVEC were incubated with 100 µM (A), 300 µM (B), 
600 µM (C) and 1000 µM (D) 5-HT for 30 min followed by a chase time of 30 min. 
HUVEC were stained with specific antibodies to VWF (red) and 5-HT (green). Scale 
bars are 10 µm. 
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Figure 3.5 At concentrations of 5-HT ≥ 10 mM there is evidence of WPB exocytosis 
and little uptake of 5-HT into WPBs. HUVEC were incubated with 10 (B) and 20 
mM (A) 5-HT for 30 min with a chase time of 30 min, and were fixed and stained 
with specific antibodies to VWF (red) and 5-HT (green), scale bars are 10 µm (A) 
and 50 µm (B). 

 



127 
 

3.2.2.2 WPBs lose 5-HT-IR rapidly following removal of exogenous 5-HT  

To determine the effect of the removal of extracellular 5-HT on WPB 5-HT-IR, the 

duration of the chase period following exposure to extracellular 5-HT was 

systematically varied. HUVEC were exposed to 0.5, 1, 5, 10 and 20 mM 

extracellular 5-HT for 30 min followed by chase times of between 5 min and 48 

hours. Data for 0.5, 1 and 5 mM were qualitatively identical and so only data for 0.5 

mM is shown (Figure 3.6). After a 5 min chase, 5-HT-IR was seen predominantly in 

the cytosol (Figure 3.6 Ai). At 30 min and 60 min the IR then appeared to reduce in 

the cytosol and increase in WPBs (Figure 3.6 Aii and Aiii). After chase times of 120 

min and more the level of WPB 5-HT-IR decreased substantially almost returning 

to endogenous levels (an example at 180 min is shown in Figure 3.6 Aiv). To 

quantify the loss of 5-HT-IR, cells positive for 5-HT were counted in eight randomly 

selected low power (40x magnification) fields of view at each time point and 

expressed as a percentage of the total number of cells in each field of view. The 

total number of cells was as follows for each condition for control and plus 5-HT 

respectively: 1 hour, 153 and 137; 2 hours, 306 and 165; 4 hours, 93 and 165; 8 

hours, 113 and 153; 24 hours, 150 and 160 and 48 hours, 166 and 242. Figure 3.6 

B shows the quantification of the numbers of cells with 5-HT positive WPBs in 

control (open bars) and 0.5 mM 5-HT treated cells (closed bars) at chase times of 

60 min and longer, expressed as a percentage of the total cell population. 

Following removal of extracellular 5-HT, the number of cells with 5-HT positive 

WPBs declined rapidly to 14.2% of the total cell population following a 4 hour 

chase. It was concluded that the optimum chase time to use was between 30 min 

and 60 min when the majority of WPBs contained 5-HT-IR but when the cytosolic 

level of 5-HT-IR has decreased. Loss of 5-HT-IR was also assessed qualitatively 

following treatment of HUVEC with 10 and 20 mM 5-HT. Interestingly, at 

concentrations above 10 mM the uptake process appeared delayed. 5-HT-IR 

localised to WPBs was observed following a chase time of 2 to 4 hours as opposed 

to 30 to 60 min as with lower concentrations of 5-HT (Figure 3.7 A and B).  

A slow decrease in WPB 5-HT-IR suggests that the concentration of 5-HT in the 

WPBs decreases over time. This could be due to metabolism of 5-HT by 

deamination catalysed by monoamine oxidase (MAO) to form 5-
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hydroxyindoleacetic acid (5-HIAA). There are two types of MAO, MAO-A and MAO-

B, distinguished based on their selectivity to substrates and inhibitors (Bach et al., 

1988). To determine whether 5-HT-IR was lost over time due to breakdown of 5-

HT by an MAO, HUVEC were incubated with MAO inhibitors, nialamide (inhibits 

both MAO-A and –B) and pargyline (specifically inhibits MAO-B) following an 

incubation with 5-HT. Neither one affected the level of 5-HT-IR in WPBs (data not 

shown). 
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Figure 3.6 
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Figure 3.6 HUVEC lose 5-HT-IR over time. A, HUVEC were incubated with 0.5 mM 
5-HT for 30 min followed by chase times of 5 min (i), 30 min (ii), 60 min (iii) and 
180 min (iv) and were fixed and stained with specific antibodies for VWF (red) and 
5-HT (green and greyscale, right panels), scale bars are 50 µm. B, Quantification of 
the % of cells displaying 5-HT-IR at chase times of up to 48 hours (x axis). Cells 
were quantified from eight randomly selected low power (40x magnification) 
fields of view for each condition. The total number of cells was as follows for each 
condition and for control and plus 5-HT respectively: 1 hour, 153 and 137; 2 hours, 
306 and 165; 4 hours, 93 and 165; 8 hours, 113 and 153; 24 hours, 150 and 160 
and 48 hours, 166 and 242. 
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Figure 3.7 
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Figure 3.7 At concentrations ≥ 10 mM 5-HT uptake into WPBs was delayed. 
HUVEC were incubated for 30 min with 10 mM 5-HT with chase times of 30 min 
(A), 60 min (B), 120 min (C) and 240 min (D) and were stained with specific 
antibodies for VWF (red) and 5-HT (green). Scale bars are 50 µm. 

3.2.3 Characterisation of 5-HT uptake  

To investigate the mechanism by which exposure of HUVEC to exogenous 5-HT 

results in the appearance and subsequent loss of 5-HT-IR in WPBs, further 

experiments were performed. Section 1.5.5.7 summarises the mechanisms which 

secretory cells use to accumulate monoamines such as 5-HT into SGs. Briefly, 5-HT 

uptake across the PM is facilitated by a high affinity Na+-dependent transporter 

known as SERT (Rudnick, 2006) or the low affinity PMAT (Engel et al., 2004). In 

addition, at high concentrations 5-HT may cross lipid membranes in a non-specific 

fashion (Kim et al., 2000). Once 5-HT has traversed the PM it must cross the 

vesicular membrane of the relevant storage organelle, a process facilitated by a 

VMAT (Eiden et al., 2004), or again by passive diffusion at high concentration 

gradients. The latter mechanism has been shown to be dependent on the acidity of 

the vesicular lumen (Kim et al., 2000).   

3.2.2.4 Expression of endogenous monoamine transporters in HUVEC 

To examine whether HUVEC might express components of the molecular 

machinery responsible for transporting biogenic amines, RT-PCR was used to look 

for VMAT1/2 and SERT mRNA. Diagnostic primers to VMAT1 (three pairs for each 

transporter) were tested with HUVEC mRNA using BON cell mRNA as a control, 

and VMAT2 and SERT primers were tested using VMAT2 and SERT plasmids as 

controls. No bands were observed using VMAT2 or SERT primers on HUVEC 

mRNA, however, VMAT1 primers produced positive bands of the correct size 

(Figure 3.8). PCR products were purified and sequenced confirming the identity of 

the PCR product as VMAT1 cDNA.  

Following the positive result for expression of VMAT1 mRNA in HUVEC, Western 

blot was used to determine if VMAT1 was expressed at the protein level. BON cell 

lysates were used as a positive control, however, the two commercial antibodies 
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tested did not detect bands of the correct size using either BON cell or HUVEC 

lysates, providing no conclusive result (data not shown). Western blot analysis 

using specific PMAT antibodies showed no evidence for expression of this protein 

in HUVEC cultures and pharmacological inhibition of PMAT using decynium-22 

had no effect on the appearance of 5-HT-IR in WPBs at chase times of 5 min and 30 

min following a 30 min incubation with 500 µM 5-HT (Dr Tom Carter and Dr Ianina 

Conte, NIMR, personal communications). Taken together these data indicate that 

the HUVEC cultures used here may express VMAT1 but not VMAT2, SERT or PMAT.  

 

 

Figure 3.8 RT-PCR demonstrated VMAT1 expression in HUVEC. BON cell RNA (as 
a positive control) and HUVEC RNA were probed using three sets of primers 
specific for VMAT1 and VWF by RT-PCR.  
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Despite being unable to detect SERT mRNA in HUVEC used here, pharmacological 

experiments were carried out using the SERT inhibitor imipramine to explore 

further whether this transporter might be involved in 5-HT accumulation in 

HUVEC. HUVEC were incubated with 50 µM imipramine for 30 min prior to a 30 

min incubation with 300 µM 5-HT, followed by chase times of 5 min and 45 min. 

300 µM 5-HT was used for this experiment due to the observation that at 

concentrations of 300 µM or less, 5-HT uptake is initially observed in the 

perinuclear WPBs after a short chase (e.g. 5 min) followed by more extensive 

uptake into the remaining WPBs after ~30 min. This may represent different 

modes of uptake and so both time points were assessed. 50 µM imipramine was 

included in the media during the 5-HT incubation and chase times (Figure 3.9). 

Treatment with imipramine prevented 5-HT uptake after both a short (Figure 3.9 

Aii) and long chase time (Figure 3.9 Bii). This could be indicative of inhibition of 5-

HT transport across the PM however, it could also be an indirect effect caused by 

the basic nature of imipramine, which has been shown to accumulate in lysosomes 

and increase intra-vesicular pH (Ishizaki et al., 2000). Similarly, Kim et al, (2000) 

demonstrated that uptake of exogenous DA into SGs of AtT-20 cells required the 

action of the vesicular proton pump to generate a proton gradient across the SG 

membrane. To assess whether alkalinisation of WPBs might prevent 5-HT uptake 

into WPBs, cells were exposed to the weak base ammonium chloride (NH4Cl), 

which increases intra-WPB pH from resting levels of ~5.49 to >7.4 (Erent et al., 

2007). HUVEC were incubated with 10 mM NH4Cl for 10 min prior to a 30 min 

incubation with 300 µM 5-HT followed by chase times of 5 min and 30 min. 10 mM 

NH4Cl was included in the media during the 5-HT incubation and chase times. 

Similar to imipramine treatment, WPB 5-HT-IR was abolished in the presence of 

NH4Cl (Figure 3.10 A and B).  
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Figure 3.9 Imipramine treatment prevented 5-HT uptake into WPBs. HUVEC were 
incubated with 300 µM 5-HT followed by a chase time of 5 min (A) and 45 min (B) 
in the absence (Ai and Bi) and presence (Aii and Bii) of 50 µM imipramine. Cells 
were stained with specific antibodies to VWF (red) and 5-HT (green). Scale bars 
are 10 µM. 

 

To test whether WPB 5-HT-IR could be abolished by NH4Cl after 5-HT loading, 

HUVEC incubated with 500 µM 5-HT followed by a 30 min chase were exposed to 

10 mM NH4Cl for 5 min followed by a further 30 min chase in the absence of NH4Cl. 

Addition of NH4Cl led to a complete loss of 5-HT-IR from WPBs (Figure 3.10 C). 

Both of these experiments demonstrated the requirement for an acidic intra-WPB 

pH for the uptake and/or retention of 5-HT. Results also suggest that the inhibition 

of 5-HT uptake into WPBs by imipramine may be an indirect effect of its basic 

properties and not due to a specific inhibition of SERT at the PM. The latter would 

be consistent with the lack of detectable SERT mRNA.  
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Figure 3.10 NH4Cl prevented uptake of 5-HT into WPBs and discharged 5-HT 
following loading. HUVEC were incubated with 300 µM 5-HT followed by a chase 
time of 5 min (A) and 30 min (B) in the absence (Ai and Bi) and presence (Aii and 
Bii) of 10 mM NH4Cl. C, HUVEC were incubated with 500 µM 5-HT with a chase 
time of 30 min followed by a 5 min incubation in the absence (Ci) and presence 
(Cii) of 10 mM NH4Cl with a final 30 min chase. Cells were stained with specific 
antibodies to VWF (red) and 5-HT (green). Scale bars are 10 µM. 
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To assess whether 5-HT uptake into WPBs was driven by VMAT1, HUVEC were 

treated with the specific VMAT inhibitor reserpine (Rudnick et al., 1990). To 

establish effective concentrations of reserpine for inhibition of VMAT activity, 

experiments were initially carried out using PC12 cells. PC12 cells use VMAT1 to 

accumulate and store 5-HT, as well as NA and DA, in SGs (Liu et al., 1994). PC12 

cells were incubated with 100 µM reserpine for 15 min prior to a 30 min 

incubation with 300 µM 5-HT followed by chase times of 5 min and 45 min. 100 µM 

reserpine was included in the medium at all times. Cells were then fixed and 

stained using antibodies specific to chromogranin A (CgA) and 5-HT, which 

labelled two populations of vesicle; likely to be large dense core vesicles (LDCVs) 

and synaptic like vesicles (SVs) respectively. Cells treated with reserpine 

demonstrated a complete loss of 5-HT-IR at both the 5 min and 45 min chase time 

suggesting that reserpine effectively inhibited the action of VMAT1 (Figure 3.11, 

representative example at 5 min chase time).    

Having established a working concentration of reserpine, the effect of this drug on 

the accumulation of WPB 5-HT-IR in HUVEC was investigated. Cells were incubated 

with 100 µM reserpine for 15 min prior to a 30 min incubation with 300 µM 5-HT 

followed by chase times of 5 and 45 min. 100 µM reserpine was included in the 

medium at all times. Results are presented in Figure 3.12. After a 5 min chase 

following incubation with 5-HT, 5-HT-IR was seen in perinuclear WPBs (Figure 

3.12 Ai), however, in cells treated with reserpine almost no 5-HT-IR was observed 

(Figure 3.12 Aii). After a longer chase time of 45 min, 5-HT-IR was seen more 

extensively in WPBs throughout the cell (Figure 3.12 Bi), with reserpine treated 

cells demonstrating a similar level of WPB 5-HT-IR (Figure 3.12 Bii). This suggests 

that reserpine may inhibit initial 5-HT uptake into perinuclear WPBs but has no 

effect on the uptake of 5-HT into peripheral WPBs which occurs at later time 

points.  
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Figure 3.11 Reserpine treatment abolished granular 5-HT-IR in PC12 cells. PC12 
cells were incubated with 300 µM 5-HT for 30 min followed by a chase time of 5 
min in the absence (A) and presence (B) of 100 µM reserpine and were stained 
with specific antibodies to chromogranin A (red) and 5-HT (green). Scale bars are 
5 µm.  

 

Figure 3.12 Reserpine treatment prevented 5-HT uptake into perinuclear WPBs in 
HUVEC. HUVEC were incubated with 300 µM 5-HT followed by a chase time of 5 
min (A) and 45 min (B) in the absence (Ai and Bi) and presence (Aii and Bii) of 100 
µM reserpine. Cells were stained with specific antibodies to VWF (red) and 5-HT 
(green). Scale bars are 10 µM. 
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3.2.4 Expression of SERT, VMAT1 and VMAT2 in HUVEC 

To explore alternative strategies to load WPBs with 5-HT, the effect of expression 

of VMAT1/2 and SERT in HUVEC was investigated. Expression of human YFP-SERT 

in HUVEC led to apparent localisation to the PM 48 hours after nucleofection 

(Figure 3.13 A). HUVEC were then stained for 5-HT and surprisingly demonstrated 

a high level of cytosolic 5-HT-IR both in cells expressing YFP-SERT and those with 

no obvious YFP expression (Figure 3.13 Bii). As a positive control HUVEC were 

nucleofected with GFP-C2 (which localises to the cytosol) to ensure that 5-HT-IR 

was not an artefact induced by nucleofection, however, these cells were not 

positive for 5-HT (Figure 3.13 Bi). Despite the increase in cytosolic 5-HT-IR in 

SERT expressing cells, generally no significant increase in WPB 5-HT-IR was 

observed (Figure 3.13 C), except for in the perinuclear WPBs in some cells (Figure 

3.13 D).  

The expression of vesicular transporters was then assessed. The following 

constructs were expressed in HUVEC; human EGFP-VMAT1, rat dsred-VMAT2 and 

EGFP tagged rat vesicular acetylcholine transporter (VAChT). All constructs 

localised to WPBs 24 to 48 hours after nucleofection with EGFP-VMAT1 shown as 

an example in Figure 3.14 A. Interestingly, both EGFP-VMAT1 and dsred-VMAT2 

expressing cells showed clear endogenous 5-HT-IR localised to WPBs (Figure 3.14 

C shows VMAT1 as an example). No 5-HT-IR was observed in cells expressing 

EGFP-VAChT consistent with its inability to transport 5-HT (Figure 3.14 B). 

Because VMAT1 mRNA was detectable in HUVEC cultures, and the EGFP-VMAT1 

construct was of human origin, this construct was chosen for further experiments. 

To test whether the appearance of endogenous 5-HT-IR in WPBs expressing EGFP-

VMAT1 arose from the activity of this transporter, cells expressing EGFP-VMAT1 

(48 hours post nucleofection) were treated for 30 min and 60 min with 100 µM 

reserpine then fixed and stained for endogenous 5-HT-IR. After 30 min, 5-HT-IR 

had decreased substantially, but after 60 min had decreased almost completely 

(Figure 3.15).    

A feature of cells in which EGFP-VMAT1 expression appeared high, as judged by 

the intensity of EGFP fluorescence on individual WPBs, was that WPBs tended to 
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be more ‘rounded’ than rod-shaped (Figure 3.14 Ai). Where WPBs contained lower 

levels of EGFP-VMAT1 fluorescence they retained their characteristic rod-shaped 

morphology (Figure 3.14 Aii). The rounded shape of the WPBs in cells over-

expressing EGFP-VMAT1 was reminiscent of the rounding of WPBs following 

prolonged exposures to NH4Cl, or to ionophores such as monensin that result in 

WPB alkalinisation (Erent et al., 2007, Babich et al., 2009). VMATs transport 

monoamines by exchanging protons for monoamine molecules thereby 

discharging protons from the granule and increasing intra-vesicular pH (Fishkes 

and Rudnick, 1982). In order to investigate whether expression of VMAT1 caused a 

significant pH change within WPBs, cells were nucleofected with proregion-

mEGFP, proregion-mEGFP and P-selectin-mCherry (as a control for the double 

nucleofection) and proregion-mEGFP and mCherry-VMAT1. Resting intra-WPB pH 

was then calculated for 80 WPBs from four cells for each condition by 

measurement of EGFP fluorescence changes following addition of 10 mM NH4Cl as 

described in Materials and methods, section 2.9.3 (Erent et al., 2007). The mean pH 

± SD was 5.38 ± 0.21, 5.61 ± 0.33 and 5.86 ± 0.22 for proregion-GFP, proregion-

mEGFP plus P-selectin-mCherry and proregion-mEGFP plus mCherry-VMAT1 

expressing cells respectively (Figure 3.16). No significant difference was measured 

between the three populations of cells as tested by one-way ANOVA. 
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Figure 3.13 
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Figure 3.13 YFP-SERT localised to the HUVEC PM and induced the appearance of 
cytosolic 5-HT-IR. A, 48 hours following nucleofection, YFP-SERT was seen 
localised to the PM of HUVEC stained with specific antibodies to VWF (red) and 
GFP (to detect YFP, green). Scale bar is 20 µm. B, C and D, Cells were nucleofected 
with cytosolic EGFP (Bi) and YFP-SERT (Bii, C and D) and were stained for 
endogenous VWF (blue) and endogenous 5-HT (red), scale bars are 50 µm (B) and 
20 µm (C and D). For B, microscope settings were consistent for imaging 5-HT-IR 
(red) to demonstrate the difference in fluorescence intensity between EGFP-C2 
and YFP-SERT expressing cells.    
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Figure 3.14 Vesicular biogenic amine transporters localised to WPBs following 
overexpression; VMAT1, but not VAChT, induce the appearance of 5-HT-IR in 
WPBs. A, Cells were nucleofected with EGFP-VMAT1 (green) and 48 hours later 
fixed and stained for VWF (red), scale bar is 20 µm. In high expressing cells WPBs 
appeared to have rounded (i) whereas in lower expressing cells WPBs retained a 
rod-like morphology (ii). B, Expression of EGFP-VAChT followed by staining for 
VWF (blue), 5-HT (red) and GFP (green), scale bar is 10 µm. C, Expression of EGFP-
VMAT1 followed by staining for VWF (blue), 5-HT (red) and EGFP (green), scale 
bar is 10 µm. 
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Figure 3.15 Treatment with reserpine abolished 5-HT-IR in EGFP-VMAT1 
expressing cells. Cells were nucleofected with EGFP-VMAT1 and 48 hours later 
were treated with media minus (A) and plus (B) 100 µM reserpine for 60 min, 
scale bars are 50 µm. 

 

Figure 3.16 Expression of VMAT1 did not significantly affect intra-WPB pH. 
HUVEC were nucleofected with proregion-mEGFP, proregion-mEGFP and P-
selectin mCherry and proregion-mEGFP and mCherry-VMAT1 and the intra-WPB 
pH determined as described in Materials and methods, section 2.9.3. Data 
expressed as mean ± SD. 
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3.2.5 Final protocol for loading cells with 5-HT for amperometry 

Data presented above suggested that EGFP-VMAT1 might provide a useful tool for 

loading WPBs with 5-HT for amperometric recording. However, in order to take 

advantage of proregion-mEGFP as an optical sensor of WPB exocytosis, a red 

fluorescent VMAT1 was made by removing EGFP from EGFP-VMAT1 and replacing 

it with mCherry as described in Materials and methods, section 2.4.1. Expression of 

mCherry-VMAT1 led to clear 5-HT-IR in WPBs, similar to that seen for EGFP-

VMAT1, suggesting that the mechanism of VMAT1 was not affected by the 

replacement of EGFP with mCherry (Figure 3.17). As mentioned above, exposure of 

cells to extracellular amines is often used to enhance amperometric recordings 

(Zhou and Misler, 1996, Smith et al., 1995, MacDonald et al., 2006, Kim et al., 

2000). Therefore, co-expression of mCherry-VMAT1 and proregion-mEGFP was 

combined with exposure of cells to a moderate concentration of extracellular 5-HT 

(100 µM 5-HT), to try and ensure consistent loading of all WPBs with 5-HT. Using 

this combined approach, current spikes could be routinely detected from single 

HUVEC undergoing WPB exocytosis in response to cell stimulation (Figure 3.18). 

This protocol was adopted for subsequent studies and a detailed analysis of 

current spikes recorded during WPB exocytosis is given in the following chapters.  
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Figure 3.17 Expression mCherry-VMAT1 led to the appearance of 5-HT-IR in a 
similar manner to EGFP-VMAT1. HUVEC were nucleofected with mCherry-VMAT1 
and 48 hours later were fixed and stained with specific antibodies to VWF (blue), 
5-HT (green) and RFP (red). Scale bar is 10 µm.  
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Figure 3.18 Current spikes were recorded from HUVEC expressing mCherry-
VMAT1 and proregion-mEGFP. Mechanical stimulation with the CFME resulted in 
an increase in [Ca2+]i indicated by quenching of Fura-2 fluorescence at 380 nm 
excitation (A) and WPB exocytosis, indicated by increases in mEGFP fluorescence 
(B) in the region below the CFME. Fluctuations in fluorescence were caused by 
focus changes. C, Current spikes were measured, both with (Dii) and without (Di) 
PSF signals.  
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3.3 Discussion 

3.3.1 WPBs generally do not contain endogenous oxidisable compounds 

There have been no reports in the literature of WPBs containing biogenic amines 

such as 5-HT, NA, AD or DA, although histological studies had suggested histamine 

might be present in WPBs of the toad aorta (Fujimoto et al, 1984). The 

amperometric data in native HUVEC, immunocytochemistry, SERT and VMAT 

expression described in this chapter are consistent with WPBs in the majority of 

HUVEC lacking biogenic amines, or other rapidly diffusible oxidisable molecules, 

suitable for electrochemical detection of WPB exocytosis. However, it has been 

previously observed that a small minority of HUVEC can contain 5-HT-IR localised 

to the WPBs, quantified here at ~1% in a typical HUVEC culture (Figure 3.2 A). 

This was also observed in human aortic ECs (Figure 3.2 B) suggesting that it may 

be a common feature in EC cultures. Interestingly, a similar observation was made 

in cultures of mucosal mast cells, where ~1% of cells were shown to contain 

endogenous 5-HT autofluorescence localised to SGs, with a similar fluorescence 

intensity to cells which had been loaded with 5-HT (Williams et al., 1999). The 

possible reasons for this observation will be covered in section 3.3.4. What this 

demonstrated was that WPBs were capable of storing 5-HT, and possibly other 

oxidisable molecules, although at very low levels. From these observations it was 

clear that if 5-HT were to be used for the detection of WPB exocytosis using 

amperometry, loading methods would have to be developed to increase the 

proportion of ECs with WPBs containing 5-HT.  

3.3.2 HUVEC can accumulate 5-HT from the extracellular environment 

HUVEC were incubated with increasing concentrations of exogenous 5-HT from 10 

µM to 20 mM for 30 min followed by various chase times. It was found that 1) 

WPBs located in the perinuclear region of the cell acquired detectable 5-HT more 

rapidly (e.g. detectable at the 5 min chase time point) and at lower extracellular 5-

HT concentrations (100 to 300 µM 5-HT) than did peripheral WPBs, and 2) the 

appearance of 5-HT-IR in mature WPBs showed a complex kinetic and 
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concentration dependence. In order for extracellular 5-HT to gain access to WPBs 

it must first cross the EC PM and then the membrane of the WPB. In the next 

section the possible mechanisms by which these two steps might occur are 

discussed.  

3.3.3.1 Entry of extracellular 5-HT into the EC cytoplasm 

5-HT has a well characterised role in the vasculature, mediating both 

vasoconstriction and dilation, following release from platelet DCVs (Martin, 1994). 

Uptake of 5-HT and other biogenic amines into WPBs has not been previously 

reported, however, active uptake of 5-HT across the PM in specific populations of 

ECs has been demonstrated, including pulmonary ECs (Heinemann and Fishman, 

1969, Lee and Fanburg, 1986a, Lee and Fanburg, 1986b, Strum and Junod, 1972), 

brain microvascular ECs (Brust et al., 2000) and aortic ECs (Shepro et al., 1975). 

Uptake of radiolabelled 5-HT in pulmonary artery ECs has been measured at 

varying concentrations (Lee and Fanburg, 1986a). At lower concentrations (< 10 

µM) uptake was mediated by Na+-dependent high-affinity transport, inhibited by 

imipramine suggesting that SERT was responsible. At higher concentrations (> 10 

µM) uptake was predominantly due to diffusion. Microvascular ECs of the rat brain 

have been shown to express SERT (Brust et al., 2000). However, only limited 5-HT 

uptake has been reported in HUVEC using radiolabelled 5-HT (0.73 µM) (Mann et 

al., 1989), a result supported by a second study, which demonstrated that 

production of 5-HIAA (following incubation with radiolabelled 5-HT at a 

concentration of 4 µM) was seven times lower in HUVEC in comparison to bovine 

aorta ECs (Small et al., 1977). Production of 5-HIAA in bovine aorta ECs was 

inhibited by both imipramine and iproniazid (an MAO inhibitor) suggesting that 

production of 5-HIAA was dependent on both transport of 5-HT across the PM and 

its subsequent deamination by an MAO. The much lower production of 5-HIAA in 

HUVEC suggested that these cells either could not take up 5-HT (at a concentration 

of 4 µM) or could not metabolise it (Small et al., 1977).  

The results reported here are consistent with these findings, as SERT mRNA could 

not be detected suggesting that HUVEC do not express the transporter. 

Interestingly, the appearance of 5-HT-IR in WPBs was abolished by treatment with 
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the SERT inhibitor imipramine, however, imipramine is reported to be a basic drug 

capable of accumulating in lysosomes and increasing the intra-lysosomal pH from 

∼5.5 to ∼6.5 (Ishizaki et al., 2000). WPBs also maintain an acidic interior (Erent et 

al., 2007) suggesting that imipramine uptake and subsequent increase in intra-

organelle pH may also occur in WPBs. Consistent with this, alkalinisation of WPBs 

with NH4Cl prevented 5-HT uptake and abolished 5-HT-IR in cells preloaded with 

5-HT (Figure 3.12). Results indicate that an acidic intra-WPB pH is required for the 

uptake and retention of 5-HT (this will be discussed further in section 3.3.3.2) and 

therefore the inhibition of 5-HT uptake into WPBs following imipramine treatment 

may be a result of the drug’s basic properties and not inhibition of 5-HT uptake at 

the PM.  

Low affinity but high capacity uptake of monoamine molecules has been 

demonstrated to occur through the action of the PMAT (Engel et al., 2004, Barnes 

et al., 2006, Zhou et al., 2007). PMAT is a member of the SLC29 family (SLC29A4) 

and is expressed predominantly in the brain and the central nervous system (Engel 

et al., 2004, Zhou et al., 2007), but with expression also demonstrated in 

mammalian heart vascular ECs as well as HUVEC (Barnes et al., 2006). PMAT has 

highest affinity for 5-HT, followed by DA, which are transported in an Na+-

independent mechanism which is insensitive to SERT, DAT or NET inhibitors, and 

instead relies on an electrochemical gradient across the PM (Zhou et al., 2007). The 

reported Km values for PMAT-specific uptake of biogenic amines in PMAT 

transfected cells are: 5-HT, 114 ± 12μM; DA, 329 ± 8 18.2 μM;  NA, 2,606 ±258 μM 

and AD, 15,323±3,947 μM (Engel et al., 2004), with Vmax values for 5-HT and DA of 

6.5 ± 0.2 and 18.2 ± 0.2  nM/min/mg protein respectively. The reported Km value 

for 5-HT is in the range of the extracellular 5-HT concentrations used to produce 5-

HT-IR in WPBs, raising the intriguing possibility that this transporter may play a 

role in 5-HT uptake across the PM in HUVEC. However, treatment of HUVEC with 

the PMAT inhibitor decynium-22 failed to prevent the appearance of 5-HT-IR in 

WPBs in cells exposed to extracellular 5-HT, and Western Blot analysis failed to 

detect PMAT protein in our HUVEC cultures (Dr Tom Carter and Dr Ianina Conte, 

NIMR, personal communication). Although these data do not rule out the possible 

involvement of this transporter in 5-HT entry to HUVEC, taken together, data 
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suggest that the predominant mechanism for 5-HT uptake across the PM may be 

by passive diffusion.  

3.3.3.2 Entry of cytoplasmic 5-HT into WPBs 

5-HT may enter WPBs from the cell cytoplasm by passive diffusion or by an active 

transport mechanism. Several observations suggest that both processes may 

operate, at least on some cells, in these cultures. As mentioned above, WPBs 

located in the perinuclear region of the cell acquired detectable 5-HT-IR more 

rapidly and at lower extracellular 5-HT concentrations compared with peripheral 

WPBs. Interestingly, this uptake was inhibited by treatment with the VMAT 

inhibitor reserpine (Figure 3.12). Perinuclear populations of WPBs are thought to 

largely contain immature WPBs which have immerged from the TGN (Hannah et 

al., 2003), whereas peripheral WPBs are considered mature and readily releasable 

(Nightingale et al., 2009, Rojo Pulido et al., 2011). During the maturation process 

WPBs undergo a number of changes (Introduction, section 1.5.2.1). EM studies 

show evidence for substantial clathrin-mediated vesicular budding from immature 

WPBs, interpreted as re-modelling of the organelle to remove soluble and 

membrane components, such as clathrin, TGN46 (Zenner et al., 2007) and the TGN 

SNARE syntaxin 6 (Dr Tom Carter, NIMR, personal communication). If HUVEC 

express VMAT1 at the protein level, VMAT1 present in the TGN may be capable of 

diffusing into the membrane of immature WPBs, as has been demonstrated for 

other integral membrane proteins present in the TGN such as P-selectin (Kiskin et 

al., 2010). VMAT1 may then be removed by clathrin-mediated vesicular budding 

during WPB maturation which would explain the preferential uptake of 5-HT into 

perinuclear WPBs and the inhibition of this uptake by the VMAT1 inhibitor 

reserpine.  

Since uptake of 5-HT into peripheral WPBs is not inhibited by reserpine and 

requires higher concentrations of extracellular 5-HT, uptake is likely to be via 

passive diffusion. What is clear is that this process is dependent on the acidic 

interior of the WPB lumen, since 5-HT uptake and retention were blocked by 

alkalinisation of the WPB with NH4Cl. The requirement for a proton gradient 

across the SG membrane for the accumulation of monoamine molecules in SGs has 
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also been demonstrated in AtT-20 cells in which uptake of exogenous DA was 

inhibited by treatment with the vacuolar-type H+-ATPase inhibitor bafilomycin A1 

(Kim et al., 2000). The importance of the intra-SG pH for 5-HT uptake and 

retention can be appreciated by examining the chemical properties of the 5-HT 

molecule. 5-HT has two acidic sites, an aromatic hydroxyl moiety (pKa 10.73) and 

an aliphatic amino group (pKa 9.97), and can exist in four different states; cationic, 

anionic, neutral and a zwitterionic form (Rudnick et al., 1989, Pratuangdejkul et al., 

2006). At physiological pH, the cationic form is thought to be transported through 

the PM by SERT, whereas the neutral form of 5-HT has been suggested to be 

transported into SGs by VMATs (Knoth et al., 1981, Scherman and Henry, 1981, 

Ramu et al., 1983). Therefore, diffusion of 5-HT from the approximately neutral pH 

environment of the cytoplasm, to the strongly acidic environment within the WPB 

will result in a shift in charge equilibrium to a predominantly cationic state. This 

has been demonstrated to occur in mast cell DCVs, which results in 5-HT in the 

cationic state binding to negative charges of the proteoglycan matrix thereby 

allowing its retention in DCVs (Marszalek et al., 1997, Uvnas and Aborg, 1983). 

Therefore, 5-HT in the cationic state may be retained within WPBs due to a 

decrease in membrane permeability following conversion from the neutral to the 

cationic states and/or due to binding to negatively charged species within the 

WPB, the most predominant of which is VWF (Erent et al., 2007).    

However, according to the visualisation of 5-HT-IR within WPBs over time, this 

retention is not long lived (Figure 3.6). After ~2 hours a much smaller proportion 

of cells contained WPBs positive for 5-HT compared with earlier time points 

indicating that the 5-HT concentration in the WPBs, and possibly in the cell as a 

whole, may reduce over time. Results suggested that this effect was not due to 5-

HT metabolism to 5-HIAA by an MAO, since MAO inhibitors did not prevent the 

loss of 5-HT-IR. This result is supported by a previous study which demonstrated 

that HUVEC produced seven times less 5-HIAA in comparison to bovine aorta ECs 

(Small et al., 1977), suggesting that HUVEC may not be specialised to metabolise 5-

HT. 5-HT contained within the WPBs may therefore simply diffuse back into the 

cytosol over time, with subsequent diffusion of cytosolic 5-HT back out of the cell 

also likely. The time-course for loss of 5-HT-IR will depend in part the kinetics of 5-
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HT dissociation from the binding sites within the WPB lumen and diffusion across 

the WPB membrane and PM and into the bulk media. The time course for loss of 5-

HT-IR may therefore warrant closer inspection in future studies.   

ECs may come into contact with high concentrations of 5-HT in the vasculature at 

sights of platelet activation. Platelets contain 5-HT at a concentration of ∼0.5 M 

within DCVs which is released upon platelet activation, for example at sites of 

blood vessel damage (Ge et al., 2009). Perhaps the sequestration of locally high 

concentrations of 5-HT by ECs into the cytosol and then WPBs, functions as a 

protective mechanism to remove potentially damaging and antagonistic 5-HT 

molecules from the vasculature. In terms of loading HUVEC in preparation for 

amperometry, results indicated that it was possible simply by the addition of 

exogenous 5-HT, however, as the loading was transient it suggested that the 5-HT 

concentration may reduce over time and may not be high enough for 

amperometric detection. As such, amperometric data may become inconsistent 

with parameters changing depending on how long after loading the experiment 

was carried out. It was therefore necessary to investigate alternative loading 

methods, including expression of monoamine transporters to induce active 

transport into WPBs. 

3.3.4 Overexpression of monoamine transporters induce 5-HT uptake 

YFP-SERT, EGFP-VMAT1, dsred-VMAT2 and EGFP-VAChT constructs were 

expressed in HUVEC to determine their localisation. SERT localised to the PM 

(Figure 3.13 A) and VMAT1/2 and VAChT localised to WPBs (Figure 3.14 A). 

Interestingly, HUVEC expressing SERT-YFP demonstrated 5-HT-IR in the cytosol, in 

both cells positive for YFP-SERT and surrounding cells (Figure 3.13 Bii). 5-HT-IR 

was also observed in the perinuclear WPBs in some cells, analogous to the staining 

pattern observed when relatively low concentrations of exogenous 5-HT were 

added to the growth medium as discussed above (Figure 3.13 D). This result is 

interesting for two reasons. Firstly no exogenous 5-HT was added to the growth 

medium at any point so the source of 5-HT is not clear. This will be discussed 

below as VMAT1 and 2 expressing cells also displayed the same phenomenon. The 
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second interesting observation was the extensive 5-HT-IR seen in the majority of 

cells, regardless of whether they were expressing SERT or not. Some cells may 

have been expressing YFP-SERT at an undetectable level, however, transfection 

efficiency, even at low levels, would not be expected to be near 100%. Another 

explanation could be that 5-HT is being taken up by the cells in the population 

expressing YFP-SERT and is then transported between adjacent cells through cell-

to-cell contacts, possibly gap junctions (Bazzoni and Dejana, 2004). To test this, 

gap junction inhibitors could be applied to determine whether these are 

responsible for 5-HT transport between cells. In addition, cells could be 

transfected with YFP-SERT at a lower density to remove cell-to-cell contacts. 

However, despite the fact that expression of YFP-SERT lead to the appearance of 

cytosolic 5-HT-IR, widespread localisation of 5-HT-IR in WPBs was not observed. It 

is not clear why this may be the case, however, in terms of loading WPBs with 5-HT 

this observation suggests that expression of SERT is not a useful method for 

loading WPBs.  

However, both VMAT1 and 2 localised to WPBs (Figure 3.14 A) and, as with SERT 

expression, cells positive for VMAT were also positive for 5-HT, this time localised 

to WPBs (Figure 3.14 C). Expressed VAChT also localised to WPBs, however did not 

induce the appearance of 5-HT-IR consistent with its inability to transport 5-HT 

(Figure 3.14 B). Reserpine treatment of VMAT1 expressing cells abolished 5-HT 

staining consistent with the drug’s action as a VMAT inhibitor and indicating that 

the transporter was functioning correctly despite expression in a cell type which 

may not endogenously express a VMAT (Figure 3.15).  

The morphology of WPBs in cells expressing VMAT1 was assessed with the 

observation that WPBs with a high GFP fluorescence intensity tended to be round 

and WPBs with a lower expression level retained a characteristic rod-shape 

(Figure 3.14 A). This may be due to an increase in intra-WPB pH induced by proton 

efflux by VMAT1 (Rudnick and Nelson, 1978), although, HUVEC expressing VMAT1 

did not have a significantly higher intra-WPB pH compared with control cells. 

However, a small increase in pH was measured (Figure 3.16) which may become 

significant if more experiments are performed. 
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As with SERT expressing cells, VMAT expressing cells also displayed 5-HT-IR 

without the addition of exogenous 5-HT. There are two potential sources for this 5-

HT. The first is the growth medium as there may be low levels of 5-HT present 

which can be taken up by cells when active monoamine transporters are present. 

One source of this 5-HT could be the foetal calf serum and so to test this cells could 

be transfected with SERT and VMAT1 and subsequently cultured in serum free 

media to assess whether 5-HT is still present in SERT and VMAT1 positive cells. In 

addition, HUVEC may synthesise 5-HT, which only becomes visible in cells when 

active transporters are expressed. To test this inhibitors to the enzymes 

responsible for 5-HT synthesis (L-Tryptophan-5-monooxygenase Tryptophan 

hydroxylase (TPH) which converts L-Tryptophan into 5-Hydroxy-L-tryptophan (5-

HTP) and 5-Hydroxytryptophan decarboxylase and Aromatic L-amino acid 

decarboxylase which convert 5-HTP into 5-HT) could be applied to the cells to 

determine whether 5-HT-IR is abolished upon inhibition of 5-HT synthesis. Other 

types of EC can synthesis 5-HT, specifically those of the pulmonary circulation 

which have been demonstrated to express TPH (Eddahibi et al., 2006, MacLean, 

2007). However, it remains to be determined whether this is also the case for 

HUVEC.  

The results obtained following VMAT1/2 expression also suggest that since WPBs 

are clearly capable of taking up 5-HT when an active transporter is present, it is 

possible that the ~1% of cells which contain endogenous 5-HT in a typical HUVEC 

culture are expressing VMAT1/2. This is supported by RT-PCR data which 

demonstrated that HUVEC express VMAT1 at the mRNA level. It would be 

interesting to investigate whether VMAT expression is upregulated under specific 

conditions. It has been demonstrated that certain factors can regulate VMAT 

expression in other cell types, for example VMAT2 expression levels in 

enterochromaffin like cells change in response to fasting and feeding in order to 

regulate levels of histamine secretion (Lambrecht et al., 2007, Dimaline and 

Struthers, 1996). In addition, perhaps EC types which have been shown to express 

SERT on the PM (e.g. ECs of the pulmonary circulation and brain microvasculature) 

also express VMAT on WPBs allowing active uptake into both the cytosol and 

WPBs which may provide additional control for the removal and/or re-release of 
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5-HT at sites which are involved in 5-HT processing, such as the pulmonary 

endothelium.   

It should also be noted that since VMATs are capable of transporting other 

biogenic amines (i.e. AD, NA, DA and histamine) these species may also be present 

in WPBs positive for VMAT1/2. Very recent preliminary data (Dr Ianina Conte, 

NIMR, personal communication) has shown that incubation of HUVEC with 

extracellular NA also results in the appearance of this molecule in WPBs, however, 

in contrast to 5-HT, no NA-IR was seen in WPBs in HUVEC expressing either 

VMAT1 or 2.  Studies are currently underway to assess the intracellular 

localisation of DA and histamine in HUVEC exposed to these molecules.  

3.3.5 Current spikes are recorded from HUVEC expressing VMAT1 

Using the final protocol for loading HUVEC with 5-HT outlined in section 3.2.5, 

comprising expression of VMAT1 followed by incubation with 100 µM 5-HT, 

current spikes were recorded from cells undergoing WPB exocytosis (Figure 3.18). 

The remaining chapters discuss in detail the further optimisation of the 

experimental protocol and characterisation of the WPB fusion pore from 

amperometric data.     
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4. Results II 

Measurement of WPB exocytosis using 
amperometry in combination with live cell imaging 
 

4.1 Introduction 

Following loading of HUVEC with 5-HT through expression of VMAT1 and 

incubation with 100 µM 5-HT, current spikes were recorded from cells undergoing 

WPB exocytosis (Figure 3.18). This chapter describes this process in more detail, 

including the correlation of current spikes to visualisation of WPB exocytosis using 

proregion-mEGFP as an optical marker for fusion (Erent et al., 2007). This also 

allowed the size of individual WPBs to be correlated to the size of current spikes 

which were produced to determine whether the concentration of oxidisable 

molecules was constant throughout the population of WPBs, an important 

consideration during the analysis of amperometric data (Finnegan et al., 1996). 

During amperometric experiments, exocytosis was stimulated mechanically by 

lowering the CFME on to the PM of the cell. The response of ECs to mechanical 

stimulation has been relatively well characterised, with changes in shear stress, EC 

stretching and EC injury demonstrated to induce increases in [Ca2+]i, not only in 

the affected cell but also in surrounding cells of the EC monolayer (Introduction, 

1.5.8.5). Despite these findings, including the observation that mechanical 

stimulation can induce VWF release (Galbusera et al., 1997), a direct analysis of 

WPB exocytosis following mechanical stimulation has not been reported. 

Therefore, to ensure that stimulation with the CFME produced a robust response, 

WPB exocytosis was quantified following contact with a CFME.   

This chapter also describes optimisation of the experimental protocol, focusing on 

the use of CFMEs. Section 2.10.1 in Materials and methods covers the fabrication 

and preparation of CFMEs used during experiments. Commercial CFMEs were used 

for initial experiments, however, there were problems associated with their use. In 

order to optimise the resolution of amperometric spikes it is necessary to position 
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the tip of the CFME flat onto the PM of the cell (Wightman et al., 1991). This is a 

relatively easy proposition when positioning electrodes onto round cells, such as 

chromaffin cells. However, ECs are particularly flat, especially towards the 

periphery which can be as thin as 250 nm (Berriman et al., 2009), therefore 

positioning the CFME so that the surface of the tip was parallel with the PM was 

challenging. The CFME was lowered vertically by introducing a bend in the copper 

wire connecting the CFME to the headstage, as the headstage was positioned to 

hold electrodes at a ~45° angle and not vertically above the preparation. Although 

this was relatively effective, it was not an accurate method of ensuring that the 

electrode surface was positioned flat against the cell for each experiment.  

CFME tips can be bevelled at a set angle to create a flat detecting surface, making 

positioning onto the PM easier (Borges et al., 2005). This can only be performed 

with CFMEs which have glass, plastic or epoxy insulation as these materials 

improve the structural integrity of the carbon fibre, allowing it to be lowered onto 

a bevelling plate. Commercial carbon fibres are coated using electrophoretic 

deposition of paint (EDP) which seals them electrically but does not provide much 

structural integrity, preventing them from being bevelled (Schulte and Chow, 

1996). To overcome this limitation, glass and epoxy encased CFMEs were 

fabricated according to a well established protocol detailed in Materials and 

methods, section 2.10.1 (Pike et al., 2009). Fabricated CFMEs were then bevelled at 

a 45° angle and mounted onto the headstage at the same angle, ensuring that the 

detection surface was parallel with the bottom of the preparation dish and 

therefore the PM of the cell. Comparison between data sets recorded by the two 

types of CFMEs provided clear evidence of the improved positioning of the 

fabricated CFMEs, with amperometric spikes recorded from fabricated CFMEs 

displaying more rapid rise and decay phases indicating improved temporal 

resolution. The aspects of the experimental protocol described in this chapter set 

the stage for the next chapter which will address characterisation of the WPB 

fusion pore in detail.  
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4.2 Results   

4.2.1 Current spikes are associated with WPB exocytosis 

In order to confirm that current spikes originated from WPB exocytosis, 

visualisation of WPB fusion events were correlated with the onset of current 

spikes. The CFME was lowered onto a region of a single HUVEC containing single 

or very few EGFP positive WPBs to allow single events to be easily distinguished. 

Two examples are shown in Figure 4.1. Contact of the CFME with the PM induced a 

rise in [Ca2+]i, as indicated by a decrease in Fura-2 fluorescence at 380 nm (Figure 

4.1 Ai), spontaneous WPB exocytosis, visualised as an increase in proregion-

mEGFP fluorescence (Figure 4.1 Aiii and Bii, grey traces) and the appearance of a 

current spike on the current trace (Figure 4.1 Aiii and Bii, black traces). In both 

examples, the amperometric spike was preceded by a clear PSF signal (Figure 4.1 

Aiv-v and Biii-iv).  

 

 

 

 

 

 

 

 

 

 

 

 



160 
 

Figure 4.1 
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Figure 4.1 The onset of amperometric current spikes was correlated to the 
visualisation of WPB exocytosis. Ai, Fura-2 fluorescence at 380 nm, fluorescence 
decrease corresponds to an increase in [Ca2+]i. Aii and Bi, proregion-mEGFP 
containing WPB undergoing exocytosis, scale bar is 5 µm. Arrow in Bi indicates the 
localisation of the WPB responsible for the EGFP increase. Aiii and Bii, EGFP 
fluorescence of the WPB in Aii and Bi (gray trace) and current trace (black trace). 
Aiv-v and Biii-iv, expanded view of the current spike (Aiv and Biii), and PSF signal 
(Av and Biv), blue dotted line indicates the position of the baseline, green dotted 
lines extend from the spike rise phase and indicate the end of the PSF and red solid 
lines indicate the rise and decay phases of the spike.   
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4.2.2 Delay between optical and electrochemical detection of fusion  

Previous optical studies of WPB fusion have relied upon the pH-induced increase 

in intra-WPB proregion-mEGFP fluorescence to estimate the time of fusion (Erent 

et al., 2007). Correlation of the onset of current spikes with the increase in EGFP 

fluorescence for individual WPBs (quantified for each parameter as the time-point 

when the signal exceeded the mean plus 3 x SD of the mean of the pre-fusion 

signal, Figure 4.2 A) showed a delay between the EGFP fluorescence increase and 

the onset of the current spike of 57.4 ± 66.6 ms (mean ± SD, n = 84) (Figure 4.2 B). 

Using faster imaging rates of 50 to 125 frames s-1, the delay was not significantly 

different, 53.3 ± 52.3 ms (p = 0.764, measured by student’s t test, n = 21 fusion 

events, insert Figure 4.2 B).  
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Figure 4.2 A delay was observed between the onset of the current spike and the 
EGFP fluorescence increase of the corresponding WPB. A, The time point when 
current (black) and EGFP fluorescence (grey) exceeded 3 x SD plus mean of the 
baseline was determined and the difference between these time points was 
defined as the delay. Scale bar is 50 pA. B, Histogram of delays from 84 events 
recorded using imaging at 30 frames s-1, bin width = 33 ms. Insert, delays from 21 
events recorded at 50 – 125 frames s-1, bin width = 20 ms.    
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4.2.3 Correlation of WPB size to quantal size      

Direct observation and identification of individual fluorescent WPBs during 

exocytosis allowed the relationship between WPB size and current spike quantal 

size (Q) to be determined. A correlation between these two parameters indicates 

that the concentration of oxidisable molecules is constant throughout the 

population of SGs, an important consideration during analysis of current spikes, 

since variation in the concentration of the oxidisable species between SGs may 

skew the resulting amperometric data (Finnegan et al., 1996). From the 84 events 

used to calculate the mean delay reported above, WPB length was measured when 

single events could be clearly visualised and was plotted against spike charge (Q in 

pC) from the corresponding amperometric spike (n = 38, Figure 4.3). A test for 

correlation in Prism 5 revealed that WPB length significantly correlated with Q (p 

< 0.0001, r2 = 0.47). 

 

Figure 4.3 Relationship between Q and WPB size. Scatter plot of Q against WPB 
length (n = 38) taken from imaging and amperometry experiments in which the 
exocytosis of single WPBs could be visualised and correlated to individual current 
spikes. Both commercial and fabricated CFMEs were used. The r2 value was taken 
from correlation analysis in Prism 5. 
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4.2.4 Mechanical stimulation induces WPB exocytosis to a similar extent as 

histamine stimulation 

In these studies the CFME was used to mechanically stimulate ECs to induce WPB 

exocytosis during amperometric experiments. To ensure that mechanical 

stimulation produced a reliable, robust response from the cell, HUVEC expressing 

proregion-mEGFP loaded with Fura-2 were stimulated mechanically with a CFME 

to quantify WPB exocytosis and [Ca2+]i changes respectively (Figure 4.4). The 

CFME was gently lowered onto a region in the periphery of the cell, as with 

amperometric experiments, until a wave of Fura-2 fluorescence decrease (at 380 

nm) was seen, initiating in the region of the cell on which the CFME was lowered. 

Changes in Fura-2 fluorescence at 355 nm and 380 nm were measured in this 

region and plotted as a ratio (Figure 4.4 A, black trace). The time of the rise was 

normalised to time 0 s. The size and time course of the increase in the 355/380 nm 

Fura-2 ratio following mechanical stimulation was similar to that observed during 

histamine action (Figure 4.4 A, grey trace). The onset of WPB exocytosis also began 

in the region of the cell contacted by the CFME; a cumulative plot of single 

exocytotic events is plotted alongside those recorded following histamine 

stimulation in Figure 4.4 B, using 486 events from 16 histamine stimulated cells 

and 489 events from 12 mechanically stimulated cells. A significant increase in the 

maximal rate of exocytosis following mechanical stimulation was observed 

compared with histamine stimulation; 3.95 ± 1.92 WPBs s-1 in comparison to 2.16 

± 1.55 WPBs s-1 (p = 0.00224, Figure 4.4 Ci). The delay between [Ca2+]i increase 

and the first event was significantly shorter following mechanical stimulation, at 

0.94 ± 0.55 s compared to 4.94 ± 3.79 s (p = 0.0013, Figure 4.4 Ciii). However, % 

degranulation determined for individual cells was not significantly different using 

the two stimulation methods, measured at 32.76 ± 16.27% for mechanical 

stimulation and 30.13 ± 16.17 for histamine stimulation (p = 0.6751 Figure 4.4 Cii). 

The delay between the [Ca2+]i rise below the CFME and that recorded at the 

opposite side of the cell was also quantified at 2.07 ± 0.9611 s.  

It was also important to determine whether mechanical stimulation led to cellular 

damage, such as tearing of the PM which would be visualised as a loss of Fura-2 

dye from the cell. Therefore, the Fura-2 fluorescence at 355 nm (which does not 
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quench when [Ca2+]i increases) was plotted alongside the fluorescence intensity at 

380 nm from the ratio shown in Figure 4.4 A (Figure 4.4 D). Following contact with 

the CFME, a decrease in fluorescence at 380 nm was observed consistent with a 

rise in [Ca2+]i, however, no decrease in fluorescence intensity was observed 

following this change at either 355 nm or 380 nm suggesting that Fura-2 was not 

lost from the cytosol and therefore the PM remained intact (Figure 4.4 D).  
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Figure 4.4 
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Figure 4.4 Rate and extent of WPB exocytosis in response to histamine stimulation 
and mechanical stimulation with a CFME. A, Representative Fura-2 traces with 
timescale normalised to 0 s at the point of the rise in [Ca2+]i from a histamine 
stimulated HUVEC (grey trace) and a mechanically stimulated HUVEC (black 
trace). B, Cumulative plot of WPB exocytotic events following histamine 
stimulation (grey, 486 events) and mechanical stimulation (black, 489 events). C, 
Mean maximal rate (i), % degranulation (ii) and delay between [Ca2+]i rise and the 
first WPB exocytotic event (iii) for histamine (grey bars, values taken from 16 
cells) and mechanically (black bars, values taken from 12 cells) stimulated 
HUVECs. Data expressed as mean ± SD, * = p < 0.01 and ** = p < 0.001. D, Fura-2 
flourescence at 355 and 380 nm taken from the Fura-2 ratio from the mechanically 
stimulated HUVEC in A with no loss of fluorescence observed following the rise in 
[Ca2+]i.  

 

4.2.5 Carbon fibre microelectrodes for amperometry 

Section 2.10.1 in Materials and methods covers the fabrication and preparation of 

CFMEs used during experiments. To assess the differences between commercial 

(EDP coated) and fabricated (glass/epoxy) CFMEs in detail, data sets of 

amperometric spikes recorded using both types of CFME were compared. Current 

spike and PSF parameters from each data set are shown in Table 4.1 and 4.2 

respectively, with plotted data shown in Figure 4.5. All of the current spike 

parameters were significantly different; for glass/epoxy CFMEs compared to EDP 

coated CFMEs, Imax was significantly higher (p = 0.0012), t1/2, Q, trise and tdecay were 

significantly lower and the rise slope was greater (p values all ≤ 0.0001) (Figure 

4.5 A). In terms of PSF parameters, Ifoot was significantly higher for (p ≤ 0.0001) 

(Figure 4.5 B). Normalised frequency histograms were plotted for current spike 

parameters (bin frequencies were normalised so that the highest frequency was 1). 

Shifts in the distributions for each parameter to the left or right were observed 

which reflected the overall differences in the mean values. Overall, these 

differences indicate that current spikes recorded using glass/epoxy CFMEs rose 

and decayed significantly faster, were narrower and had a lower integral current 

but had a greater amplitude. Possible reasons for the differences seen in 

parameters will be addressed in the discussion. 
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Table 4.1 Current spike parameters recorded from commercial and fabricated 
CFMEs. Data expressed as mean ± SD. 

 EDP coated CFMEs 

n = 254 

Glass/epoxy CFMEs 

n = 295 

Imax (pA) 45.18 ± 33.58 50.61 ± 30.79 

Q (pC) 0.78 ± 1.31 0.52 ± 0.63 

t1/2 (ms) 11.28 ± 7.36 6.19 ± 5.10 

trise (25-75%) (ms) 2.98 ± 1.75 1.63 ± 1.39 

Rise slope (pA/ms) 15.39 ± 16.63 33.51 ± 39.66 

tdecay (25-75%) (ms) 10.24 ± 12.06 6.63 ± 6.92 

 

Table 4.2 PSF parameters recorded from commercial and fabricated CFMEs. Data 
expressed as mean ± SD.  

 EDP coated CFMEs 

n = 137  

Glass/epoxy CFMEs 

n = 137 

Ifoot (pA) 5.46 ± 5.25 7.24 ± 5.25 

tfoot (ms) 7.74 ± 12.36 6.34 ± 11.80 

Qfoot (aC) 78.27 ± 178.92 86.25 ± 254.80 
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Figure 4.5 A 
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Figure 4.5 A 
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Figure 4.5 B 
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Figure 4.5 Comparison between amperometric data recorded from commercial 
(EDP coated) and fabricated (glass/epoxy) CFMEs. A, Log transformed values were 
compared by student’s t test for Imax (i), Q (ii), t1/2 (iii), trise (iv), tdecay (v) and rise 
slope (vi). B, PSF parameters were also compared; Ifoot (i), tfoot (ii) and Qfoot (iii). 
Mean raw values for each parameter are shown on the right of each panel. All 
values are presented as mean ± SEM. **, p ≤ 0.01, **** p ≤ 0.0001 C, Normalised 
frequency histograms and Gaussian fits for log transformed data for each current 
spike parameter recorded using commercial (grey bars and line) and fabricated 
(open bars and black line) CFMEs; Imax (i), Q (ii), t1/2 (iii), trise (iv), tdecay (v) and rise 
slope (vi).     
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4.3 Discussion 

4.3.1 WPB exocytosis can be measured using amperometry 

Using combined live cell imaging and amperometry, current spikes were recorded 

from HUVEC expressing proregion-mEGFP and VMAT1. Visualisation of single 

WPB exocytotic events, by monitoring EGFP fluorescence changes, revealed that 

current spikes could be closely correlated to WPB fusion (Figure 4.1). It is not clear 

which oxidative species or how many were detected by the CFME during WPB 

exocytosis. The CFME was held at +700 mV, a high enough potential to oxidise 5-

HT, NA, AD and DA (Robinson et al., 2003, Jackson et al., 1995, Wightman et al., 

1991, Chow and Von Ruden, 2009). VMAT1 expression led to clear 5-HT-IR in 

WPBs (Chapter 3), and although recent data from our lab has shown that NA-IR is 

absent from WPBs expressing VMAT1 (Dr Tom Carter and Dr Ianina Conte, NIMR, 

personal communication), it is possible that other molecules transported by 

VMAT1, including AD, DA and histamine, might be present in these organelles.  

Fast scan cyclic voltammetry (FSCV) can be used to determine the identity of 

oxidisable species by applying a voltage ramp to the CFME and analysing the 

resulting oxidation/reduction profile to determine which electroactive species is 

present (Introduction, section 1.5.5.4). To detect oxidisable/reducible molecules 

during exocytosis the voltage ramp must cycle during the moment they are 

released from SGs when a spike would normally be recorded using amperometry. 

Due to the rapid changes in voltage during the FSCV ramp, the temporal resolution 

is much reduced as molecules can only be oxidised/reduced at a specific potential 

during the voltage ramp (Michael and Wightman, 1999). When hundreds of 

exocytotic events occur per cell, FSCV can be used to record an 

oxidation/reduction profile of the released species. However, fewer events are 

recorded from HUVEC, with the maximum number per cell being ∼30, making it 

less likely that release events will occur frequently enough during the voltage ramp 

to record an oxidation/reduction profile to determine the species of molecule 

released from WPBs. This problem has been identified in other cell types which 

contain fewer SGs, including rat melanotrophs (Paras and Kennedy, 1995). 

Secretion of peptide hormones containing oxidisable tryptophan and tyrosine 
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residues was measured using amperometry, with the predominant release product 

identified as α-melanocyte stimulating hormone. FSCV could not be successfully 

used to detect the release products on cells stimulated with K+ due to an 

infrequency of current spikes. However, it was possible to use FCSV on 

mechanically stimulated cells when wide current spikes were produced; attributed 

to the superimposition of multiple spikes.  Occasionally large current increases 

made up of superimposed spikes were recorded from HUVEC immediately 

following mechanical stimulation; therefore it may be possible to use FSCV to 

identify the oxidisable species being released during WPB exocytosis by 

mechanically stimulating cells with a high density of WPBs. This is currently being 

pursued.       

4.3.2 The buffering capacity of the WPB lumen may delay the increase in 

EGFP fluorescence upon fusion pore formation 

During simultaneous amperometric detection and live cell imaging of WPB 

exocytosis, a delay of ~50 ms was measured between the onset of the current 

spike and the EGFP fluorescence increase in single WPBs (Figure 4.3). In vitro 

kinetic studies have shown that the intensity of EGFP-fluorescence changes very 

rapidly in response to step changes in pH (< 1 ms) (Kneen et al., 1998), therefore, 

the delay and relatively slow increase in WPB-EGFP fluorescence intensity upon 

WPB fusion presumably arises from some factor other than the intrinsic response 

time of EGFP to a pH change. The slow increase in WPB-EGFP fluorescence is 

thought to arise due to the strong proton buffering capacity (55 mM pH-1 unit) of 

the WPB matrix (Erent et al., 2007), and it seems likely that the ~50 ms delay 

between the onset of the current spike and the onset of the increase in EGFP 

fluorescence reported here is also a manifestation of this property of the WPB 

matrix. Thus, the dual amperometric and optical data presented here provide new 

information regarding the extent to which optical approaches underestimate the 

time of WPB fusion pore formation.  
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4.3.3 Quantal size correlates to WPB volume 

It has been suggested that vesicles in chromaffin, mast, PC12 and pancreatic β-cells 

contain a constant concentration of neurotransmitter molecules implying that 

variation in quantal size of current spikes (Q) is dependent on vesicular volume 

(Finnegan et al., 1996). The evidence for this idea came from a comparison 

between the distribution of vesicular radii and the cube root of the spike charge 

(Q1/3) which were shown to be similar, suggesting that variation in Q was due to 

the variation in vesicular volume. In order to determine whether the concentration 

of oxidisable molecules was constant throughout the population of WPBs, the 

length of individual WPBs was directly compared to the size of corresponding 

current spikes. In this case WPB length was compared to Q, as opposed to Q1/3, 

since WPB volume is proportional to length rather than radius (as is the case for 

spherical vesicles). WPB length significantly correlated to Q suggesting that WPB 

volume determines the charge of the current spike as opposed to variations in 

neurotransmitter concentration between WPBs (Figure 4.4 A). However, since this 

analysis was performed with relatively few events (n = 38) the sample size should 

be increased to confirm this result.  

If WPBs do indeed contain a constant concentration of neurotransmitter, the 

mechanism for this regulation is not clear. The activity of the expressed VMAT1 

should determine the amount of neurotransmitter transported into WPBs. To 

increase the amount of 5-HT within granules, 100 µM 5-HT was added to cells 

prior to amperometric experiments which may have equalised the 5-HT 

concentration between WPBs to some extent, however it is not clear whether there 

are additional oxidisable species present which may affect overall 

neurotransmitter concentration. Chromaffin and PC12 cells regulate vesicular 

volume in response to changes in the amount of vesicular neurotransmitter in 

order to maintain a constant neurotransmitter concentration (Colliver et al., 

2000b, Gong et al., 2003). This may be an important factor in regulating the 

quantal size of neurotransmitter release. On the other hand, HUVEC have not been 

reported to play a role in regulated neurotransmitter release, demonstrated by the 

fact that HUVEC contain low levels of endogenous 5-HT unless VMAT is expressed. 

As such, HUVEC are unlikely to employ mechanisms to maintain a constant 



177 
 

concentration of neurotransmitter in WPBs in the same way as neuroendocrine 

cells. However, as WPB length can be directly correlated to Q, it seems reasonable 

to conclude that on average neurotransmitter concentration between WPBs is 

relatively constant.                 

4.3.4 Mechanical stimulation evokes extensive WPB exocytosis 

During amperometric experiments HUVEC were mechanically stimulated with the 

CFME. In order to confirm that this was an effective method of inducing WPB 

exocytosis, cells were mechanically stimulated with a bevelled epoxy coated CFME 

and [Ca2+]i response and WPB exocytosis were measured using live cell imaging. 

Contact of the CFME with the PM of the cell induced a wave of Fura-2 fluorescence 

quenching across the cell, originating in the region touched by the CFME, indicating 

that a wave of [Ca2+]i increase had occurred. A similar wave of [Ca2+]i increase has 

been reported following mechanical stimulation of ECs using a glass pipette 

(Demer et al., 1993, Sigurdson et al., 1993). 

The mean delay between the [Ca2+]i rise and the first exocytotic event was 

significantly lower than that observed following histamine stimulation (Figure 4.4 

Ciii). However, following application of histamine, a delay of 1.57 ± 0.21 s has been 

previously reported (Erent et al., 2007), shorter than the delay of 4.94 ± 3.79 s 

reported here. Variation in the cells or the way the experiments were conducted, 

for example dilution of the histamine to a concentration < 100 µM before it 

reached the cell, may account for this disparity and so it may be more useful to use 

the published data for comparison. In this case, the delay following mechanical 

stimulation was ~0.6 s shorter than following histamine application. As the first 

events occurred in the region of the cell contacted by the CFME, the reduction in 

the delay may simply be due to depression of the PM by the electrode allowing 

more rapid positioning of WPBs to the PM where they are able to fuse. The exact 

basis for the delay between the [Ca2+]i rise and the onset of WPB exocytosis is still 

not entirely clear, although recent studies have identified some of the key 

molecular components required for WPB trafficking to the periphery of the cell 

and likely fusion with the PM, including the Rab27A effectors MyRIP and Slp4a 
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(Nightingale et al., 2009, Rojo Pulido et al., 2011, Bierings et al., 2012). Slp4a in 

particular may be involved in control of the rate of WPB exocytosis, since it has 

been suggested to be involved in SG docking and priming through interactions 

with the SNARE protein syntaxin and the SNARE binding protein, Munc18-1 (Torii 

et al., 2002, Gomi et al., 2005, Tsuboi and Fukuda, 2006). In accordance with this, 

overexpression of Slp4a increased the delay between the rise in [Ca2+]i and the 

onset of WPB exocytosis, a finding consistent with data recorded from β cells 

where Slp4a overexpression lead to an increase in docked SGs but a decrease in 

overall exocytosis. This was attributed to Slp4a binding to closed syntaxin 1A and 

thereby blocking fusion (Tsuboi and Fukuda, 2006, Gomi et al., 2005, Torii et al., 

2002). Full characterisation of the processes governing the delay between the 

[Ca2+]i rise and WPB exocytosis is required to determine why the delay may be 

different using different types of stimulation, including the identification and 

characterisation of the Ca2+ sensor involved in inducing WPB fusion.    

The maximum rate of WPB exocytosis was significantly higher in mechanically 

stimulated cells at 3.95 ± 1.92 WPB s-1 compared with 2.16 ± 1.55 WPB s-1 

following histamine stimulation, although again previously published data 

reported a higher maximal rate following histamine stimulation of 3.66 ± 0.45 

WPB s-1 (Erent et al., 2007). This parameter can vary widely which could account 

for the difference seen between published data and data reported here, although 

overall results indicate that mechanical stimulation produces an equal, if not 

higher, rate of WPB exocytosis compared to histamine stimulation. In terms of the 

extent of WPB exocytosis, no significant difference in the % degranulation was 

observed using the two stimulation methods. Taken together, these data suggest 

that mechanical stimulation induces a similar rate and extent of WPB exocytosis as 

histamine evoked WPB exocytosis.  

4.3.4.1 Magnitude and sources of the Ca2+ underlying the increase seen 

following mechanical stimulation 

Quantitative measurements of hormone-evoked increases in EC [Ca2+]i have shown 

that [Ca2+]i can rise to ~5-10 μM, and that high [Ca2+]i is required to evoke WPB 

exocytosis (Carter et al., 1998, Zupancic et al., 2002). Consistent with this, high 
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micromolar levels of Ca2+ were required to evoke VWF secretion in minimally 

permeabilised ECs (Birch et al., 1992, Frearson et al., 1995) where the extent and 

kinetics of hormone-evoked VWF were retained (Fayos and Wattenberg, 1997). As 

extensive WPB exocytosis was seen in cells stimulated with a CFME, [Ca2+]i must 

reach levels in the micromolar range. Importantly, the PM did not appear to be 

damaged during these experiments, as Fura-2 fluorescence was not lost from the 

cell (Figure 4.3 D). A small decrease in fluorescence was observed, however this 

was also observed in an adjacent cell not touched by the CFME suggesting that this 

may be due to photobleaching of Fura-2 and not loss of the dye from the cell. 

In terms of the source of Ca2+ which contributes to the [Ca2+]i increase following 

mechanical stimulation, previous studies have suggested it may be derived from 

both the cell exterior and internal stores (Introduction, section 1.5.8.5). The 

initiation of the wave of [Ca2+]i increase in the region of the cell touched by the 

CFME indicates that the Ca2+ response begins in this region. In line with this 

observation, mechanical sensitive ion channels, including members of the TRPV 

family, have been suggested to induce influx of extracellular Ca2+ in response to EC 

PM stretching as well as shear stress (Kohler et al., 2006, O'Neil and Heller, 2005, 

Matthews et al., 2010, Mendoza et al., 2010). Contact of the CFME with the PM may 

therefore activate these channels leading to an influx of Ca2+, which would 

correspond with the observation of the initial rise in [Ca2+]i beginning in the region 

touched by the CFME. Mobilisation of intracellular Ca2+ stores is thought to 

propagate the Ca2+ wave throughout the cell, in a process dependent on the 

production of IP3 (Carter and Ogden, 1992, Demer et al., 1993, Diamond et al., 

1994). Further experiments would need to be carried out in HUVEC stimulated 

with a CFME to establish the source of Ca2+. For example, the concentration of 

extracellular Ca2+ could be varied to determine whether influx of Ca2+ is required 

for the response to mechanical stimulation, as has been previously suggested. If a 

lower extracellular Ca2+ concentration leads to an attenuated response, this may 

also allow the strength of stimulation to be varied. This would be an interesting 

factor to investigate as stimulation strength has been shown to influence the 

proportion of events which undergo specific types of exocytosis in some cell types, 

including HUVEC (Ales et al., 1999, Babich et al., 2008). For example, in weakly 



180 
 

stimulated HUVEC (using 1 µM histamine) a higher proportion of WPB exocytotic 

events were lingering kiss (25%) compared with strongly stimulated HUVEC (12% 

following application of 100 µM histamine) (Babich et al., 2008) whereas, in 

chromaffin cells, the mode of exocytosis shifted to kiss and run at high 

extracellular Ca2+ concentrations (Ales et al., 1999). In addition Ca2+ binding 

proteins have been suggested to regulate the fusion pore, including synaptotagmin 

7 in chromaffin cells, which has been implicated in the control of fusion pore 

opening and expansion based on the level of Ca2+ binding to the C2A and C2B 

domains (Wang et al., 2001, Wang et al., 2003, Segovia et al., 2010). 

4.3.4 Comparison between commercial and fabricated CFMEs 

To improve the positioning of CFMEs onto the HUVEC PM, glass and epoxy CFMEs, 

which could be bevelled to a set angle, were fabricated according to a well 

established protocol (Pike et al., 2009). Data sets collected with both commercial 

and fabricated CFMEs were compared to determine whether the electrode type 

and method of positioning affected the recorded spike parameters (Table 4.1 and 

4.2 and Figure 4.5). Current spikes recorded from fabricated CFMEs were of larger 

amplitude but had a smaller integral current and were narrower. These differences 

in shape were reflected in the rise and decay times which were both more rapid 

compared with current spikes recorded from commercial CFMEs. In terms of PSF 

parameters, Ifoot was significantly higher for spikes recorded with fabricated 

CFMEs. One factor which can affect both the rise and decay times, and 

subsequently the width of spikes, is the distance between the cell and the CFME 

detection surface, with broader spikes of lower amplitude measured at increased 

cell and electrode spacing (Wightman et al., 1995). Current spikes recorded with 

commercial CFMEs were broader and slower suggesting that the diffusional 

distance between the cell and CFME was larger. This is likely due to structural 

differences between the two types of CFME. 

One obvious difference between the CFMEs was the surface area of the tip which 

was larger for fabricated CFMEs, estimated at 54 µm2 (assuming an elliptical tip 

following bevelling at 45° created from a circle of 7 µm diameter (Amatore et al., 
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2009)), compared with 19.63 µm2 for commercial CFMEs (assuming a circular tip 

of 5 µm diameter). Amatore et al. (2009) investigated the effect of altering the 

CFME surface area on amperometric data. They demonstrated that the probability 

of recording overlapping spikes increased with increasing surface area but the 

spike parameters remained unchanged and so were independent of CFME size. 

This suggests that the difference in surface area alone between commercial and 

fabricated CFMEs would not account for the differences seen in current spike 

parameters. One of the other main differences between the two types of CFME was 

the method used for preparation of the reactive surface. Commercial CFMEs were 

cut with a scalpel, which has been shown to create a relatively uneven surface 

when analysed by EM (Schulte and Chow, 1996). Fabricated CFMEs on the other 

hand, were lowered onto a bevelling plate, which has been shown to create a 

smooth and even surface (http://www.biophysics.org/Portals/1/-

PDFs/Education/Wightman.pdf). Whilst the condition of the CFME surface may 

not affect recordings made from round cell types where the CFME can be pressed 

against the PM, HUVEC are unusually flat and so an uneven CFME surface may not 

be in complete contact with the PM. This may increase the diffusional distance 

which oxidisable molecules travel before reaching parts of the CFME surface, 

which may slow the kinetics of the detected current spike. Similarly, diffusional 

distance would have increased if the surface of the CFME was not completely 

parallel to the PM. This was much more likely to occur with commercial CFMEs 

compared with fabricated CFMEs, since the angle of the CFME tip could not be 

controlled when being cut with the scalpel, whereas the bevelling process allowed 

the angle to be set and maintained once the CFME was mounted onto the 

headstage. These differences in preparation and positioning of the CFME detection 

surface are likely to account for the faster and narrower spikes recorded with the 

fabricated CFMEs. Overall, results confirmed that fabricated CFMEs were more 

likely to be correctly positioned onto the HUVEC PM and so were used for all 

subsequent amperometric experiments, unless otherwise stated. 
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4.3.5 Conclusions 

Data presented in this chapter demonstrate that amperometric spikes can be 

recorded from HUVEC following expression of the monoamine transporter VMAT1. 

Simultaneous live cell imaging of WPB exocytosis and amperometric detection 

suggest that current spikes originate from release of oxidisable molecules during 

WPB exocytosis. A small delay was recorded between the opening of the WPB 

fusion pore (onset of the current spike) and increase in WPB pH (increase in intra-

WPB EGFP fluorescence), likely due to the proton buffering capacity of the WPB 

lumen. Correlation between the size of individual WPBs and the size of subsequent 

current spikes, suggest that quantal size is dependent on WPB volume, providing 

good evidence that the concentration of oxidisable molecules is relatively constant 

throughout the population of WPBs. Optimisation of the experimental set-up 

involved establishing the use of bevelled CFMEs to improve CFME positioning onto 

the HUVEC PM. Stimulation of the cells with a bevelled CFME was shown to evoke 

extensive WPB exocytosis, to a similar extent as application of histamine. Data 

recorded from both commercial CFMEs and fabricated CFMEs demonstrated that 

amperometric spikes recorded using the latter type were faster and narrower 

suggesting that the diffusional distance was less between the PM and the CFME 

detecting surface. Due to the vast improvement in the positioning of fabricated 

CFMEs flat onto the PM of the cell, these electrodes were used for the majority of 

experiments discussed in this thesis. Data recording using the two types of CFME 

were kept separate unless otherwise stated. 
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5. Results III 

Characterisation of the WPB fusion pore 
 

5.1 Introduction 

Following the development of suitable conditions for loading WPBs with 5-HT and 

the successful fabrication and testing of CFMEs, current spikes were consistently 

recorded from HUVEC following mechanical stimulation. This allowed the WPB 

fusion pore to be characterised in detail, including the dynamics of fusion pore 

formation and expansion. Analysis of the shape of individual current spikes can 

provide information about the behaviour, properties and mechanism of fusion 

pore formation and regulation. Current spikes either rise immediately from the 

baseline or comprise a small increase in current preceding the main spike, termed 

the PSF signal (Chow et al., 1992, Alvarez de Toledo et al., 1993). The former 

indicates that the fusion pore expanded immediately following formation whereas 

the latter indicates that a fusion pore of restricted size formed initially which then 

fully expanded. A third type of current transient, SAF signals, have the appearance 

of a PSF without the subsequent spike, and are thought to represent formation of a 

fusion pore of restricted size which recloses or remains open, indicating that kiss 

and run or lingering kiss exocytosis occurred (Alvarez de Toledo et al., 1993, Zhou 

et al., 1996, Albillos et al., 1997, MacDonald et al., 2006, van Kempen et al., 2011).    

In HUVEC, ~60% of current spikes were preceded by a PSF, of varying shapes, with 

the remainder of current spikes displaying no PSF. Occasionally events reminiscent 

of SAF were recorded, with corresponding live cell imaging data suggesting that 

these events may have arisen from transient fusion events. This chapter describes 

HUVEC amperometric data in detail, including what can be inferred about the 

formation and expansion of the WPB fusion pore from analysis of the 

amperometric data, as well as the behaviour of the WPB matrix.  
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5.2 Results  

5.2.1 Quantification of current spikes recorded from HUVEC 

Current spike parameters recorded from HUVEC are summarised in Table 5.1. 

Amperometric data frequently displays a log-normal distribution and so can be 

analysed more efficiently using log-transformed values (Amatore et al., 2005, van 

Kempen et al., 2011). To assess the distributions of each parameter, frequency 

histograms of log-transformed data were plotted (Figure 5.1). In line with 

amperometric data recorded from other cell types, including chromaffin and PC12 

cells, log transformed values for all parameters followed Gaussian distributions, 

with the goodness of fit calculated using a K2 test and a Wald test (see Table 5.2 for 

P and R2 values). tdecay was the only parameter which deviated from the Gaussian 

model.   

Table 5.1 Spike parameters recorded from HUVEC. Data expressed as mean ± SD. 

No. of 
cells 

No. of 
spikes 

Imax 
(pA) 

t1/2 
(ms) 

Q (pC) trise 25 
to 75% 

(ms) 

tdecay 75 
to 25% 

(ms) 

Rise 
slope 

(pA/ms) 

104 617 49.24 ± 
34.17 

7.23 ± 
6.48 

0.53 ± 
0.53 

1.77 ± 
1.37 

7.26 ± 
7.75 

28.53 ± 
29.8 

 

Table 5.2 P values from a K2 test and Wald test and R2 values for goodness of 
Gaussian fit for log distributions of spike parameters. P values were generated 
using a K2 test to determine goodness of Gaussian fit and a Wald test to determine 
deviation from the Gaussian ideal. P values > 0.05, indicated insignificant deviation 
from the Gaussian curve. * = P < 0.05. 

 K2 P value Wald test  
P value 

R2  

Imax 0.37 0.96 0.97 
t1/2 0.056 0.067 0.97 
Q 0.056 0.16 0.96 
trise 25 to 75% 0.48 0.095 0.96 
tdecay 75 to 25% 0.044* 0.11 0.96 
Rise slope  0.96 0.35 0.98 
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Figure 5.1 Distributions of log transformed spike parameters. Data for each spike 
parameter were plotted as frequency histograms (grey bars) and fitted with a 
Gaussian function (black lines). Data for log Imax (A), log t1/2 (B), log Q (C), log trise 
25 to 75% (D), log tdecay 75 to 25% (E) and log rise slope (F) were obtained from 
617 spikes from 104 cells. 
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5.2.3 Current spikes with and without PSF signals displayed significantly 

different parameters 

Current spikes were separated based on the presence or absence of a non-native 

PSF (Materials and methods, section 2.10.3.6). Using this cut off criteria, 393 spikes 

out of 617 displayed a non-native PSF, or ~64%. Analysis of spikes from individual 

cells (≥ 5 spikes) showed a similar proportion with PSF, 63.3 ± 18.8%, in close 

agreement with the pooled data (Table 5.3). PSF parameters are displayed in Table 

5.3 and distributions of log transformed PSF parameters are shown in Figure 5.2. 

As with current spike parameters, PSF parameter distributions generally followed 

a Gaussian distribution, with P values and R2 values shown in Table 5.4. 

It has been demonstrated in other cell types that spikes with and without PSF 

signals can display significantly different spike parameters, specifically quantal 

size (Q) which has been shown to be larger for spikes with a PSF (Amatore et al., 

2005, Sombers et al., 2004). This has been attributed to differences in membrane 

properties between vesicles of different sizes, in particular membrane tension 

which is influenced by the ratio of the volume of the SG dense core to the 

membrane surface area. In order to determine whether spikes from HUVEC with 

and without PSF displayed different properties, these two groups were analysed 

separately (Table 5.5). For this analysis a PSF was defined as lasting > 1 ms as this 

cutoff has been used previously to separate spikes with and without PSF signals 

(Amatore et al., 2005). Spikes with a PSF had a significantly larger Imax, Q and rise 

slope compared with those displaying no PSF (p ≤ 0.0001) (Figure 5.3). 

Distributions of these parameters were shifted to the right for spikes with a PSF, 

reflected in the increased centre of Gaussian fit (Table 5.6) and were better fitted 

with a Gaussian function compared to spikes without a PSF according to R2 of 

Gaussian fit (Table 5.6 and Figure 5.3 B). In addition, values were more widely 

distributed for spikes without a PSF for both Imax and Q but not rise slope, as 

reflected in the width of the Gaussian fits (Table 5.6). This was due to a complete 

absence of smaller Imax and Q values for spikes with a PSF (see left hand side of 

frequency histograms, Figure 5.3 B) although large values were still observed for 

spikes without a PSF (right hand side of frequency histograms, Figure 5.3 B).  
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Table 5.3 Non-native PSF signals recorded from HUVEC. % of events with a PSF 
was determined from cells with five or more spikes (40 cells) allowing an 
estimation of the percentage of spikes with PSF signal to be made. Data expressed 
as mean ± SD. 

% of events 
with PSF 

No. of PSF Ifoot (pA) tfoot (ms) Qfoot (aC) 

63.3 ± 18.8 393 5.73 ± 4.82 6.34 ± 14.14 57.49 ± 
161.54 

 

Table 5.4 P values from a K2 and Wald test and R2 values for goodness of 
Gaussian fit for log distributions of PSF parameters. * = P < 0.05 

 K2 P value Wald test P value 
 

R2 

Ifoot 0.97 0.069 0.96 
tfoot 0.016* 0.20 0.93 
Qfoot 0.082 0.70 0.96 

 
 

Table 5.5 Spike parameters from spikes with and without a PSF of duration > 1 
ms. Data expressed as mean ± SD. * Significantly different parameters, calculated 
using a student’s t test of log transformed values.  

 All spikes 
n = 617 

Spikes w/o foot 
n = 298 

 

Spikes w foot 
n = 319 

Imax (pA)* 49.24 ± 34.17 40.56 ± 29.01 57.36 ± 36.60 
Q (pC)* 0.53 ± 0.53 0.44 ± 0.50 0.62 ± 0.55 
t1/2 (ms) 7.23 ± 6.48 7.61 ± 7.26 6.87 ± 5.63 
trise (25-75%) (ms) 1.77 ± 1.37 1.89 ± 1.59 1.65 ± 1.13 
tdecay (25-75%) 
(ms) 

7.26 ± 7.75 7.77 ± 8.71 6.78 ± 6.70 

Rise slope 
(pA/ms)* 

28.53 ± 29.8 25.52 ± 29.71 31.34 ± 29.84 
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Table 5.6 Gaussian values for distributions of parameters from current spikes 
with and without a PSF. Gaussian parameters (centre and width of Gaussian fit and 
R2) and test for Gaussian fit (K2 and Wald test) taken from frequency histograms of 
log transformed data for parameters that were significantly different between 
spikes with and without a PSF (Imax, Q and rise slope). See Figure 5.3 B for 
frequency histograms and Gaussian fits. Gaussian centre and width expressed ± SE. 
* = p ≤ 0.05.  

 Imax Q Rise slope 

 w/o PSF w PSF w/o PSF w PSF w/o PSF w PSF 

Gaussian 
centre 

 

1.49 ± 
0.02  

1.67 ± 
0.01 

2.45 ± 
0.03 

2.66 ± 
0.01 

1.22 ± 
0.02 

1.34 ± 
0.01 

Gaussian 
width 

 

0.42 ± 
0.07 

0.25 ± 
0.01 

0.91 ± 
0.11 

0.38 ± 
0.03 

0.79 ± 
0.07 

0.76 ± 
0.05 

R2 

 

0.85 0.98 0.87 0.96 0.92 0.96 

K2 test P 
value 

 

0.25 0.98 0.02* 0.08 0.05 0.01* 

Wald 
test P 
value 

0.14 0.78 0.96 0.76 0.22 0.86 

 

 

 

Figure 5.2 Distributions of log transformed PSF parameters. Data was plotted as 
frequency histograms (grey bars) and fitted with a Gaussian function (black lines). 
Data for log Ifoot (A), tfoot (B) and Qfoot (C) were from 393 non-native PSF signals.  
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Figure 5.3 A 
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Figure 5.3 B 
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Figure 5.3 Spikes with and without PSF displayed different spike parameters. A, 
Mean spike parameters for spikes with a PSF of duration < 1 ms (grey bars) and > 
1 ms (black bars), error bars = SEM, for Imax (i) t1/2 (ii), Q (iii), trise (iv), tdecay (v) and 
rise slope (vi). Statistical significance was tested using a student’s t test on log 
transformed data for each parameter, **** = p ≤ 0.0001. B, Frequency histograms 
for spikes with a PSF of duration < 1 ms (black bars) and > 1 ms (grey bars) were 
plotted with corresponding Gaussian fits (black lines and grey lines respectively) 
for Imax (i), Q (ii) and rise slope (iii).  

 

5.2.4 PSF signals display a range of shapes 

Figure 5.4 shows examples of current spikes recorded from HUVEC. Approximately 

40% of spikes displayed no discernible PSF (Figure 5.4 Ai and ii), however, for the 

remaining current spikes, PSF of various shapes were recorded. The majority of 

PSF (~60%) had a ramp-like shape whereby the current increased approximately 

exponentially until the fast rising phase of the spike (Figure 5.4 Bi). A minority 

(~9%) displayed a small increase followed by a clear plateau phase (Figure 5.4 

Bii). Both types of PSF have been observed previously in chromaffin cells (Amatore 

et al., 2005, Amatore et al., 2009). PSF signals displaying fluctuations in current 

were also occasionally observed (Figure 5.4 Biii), which again have been recorded 

in chromaffin cells (Zhou et al., 1996). In rare cases (~7%), the PSF was of large 

amplitude with the appearance of a step increase during the rising phase of the 

spike (Figure 5.4 Biv). It has been suggested that such events may originate from 

the superimposition of two spikes of differing amplitude and so are normally 

rejected from analysis (Amatore et al., 2009). In order to determine whether these 

events were a result of this, individual fluorescent WPBs were identified and 

targeted for simultaneous imaging and amperometry. Figure 5.5 shows an 

example. The increase in EGFP fluorescence intensity of the single WPB 

undergoing exocytosis (A) and the appearance of a current spike (B) were closely 

correlated. Expansion of the current trace revealed a small current increase (arrow 

in Ci) representing the start of the PSF followed by a large step increase during the 

rising phase (Cii). Although EGFP imaging indicates that only one fluorescent WPB 

was responsible for the spike, it cannot be completely ruled out that a non-

fluorescent WPB might also have been present under the CFME. However, because 



192 
 

non-fluorescent WPBs represent only a small fraction of the WPB population at 

this time after nucleofection (Erent et al., 2007), it seems likely that such current 

spikes arise from single WPBs.  

 

 

Figure 5.4 A range of current spikes were recorded from HUVEC including those 
without and with PSF signals. A, Spikes with no PSF signal or a small PSF with a 
duration < 1 ms made up 298 out of 617 events (Ai and Aii). B, A range of PSF 
signals were recorded, with the majority having a ramp-like shape with a continual 
increase in current (Bi). A minority of PSF signals displayed a plateau after the 
initial increase (Bii), fluctuations in current during the rise (Biii) or a large step 
increase (Biv).    
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Figure 5.5 Amperometric spikes can display a step increase during the rising 
phase. A, Still images from the live cell imaging taken from the 8 s period plotted in 
B, position of the CFME (in this case a commercial CFME) is indicated by the circle 
and WPB which underwent exocytosis by the arrow in the first still. Scale bar is 5 
µm. B, EGFP fluorescence intensity of the single WPB indicated by the arrow in A 
(grey trace) and corresponding current trace recorded from the CFME (black 
trace). Ci, Enlargement of the current spike shown in B, arrow indicates the start of 
the PSF. Cii, Enlargement of the rising phase of the current spike.  
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5.2.5 SAF signals were rarely recorded from HUVEC 

Evidence that WPBs can undergo both transient and prolonged fusion has come 

from live cell imaging of the release of fluorescently tagged WPB cargo proteins 

and the uptake of fluorescent dyes of different sizes (Babich et al., 2008, 

Nightingale et al., 2011) (Introduction, section 1.5.9). During such events, a SAF 

signal would be expected to be recorded. To identify current signals that might 

represent lingering kiss events, recordings were made from individual or small 

groups of fluorescent WPBs. WPBs undergoing lingering fusion were identified 

using visualisation of proregion-mEGFP using the following criteria; a prolonged 

elevated increase in intra-WPB EGFP fluorescence, a morphological change of the 

WPB from a rod shape to a spherical structure and little evidence of loss of 

fluorescence intensity over time. Very few examples of such events were observed, 

with an example is shown in Figure 5.6. An obvious morphological change of the 

WPB can be seen (Figure 5.6 A) corresponding to an increase in intra-WPB EGFP 

fluorescence intensity (Figure 5.6 B, grey trace) and the appearance of a current 

transient (Figure 5.6 B, black trace and C). The kinetics of the transient were slow 

and so it was not detected during analysis unless the threshold for spike detection 

was lowered from 5 x RMS noise to 2 x RMS noise. Parameters from the transient 

are shown in Figure 5.6 D.    
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Figure 5.6 Events representing lingering kiss fusion were occasionally observed. 
A, Still images from the live cell imaging taken from the 8 s period plotted in B. 
Scale bar is 5 µm. B, Plotted EGFP fluorescence intensity of the single WPB 
undergoing exocytosis in A (grey trace) and corresponding current trace recorded 
from the CFME (in this case a fabricated CFME) (black trace). C, Enlargement of the 
current spike shown in B. D, Spike parameters measured from the spike.  
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5.2.6 Correlation of WPB morphology to spike properties 

Almost all previous studies of exocytosis using amperometry have been on cell 

types which contain spherical vesicles. WPBs, on the other hand, generally display 

a characteristic rod like morphology, but can also be spherical depending on a 

number of factors, including the structure of the VWF tubules contained within 

(Erent et al., 2007, Babich et al., 2008). It was therefore interesting to consider 

whether spikes originating from WPBs of different morphologies displayed 

different properties. Figure 5.7 compares the exocytosis of an elongated WPB 

(WPB 1) to that of a rounded WPB (WPB 2). The timing of changes in EGFP 

fluorescence intensities for both WPBs correlated well with the timing of spike 

appearance on the current trace (Figure 5.7 B). The first current spike displayed 

slow kinetics and was not detected during analysis (Figure 5.7 Ci). On the other 

hand, the spike originating from the rounded WPB displayed kinetics typical of a 

fast rising amperometric spike; Imax = 61.57 pA, Q = 0.66 pC, t1/2 = 6.93 ms, trise = 

2.64 ms, tdecay = 5.85 and rise slope = 15.3 pA/ms (Figure 5.7 Cii). 

To quantitatively compare current spikes originating from long and round WPBs, 

imaging data was used to define the morphology of single WPBs. Current spikes 

originating from long and round WPBs were pooled and average spike parameters 

were calculated and compared (Table 5.7 and Figure 5.8 A). Data sets for long and 

round WPB were relatively small (n = 25 and n = 22 respectively) with a high level 

of variability between spikes. Four parameters were significantly different 

between groups, as tested by student’s t test of log transformed data; t1/2 (p = 

0.0039), trise (p = 0.0379) and tdecay (p = 0.0114) were longer for long WPBs and 

rise slope (p = 0.0344) was higher for round WPBs. Using 20 spikes from each 

group, an averaged spike was calculated for both long and round WPBs (Figure 5.8 

B). The averaged spikes reflected the differences seen in the spike parameters in 

Figure 5.8 A, with the spike calculated from long granules displaying a slower 

decay time and increased half width. However, the rising phases were nearly 

identical, in contrast to mean values for trise and rise slope which were significantly 

different.  
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Table 5.7 Spike parameters from long and round WPBs. Data expressed as mean ± 
SD. * Significantly different parameters, calculated using a student’s t test of log 
transformed values (p ≤ 0.05).  

 Long WPBs 
n = 25 

Round WPBs 
n = 22 

 
Imax (pA) 59.91 ± 42.69 66.86 ± 40.78 
Q (pC) 2.69 ± 4.59 1.29 ± 1.03 
t1/2 (ms)* 22.08 ± 14.57 12.14 ± 6.49 
trise (25-75%) (ms)* 6.23 ± 8.58 3.40 ± 2.07 
tdecay (25-75%) (ms)* 19.14 ± 13.05  10.09 ± 6.86 
Rise slope (pA/ms)* 12.04 ± 13.99 17.93 ± 15.25 
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Figure 5.7 WPBs of different morphologies displayed different current transients. 
A, Still images from the live cell imaging, scale bar is 5 µm. Two WPBs underwent 
exocytosis during the 8 s segment in B. WPB 1 (upper panel) had a rod-like 
morphology whereas WPB 2 (lower panel) had a rounded morphology. B, EGFP 
fluorescence intensity of WPB 1 (light grey trace, left axis) and WPB 2 (dark grey 
trace, right axis) and the current trace from the CFME (fabricated) (black trace). C, 
Expanded views of the two spikes in B, the first likely originating from WPB 1 (i) 
and the second from WPB 2 (ii).  
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Figure 5.8 
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Figure 5.8 WPBs of different morphologies displayed different average spike 
parameters. A, Mean spike parameters for long (open bars) and round WPBs (grey 
bars), for Imax (i) t1/2 (ii), Q (iii), trise (iv), tdecay (v) and rise slope (vi), error bars = 
SEM. Statistical significance was tested using a student’s t test of log transformed 
data for each parameter, * = p ≤ 0.05, ** = p ≤ 0.01. B, Averaged and normalised 
amperometric spikes for long (black trace) and round (grey trace) WPBs, 
calculated using 20 amperometric spikes from both groups.  

 

5.3 Discussion 

Analysis of each stage of fusion pore opening and expansion by calculating spike 

parameters provides a detailed picture of each fusion event and allows insight into 

factors which may be important at each stage of the exocytotic process. It was 

observed early on that spike parameters originating from chromaffin cell DCVs did 

not fit a model which predicted instantaneous release from vesicles, suggesting 

that there were processes restricting the release of neurotransmitters (Schroeder 

et al., 1996). These processes have been suggested to be observable in both the rise 

and decay phases of the amperometric spike. Schoeder et al (1996) determined 

that the rise phase was best fitted by an exponentially modified Gaussian (EMG) 

curve suggesting that two factors were important in determining the curve. The 

exponential portion was suggested to be shaped by diffusion of molecules from the 

vesicle with the Gaussian portion distorting the curve and indicating a second rate-

determining process, thought to be caused by expansion of the fusion pore. On the 

other hand, the decay phase of the spike displayed an exponential decrease and 

corresponded well with a model predicting rate-limiting diffusion of 

neurotransmitter from the vesicular matrix. It was therefore apparent that the rate 

of release of neurotransmitter was dependent on both the formation and 

expansion of the fusion pore and dissociation of molecules from the vesicle matrix. 

A number of interconnecting factors are involved in the control of these processes 

including: proteins involved in formation of the fusion pore (i.e. SNAREs); lipid 

components of the vesicle membrane and PM which affect membrane tension, 

viscosity, and bending; and behaviour of the vesicular matrix upon exposure to the 

extracellular environment (Introduction, section 1.5.6-1.5.7) (Amatore et al., 2000, 

Amatore et al., 2007). 
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5.3.1 WPB current spikes display similar kinetics to DCV parameters 

In order to gain insight into factors which may be important in the control of the 

WPB fusion pore and release of molecules from WPBs, amperometric data 

recorded from HUVEC was compared to that recorded from cell types where the 

release of vesicular content has been more extensively characterised. Table 5.1 and 

5.3 summarise data recorded from HUVEC and Table 1.2 and 1.3 (Introduction) 

contains a selection of amperometric data from the literature recorded from both 

neuronal and non-neuronal cell types. Section 1.5.6 in the Introduction 

summarises some of the important properties of SGs which can influence 

amperometric data. These can be broadly separated into factors affecting the 

dissociation of oxidisable molecules from the vesicle matrix and factors affecting 

the fusion pore directly. Together these factors influence the rate of release of 

oxidisable molecules during exocytosis and consequently the parameters 

determined from resulting current spikes (Amatore et al., 2000, Amatore et al., 

2007).  

HUVEC data was most similar to that recorded from DCVs, particularly those found 

in chromaffin cells and platelets. For example, data from Wightman et al. (1995) 

had comparable values for Imax (51 vs 49.24 pA), Q (0.54 vs 0.53 pC) and t1/2 (6.2 vs 

7.23 ms) vs HUVEC data. In addition, data recorded from platelets were similar to 

HUVEC, although Q was around half the size in platelets vs HUVEC (0.26 vs 0.53 

pC) (Ge et al., 2009). Which factors are important in determining release kinetics 

from DCVs and what can these tell us about release from WPBs? To answer this 

question it is necessary to refer to previous studies investigating the mechanism of 

release of molecules from dense core matrices. 

As covered in the Introduction (section 1.5.6), the dissociation of oxidisable 

molecules from the SG matrix is a major determinant of the rate of release. In both 

mast and chromaffin cells, neurotransmitter molecules are stored in SGs in their 

cation state and consequently bind to negative charges in the proteoglycan matrix 

of the SG (Marszalek et al., 1997, Pihel et al., 1996, Uvnas and Aborg, 1983). Upon 

fusion pore opening, freely diffusible content is released initially, leading to the 

appearance of a PSF signal (Jankowski et al., 1993). Due to loss of cationic 
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molecules from the SG matrix, electroneutrality must be maintained which is 

achieved through the influx of water and cations from the exterior of the cell 

(Amatore et al., 2000, Amatore et al., 2007, Jankowski et al., 1994). This induces SG 

swelling and further dissociation of neurotransmitter molecules from the matrix, 

with rapid bulk release thought to lead to the appearance of the fast rising current 

spike during amperometric recording (Amatore et al., 2007). Extent of SG swelling 

and rate of neurotransmitter dissociation has been shown to be dependent on the 

species of cation entering the SG and the subsequent binding of these species to the 

matrix. For example, in mast cells divalent cations (e.g. Zn2+ and histamine (Hi++) 

have been shown to tighten the matrix by cross-linking negative charges whereas 

monovalent cations (e.g. Cs+ and Na+) cause the granule matrix to swell and loosen 

by dislodging the endogenous divalent cation, histamine (Curran and Brodwick, 

1991, Pihel et al., 1996).  

The comparable release kinetics of WPBs and chromaffin and platelet DCVs 

suggest that release from WPBs is also slower than would be expected if oxidisable 

molecules were freely diffusible in the vesicle lumen. Release is slower from 

chromaffin DCVs due to binding of catecholamines to chromogranin A and in 

platelets due to the formation of aggregates of 5-HT and ATP, which are further 

stabilised by divalent cations also found within the vesicle (Berneis et al., 1969a, 

Berneis et al., 1969b). The exact identity of the oxidisable species released during 

WPB exocytosis is not clear, however, immunocytochemistry data implies that 5-

HT is present. VWF multimers are negatively charged (Erent et al., 2007) and so 

would be capable of binding 5-HT in its monovalent form (5-HT+). In mast cell SGs 

the majority of 5-HT is stored in monovalent form at the low pH of ∼6 and is able 

to bind the negatively charged heparin sulphate proteoglycan matrix (Marszalek et 

al., 1997). WPBs have a similarly low intra-granule pH of ∼5.5 (Erent et al., 2007), 

suggesting that 5-HT+ may predominate within WPBs and be capable of binding 

VWF tubules. This may slow release following fusion pore opening.  

In order to determine whether cation exchange affects the rate of dissociation of 

molecules from the WPB matrix, it would be interesting to perform experiments 

where the composition of the external solution is altered to include different 

concentrations of divalent and monovalent cations, to determine whether the WPB 
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matrix is similarly affected by binding of cations of different valences, as in mast 

and chromaffin cells (Jankowski et al., 1994, Marszalek et al., 1997).  

The effect of the increase in intra-WPB pH upon fusion pore formation may also be 

an important driving force for the dissociation of molecules from the WPB matrix, 

as is the case in chromaffin cells (Jankowski et al., 1993). In chromaffin cells, 

decreasing the extracellular pH to 5.5, thereby eliminating the pH gradient 

between the vesicle interior and cell exterior, led to a reduction in the frequency 

and amplitude of amperometric spikes, attributed in part to the inhibition of 

catecholamine efflux from the chromogranin A matrix (Jankowski et al., 1993). The 

intra-WPB pH increase from ∼5.5 to 7.4 upon fusion is thought to induce collapse 

of VWF tubules leading to a morphological transition of the WPB from a rod shape 

to a spherical structure and the expulsion of VWF tubules which extend into the 

extracellular space (Erent et al., 2007, Michaux et al., 2006a, Nightingale et al., 

2011). In accordance with this process, a reduction in extracellular pH to 6.5 and 

5.8 reduced the formation of extracellular VWF filaments leading to the retention 

of proregion and VWF in partially collapsed PM bound cavities (Babich et al., 

2009). Similarly, increasing intra-WPB pH prior to fusion, enough to disrupt VWF 

tubules, increased the mobility of small soluble proteins (including soluble 

secreted EGFP and eoxtaxin-3) as well as the integral membrane protein P-selectin. 

Results suggested that the tubular VWF matrix at low pH is capable of trapping 

protein cargo, only permitting their release upon disruption of the VWF tubules, 

which would normally occur following fusion (Kiskin et al., 2010). These studies 

demonstrate the influence of the VWF matrix on WPB structure, shaping both WPB 

morphology and dictating the mobility of neighbouring cargo molecules. VWF may 

therefore exert similar control over the mobility of oxidisable molecules within the 

WPB and it would be interesting to assess whether this is pH dependent by 

altering external pH to assess the effect on release kinetics of oxidisable molecules 

using amperometry. If 5-HT, or other oxidisable species, bind to the WPB matrix in 

a pH dependent manner, similar results would be expected to those reported in 

chromaffin cells following a decrease in external pH. Mobility of 5-HT within the 

WPB could also be assessed using a synthetic fluorescent pseudo 

neurotransmitter, which is reported to be loaded into SGs through VMAT 
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dependent transport (Gubernator et al., 2009). FRAP can be performed to 

determine the mobility of specific fluorescent molecules in single WPBs (Kiskin et 

al., 2010) and so could be used to assess the mobility of this molecule. This would 

provide information about whether neurotransmitter molecules within WPBs are 

freely diffusible or are restricted by binding to the WPB matrix. 

The similarities between amperometric data recorded from HUVEC and that 

recorded from other cell types suggest that the fundamental molecular 

mechanisms regulating fusion may be similar. Fusion of DCVs in a number of cell 

types including neuronal, chromaffin, PC12, and β cells is thought to be driven by 

the formation and regulation of the neuronal SNARE complex, made up syntaxin 1, 

SNAP25 and VAMP2 (Introduction, section 1.5.3.1). However, many other isoforms 

of each SNARE protein exist, with 36 members in total identified in humans, 

demonstrating varying degrees of expression in different cell types and different 

cellular compartments (Jahn and Scheller, 2006). SNARE proteins are relatively 

promiscuous, with different combinations of t-SNAREs and v-SNAREs capable of 

forming functional SNARE complexes (Fasshauer et al., 1999, Yang et al., 1999), 

and alternative SNARE proteins able to rescue the phenotype observed following 

knock out of a specific SNARE component. For example, SNAP23 and SNAP25, as 

well as VAMP2 and VAMP3, are capable of substituting for each other to a varying 

degree during regulated exocytosis in chromaffin cells (Borisovska et al., 2005, 

Jahn and Scheller, 2006, Sorensen et al., 2003). The SNARE complex mediating 

WPB exocytosis is thought to comprise syntaxin 4, SNAP23 and VAMP3 (Pulido et 

al., 2011), a similar set of SNARE proteins to those involved in mast cell SG 

exocytosis; syntaxin 4, SNAP23 and VAMP7 or 8 (Woska and Gillespie, 2012). The 

similarity of amperometric data presented here to that recorded during DCV 

exocytosis in a range of cell types, provides further evidence that a universal 

mechanism for SNARE driven SG exocytosis may exist, which is not affected by the 

presence of different SNARE proteins.       
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5.3.2 The majority of current spikes display a PSF and have distinct 

parameters compared with those with no PSF  

5.3.2.1 A relatively high proportion of HUVEC spikes display a PSF 

Previous results from the literature indicate that different cell types display 

different frequencies of PSF signals; it is generally reported that 20-35% of 

chromaffin cell current spikes display a PSF (Amatore et al., 2005, Amatore et al., 

2009, Chow et al., 1992, Schroeder et al., 1996), ∼35% in PC12 cells (Sombers et 

al., 2004), ~12% in beige mouse mast cells, ~5% in normal rat mast cells (Alvarez 

de Toledo et al., 1993), 8-11% in platelets (Ge et al., 2008, Ge et al., 2009) and ∼20 

% in pancreatic β-cells (Zhou and Misler, 1996). SG membrane properties, 

including membrane tension, are thought to affect the probability of recording a 

PSF. It has been suggested that reducing vesicle size, and thereby increasing the 

ratio of the SG dense core to the total vesicle volume, results in an increase in 

membrane tension, as well as the probability of recording a PSF. This was 

demonstrated in PC12 cells, whereby decreasing vesicle volume by treatment with 

reserpine increased the frequency of PSF to 155% of the control (Sombers et al., 

2004). Conversely, increasing the volume of the vesicle by addition of L-DOPA 

decreased the frequency of PSF to 75% of the control. Sombers et al. (2004) also 

correlated vesicle size to the frequency of PSF from data reported in the literature 

and demonstrated that as vesicle size decreased the frequency of PSF increased; 

for example mast cells (containing SGs of average radii of 400 nm) had a PSF 

frequency of ~4%, whereas chromaffin cells (containing SGs of average radii of 

125 nm) had a frequency of ~35%. Again this was attributed to the promotion of 

the formation of a restricted fusion pore during exocytosis of smaller vesicles due 

to a higher membrane tension. 

However, the opposite hypothesis has also been proposed, whereby a decrease in 

SG membrane tension promotes the formation of a restricted fusion pore. In 

chromaffin cells, Amatore et al. (2005) suggested that populations of SGs with a 

lower membrane tension (attributed to the occurrence of homotypic fusion) had 

an increased probability of forming a restricted fusion pore. Similarly, in blood 

platelets, Ge et al. (2008) reported that decreasing the osmotic pressure of the 
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extracellular solution (hypotonic) led to an increase in DCV volume and a decrease 

in PSF frequency from 8.1 ± 1.2% under isotonic conditions, to 2.9 ± 1.0% under 

hypotonic conditions. However, in this case an increase in vesicle volume was 

proposed to increase membrane tension, due to vesicle swelling, which 

subsequently destabilised the restricted fusion pore leading to a decreased 

frequency of PSF.  

Taking these factors into consideration, data from HUVEC can be interpreted in a 

number of ways. Firstly, it is interesting to note that HUVEC spikes display a 

relatively high frequency of PSF signals at 50 – 60%. How does this fit into the 

correlation between vesicle size and PSF frequency proposed by Sombers et al. 

(2004)? On average WPBs have a diameter of 154 ± 63 nm and mean length of 

1300 ± 690 nm (but can be up to 5000 nm, Figure 4.5 Bi) and are either spherical 

or cylindrical in shape. Assuming a cylindrical shape with hemispherical ends, the 

volume of a WPB of mean length would be 0.026 µm3, which is an equivalent 

volume to a spherical vesicle with a radius of ∼180 nm, larger than average radii 

predicted for both PC12 cells (∼100 nm) and chromaffin cells (∼125 nm) (Chow et 

al., 1992, Sombers et al., 2004), but smaller than that predicted for mast cells 

(∼400 nm) and beige mouse mast cells (∼1350 nm) (Breckenridge and Almers, 

1987a, Breckenridge and Almers, 1987b). If the correlation outlined above was 

applicable to WPBs, the predicted frequency of PSF would be ∼20%, lower than 

the reported percentage. Therefore, the results presented here suggest that WPBs 

do not fit in with the suggestion that higher membrane tension, dependent on 

vesicle size, promotes the formation of a restricted fusion pore. This could be due 

to the fact that membrane tension of WPBs is not dependent on the ratio between 

the matrix and the vesicle surface area as was suggested for DCVs in PC12 cells and 

chromaffin cells (Sombers et al., 2004). Differences in the composition of the 

vesicle core may account for this.  

On the other hand, HUVEC data may support the opposite hypothesis which 

suggests that lower membrane tension promotes the formation of a restricted 

fusion pore. Due to the relatively high frequency of PSF recorded from HUVEC, data 

suggest that WPB membrane tension may be lower in comparison to the cell types 

discussed above which display a lower frequency of PSF. This could be due to the 
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following idea; when a rod shaped WPB fuses the VWF tubules collapse and the 

vesicle becomes spherical (Erent et al., 2007). A sphere has a smaller surface area 

than a cylinder of the same volume, and so there may be a brief decrease in the 

vesicle surface area as this transition occurs prior to vesicle swelling (due to the 

influx of extracellular water and ions). The vesicle membrane would not have time 

to readjust to this change in surface area and so there may be an excess of 

membrane, albeit briefly, leading to a decrease in membrane tension. According to 

Amatore et al. (2005) this would promote the stabilisation of a restricted fusion 

pore and so could lead to the high proportion of PSF recorded from HUVEC.  

5.3.2.2 Spikes with and without PSF display different parameters 

Another observation made during analysis of HUVEC data was that spikes with and 

without PSF displayed different spike parameters. Spikes with a PSF had a 

significantly higher Imax, Q and rise slope suggesting that larger vesicles are more 

likely to form a restricted fusion pore. Distributions for each parameter were 

shifted to the right for spikes with a PSF and were better fitted with a Gaussian 

function in comparison to spikes without a PSF (Tables 5.5 and 5.6 and Figure 5.3). 

In particular log Imax and log Q distributions demonstrated a shoulder after the 

maximum indicating that the no PSF group contained less spikes with a high 

amplitude and integral current. A very similar result has been demonstrated in two 

separate studies in which distributions of log Q in chromaffin cells also appeared to 

lose a component of large values when no PSF was recorded (Amatore et al., 2005, 

Tang et al., 2007). Amatore et al. (2005) attributed this to the formation of a 

population of large vesicles due to homotypic fusion which had double the mean 

charge of single vesicles and preferentially formed a restricted fusion pore upon 

exocytosis due to a decrease in membrane tension. Log Q distributions for these 

two populations had very similar shape with the PSF group shifted to the right. A 

Gaussian curve made up of values twice the size of Q values from the non-PSF 

group could be superimposed on the curve from the PSF group indicating that the 

latter group had double the charge of the first group. It was argued that homotypic 

fusion accounted for this doubling in charge. However, HUVEC data does not follow 

this pattern as the distribution of the PSF group is not made up of values double 

that of the non-PSF group, since the non-PSF group also contains a component of 
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large Q values (Figure 5.3 Bii). In addition, although homotypic fusion of WPBs is 

thought to be possible (Valentijn et al., 2008), there is no evidence that it occurs 

frequently. Therefore, it seems unlikely that homotypic fusion between WPBs is 

responsible for the increased probability of current spikes with increased charge 

displaying a PSF.     

On the other hand, Tang et al. (2007) proposed that an increased occurrence of PSF 

from current spikes with larger Q values was due to an increased number of fusion 

machines on large granules. Since the rate of catecholamine release was also 

proportionally higher for current spikes with larger Q values, it was suggested that 

larger vesicles may contain a greater number of fusion machines which combined 

to form a larger fusion pore that was more stable, thereby allowing efficient 

molecular release from large vesicles. It was also suggested that the increased 

presence of protein components in the fusion pore may allow the more rapid 

inclusion of lipids during fusion pore expansion, thereby leading to an increased 

rate of fusion pore expansion. Data recorded from HUVEC were very similar to 

those reported in this study, with current spikes of larger Q more likely to have a 

PSF and which subsequently rise more rapidly (Figure 5.3 Aii and Avi). However, 

whether the prediction used to explain the observations in chromaffin cells is 

correct and also applies to ECs is not clear.  

Additional studies have also reported that larger vesicles are more likely to display 

a PSF in chromaffin cells, mast cells and PC12 cells (Alvarez de Toledo et al., 1993, 

Chow et al., 1992, Mosharov and Sulzer, 2005, van Kempen et al., 2011), and so this 

appears be a common feature of amperometric data. With the various explanations 

proposed above, it becomes difficult to interpret the results obtained during WPB 

exocytosis. A simpler explanation could be that larger spikes provide better 

resolution due to the higher signal to noise ratio, perhaps allowing PSF to be 

identified more easily. It is also possible that vesicles containing large amounts of 

neurotransmitter, and therefore producing larger spikes, may have an increased 

proportion of freely diffusible molecules which would allow a PSF to be resolved. 

Smaller vesicles on the other hand contain less neurotransmitter molecules and so 

may have a smaller diffusible portion, preventing the identification of a PSF prior 

to fusion pore expansion.    
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 5.3.3 Different types of PSF were recorded from HUVEC 

The majority of PSF recorded from HUVEC (~60%) had a ramp shape prior to the 

fast rising phase of the main spike (Figure 5.4 Bi), suggesting an exponential 

expansion of the fusion pore before irreversible expansion. A minority (~9%) 

displayed a short plateau following the ramp (Figure 5.4 Bii) suggesting that the 

fusion pore can occasionally pause briefly in a restricted configuration before fully 

expanding (Amatore et al., 2009). In addition, a minority of PSF were recorded 

which displayed fluctuations in current similar to those previously reported in 

chromaffin cells (Figure 5.4 Biii) (Zhou et al., 1996). It was proposed that PSF 

flickers were due to rapid changes in fusion pore diameter as opposed to changes 

in the rate of catecholamine diffusion from the vesicular matrix, due to the rapid 

rise times of each flicker. The presence of flickering PSF signals in HUVEC data 

suggests that the WPB fusion pore may be capable of similar fluctuations in 

diameter during expansion. A minority of spikes (∼7%) displayed a step increase 

during the rising phase with the appearance of a PSF of particularly large 

amplitude, which didn’t appear to be the result of the superimposition of two 

spikes (Figure 5.4 Biv and 5.5). The different types of spike recorded from HUVEC 

may provide insight into the dimensions of the WPB fusion pore.  

Fusion pore diameters can be estimated from either the pore conductance, 

measured using whole cell capacitance, or from the analysis of the diffusion of 

molecules of different sizes through the fusion pore. The diameter of the early 

fusion pore has been estimated to be ∼1-3 nm in a range of cell types including 

mast cells, chromaffin cells, pituitary lactotrophs and β cells (Alvarez de Toledo et 

al., 1993, Breckenridge and Almers, 1987a, MacDonald et al., 2006, Vardjan et al., 

2007). In cell types which display lingering kiss exocytosis (e.g. pancreatic β-cells 

and HUVEC) the stable fusion pore has a larger estimated diameter of 5-12 nm 

(Babich et al., 2008, MacDonald et al., 2006, Tsuboi et al., 2004). Mean PSF 

parameters recorded from HUVEC are similar to those recorded from chromaffin 

cells (Introduction, Table 1.3). It is therefore tempting to suggest that these early 

WPB fusion pores may be of similar size (i.e. 1-3 nm) to those recorded from other 

cell types, including chromaffin cells. The major assumption here is that the 

diffusion of oxidisable molecules through the fusion pore is similar in both cell 
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types and that the pore diameter is the major factor which determines the size of 

the PSF parameters recorded. It has been suggested that this is the case in 

chromaffin cells (Zhou et al., 1996), however further work would need to be 

carried out in HUVEC to come to the same conclusion. It is also tempting to 

speculate that the observation of spikes with a large step increase during the rise 

phase, may be representative of molecular release which is retarded by a larger 

fusion pore, such as the estimated 12 nm fusion pore which forms during WPB 

lingering kiss fusion (Babich et al., 2008). The brief formation of a fusion pore of 

this diameter may produce a PSF with greater amplitude than an average PSF, and 

would therefore account for the minority of spikes with a step increase during the 

rising phase.  

5.3.4 Slow current transients are associated with lingering kiss exocytosis 

Kiss-and-run and lingering kiss exocytosis are thought to be responsible for the 

appearance of SAF signals (Alvarez de Toledo et al., 1993). SAF signals have been 

observed in many cell types including mast, chromaffin, PC12 and pancreatic β 

cells (Alvarez de Toledo et al., 1993, Zhou et al., 1996, Albillos et al., 1997, 

MacDonald et al., 2006, van Kempen et al., 2011). Some studies have suggested that 

SAF occur relatively frequently, making up 10-20% of events in PC12 and 

chromaffin cells (Zhou et al., 1996, Albillos et al., 1997, van Kempen et al., 2011). 

However, other studies (also in PC12 and chromaffin cells) reported a much lower 

proportion of SAF, at ∼1% of events (Wang et al., 2010, Tang et al., 2007).  

Previous estimates suggested that 10-12% of WPB exocytotic events were 

lingering kiss (Babich et al., 2008, Nightingale et al., 2011), however, very few SAF 

signals were recorded from HUVEC which could be due to a number of reasons. 

SAF can be difficult to identify as they are often of low amplitude (Wang et al., 

2003) and can have a similar appearance to current spikes arising from fusion 

events which occurred far from the CFME detection surface, and which are rejected 

due to their slow kinetics. As such, it was difficult to confidently identify SAF 

signals within the data. However, it is also possible that transient fusion events 

only occurred extremely rarely, as has been suggested for PC12 and chromaffin 
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cells (Tang et al., 2007, Wang et al., 2010). This could be due to the use of 

mechanical stimulation to evoke WPB exocytosis, as the previous studies have 

used chemical stimuli such as histamine and PMA. Babich et al. (2008) 

demonstrated that the proportion of lingering kiss events increased to 25% of the 

total following stimulation of cells with a lower concentration of histamine, 

suggesting that these events may preferentially occur during weak stimulation. 

Although the extent of WPB exocytosis across the whole cell did not differ 

significantly following mechanical stimulation as compared with histamine evoked 

stimulation (Chapter 4), the region of the cell directly below the CFME, which is the 

first to see the [Ca2+]i rise, is likely to experience strong stimulation. This is 

reflected in the short delay between the [Ca2+]i rise and the first WPB event which 

almost always occurred in the region below the CFME (Chapter 4, section 4.2.4). In 

order to record more lingering kiss events, and allow their full characterisation, 

alternative stimulation methods may need to be employed. In addition, as 

suggested in Chapter 4, it may be possible to control the strength of mechanical 

stimulation by altering the concentration of extracellular Ca2+.  

Current transients associated with the small number of suspected lingering kiss 

events demonstrated slow kinetics (Figure 5.6). Interestingly, in this example, the 

parameters actually revealed a relatively high Imax, within the range recorded from 

what are assumed to be full fusion events (Figure 5.6 D and Table 5.1). However, if 

this was a lingering kiss event the fusion pore should have a diameter of ∼12 nm 

as discussed above, a relatively large size in comparison to estimates of 1-3 nm for 

restricted fusion pores in other cell types. A restricted fusion pore of this size may 

not slow neurotransmitter release to the same extent as a much smaller fusion 

pore, potentially leading to current transients with relatively large maximums. 

However, the transient shown in Figure 5.6 also had slow kinetics, which wouldn’t 

necessarily be expected if the fusion pore were large enough to not significantly 

restrict release of neurotransmitter molecules. However, what is striking about 

this example is the length of the WPB from which the current spike was recorded, 

which was estimated at ∼4 µm, towards the maximum length which WPBs have 

been observed to reach (Chapter 4, Figure 4.3 Bi) (Zupancic et al., 2002). This 

suggests that the size and shape of the WPB may also influence release kinetics.  
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5.3.5 Long WPBs display slower release kinetics 

Spikes originating from long WPBs were wider and rose and decayed more slowly 

in comparison to those originating from round WPBs (Figure 5.8). The fusion of 

rod shaped WPBs results in a morphological transition to a spherical structure, 

driven by granule swelling and the collapse of VWF tubules as they disassemble 

(Berriman et al., 2009, Michaux et al., 2006a, Nightingale et al., 2011). This change 

in VWF structure is believed to be driven in part by an increase in pH and by the 

unshielding of anionic charges of the VWF tubules (Babich et al., 2009, Erent et al., 

2007). In addition, the mechanical action of actomyosin II has been suggested to 

expel VWF strings from WPBs through the formation of an actin ring around the 

WPB, with contractile force provided by myosin II (Nightingale et al., 2011). What 

about WPBs which are already round upon fusion and so don’t undergo a 

morphological transition? Firstly, it is not clear what makes WPBs round or 

whether this affects release of cargo molecules during exocytosis. It is known that 

increasing the intra-WPB pH leads to a gradual rounding of the granule, assumed 

to be due to pH-dependent disassembly of VWF tubules which would normally 

occur following fusion pore opening (Erent et al., 2007).  

Therefore, what is the significance of slower release of neurotransmitter molecules 

from long WPBs? A simple explanation would be that already rounded WPBs may 

have undergone some of the changes necessary for the dissociation of 

neurotransmitter molecules from the matrix, for example, destabilisation of VWF 

tubules due to a pH increase. If 5-HT (and potentially other neurotransmitter 

molecules) are indeed bound to the anion charges of VWF, an increase in intra-

WPB pH prior to fusion may allow the dissociation of a population of these 

molecules into a diffusible fraction. Data presented in Chapter 3 (section 3.2.2.4, 

Figure 3.10) supports this idea since it was demonstrated that exogenously loaded 

5-HT is lost from WPBs upon alkalinisation of the WPB lumen suggesting that the 

acidic intra-WPB pH is required for retention of 5-HT. Therefore pH dependent 

unbinding of 5-HT from the WPB lumen may increase the release kinetics. 

Conversely, the morphological transition which long WPBs undergo during fusion, 

whether driven by a pH gradient or actomyosin II action, may provide an 

additional step in the dissociation of molecules from the matrix and therefore slow 
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release. If the pH is lower in these WPBs, there may be a smaller fraction of 

diffusible 5-HT available for release thereby slowing release kinetics, particularly 

during the decay phase. It is also easy to envisage slower release from a long 

structure in comparison to a rounded structure, simply due to the increase in the 

distance which the molecules have to diffuse, regardless of whether they were 

bound to the matrix or not prior to fusion. The slower release kinetics may be due 

to a combination of these factors.        

5.3.6 Conclusions 

A combination of live cell imaging of WPB exocytosis and amperometric detection 

of neurotransmitter release has allowed the WPB fusion pore to be analysed in 

detail for the first time. A large proportion of exocytotic events display a PSF, 

suggesting that WPB membrane properties promote the formation of a restricted 

fusion pore. The majority of WPB PSF signals displayed a ramp shape suggesting 

that the fusion pore generally expands exponentially and then fully dilates. 

Interestingly, fluctuations during the rising phase of a minority of spikes also 

raises the possibility that the WPB fusion pore may open in stages before full 

expansion which supports previous findings that a relatively large restricted fusion 

pore can form allowing release of small cargo molecules but retention of VWF. The 

size of this restricted fusion pore (∼12 nm) may account for the fact that SAF are 

not generally observed in the amperometric data, as a fusion pore of this diameter 

may not restrict neurotransmitter release significantly. Spikes from these fusion 

events may still display relatively fast kinetics making them indistinguishable from 

spikes arising from full fusion. Further experiments using different stimulation 

protocols could be carried out to investigate whether [Ca2+]i is an important factor 

in the regulation of fusion pore dynamics, as has been demonstrated in other cell 

types. This may provide insight into whether the formation of a restricted fusion 

pore plays a physiological role in the control of release of subsets of molecules 

under specific conditions.  

WPB morphology has also been shown to affect release kinetics with longer 

granules displaying a prolonged mean tdecay suggesting that the collapse of VWF 
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tubules may be important for the dissociation of neurotransmitter molecules from 

the matrix. Further work is required to determine whether neurotransmitter 

molecules bind to the WPB matrix and which processes determine rate of 

dissociation of molecules from the matrix, which may include counterion exchange 

and an increase in intra-WPB pH. Such investigations may provide a better 

understanding of which factors are important for the structural transition of VWF 

from tightly packaged tubules to unravelled strings which extend form the cellular 

surface and bind circulating platelets during primary haemostasis. Such work may 

also demonstrate whether structural changes in the WPB matrix are responsible 

for forcing the fusion pore open as has been suggested for chromaffin cells 

(Amatore et al., 2007). The data presented here provides a detailed picture of WPB 

fusion pore behaviour under normal conditions. It is now possible to change 

specific conditions to determine which factors are important in fusion pore 

regulation. The next chapter investigates one such factor, the role of PM 

cholesterol in fusion pore regulation.   
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6. Results IV 

The role of plasma membrane cholesterol in WPB 
exocytosis 

 

6.1 Introduction 

The composition and organisation of the PM is suggested to be important in the 

regulation of a range of cellular processes including signal transduction, cell 

adhesion and membrane fusion and fission (Introduction, section 1.5.7). 

Cholesterol, a major component of the PM (Simons and van Meer, 1988), has been 

suggested to promote the formation of heterogeneous lipid microdomains which 

may be important in the regulation of the processes listed above (Cerneus et al., 

1993, Hanada et al., 1995, Patra et al., 1999, Sot et al., 2002). In terms of exocytosis, 

the formation of cholesterol dependent lipid microdomains has been suggested to 

promote the organisation of both SNARE proteins and components involved in 

Ca2+ signalling (e.g. synaptotagmin and voltage gated Ca2+ channels) at distinct 

sites in the PM (Chamberlain et al., 2001, Churchward et al., 2005, Kato et al., 2003, 

Lang et al., 2001, Salaun et al., 2005, Vikman et al., 2009, Waseem et al., 2006). 

Consistent with this idea, cholesterol depletion inhibits exocytosis in a range of cell 

types including PC12 cells, β cells, hippocampal neurons, rat brain synaptosomes, 

mast cells and alveolar type II cells (Chamberlain et al., 2001, Chintagari et al., 

2006, Kato et al., 2003, Lang et al., 2001, Linetti et al., 2010, Ohara-Imaizumi et al., 

2004, Vikman et al., 2009, Waseem et al., 2006, Zhang et al., 2009). In contrast, 

cholesterol depletion has been shown to enhance exocytosis in pancreatic α and β 

cells, attributed to the redistribution of SNARE proteins from lipid microdomains 

into the remainder of the PM providing more sites for fusion (Xia et al., 2004, Xia et 

al., 2007).  

Cholesterol has also been suggested to play a role in fusion pore formation and 

expansion due to its promotion of spontaneous negative curvature of the lipid 

bilayer (Chen and Rand, 1997, Churchward et al., 2008). As the fusion pore 
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transitions through different conformations during formation and expansion, the 

vesicle membrane and PM are thought to undergo both positive and negative 

curvature at different stages. Negative curvature of the cytosolic leaflet of the 

merged PM and SG membranes is thought to occur during formation of a restricted 

fusion pore, with cholesterol therefore promoting the formation of this state (Ge et 

al., 2010, Koseoglu et al., 2011, Wang et al., 2010).  

The role of PM cholesterol in EC function has not been widely investigated. A 

distinct type of PM microdomain, known as caveolae (Introduction, section 

1.5.7.2), are found extensively in ECs with formation dependent on PM cholesterol 

(Palade, 1953, Rothberg et al., 1990, Simionescu, 1983, Smart et al., 1996, Yamada, 

1955). Caveolae are thought to be important for Ca2+ signalling in ECs due to the 

localisation of proteins required for Ca2+ signalling (e.g. IP3 receptor-like protein, 

Ca2+-ATPase, eNOS and PKC isoforms) in these microdomains (Isshiki and 

Anderson, 1999). Caveolae also mediate the transport of substances across ECs 

through a process known as transcytosis, during which caveolae bud from the PM 

and are transported to the opposing PM where they undergo exocytosis 

(Simionescu, 1983, Simionescu et al., 2002). In ECs, caveolar fusion has been 

demonstrated to rely on the cholesterol dependent localisation of the t-SNAREs 

syntaxin 4 and SNAP23 (Predescu et al., 2005). However, the role of PM cholesterol 

in WPB exocytosis in terms of Ca2+ signalling, regulation of the extent of WPB 

exocytosis and regulation of the fusion pore has not been studied, therefore the 

effect of cholesterol depletion on these functions was assessed.  

Cholesterol was depleted from the PM using cyclodextrin (CD) treatment. CDs are 

cyclic oligosaccharides produced from the degradation of starch and are comprised 

of α-(1-4)-linked ᴅ-glycopyranose units arranged in a ring structure (Davis and 

Brewster, 2004). The presence of hydroxyl groups on the outer surface of the ring 

creates a hydrophilic exterior rendering the molecule water soluble. Conversely 

the interior of the ring is relatively apolar forming a hydrophobic pocket which is 

able to incorporate small carrier molecules, including cholesterol, thereby forming 

water soluble inclusion complexes. The number of glycopyranose units in the 

molecule determines the type of CD; α-CDs contain 6, β-CDs contain 7 and γ-CDs 

contain 8, which in turn determines the binding affinity to specific carrier 
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molecules. β-CDs have the highest affinity for cholesterol, due to the favourable 

size and hydrophobicity of the pocket, making them a useful tool for varying 

cellular cholesterol concentration through both removal by addition of ‘empty’ β-

CD and addition using β-CD-cholesterol inclusion complexes (Christian et al., 1997, 

Kilsdonk et al., 1995, Ohtani et al., 1989, Zidovetzki and Levitan, 2007). β-CDs are 

thought to remove cholesterol directly from the PM without the need for 

desorption into the aqueous phase prior to binding, as is the case with 

phospholipid containing acceptors such as high density lipoprotein (HDL), making 

cholesterol removal more efficient (Yancey et al., 1996).  

Modified β-CDs are commonly used for cholesterol manipulation including methyl-

β-cyclodextrin (MβCD) and 2-hydroxylpropyl-β-cyclodextrin (HPβCD), with the 

former displaying a higher affinity for cholesterol (Kilsdonk et al., 1995, Kiss et al., 

2010, Rosenbaum et al., 2010). To induce cholesterol efflux cells are typically 

incubated for 0.5 – 2 hours with 2 -10 mM MβCD which leads to a 50-100% 

depletion of cellular free cholesterol (Zidovetzki and Levitan, 2007). Early studies 

into the composition of cellular membranes demonstrated that the PM contains 

∼90% of free cellular cholesterol, suggesting that a reduction in total cellular 

cholesterol should primarily represent removal from the PM (Colbeau et al., 1971, 

Lange et al., 1989).  

Following depletion of PM cholesterol with MβCD treatment, the effect on the 

extent of WPB exocytosis was measured using both biochemical analysis of the 

release of WPB cargo proteins and live cell imaging of single HUVEC. The effect of 

cholesterol depletion on the WPB fusion pore was measured using amperometry. 

6.2 Results 

6.2.1 Depletion of cellular cholesterol using β-cyclodextrins 

To assess the effect on WPB exocytosis of depletion of PM cholesterol HUVEC were 

treated with HPβCD and MβCD. The former CD has a lower affinity for cholesterol 

and so can be used as a positive control to assess the general effect of CD treatment 

(Churchward et al., 2005). Initially the concentration of HPβCD and MβCD was 
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optimised to induce maximal depletion of cholesterol without disrupting cellular 

morphology. Cholesterol depletion using βCDs, predominantly MβCD, has been 

performed on a number of different types of EC. Treatment conditions varied, 

however, a 50-80% reduction in cellular cholesterol was generally reported using 

5-10 mM MβCD with a treatment time of 30-60 min. For CD treatments, HUVEC 

were transferred to serum free M199 supplemented with 0.2% BSA for 50 min and 

treated with 2, 5 and 10 mM HPβCD and MβCD, also in serum free M199, for 30 

min. Cellular cholesterol was extracted and quantified as described in Materials 

and methods, section 2.7.1.2. Table 6.1 and Figure 6.1 show representative results 

at each CD concentration, with cholesterol concentration expressed as % of control 

and each CD concentration carried out in triplicate (to give the SD). Some 

variability was observed between triplicates, however, generally cellular 

cholesterol content remained unchanged at 2 and 5 mM HPβCD but decreased to 

∼50% of the control at 10 mM (Table 6.1 and Figure 6.1 A). Data at each 

concentration was compared by one-way ANOVA and were shown to be 

significantly different (p = 0.43128). Conversely, MβCD treatment led to a decrease 

in cholesterol content at all concentrations with ~50% reduction at 2 mM and 5 

mM and ~80% reduction at 10 mM (Table 6.1 and Figure 6.1 B). Comparison of 

data using one-way ANOVA yielded a p value ≤ 0.0001. 

Table 6.1 Cholesterol content of βCD treated cells expressed as a % of the control. 
Data taken from representative experiments at each βCD concentration and 
presented as mean ± SD (n = 3 for each concentration). 

 % of control 

HPβCD concentration: 

Control                                                              
2 mM                                                                  
5 mM                                                               
10 mM 

 

100 ± 23.48                                              
96.04 ± 9.702                                                  
102.5 ± 8.099                                           
46.78 ± 12.38 

MβCD concentration: 

Control                                                              
2 mM                                                                           
5 mM                                                               
10 mM 

 

100 ± 9.903                                                      
50.29 ± 3.169                                                     
53.75 ± 11.03                                                    
19.16 ± 5.032 
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Figure 6.1 Optimisation of CD treatment conditions. HUVEC were transferred to 
serum free M199 supplemented with 0.2% BSA for 50 min followed by a 30 min 
treatment with the indicated concentrations of CD. Cellular cholesterol was 
quantified and expressed as % of control. Data expressed as mean ± SD of three 
experiments at each concentration. Data at each HPβD concentration (A) and each 
MβCD concentration (B) were compared by one-way ANOVA, p = 0.0048 for the 
former and p ≤0.0001 for the latter. Each concentration was compared to the 
control using a Bonferroni post test, * = p ≤ 0.05, *** = p ≤ 0.001 and **** = p ≤ 
0.0001.  
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Cell morphology was assessed during CD treatments, using both Filipin staining of 

cellular cholesterol and immunocytochemistry. Filipin is a polyene antibiotic which 

binds to cholesterol and is fluorescent under UV excitation allowing cellular 

cholesterol to be fluorometrically labelled (Castanho et al., 1992, Norman et al., 

1972). Filipin staining of HUVEC was variable with intense staining observed at 

cell-to-cell contacts and also in what appeared to be intracellular structures in 

some cells (Figure 6.2 Ai and ii and 6.3 Ai and ii). Following HPβCD treatment, 

Filipin staining was similar at 2 and 5 mM (Figure 6.2 B and C). At 10 mM, Filipin 

fluorescence appeared less uniform with intense staining in what appeared to be 

intracellular vesicles observed more frequently and some evidence of a reduction 

in cell-to-cell contacts (Figure 6.2 D). Filipin fluorescence intensity has previously 

been used to quantify PM cholesterol concentration (Paffett et al., 2011), therefore, 

cytosolic fluorescence intensity was quantified in the following number of cells for 

each HPβCD concentration; 92 for control, 75 for 2 mM, 83 for 5 mM and 90 for 10 

mM. Cellular fluorescence intensity was quantified from four background 

subtracted fields of view at 40x magnification and mean fluorescence intensity 

from the indicated number of cells was compared by one-way ANOVA (Figure 6.2 

E, p ≤ 0.0001). A Bonferroni post test was used to compare values for each 

concentration to the control. Fluorescence intensities at 2 and 5 mM were not 

significantly different to the control, however 10 mM was significantly lower (p ≤ 

0.0001).  

The same experiment was repeated following treatment with 2, 5 and 10 mM 

MβCD (Figure 6.3). In this case a change in Filipin staining was observed at the 

lower concentration of 2 mM with staining appearing less uniform compared to 

the control (Figure 6.3 A and B). At 5 mM Filipin fluorescence intensity appeared 

reduced and some disruption to cell-to-cell contacts was observed. An increase in 

intense staining of intracellular vesicles was also observed (Figure 6.3 C). At 10 

mM cellular morphology was highly disrupted, with fewer cells present, suggesting 

the occurrence of cell death, and extensive disruption to cell-to-cell contacts 

(Figure 6.3 D). Filipin fluorescence intensity was quantified in the following 

number of cells for each MβCD concentration; 75 for control, 95 for 2 mM, 80 for 5 

mM and 56 for 10 mM and compared by one-way ANOVA (Figure 6.3 E, p ≤ 
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0.0001). A significant decrease in fluorescence intensity was measured at both 5 

mM and 10 mM compared to the control (p ≤ 0.0001). 

Figure 6.2 
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Figure 6.2 Staining of cellular cholesterol using Filipin following treatment with 
HPβCD. HUVEC were transferred to serum free M199 supplemented with 0.2% 
BSA followed by a 30 min treatment with vehicle (control, Ai and ii), 2 mM (Bi and 
ii), 5 mM (Ci and ii) and 10 mM (Di and Dii) HPβCD. Scale bars are 50 µm for i and 
20 µm for ii. E, Quantification of fluorescence intensity of individual cells from four 
background subtracted fields of view at 40x magnification at each HPβCD 
concentration; n = 92 for control, n = 75 for 2 mM, n = 83 for 5 mM and n = 90 for 
10 mM HPβCD. Data expressed as mean ± SD and compared by one way ANOVA (p 
≤0.0001), and Bonferroni post test to compare each concentration to the control, 
**** = p ≤ 0.0001. 
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Figure 6.3 
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Figure 6.3 Staining of cellular cholesterol using Filipin following treatment with 
MβCD. HUVEC were transferred to serum free M199 supplemented with 0.2% BSA 
followed by a 30 min treatment with vehicle (control, Ai and ii), 2 mM (Bi and ii), 5 
mM (Ci and ii) and 10 mM (Di and Dii) MβCD. Scale bars are 50 µm for i and 20 µm 
for ii. E, Quantification of fluorescence intensity of individual cells from four 
background subtracted fields of view at 40x magnification at each MβCD 
concentration; n = 75 for control, n = 95 for 2 mM, n = 80 for 5 mM MβCD and n = 
56 for 10 mM. Data expressed as mean ± SD and compared by one way ANOVA (p ≤ 
0.0001) and Bonferroni post test to compare each concentration to the control, 
**** = p ≤ 0.0001. 
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To examine cellular morphology following CD treatment further, 

immunocytochemistry was used to visualise both WPBs (using a specific antibody 

to VWF) and caveolae (using a specific antibody to the main caveolar coat protein, 

cav-1). Representative images of HUVEC at each HPβCD concentration are shown 

as low power views in Figure 6.4 A and high power views in Figure 6.4 B and at 

each MβCD concentration in Figure 6.5 A (low power) and 6.5 B (high power). In 

control cells, cav-1-IR had a speckled appearance throughout the cell (presumably 

localised to the PM) with some IR localised to the perinuclear region, which is 

likely to be the site of the TGN (Figure 6.4 Ai and Bi; and 6.5 Ai and Bi, green and 

greyscale panels). Following treatment with 2 and 5 mM HPβCD, cav-1-IR 

appeared relatively unchanged (Figure 6.4 Aii-iii and Bii-iii). At 10 mM punctate 

cav-1-IR appeared reduced at the PM (Figure 6.4 Aiv and Biv). VWF-IR appeared 

no different at all HPβD concentrations, compared to the control condition (Figure 

6.4 A and B, red).  

Following treatment with MβCD, changes in cav-1-IR were observed, even at the 

lowest concentration of MβCD used. At 2 mM MβCD punctate cav-1-IR decreased 

and perinuclear cav-1-IR increased, an effect particularly apparent in the high 

power images (Figure 6.5 Aii and Bii). This effect became more pronounced at 5 

and 10 mM MβCD, with punctate cav-1-IR almost completely disappearing at these 

concentrations (Figure 6.5 Aiii and Biii). At 10 mM MβCD, a similar disruption to 

the cellular morphology as seen using Filipin staining, was observed (Figure 6.6 

and 6.7, D). There was a decrease in cell-to-cell contacts with the appearance of 

large gaps between the cells, suggesting a decrease in cell number. In addition, 

VWF-IR revealed the appearance of VWF ‘strings’, that are associated with VWF 

secretion (Babich et al., 2009), particularly at 10 mM (Figure 6.6 Aiv and Biv) but 

also occasionally at 5 mM (Figure 6.5 Biii). In addition, cells treated with 10 mM 

MβCD appeared to contain far fewer WPBs, although this was not formally 

quantified (Figure 6.5 Biv). Together these results indicate that higher 

concentrations of MβCD (> 5 mM) may stimulate WPB exocytosis to some extent.  

When deciding on the optimum concentration of MβCD to use a number of factors 

were considered. CDs are commonly used at concentrations ≥ 10 mM for 

cholesterol depletion in various cell types, including ECs (Corvera et al., 2000, 
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Paffett et al., 2011, Zidovetzki and Levitan, 2007). However, visualisation of EC 

morphology following treatment with 10 mM MβCD revealed significant disruption 

to the EC monolayer suggesting that this concentration was too high. In addition, 

treatment with 5 mM MβCD also appeared to disrupt the monolayer as shown by 

the appearance of intercellular gaps, especially apparent from Filipin staining 

(Figure 6.3 C). This is in line with a previous study which suggested that MβCD was 

toxic to brain capillary ECs at 2.5 mM, measured as increased monolayer 

permeability and disruption of cell-to-cell contacts using visualisation of occludin, 

a tight junction protein (Monnaert et al., 2004). Furthermore, there was an 

equivalent reduction in cellular cholesterol following treatment with 2 mM and 5 

mM MβCD (values, Figure 6.1 B). Taken together these results suggested that 2 mM 

MβCD was appropriate to use to deplete cellular cholesterol but not induce 

secondary effects such as stimulation of WPB exocytosis. This concentration was 

therefore used for initial experiments into the effects of cholesterol depletion on 

WPB exocytosis. 
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Figure 6.4 A 
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Figure 6.4 The effects on cellular morphology following treatment with HPβCD. 
HUVEC were treated with vehicle (control, Ai and Bi), 2 mM (Aii and Bii), 5 mM 
(Aiii and Biii) and 10 mM (Aiv and Biv) HPβCD for 30 min and were fixed and 
stained with specific antibodies to VWF (red) and cav-1 (green and greyscale in 
right hand panels). Scale bars are 50 µm (A) and 10 µm (B). 
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Figure 6.5 A 
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Figure 6.5 B 

 



231 
 

Figure 6.5 The effect on HUVEC morphology following treatment with MβCD. 
HUVEC were treated with vehicle (control, Ai and Bi), 2 mM (Aii and Bii), 5 mM 
(Aiii and Biii) and 10 mM (Aiv and Biv) MβCD for 30 min and were fixed and 
stained with specific antibodies to VWF (red) and cav-1 (green and greyscale in 
right hand panels). Scale bars are 50 µm (A), 10 µm (B i-iii) and 20 µm (Biv). 

 

6.2.2 Depletion of cellular cholesterol does not significantly alter the extent 

of WPB exocytosis during maximal stimulation 

6.2.2.1 ELISA data  

Secretion of proregion from HUVEC following treatment with 2 mM MβCD was 

quantified by ELISA (Materials and methods, section 2.6). Monolayers of HUVEC 

were treated with 2 mM MβCD for 30 min followed by stimulation with 100 µM 

histamine to evoke WPB exocytosis. HUVEC were fixed and stained for cav-1 in 

parallel to ensure that MβCD treatment disrupted caveolae, suggesting that PM 

cholesterol had been removed by the CD. There was no significant difference 

between the % release of proregion in treated and untreated cells as compared by 

student’s t test (p = 0.431) (Figure 6.6 A, combined results from three separate 

experiments).  

For live cell and amperometric experiments, HUVEC were nucleofected with 

proregion-mEGFP. As a control for this process, secretion of proregion-mEGFP was 

also measured biochemically by specific ELISA for secreted EGFP in cells 

nucleofected with proregion-mEGFP, as previously described (Knipe et al., 2010). 

Using this approach ensured that release was only measured from cells which had 

been successfully nucleofected and were expressing proregion-mEGFP. In this 

case, a small but significant decrease in proregion-mEGFP secretion was observed 

following treatment with 2 mM MβCD and comparison by one-way ANOVA 

followed by a Bonferroni post test of pairs of groups (p ≤ 0.0001) (Figure 6.6 B, a 

representative of two experiments). Treatment with 2 mM HPβCD did not lead to a 

significant decrease in proregion-mEGFP secretion (Figure 6.6 B), suggesting that 

the reduction seen following MβCD treatment was a direct effect of cholesterol 

depletion.  
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Figure 6.6 The effect of MβCD treatment on proregion secretion as measured by 
ELISA. A, HUVEC were treated with vehicle (control) and 2 mM MβCD for 30 min 
prior to stimulation with 100 µM histamine. Proregion secretion was quantified by 
ELISA, open bars are unstimulated control and grey bars are proregion release 
following stimulation with 100 µM histamine. B, HUVEC were nucleofected with 
proregion-mEGFP 48 hours prior to experiments and were treated with vehicle 
(control), 2 mM HPβCD and 2 mM MβCD for 30 min prior to stimulation with 100 
µM histamine. Proregion-mEGFP secretion was quantified by ELISA, for secreted 
mEGFP. Open bars are unstimulated control and grey bars are proregion-mEGFP 
release following stimulation with 100 µM histamine. One-way ANOVA and 
Bonferroni post test revealed a significant different between % release following 
treatment with 2 mM MβCD, compared to the control, **** = p ≤ 0.0001.  
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6.2.2.2 Live cell imaging data 

To analyse WPB exocytosis at the single cell level, live cell imaging was employed 

to quantify exocytosis of fluorescently labelled WPBs. HUVEC were nucleofected 

with proregion-mEGFP, loaded with Fura-2 and WPB exocytosis and changes in 

[Ca2+]i were measured using live cell imaging following stimulation with 100 µM 

histamine (Materials and methods, section 2.9). HUVEC were treated with vehicle 

(control), 2 mM HPβCD and 2 mM MβCD prior to stimulation. Live cell imaging 

data was analysed as detailed in Materials and methods, section 2.9.4. 

Representative Fura-2 traces are shown for each treatment group, with the time of 

fluorescence increase normalised to 0 s (Figure 6.7 A). Event times were plotted as 

cumulative plots with 652 events recorded from 21 control cells, 660 events from 

23 HPβCD treated cells and 628 events from 23 MβCD treated cells (Figure 6.7 B). 

The maximal rate, % degranulation and delay to the first event are plotted in 

Figure 6.7 C, with values taken from 18 cells for each condition and plotted as 

mean ± SD (Table 6.2). No significant differences in rate or delay of WPB exocytosis 

were measured between treatment groups as tested by one-way ANOVA (p = 

0.8242 and p = 0.1140 respectively), however, there was a marked but 

insignificant reduction in % degranulation following treatment with 2 mM MβCD 

(p = 0.8521, Table 6.2). 

 

Table 6.2 Rate, extent and delay of WPB exocytosis following treatment with βCDs 
and stimulation with 100 µM histamine. HUVEC were treated with vehicle 
(control), 2 mM HPβCD and 2 mM MβCD. Data expressed as mean ± SD.  

 Control 

n = 18 

HPβCD 

n = 18 

MβCD 

n = 18 

Rate (WPBs s-1) 

% degranulation 

Delay (s) 

1.27 ± 0.70 

32.16 ± 14.93 

5.835 ± 2.67 

1.33 ± 1.13 

30.59 ± 16.24 

5.67 ± 2.75 

1.14 ± 1.06 

22.12 ± 14.43 

6.22 ± 3.54 
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Figure 6.7 Cholesterol depletion did not affect the rate or extent of WPB 
exocytosis as measured using live cell imaging. HUVEC were nucleofected with 
proregion-mEGFP, treated with vehicle (control) (black bars and traces), 2 mM 
HPβCD (grey bars and traces) and 2 mM MβCD (red bars and traces) for 30 min 
and loaded with 0.5 µM Fura-2 for 20 min. Cells were stimulated with 100 µM 
histamine. A, Representative Fura-2 traces with timescale normalised to 0 s at the 
point of the rise in [Ca2+]i. B, Cumulative plot of WPB exocytotic events; n = 652 for 
control, 660 for HPβCD and 628 for MβCD. C, Maximal rate of WPB exocytosis 
(WPBs s-1) (i), % degranulation (ii) and delay between the rise in [Ca2+]i and the 
first exocytotic event (iii), expressed as mean ± SD with values taken from 18 cells 
for each group.  
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6.2.3 Cholesterol depletion inhibits WPB exocytosis following weak 

stimulation 

100 µM histamine has been shown to evoke maximal WPB exocytosis through the 

elevation of [Ca2+]i following release of Ca2+ from intracellular stores, mediated by 

production of the calcium mobilising second messenger IP3, as detailed in 

Introduction, section 1.5.8.5 (Brock and Capasso, 1988, Erent et al., 2007). 

Production of IP3 is induced by the binding of histamine to HR1, a PM localised 

GPCR (Akdis and Blaser, 2003, Bull et al., 1992, Hill et al., 1997). In addition, the 

sustained phase of [Ca2+]i elevation is dependent of the influx of extracellular Ca2+ 

through PM localised TRPC1 and 4 (Ahmmed et al., 2004, Cioffi et al., 2005, Mehta 

et al., 2003, Yao and Garland, 2005). Receptors and channels involved in the 

histamine evoked Ca2+ signalling pathway are therefore localised to the PM and 

may become disrupted upon removal of cholesterol. However, this may only 

become apparent following stimulation with concentrations of histamine which do 

not evoke maximal WPB exocytosis. A concentration of 1 µM histamine has been 

shown to induce a smaller [Ca2+]i increase in comparison to 100 µM histamine and 

a subsequent decrease in the extent of WPB exocytosis (~20% at 1 µM in 

comparison to 48% at 100 µM) (Erent et al., 2007).  

To measure the effect of cholesterol depletion on the response of HUVEC to a 

weaker stimulus, cells were treated as described previously for live cell imaging 

but were stimulated with 1 µM histamine. 11 cells were analysed for each 

treatment condition with results presented in Figure 6.8 and Table 6.2. A marked 

reduction in the total number of events was observed in MβCD treated cells: 264 

were recorded from control cells; 236 from HPβCD treated cells and 129 from 

MβCD treated cells. This is reflected in the cumulative plot of all events presented 

in Figure 6.8 B. However, rate, % degranulation and delay were not significantly 

different between treatment groups as tested by one-way ANOVA; p = 0.8000 for 

rate, p = 0.1747 for % degranulation and p = 0.7574 for delay (Table 6.3 and Figure 

6.8 Ci-iii). In addition four out of the eleven cells in the MβCD treatment group did 

not undergo any WPB exocytosis, which was not observed for the other two 

treatment groups, although a minority of cells in these treatment groups displayed 

a low % degranulation (2 – 10%). HUVEC in the MβCD treatment groups which did 
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not undergo WPB exocytosis had a distinct Fura-2 trace, an example of which is 

shown in Figure 6.8 D. These traces decreased rapidly following the initial peak, 

whereas traces recorded from cells which underwent WPB exocytosis in all 

treatment groups displayed a slower decay to the baseline (Figure 6.8 A).   

 

Table 6.3 Rate, extent and delay of WPB exocytosis following treatment with βCDs 
and stimulation with 1 µM histamine. HUVEC were treated with vehicle (control), 2 
mM HPβCD and 2 mM MβCD. Data expressed as mean ± SD. 

 Control 

n = 11 

HPβCD 

n = 11 

MβCD 

n = 11 

Rate (WPBs s-1) 

% degranulation 

Delay (s) 

1.32 ± 0.6 

24.06 ± 11.51 

6.65 ± 2.19 

1.85 ± 2.4 

22.11 ± 21.70 

7.32 ± 3.06 

1.49 ± 1.33 

11.89 ± 12.56 

6.51 ± 1.06 
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Figure 6.8 
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Figure 6.8 Cholesterol depletion reduced the extent of WPB exocytosis following 
stimulation with 1 µM histamine. HUVEC were nucleofected with proregion-
mEGFP 48 hours prior to experiments and were treated with vehicle (control) 
(black bars and traces), 2 mM HPβCD (grey bars and traces) and 2 mM MβCD (red 
bars and traces) for 30 min loaded with 0.5 µM Fura-2 for 20 min. Cells were 
stimulated with 1 µM histamine and [Ca2+]i changes and WPB exocytosis were 
imaged according to Materials and methods, section 2.9. A, Representative Fura-2 
traces with timescale normalised to 0 s at the point of the rise in [Ca2+]i. B, 
Cumulative plot of WPB exocytotic events; n = 264 for control, n = 236 for HPβCD 
and n = 129 for MβCD. C, Maximal rate of WPB exocytosis (WPBs s-1) (i), % 
degranulation (ii) and delay between the rise in [Ca2+]i and the first exocytotic 
event (iii), data expressed as mean ± SD taken from 11 cells. D, Representative 
Fura-2 trace from cells which did not exhibit any WPB exocytosis in the MβCD 
treatment group.  

 

6.2.4 The effect of cholesterol depletion on the WPB fusion pore 

To assess the effect of cholesterol depletion on the WPB fusion pore, amperometry 

was performed on control cells and cells treated with 2 mM HPβCD and MβCD. 

Mean values ± SD for current spike and PSF parameters are presented in Tables 6.4 

and 6.5 respectively. Data were compared as log transformed values by one-way 

ANOVA followed by a Bonferroni post test to compare pairs of groups with results 

for current spike parameters presented in Figure 6.9 and PSF parameters 

presented in Figure 6.10. ANOVA analysis reported significant differences between 

groups for the following parameters; t1/2 (p = 0.0079), rise slope (p ≤ 0.0001), trise 

(p ≤ 0.0001) and Ifoot (p = 0.0061). A Bonferroni post test revealed which pairs of 

treatment groups for each parameter were significantly different. For HPβCD 

treated cells, log rise slope was highly significantly different to both the control 

and MβCD treatment group (p ≤0.0001, Figure 6.9 Fi). In addition log Imax (p ≤ 

0.001, Figure 6.9 Ai), log trise (p ≤0.05, Figure 6.9 Di) and log Ifoot (p ≤ 0.05, Figure 

6.10 Ai) were also significantly different compared to the control group. Overall, 

results suggest that amperometric spikes recorded from HPβCD treated cells have 

a larger amplitude, rise more rapidly and have PSF of greater amplitude compared 

to untreated cells. 

Some significant differences between current spike parameters from control cells 

and cells treated with 2 mM MβCD were also observed. Log t1/2 (p ≤ 0.05, Figure 



239 
 

6.9 Ci) and log trise (p ≤ 0.001, Figure 6.9 Di) were significantly different suggesting 

that amperometric spikes from MβCD treated cells were wider with a slower rise 

phase. None of the PSF parameters were significantly different.  

To assess the effect of more acute treatment with MβCD, HUVEC were incubated 

with 5 mM MβCD for 30 min prior to amperometric experiments. Unfortunately, 

due to time constraints, HPβCD treatment was not performed as a control. Current 

spike and PSF parameters are presented in Table 6.6. Four parameters were 

significantly different, log trise (p = 0.014), log rise slope (p = 0.028), log tfoot (p = 

0.025) and log Qfoot (p = 0.0122), which are plotted in Figure 6.11. These results 

suggest that current spikes from cells treated with 5 mM MβCD rise more rapidly 

and have PSF of shorter duration, which in turn have a lower charge.     

 

Table 6.4 Current spike parameters recorded from HUVEC treated with βCDs. 
HUVEC were treated with vehicle (control), 2 mM HPβCD and 2 mM MβCD. Data 
expressed as mean ± SD.  

 

 Control 

n = 409 

2 mM HPβCD 

n = 151 

2 mM MβCD 

n = 260 

Imax (pA) 
 

52.62 ± 35.91 63.82 ± 43.30 54.44 ± 42.74 

Q (pC) 0.53 ± 0.49 0.65 ± 0.74 0.69 ± 0.76 

t1/2 (ms) 7.08 ± 6.19 6.24 ± 4.55 8.06 ± 6.06 

trise (25-75%) (ms) 1.65 ± 1.26  1.41 ± 1.03 1.96 ± 1.4 

tdecay (25-75%) (ms) 7.10 ± 7.19 6.30 ± 5.40 8.05 ± 7.67 

Rise slope (pA/ms) 32.21 ± 32.12                                      45.02 ± 44.34 29.68 ± 38.61 
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Table 6.5 PSF parameters recorded from HUVEC treated with βCDs. HUVEC were 
treated with vehicle (control), 2 mM HPβCD and 2 mM MβCD. Data expressed as 
mean ± SD. 

 

 Control 

n = 253 

2 mM HPβCD 

n = 97 

2 mM MβCD 

n = 174 

% with PSF 

Ifoot (pA) 

61.9 % 

5.88 ± 5.06 

64.2% 

7.71 ± 6.92 

66.9% 

5.89 ± 6.08 

tfoot (ms) 5.41 ± 9.26 6.91 ± 10.26 5.72 ± 7.45 

Qfoot (fC) 47.68 ± 84.98 92.73 ± 205.80 60.59 ± 137.10 

 

Table 6.6 Current spike and PSF parameters recorded from HUVEC treated with 
vehicle (control) and 5 mM MβCD. Data expressed as mean ± SD. * treatment 
groups were significantly different as compared by unpaired student’s t-test of log 
transformed data. 

 

 Control 

n = 409 

+ 5 mM MβCD 

n = 266 

Imax (pA) 52.62 ± 35.91 59.88 ± 50.79 

Q (pC) 0.53 ± 0.49 0.61 ± 0.80 

t1/2 (ms) 7.08 ± 6.1 6.84 ± 6.00 

trise (25-75%) (ms)* 1.65 ± 1.26 1.41 ± 0.92 

Rise slope (pA/ms)* 32.20 ± 32.12 38.44 ± 34.67 

tdecay (25-75%) (ms) 

 

PSF parameters 

% with PSF 

Ifoot (pA) 

tfoot (ms)* 

Qfoot (fC)* 

7.10 ± 7.19 

 

n = 253  

61.9% 

5.88 ± 5.06 

5.41 ± 9.26 

47.68 ± 84.98 

7.42 ± 7.93 

 

n = 184 

69.2% 

5.42 ± 5.84 

3.50 ± 4.53 

34.68 ± 87.8 
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Figure 6.9 
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Figure 6.9 Current spike parameters recorded from HUVEC treated with βCDs. 
HUVEC were treated with vehicle (control, black bars), 2 mM HPβCD (grey bars) 
and 2 mM MβCD (red bars). Log transformed values were compared by one way 
ANOVA and plotted as mean ± SEM (A-F i) and raw values were plotted as mean ± 
SEM (A-F ii) for Imax (A), Q (B), t1/2 (C), trise (D), tdecay (E) and rise slope (F). * = p ≤ 
0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001.   
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Figure 6.10 PSF parameters recorded from HUVEC treated with βCDs. HUVEC 
were treated with vehicle (control, black bars), 2 mM HPβCD (grey bars) and 2 mM 
MβCD (red bars). Log transformed values were compared by one way ANOVA and 
plotted as mean ± SEM (A-C i) and raw values were plotted as mean ± SEM (A-C ii) 
for Ifoot (A), tfoot (B) and Qfoot (C). * = p ≤ 0.05 and ** = p ≤ 0.01. 
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Figure 6.11 Significantly different values for current spike and PSF parameters 
following treatment of HUVEC with 5 mM MβCD. HUVEC were treated with vehicle 
control (black bars) and 5 mM MβCD (open bars). Log transformed values were 
compared by one way ANOVA and plotted as mean ± SEM (A-D i) and raw values 
were plotted as mean ± SEM (A-D ii) for trise (A), rise slope (B), tfoot (C) and Qfoot (D). 
* = p ≤ 0.05. 
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6.3 Discussion 

Cholesterol has been suggested to play multiple roles in the regulation of 

exocytosis, including organisation of PM components of the Ca2+ signalling 

pathway and fusion machinery as well as structural control of the fusion pore due 

to its intrinsic negative curvature (Churchward and Coorssen, 2009). The role of 

cholesterol in the control of WPB exocytosis was assessed following cholesterol 

depletion in HUVEC.  

6.3.1 Treatment with β-Cyclodextrins depletes cellular cholesterol  

HUVEC were treated with both HPβCD and MβCD to deplete cellular cholesterol. As 

has been previously reported, MβCD removed cholesterol more potently in 

comparison to HPβCD (Figure 6.1), with significant cholesterol depletion using 

HPβCD only seen at 10 mM, in comparison to 2 mM for MβCD (Kilsdonk et al., 

1995, Kiss et al., 2010, Rosenbaum et al., 2010, Zidovetzki and Levitan, 2007). To 

assess the effect of βCD treatments on HUVEC, cellular morphology was analysed 

using the fluorescent cholesterol binding antibiotic Filipin (Figures 6.2 and 6.3). 

Under control conditions, HUVEC displayed similar Filipin staining to that 

observed in COS-7 cells, with fluorescence observed predominantly at the PM but 

with particularly bright staining apparent at cell-to-cell contacts and in small 

domains throughout the PM (Figure 6.2 A and 6.3 A) (Ingelmo-Torres et al., 2009). 

In COS-7 cells this was attributed to the possible presence of cholesterol enriched 

microdomains in the PM, although as discussed in the Introduction (section 

1.5.7.1) this idea is controversial as it has been suggested that true lipid 

microdomains are < 70 nm in diameter, too small to image at the light level (Varma 

and Mayor, 1998). Treatment with HPβCD did not appear to alter the appearance 

or intensity of Filipin staining except at the highest concentration of 10 mM. On the 

other hand, MβCD treatments altered Filipin staining to some extent, even at the 

lowest concentration of 2 mM (Figure 6.3). However, a significant reduction in the 

intensity of staining was only observed at concentrations ≥5 mM (Figure 6.3 E). 

Following treatment with both 5 and 10 mM MβCD, disruption to the HUVEC 

monolayer was observed with gaps appearing between cells (Figure 6.3 C and D). 
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This is in accordance with a previous study into the effect of βCD treatment on 

brain ECs, which demonstrated disruption to cell-to-cell contacts following 

treatment with 5 mM βCD (Monnaert et al., 2004). The fact that this effect was not 

seen following treatment with HPβCD treatment suggests that this may be a 

specific effect of cholesterol depletion.  

6.3.2 βCD treatment disrupts caveolae and stimulates WPB exocytosis at high 

concentrations 

To further assess the effect of βCD treatment on cellular morphology, HUVEC were 

stained with specific antibodies to VWF and cav-1 (Figures 6.4 and 6.5). 

Cholesterol depletion has been shown to decrease both the number of invaginated 

caveolae and the localisation of cav-1 at the PM, which subsequently concentrates 

in intracellular membrane fractions (Dreja et al., 2002, Rothberg et al., 1990, Smart 

et al., 1996). In addition, cav-1 has been suggested to bind to cholesterol (Murata et 

al., 1995) and may be involved in its transport from the site of cholesterol 

synthesis at the ER to the PM (Smart et al., 1996). Consistent with these findings, 

treatment with MβCD and HPβCD at the highest concentration lead to altered cav-1 

staining in HUVEC with a loss of punctate cav-1-IR (presumably localised at the 

PM) and an increase in intracellular IR, localised to structures reminiscent of the 

TGN (Figure 6.4 Aiv and Biv and Figure 6.5 Aii-iv and Bii-iv). This effect was seen 

only following treatment with concentrations of HPβCD and MβCD which 

significantly depleted cellular cholesterol (10 mM and 2-10 mM respectively), 

suggesting that this effect is specifically due to cholesterol depletion. This is likely 

due to the loss of structural integrity of caveolae upon cholesterol depletion as has 

been previously reported (Dreja et al., 2002). In addition, transport of cav-1 to 

intracellular structures may be a mechanism for the cell to subsequently deliver 

more cholesterol to the PM through binding to cav-1 (Smart et al., 1996).    

At MβCD concentrations ≥ 5 mM there was evidence of WPB exocytosis, observed 

as the appearance of strings of VWF-IR in immunocytochemistry images. 

Treatment with βCDs has been suggested to increase PM permeability (Fenyvesi et 

al., 2008), induce haemolysis in erythrocytes (Kiss et al., 2010, Ohtani et al., 1989) 
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and can introduce pores into both cellular (Ohtani et al., 1989) and model 

membranes (Giocondi et al., 2004). These effects contribute to the cytotoxicity of 

βCDs allowing the leakage of ions into and out of cells (Kiss et al., 2010, Ohtani et 

al., 1989). It is therefore conceivable that treatment of HUVEC with high 

concentrations of MβCD (i.e. 10 mM) increased membrane permeability allowing 

the entry of Ca2+ ions into the cell thereby increasing [Ca2+]i which in turn 

stimulated WPB exocytosis.  

Interestingly, treatment of mouse liver cells with HPβCD induced Ca2+ dependent 

lysosomal and exosomal exocytosis (Chen et al., 2010). This was attributed to 

cellular permeabilisation following removal of PM components by HPβCD, which in 

turn stimulated endolysomal exocytosis in order to repair the damage to the PM. 

This response was similar to that obtained following treatment with the calcium 

ionophore ionomycin, which induced a rapid and sustained rise in [Ca2+]i. The 

signalling pathways involved were not elucidated, however, the results indicated 

that disruption to the PM by βCD may induce a rise in [Ca2+]i through entry of 

extracellular Ca2+. If a similar process occurs in HUVEC following βCD treatment, 

this would likely explain the stimulation of WPB exocytosis. This could be tested 

simply by measuring changes in [Ca2+]i using Fura-2 following addition of 10 mM 

MβCD in the presence of varying concentrations of extracellular Ca2+.     

6.3.3 Cholesterol depletion does not affect WPB exocytosis following 

maximal stimulation  

 WPB exocytosis following treatment with 2 mM MβCD was quantified by ELISA to 

measure release of proregion from HUVEC monolayers and by live cell imaging to 

measure WPB exocytosis at single cells. Cells were stimulated with 100 µM 

histamine, which has been previously shown to evoke maximal WPB exocytosis 

(Erent et al., 2007). Treatment with 2 mM MβCD had a minimal effect on overall 

WPB exocytosis as measured by ELISA, with only a small but significant decrease 

in proregion-mEGFP release in nucleofected cells observed (Figure 6.6 B). The 

process of nucleofection introduces nm-scale pores in the PM using an electrical 

field (Hamm et al., 2002, Neumann et al., 1982). Results here suggest that 
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cholesterol depletion may have a greater effect on nucleofected cells, possibly due 

to extra perturbation of the PM. However, the observed inhibition was small and, 

taken together with the ELISA result from non-nucleofected cells, suggest that 

depletion of cellular cholesterol has a minimal effect on WPB exocytosis. This was 

reflected in data from live cell imaging experiments (Figure 6.7). No significant 

difference was seen in the extent, rate and delay of WPB exocytosis following 

depletion of cellular cholesterol and stimulation of cells with 100 µM histamine. 

However, a marked but insignificant decrease in % degranulation following MβCD 

treatment was observed (22.12 ± 14.43% compared with 32.16 ± 14.93 for the 

control). Since this value can vary widely between cells (Erent et al., 2007), 

performing more experiments may lead to a significant result.  

Overall, the results contrast with those reported from a number of cell types 

including PC12 cells, β cells, hippocampal neurons, rat brain synaptosomes, mast 

cells and alveolar type II cells, in which depletion of cellular cholesterol inhibited 

SG exocytosis (Chamberlain et al., 2001, Chintagari et al., 2006, Kato et al., 2003, 

Lang et al., 2001, Linetti et al., 2010, Ohara-Imaizumi et al., 2004, Vikman et al., 

2009, Waseem et al., 2006, Zhang et al., 2009). In contrast, enhancement of SG 

exocytosis has also been reported following cholesterol depletion in pancreatic α 

and β cells (Xia et al., 2004, Xia et al., 2007). Both effects were attributed to the 

reorganisation of SNARE proteins in the PM, with the former effect due to 

disruption of SNARE protein organisation and the latter due to redistribution of 

SNARE proteins providing more sites for fusion. It is therefore interesting that 

WPB exocytosis was essentially unaffected by cholesterol depletion, despite the 

fact that a similar or increased level of depletion was obtained. For example, Lang 

et al. (2001) reported a 40% decrease in cholesterol coupled to a 60% reduction in 

DA release from PC12 cells (following treatment with 15 mM MβCD for 30 min). In 

HUVEC, treatment with 2 mM MβCD induced a 50% reduction in cellular 

cholesterol (Figure 6.1 B), yet very little effect on WPB exocytosis was observed.  

The SNARE proteins likely to be involved in WPB exocytosis have recently been 

identified as syntaxin 4, SNAP23 (t-SNAREs) and VAMP3 (v-SNAREs) (Pulido et al., 

2011). A previous study suggested that the localisation of syntaxin 4 and SNAP23 

may be dependent on PM cholesterol (Predescu et al., 2005). In this study PM 
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sheets isolated from EC monolayers were used to determine the localisation of the 

t-SNAREs with clusters of both syntaxin 4 and SNAP23 observed, 60% of which 

colocalised with cav-1 positive puncta. Depletion of PM cholesterol with 15 mM 

MβCD, lead to the dispersal of t-SNARE clusters and the disappearance of cav-1. 

Results suggest that EC t-SNARE localisation is dependent on PM cholesterol, and 

therefore depletion of cholesterol would be expected to disrupt t-SNARE 

localisation and inhibit WPB exocytosis if fusion is dependent on the localisation of 

t-SNARE clusters. However, since a lower MβCD concentration of 2 mM was used 

here, t-SNARE clusters may not have been disrupted to the same extent leading to 

a lack of inhibition of WPB exocytosis. The idea that 2 mM MβCD did not deplete 

PM cholesterol significantly is discussed further in section 6.3.5.   

In addition, it has also been previously demonstrated that WPB exocytosis is 

largely insensitive to the perturbation of SNARE proteins (Pulido et al., 2011). 

Although inhibition of syntaxin 4, through both antibody binding and siRNA 

knockdown, has been reported to inhibit WPB exocytosis (Fu et al., 2005, 

Matsushita et al., 2003), a recent study has suggested that knockdown of any of the 

three EC SNARE components had no effect on histamine evoked WPB exocytosis 

(Pulido et al., 2011). This was attributed to the compensation of residual SNARE 

proteins following knockdown which allowed fusion to occur even in situations of 

up to 90% knockdown (Bethani et al., 2009). In addition, the disruption to 

caveolae, demonstrated by loss of cav-1 following MβCD treatments, may in fact 

increase the number of fusion sites available if both caveolae and WPB utilise the 

same sites for fusion. This has yet to be demonstrated, although separate studies 

have demonstrated that fusion of both caveolae and WPBs require the same t-

SNARES, SNAP23 and syntaxin 4 (Predescu et al., 2005, Pulido et al., 2011). To 

investigate the relationship between caveolae and WPB fusion, caveolae could be 

disrupted by cav-1 knockdown and the subsequent effect on WPB exocytosis could 

be measured. A final factor to consider is the fact that ECs only contain up to 

several hundred WPBs (Zupancic et al., 2002), relatively few in comparison to 

secretory cells which contain thousands of vesicles, such as pancreatic β cells 

(Olofsson et al., 2002, Rorsman and Renstrom, 2003). It is therefore conceivable 

that a greater effect on overall exocytosis following SNARE disruption would be 
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observed during exocytosis of thousands of vesicles, as opposed to a few hundred. 

If there is a greater ratio of SGs to SNARE proteins in ECs, due to the lower number 

of SGs, a higher level of SNARE depletion may be required to observe an overall 

effect on WPB exocytosis. These results suggest that SNARE-mediated WPB 

exocytosis may not require many functional SNARE complexes to proceed as 

normal. Therefore, cholesterol depletion with 2 mM MβCD may not perturb 

localisation of SNARE proteins to a great enough extent to observe changes in the 

level of WPB exocytosis. 

6.3.4 Cholesterol depletion inhibits entry of extracellular Ca2+ following 

weak stimulation 

Stimulation of HUVEC with 1 µM histamine evokes a smaller response, reflected in 

a lower extent of WPB degranulation attributed to a smaller increase in [Ca2+]i 

compared to that following maximal stimulation (Erent et al., 2007). In the results 

reported here, WPB exocytosis evoked by 1 µM histamine following cholesterol 

depletion was reduced in comparison to control cells and cells treated with HPβCD 

(Figure 6.8 B). In particular, fusion events appeared to cease at around 20 s with 

control and HPβCD treated cells still displaying a number of events after this time 

point (Figure 6.8 B). In addition, four out of eleven cells in the MβCD treatment 

group did not display any WPB exocytosis and had a Fura-2 trace with an initial 

peak but which didn’t remain elevated (Figure 6.8D). This effect is reminiscent of 

the response to histamine stimulation in Ca2+ free solution, with an almost 

complete absence of exocytotic events after 30 s and Fura-2 traces lacking a 

sustained phase (Erent et al., 2007). Histamine stimulation is thought to induce an 

initial rise in [Ca2+]i through release of Ca2+ from internal stores, predominantly the 

ER, through production of the second messenger IP3. However, the sustained phase 

of [Ca2+]i elevation is thought to be mediated by influx of extracellular Ca2+ through 

PM Ca2+ entry channels in a process known as CCE (Putney, 1986, Putney, 1990, 

Schilling et al., 1992). Therefore, in the absence of extracellular Ca2+, the sustained 

phase is lost leading to a reduction in later WPB exocytotic events (Erent et al, 

2007).  
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These results suggest that cholesterol depletion may result in changes to the entry 

of extracellular Ca2+ during histamine stimulation. This effect could be due to 

disruption of caveolae following cholesterol depletion. A number of proteins 

involved in calcium signalling are localised to caveolae, including IP3R-like protein 

and Ca2+ ATPase, which have been implicated in sequestration and discharge of 

Ca2+ from caveolae vesicles, providing a mechanism for the regulation of 

extracellular Ca2+ entry (Fujimoto et al., 1992, Fujimoto, 1993, Isshiki and 

Anderson, 1999). Consistent with this, knockout of cav-1 in ECs, and therefore 

inhibition of the formation of caveolae, reduced the sustained phase of [Ca2+]i 

elevation but did not impair IP3 production (Murata et al., 2007). This was 

attributed to the requirement for cav-1 in the localisation of TRPC4 and 1, which 

are thought to be responsible for CCE in ECs (Ahmmed et al., 2004, Cioffi et al., 

2005, Mehta et al., 2003, Yao and Garland, 2005). Therefore, depletion of 

cholesterol and disruption of the localisation of cav-1 is likely to induce the same 

changes to the calcium response as knockout of cav-1, as demonstrated by the 

similar results reported here and by Murata et al (2007).   

6.3.5 The effect of cholesterol depletion on the WPB fusion pore 

To assess the effect of cholesterol depletion on the WPB fusion pore, HUVEC were 

treated with 2 mM HPβCD and MβCD, and for more acute cholesterol depletion 

with 5 mM MβCD, and WPB exocytosis was measured using amperometry. Varying 

results were obtained for each condition making the results difficult to interpret. 

Following HPβCD treatment current spikes had increased amplitude, rose more 

rapidly and had PSF of greater amplitude compared with untreated cells. Following 

treatment with 2 mM MβCD, current spikes were wider with a slower rise phase 

but none of the PSF parameters were significantly different. However, following 

treatment with 5 mM MβCD, current spikes rose more rapidly and had PSF of 

shorter duration and lower charge. To determine the possible causes for these 

differences it is necessary to consider the effect of βCD treatment on the 

composition of the vesicular membrane and PM as well as previous data recorded 

from other cell types which were depleted of cholesterol.  
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The exact effect of incubation of cells with βCDs is not entirely clear. Data 

presented in Figure 6.1 A suggest that incubation with 2 mM HPβCD does not 

deplete total cellular cholesterol, a result which is reinforced by both Filipin and 

caveolar staining (Figure 6.2 B and 6.4 Aii and Bii). This implies that cholesterol 

depletion is not responsible for the changes observed in amperometric data 

following incubation with HPβCD. One of the major disadvantages of the use of CDs 

to deplete cholesterol from cells is the possible secondary effects which these 

compounds may cause, including the removal of other PM components (Zidovetzki 

and Levitan, 2007). HPβCD has been reported to bind both phosphatidylcholines 

(PCs) and sphingomyelin (SM), although with significantly lower affinity in 

comparison to cholesterol (nearly five-fold and fifteen-fold less respectively) (Irie 

et al., 1992). In addition, Monnaert et al. (2004) reported removal of both PCs and 

SM from brain ECs following treatment with native βCD. However, in this case, βCD 

appeared to remove SM more potently, with 63% removal in comparison to 19% 

for PCs. Both results indicate that other membrane components, aside from 

cholesterol, can be removed during βCD treatments. Amperometry has not been 

performed on cells treated with HPβCD previously, therefore it is not possible to 

examine results from other cell types. Results reported here suggest that following 

HPβCD treatment, fusion pore dilation is more rapid, reflected in the increased rise 

slope and slightly lower trise values (Figure 6.9 Di and Fi). Whether this is due to 

the removal of a specific PM component by HPβCD remains to be determined, 

however, the results suggest that HPβCD may not be a useful control for the effect 

of adding a CD with lower affinity for cholesterol if it has distinct secondary effects. 

The effect of cholesterol depletion on amperometric data has been assessed in 

chromaffin cells, PC12 cells and platelets (Ge et al., 2010, Koseoglu et al., 2011, 

Wang et al., 2010, Zhang et al., 2009). In PC12 cells, PSF signals were significantly 

affected with a decrease in the percentage of current spikes with a PSF (Koseoglu 

et al., 2011, Wang et al., 2010) as well as a reduction in the duration of PSF (Wang 

et al., 2010). In chromaffin cells depleted of cholesterol, current spikes had a 

reduced quantal size and rise rate. In addition, as with PC12 cells, the % of PSF 

decreased as did Qfoot (Zhang et al., 2009). In platelets the duration of the rise 

phase of the current spike decreased as well as the width of the spikes. The % of 
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PSF also decreased as did the duration of PSF signals (Ge et al., 2010). A common 

feature of data from these four studies is a reduction in the percentage of current 

spikes with a PSF following cholesterol depletion. This feature, as well as the 

reduction in the duration of PSF reported in PC12 cells and platelets, was 

attributed to destabilisation of the early fusion pore, which is thought to require 

negative curvature of the cytosolic leaflets of the merged vesicle membrane and 

PM and which is therefore stabilised by the presence of cholesterol (Chen and 

Rand, 1997, Churchward et al., 2008). In line with this, cholesterol was 

demonstrated to be required for the formation of hemifused vesicles, with the 

removal of cholesterol promoting full fusion (Garcia et al., 2001). In addition, 

removal of cholesterol is thought to increase membrane fluidity therefore allowing 

more rapid incorporation of lipids into the expanding fusion pore leading to an 

increase in the rate of expansion (Wang et al., 2010). Data recorded from HUVEC 

supports these previous findings to some extent. Although the % of PSF did not 

decrease upon cholesterol depletion, the duration of the PSF significantly 

decreased following treatment with 5 mM MβCD, again suggesting that the early 

fusion pore may become destabilised and dilate more rapidly due to a removal of 

lipids of intrinsic negative curvature. This is also reflected in the increased rise rate 

and decreased duration of the rise phase, which also provides evidence that 

membrane fluidity may be affected.      

What remains unclear is why a different effect is seen upon depletion of cellular 

cholesterol with the lower MβCD concentration of 2 mM. In this case current 

spikes had a significantly slower rise phase and were wider suggesting a slower 

rate of fusion pore expansion. This is reminiscent of the effect observed following 

addition of cholesterol into the PM, with a decreased rate of fusion observed in 

platelets upon cholesterol addition (Ge et al., 2010). Perhaps the mechanism of 

cholesterol depletion by MβCD would explain this effect. Although the overall 

reduction in cellular cholesterol appeared equivalent at 2 and 5 mM MβCD (Figure 

6.1 B), both Filipin and cav-1 staining suggested that cholesterol depletion from 

the PM may be increased at 5 mM (Figure 6.3 Ci-ii and Figure 6.5 Aiii and Biii). At 

this concentration Filipin fluorescence intensity was significantly lower (Figure 6.3 

E) and caveolae appeared more disrupted than at 2 mM (Figure 6.5 Aiii and Biii). 
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The removal of PM cholesterol by MβCD has been suggested to comprise both a 

fast and a slow kinetic component (Yancey et al., 1996, Zidovetzki and Levitan, 

2007). The fast component had a half time of ∼15 s and the slow component a half 

time of 15-20 min (Haynes et al., 2000, Rouquette-Jazdanian et al., 2006). Differing 

explanations for the source or sources of the distinct kinetic components have 

been proposed. Yancey et al. (1996) and Haynes et al. (2000) suggested that both 

the fast and slow component were derived from the PM, with the slow component 

either due to transfer of cholesterol from the inner to the outer leaflet which was 

then removed, or due to the lateral movement of cholesterol from distinct lipid 

domains. However, it was also suggested that the slow component was derived 

from cholesterol delivery from the endocytic recycling pathway in an energy-

dependent process (Hao et al., 2002). Despite the fact that the source of the slow 

and fast components is still to be determined, it was demonstrated that the fast 

pool can be replenished of cholesterol by the slow pool with a half time of 25 min 

(Haynes et al., 2000).  

In the work presented here, HUVEC were incubated with MβCD for 30 min. If 

cholesterol is also removed from HUVEC in both a fast and a slow pool, then the 30 

min incubation time may not have been adequate to allow complete removal 

during the slow component, assuming a similar half time of 15-20 min. During the 

treatment with 2 mM MβCD, replenishment of the fast pool by the slow pool may 

have occurred, either due to trafficking of intracellular cholesterol to the PM 

and/or flip flop of inner leaflet cholesterol to the outer leaflet. Results from the 

amperometric data following treatment with 2 mM MβCD are comparable to those 

recorded following cholesterol overload (Ge et al., 2010). Perhaps at this MβCD 

concentration, HUVEC overcompensate for the loss of PM cholesterol during 

replenishment, thereby leading to an overall increase in PM cholesterol content. 

On the other hand, treatment with 5 mM MβCD may lead to more acute removal of 

PM cholesterol, which can also be compensated for by replenishment by the slow 

pool but perhaps not to the same extent, or not as rapidly, thereby leading to an 

overall reduction in PM cholesterol. This idea is supported by quantification of PM 

Filipin fluorescence, which only significantly reduced upon treatment with 5 mM 

MβCD (Figure 6.3 E). The reduction in PM cholesterol would not necessarily be 



255 
 

reflected in the overall quantification of cellular cholesterol, assuming that there is 

a pool of intracellular cholesterol which would be unaffected by depletion with 

βCD. Again this idea is supported by Filipin staining which demonstrated the 

presence of bright intracellular structures upon treatment with MβCD (Figure 6.3 

B-D) and HPβCD at high enough concentrations to deplete cholesterol (10 mM, 

Figure 6.2 Di-ii). The high fluorescence intensity of these structures suggests that 

they are enriched in cholesterol, although the identity of these compartments 

remains unknown. To determine if this hypothesis is correct the effect of 

cholesterol overload on amperometric data could be assessed to determine if a 

similar result is obtained compared to treatment with 2 mM MβCD.  

6.3.6 Conclusions 

This chapter describes the effects of cholesterol depletion on WPB exocytosis. 

Overall, WPB exocytosis was not significantly perturbed by cholesterol depletion, 

except under conditions of weak stimulation when entry of Ca2+ appeared 

inhibited. This could be attributed to disruption of caveolae which have been 

implicated in the control of extracellular Ca2+ entry in ECs. The lack of effect on 

WPB exocytosis following maximal stimulation is likely due to insufficient 

perturbation of the PM following treatment with 2 mM MβCD. Disruption of SNARE 

protein localisation following cholesterol depletion in other cell types has been 

demonstrated to effect exocytosis, however, the fact that there is likely to be an 

excess of SNARE complexes present in ECs, along with the presence of relatively 

few SGs, suggests that near complete removal or disruption of SNARE proteins may 

be required to see an effect on WPB exocytosis. This provides evidence of the 

robustness of the control of WPB exocytosis, which could be an important feature 

of ECs due to the requirement to maintain the secretory response in the 

endothelium. Some effects on the behaviour of the WPB fusion pore were observed 

following cholesterol depletion. Acute depletion by 5 mM MβCD destabilised the 

fusion pore and increased the rate of fusion pore expansion. The former was 

attributed to an inhibition of the formation of negatively curved membranes and 

therefore destabilisation of the restricted fusion pore and the latter to an increase 

in membrane fluidity which promoted lipid movement into the fusion pore, 
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promoting fusion pore dilation. It would now be interesting to investigate the 

effects of cholesterol overload in order to determine whether the effects observed 

following cholesterol depletion could be rescued by addition of cholesterol.    
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7. Final discussion 
 

The use of carbon fibre amperometry, in combination with live cell imaging, has 

allowed the formation and expansion of the WPB fusion pore to be measured with 

high temporal resolution for the first time. The primary aims of the thesis can be 

separated into the following; the establishment of carbon fibre amperometry as a 

tool for the measurement of the WPB fusion pore, the detailed characterisation of 

the WPB fusion pore and finally the investigation into factors involved in 

regulation of the behaviour of the fusion pore. 

Following the observation that current spikes could not be recorded from HUVEC 

undergoing WPB exocytosis, it was clear that WPBs do not contain endogenous 

diffusible oxidisable molecules at a high enough concentration to detect 

amperometrically. The first aim was to therefore establish protocols for the 

loading of oxidisable molecules into WPBs. This was achieved by the expression of 

VMAT1, an integral membrane protein involved in the active uptake of monoamine 

molecules into SGs in cell types involved in the storage and secretion of 

neurotransmitters. Following expression, VMAT1 localised WPBs leading to the 

appearance of 5-HT, as well as possible additional monoamine species, in VMAT1 

positive WPBs. Subsequently, it was demonstrated that current spikes could be 

measured from HUVEC expressing VMAT1. 

The combined use of amperometry and live cell imaging of fluorescently tagged 

WPBs confirmed that current spikes corresponded to WPB exocytosis. This 

allowed the WPB fusion pore to be characterised in detail for the first time through 

the analysis of amperometric data recorded from HUVEC. One of the first clear 

observations was that current spikes arising from WPB exocytosis were 

remarkably similar to those recorded following DCV exocytosis in more 

extensively characterised cell types, such as mast and chromaffin cells. WPB 

exocytosis is thought to be SNARE dependent but relies on a different combination 

of SNARE proteins to those thought to be primarily required for DCV exocytosis in 

mast cells, chromaffin cells, β cells and neuronal cell types (Hou et al., 2009, Roth 

and Burgoyne, 1994, Sutton et al., 1998, Woska and Gillespie, 2012). The results 
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presented here therefore provide further evidence that SNARE mediated 

membrane fusion during exocytosis relies on a common mechanism independent 

of the specific SNARE isoforms present.  

In addition, the similarity between amperometric data recorded during WPB 

exocytosis and that recorded during DCV exocytosis suggests that the diffusion of 

oxidisable molecules from the WPB matrix is also comparable. In other cell types, 

including mast and chromaffin cells, molecular release has been suggested to occur 

due to unbinding of neurotransmitter molecules from the SG matrix, dependent on 

factors including counterion exchange through the fusion pore and a pH increase 

within the SG (Amatore et al., 2007, Jankowski et al., 1993, Jankowski et al., 1994, 

Pihel et al., 1996). Further experiments in HUVEC would determine the exact 

nature of the control of neurotransmitter release, including alteration of the 

extracellular ionic species and pH to determine whether unbinding of molecules 

from the matrix is dependent on these same factors. 

The formation of a restricted fusion pore prior to irreversible expansion occurred 

frequently during WPB exocytosis, with 50-60% of current spikes demonstrating a 

PSF signal. The unusual morphology of the WPB, which transitions abruptly from a 

rod-like shape to a sphere following fusion pore formation, may promote the initial 

formation of a restricted fusion pore. The morphological transition may affect WPB 

membrane tension, with a brief decrease in tension likely as the WPB collapses. 

This hypothesis supports previous studies which suggest that lower membrane 

tension promotes the formation of a restricted fusion pore. A range of PSF shapes 

were recorded from HUVEC. An interesting, and previously uncharacterised type of 

PSF, had the appearance of a large step increase during the rising phase of the 

spike, suggesting that neurotransmitter release was briefly restricted by a 

particularly large fusion pore. This observation is supported by the finding that the 

WPB fusion pore is capable of pausing at a diameter of 12 nm (Babich et al., 2008), 

larger than the 1-3 nm diameter predicted for mast and chromaffin cell early 

fusion pores (Albillos et al., 1997, Breckenridge and Almers, 1987a). However, the 

majority of PSF had an amplitude similar to those detected in mast and chromaffin 

cells providing some evidence that the WPB fusion pore also transitions through a 

configuration of smaller diameter.  
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Occasional transient fusion events were recorded, observed as fusion of the WPB 

with subsequent retention of fluorescent cargo molecules coupled to the detection 

of a slow current transient. However, such events were rare, despite the fact that 

previous studies suggested that they made up 10-12% of WPB exocytotic events 

(Babich et al., 2008, Nightingale et al., 2011). One explanation for this could be the 

fact that, as mentioned above, a relatively large fusion pore of 12 nm is thought to 

form during these events which may not restrict neurotransmitter release 

sufficiently to alter release kinetics. The extent of [Ca2+]i elevation, as well as the 

extent of Ca2+ binding to synaptotagmin, has been suggested to influence the 

appearance of lingering kiss or kiss-and-run events (Ales et al., 1999, Babich et al., 

2008, Segovia et al., 2010, Wang et al., 2001, Wang et al., 2003). It would therefore 

be interesting to investigate the effect of altering the extent of [Ca2+]i elevation by 

varying the concentration of extracellular Ca2+.    

The extensive characterisation of the WPB fusion pore under control conditions 

provides a foundation for the investigation of factors which may be important for 

the regulation of the WPB fusion pore. Chapter 6 investigated one such factor, the 

role of PM cholesterol. In line with previous studies, depletion of PM cholesterol 

increased the rate of fusion pore expansion and decreased the duration of the 

lifetime of the restricted fusion pore. In previous studies this was attributed to the 

destabilisation of the restricted fusion pore due to the removal of cholesterol 

which promotes negative bending of lipid bilayers due to its intrinsic negative 

curvature (Ge et al., 2010, Wang et al., 2010, Tse et al., 2012). The results reported 

here therefore support this idea. The next stage would be to add cholesterol to the 

PM to determine whether this leads to the opposite effect on the WPB fusion pore.  

Further possible elements involved in the regulation of the WPB fusion pore can 

now be investigated. These include newly identified WPB associated proteins 

which may also interact with the SNARE complex including Slp4a (Bierings et al., 

2012) and SNARE interacting components which are currently being identified and 

characterised in ECs, such as members of the Munc18 family and synaptotagmin 

isoforms (Dr Tom Carter, personal communication). In addition, an interesting 

observation has recently been made in regards to the function of F actin and 

myosin II in expulsion of VWF tubules from WPBs (Nightingale et al., 2011). A ring 
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of actin and myosin II has been suggested to form around the WPB following 

fusion, with actomyosin II contractility squeezing VWF tubules into the 

extracellular environment. However, myosin II has also been suggested to play a 

role in the control of the fusion pore in both PC12 cells and pancreatic acinar cells 

(Aoki et al., 2010, Bhat and Thorn, 2009). In both cell types, myosin II appeared to 

stabilise the restricted fusion pore, with decreased fusion pore lifetimes measured 

following inhibition of myosin II. However, in chromaffin cells, no effect was 

observed on fusion pore kinetics following inhibition, although the rate of 

catecholamine release was decreased (Berberian et al., 2009Berberian et al., 

2009). Due to the findings presented by Nightingale et al. 2009, myosin II appears 

to be important for the control of VWF release but it is not clear whether this a due 

to regulation of the fusion pore, or post fusion effects. This can now be investigated 

directly using the techniques outlined in this thesis.   

Additional elements which are involved in WPB exocytosis, and which may play a 

role at the level of the fusion pore, can also now be investigated as and when new 

elements are identified. This should provide new information about the WPB 

fusion pore and its role in controlling release of WPB cargo molecules. This is of 

physiological importance since WPB cargo molecules are key regulators in a range 

of processes including primary haemostasis and inflammation. In addition, the 

unique nature of the WPB in terms of its size and morphology, allow it to be used 

as a model for SG biogenesis and fusion. The establishment of carbon fibre 

amperometry to measure WPB fusion pore dynamics provides an increased level 

of depth in the analysis of fusion events in this model system, and so may provide 

information about the general regulatory elements of the exocytotic fusion pore in 

future. 
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