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Abstract 

Fenestrae are transcellular membrane pores that mediate blood-tissue exchange in 

highly specialized vascular endothelia such as in choroidal capillaries. Substances that 

traverse the pore never encounter the contents of the cytoplasm and are transported in a 

rapid and presumably energy-efficient manner. Fenestrae arise in attenuated regions of 

the endothelial cell periphery and are highly organized in clusters termed sieve plates. 

My PhD project was based on the identification of novel components of fenestrae and 

how these components contribute to mechanisms regulating fenestra formation.  

Using an in vitro biogenesis model coupled with proteomic analysis, we identified 

several proteins enriched in fenestrated plasma membranes. Localisation of candidate 

proteins was accomplished by immunolabelling, confocal microscopy, and 

transmission electron microscopy. Functional roles for the candidate proteins in 

fenestra biogenesis were probed through gain and loss of function techniques. 

Coimmunoprecipitation was used to uncover protein-protein interactions, and 

biochemical reagents were applied to probe the signalling pathways involved in 

fenestra formation. 

Through extensive investigation, we identified the ERM (ezrin/radixin/moesin) protein 

moesin as a component of fenestral sieve plates. Inhibition of moesin function by 

expression of a dominant negative mutant or siRNA resulted in inhibition of fenestra 

formation, whereas knockdown of another regulator of the actin cytoskeleton, annexin 

II, led to a robust increase in fenestra formation. Biochemical and structural analyses 

showed that these modulators control the formation of an actin-fodrin submembrane 

cytoskeleton that is essential for sieve plate and fenestra formation, and that this 

cytoskeleton is directly linked to the fenestra pore protein PV-1. The transmembrane 

protein Na,K-ATPase is also a structural component of the submembrane complex, and 

functions as a regulator of fenestra formation in vitro and in vivo. 

These findings provide a conceptual framework linking the actin cytoskeleton to 

membrane remodeling during fenestra biogenesis and new molecular tools for probing 

fenestra structure and function. 
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Chapter 1  Introduction to Fenestrae 

 

1.1  Heterogeneity of Endothelial cells 

A major role of the circulatory system is to provide for nutrient supply and waste 

removal, a concept postulated by the English physician William Harvey (Harvey, 

1908).  The structures that allow these exchange processes are the blood vessels, an 

extended network of arteries, veins and capillaries. As the primary barrier to free 

blood-tissue exchange, vascular endothelial cells form the inner lining of all blood 

vessels in the body. For a long time, endothelial cells were considered to be a 

homogeneous population of cells, like a sheet of nucleated cellophane, separating the 

vascular space from the interstitium (Florey, 1966). However, since the 1980s, ground-

breaking evidence has shown that the endothelium plays additional,  critical roles in 

the cardiovascular system, including solute change – transport and exchange, 

haemostasis, regulation of vascular tone, coagulation, inflammatory response, 

vasculogenesis and angiogenesis (Moncada, 1977; Furchgott, 1980 and 1983; 

Furchgott, 1980; Palmer, 1987 and 1988). 

Endothelia differ on the basis of morphology and can be accordingly classified as 

‘continuous’, ‘fenestrated’ or ‘discontinuous’. In continuous capillaries, luminal and 

abluminal plasma membranes only fuse at the cell junctions. Fenestrated capillaries are 

characterised by clusters of orderly transcellular pores with a diameter of 

approximately 60 nm, which most often contain a proteinaceous diaphragm (Bennett, 

1959; Rhodin, 1962; Simionescu, 1974; Bearer, 1985; Robert and Palade, 2000). 

Discontinuous capillaries exhibit clustered holes without a diaphragm, and the pores 

are usually bigger with a diameter of 80-200 nm. They are also often referred to as 

sinusoids, or fenestrae without a diaphragm (Roberts and Palade, 2000). 

These morphological differences in endothelium correlate with vascular permeability 

properties, which facilitate the function of the organ. For example, large vessels and 
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microvessels of the blood-brain- or blood-retinal barrier are made from continuous 

endothelium. In contrast, fenestrated capillaries are more likely present at sites of 

filtration, secretion and absorption because of their higher permeability to low 

molecular weight, hydrophilic molecules (Levick and Smaje, 1987). The organ 

distribution of these different endothelial phenotypes is summarised below (Table 1-1). 

 

Table 1-1  Heterogeneity of Endothelium 

endocrine glands

gastrointestinal tract 

choroid plexus

choriocapillaries

low number of vesicles and 
complex tight junctions

high endothelia l venules

high number of vesicles

blood-brain barrier

lymphocyte homing

exchange/transport

pores

large gaps

marrow sinus

splenic sinus of red pulp

secretion

absorption

secretion

secretion / absorption (?)

filtra tion

exchange of particles

hemopoisis, delivery of blood cells

blood cell processing

CNS

lymph nodes

Muscle

kidney glomeruli

liver

bone marrow

spleen

fenestrae

fenestrae

fenestrae

fenestrae

Continuous
Tissue of organ Function    Properties

Discontinuous

( diaphragmed fenestra )

( fenestra without a diaphragm )

f
f

f

f

p

p

p
p

 

             L –lumen; f – fenestra; p- pore (adapted from Risau, 1995). 

 



Chapter 1: Introduction to fenestrae 
 

 
20 

 

Heterogeneity of endothelial barrier phenotypes can also exist within the same organ. 

The kidney, for example, contains three different endothelial phenotypes: fenestrated 

diaphragmed endothelium in peritubular capillaries, discontinuous (also called 

fenestrated without-a- diaphragm) endothelium in glomerular capillaries, and 

continuous endothelium in other parts. Evidence suggests that endothelium is not 

predetermined to adopt organ-specific barrier phenotypes, but rather that it is the tissue 

microenvironment which influences the endothelium (Van Driel, 1988; Burns, 1992). 

Nevertheless, organ-specific differentiation is reversible. When endothelial cells are 

removed from an organ environment and cultured in vitro, fenestrations (Milici, 1985) 

and high electrical resistance characteristic of the blood-brain barrier (Risau, 1991; 

Rubin 1991) are lost.                       

1.2  Vascular permeability 

In order to provide supply of nutrients and a mean of waste removal, the vascular 

system needs to be “permeable” to allow the ready exchange of small molecules, such 

as gases, ions, water, nutrients and wastes between blood and tissue. Small amount of 

plasma protein also need to cross the normal vascular barrier, and in some occasions, 

even whole cells (e.g., lymphocytes) need to across the semi-permeable vascular 

endothelial wall.  

There are two general pathways across the endothelium for blood-tissue exchange: 

paracellular and transcellular.  The paracellular route is through the minute space 

between contacting cells. Paracellular permeability is determined by the adhesive 

properties of proteins that comprise tight junctions and adherens junctions. The 

transcellular route is movement of substances through the cell, either by the shuttling 

of vesicles such as caveolae or vesiculo-vacuolar organelles (VVOs) or passive 

transport through transendothelial channels (TECs) or fenestrae. (Fig. 1-1). 

Molecular exchange in normal tissues primarily takes place in capillaries. The fluid 

passing from the blood into normal tissues is a plasma filtrate – consisting largely of 
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water, small solutes and very little plasma protein. The basal permeability level of 

normal tissue varies considerably in different types of endothelium lining the 

capillaries, and is affected by changes in hydrostatic pressure, opening of the closed 

vessels, blood flow, etc (Nagy, 2008). Water and small solutes are able to diffuse 

through endothelial cells, or pass readily through the intercellular junction and through 

endothelial fenestrae. Large molecules cross the vascular barrier by shuttling through 

caveolae, VVOs or TECs (Dvorak, 2007).  

Vascular permeability increases rapidly when the microvasculature is exposed acutely 

to vascular permeability factors, such as VEGF (vascular endothelial growth factor), 

histamine  and serotonin. These vascular permeability factors cause disassociation of 

tight/adherens junctions (Deissler, 2008), and even induce endothelial cells to contract 

to form paracellular gaps (Majno, 1969). The vascular permeability factors also induce 

the diaphragms-interconnecting VVOs to open to allow plasma-protein extravasating 

transcellularly (Nagy, 2006). Macromolecules also extravasate through fenestrae in 

response to vasoactive mediators (Feng, 1997). The result is not only the quantity of 

extravasated fluid greatly increased, but also the quality of the extravsates changed - 

rich in plasma protein to levels close to plasma, referred as an “exudate”.  

Although there’s a regulated increase in vascular permeability to both water and 

solutes as capillaries grow and form new vessels, angiogenesis, the generation of new 

blood vessels from preexisting vasculature, in physisological systems (Dejana, 2001), 

vascular hyperpermeability is more marked in disease states. Pathological angiogenesis 

associated with various diseases, such as cancer, stroke, diabetes and wet AMD (age-

related macular degeneration), is characterised by vascular leakage. These novel 

vasculatures are inherently weak and leaky which results in tissue oedema and causes 

considerable damages in pathologies. 
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j- tight or adherens junctions; 

c- caveolae;  

VVO- vesiculovacular organelles; 

TEC- transendothelial channels; 

f- fenestra; 

bm – base membrane. 

(Adapted from Simionescu, 1983) 

 

Fig. 1-1 Schematic of structures mediating paracellular  and transcellular 

permeability 
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1.3  Properties and functions of fenestrae 

Endothelial fenestrae were first observed in ultrastructural studies of glomerular 

capillaries by Gautier, Bernhard and Oberling (1950). In subsequent reports the 

endothelial structure was confirmed by Hall (1954), Yamada (1955), and Pease (1955) 

in the renal system, and later fenestrae were recognised in other organs, e.g., the 

thyroid (Trier, 1958) and liver (Wisse, 1970). 

1.3.1 Structure of fenestrae 

Fenestra, meaning window in Latin, describes a transcellular pore with a diameter of 

60-70 nm (Bennett, 1959), though the pore diameter ranges from 100 to 200 nm in 

liver sinusoidal endothelial cells (LSEC) (Wisse, 1985). Fenestral pores span the entire 

thickness of the cell without disrupting the continuity of the cell membrane. 

Substances that traverse the pore never encounter the contents of the cytoplasm and are 

transported in a rapid and presumably energy-efficient manner (Rhodin, 1962). A 

quick-freeze, deep-etch ultrastructural study unveiled the structure of the fenestral 

diaphragm, which is composed of 8-12 radial fibrils interweaving to a central knob. 

The fibrils further divided the fenestrae into small pores with an average maximum arc 

length of 5.46 nm (Bearer, 1985).   This agrees with tracer studies in which fenestral 

diaphragms are readily permeable to horseradish peroxidase (4.5 nm in diameter), but 

not to ferritin (11 nm in diameter) (Clementi, 1969) (Fig. 1-2A). 

Fenestrae arise in attenuated regions of the endothelial cell periphery and are organised 

in clusters termed sieve plates (Braet, 1996). Within the sieve plate, fenestrae occur in 

ordered arrays with an average distance between neighboring fenestral centers of 

approximately 130 nm (Clementi, 1969; Simionescu, 1974).  This highly ordered 

organisation implies involvement of an underlying cytoskeleton (Stan, 2004; 

Ioannidou, 2006) (Fig. 1-2B). 
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Fig. 1-2A Structure of fenestrae. 
A. Schematic illustration of fenestrated endothelium. 
B. A single fenestra and fenestral diaphragm. 
C. Fenestral pores span the entire thickness of the cell without disrupting the 

continuity of the cell membrane. 
D. A transverse profile of fenestrated endothelial cell membrane. PM, plasma 

membrane. 
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Fig. 1-2B Fenestral sieve plates 
 Fenestral sieve plates and linear organisation of fenestrae in bEND5 cells. Whole 
mount TEM image (a) and section TEM image (b) from fenestrated  bEND5 cell.  

       Scale bar: A, 1 μm; B, 200 nm.
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1.3.2 Molecular composition of fenestrae 

Little is known about the mechanism of fenestra formation nor of the components of 

the pore. One compositional feature is the clustering of anionic cell-surface molecules 

at fenestration sites (Simionescu, 1982). Filamentous tufts were revealed by perfusion-

fixation in capillary fenestrae. These so-called fascinae fibers were postulated to be 

heparan sulfate proteoglycans (HSPG). Interestingly, they are only present on the 

luminal side of the fenestral diaphragm (Rostgaard, 1997). Fenestral diaphragms bind 

lectins poorly on their luminal side, which may represent interference from HSPG 

(Simionescu, 1982; Pino, 1986). 

Cholesterol rings were discovered to surround the openings of fenestrae, 

plasmalemmal vesicles and transendothelial channels, but interestingly, not the 

fenestrae without a diaphragm, such as in the liver sinusoid and kidney glomeruli 

(Simionescu, 1983). 

The cytoskeleton has long been postulated to be involved in fenestral structure.  Actin 

filaments are found in close proximity to fenestrae (Braet, 2002; Nagai, 2004). 

However, only LSEC fenestrae were found to have a well-defined fenestra-associated 

cytoskeleton ring (FACR) (Braet, 1995 and 1996), which is postulated to regulate the 

diameter of LSEC fenestrae.  The nature of the FARC still needs to be defined.   

In 1999, Stan et al. identified plasmalemmal vesicle–associated protein–1 (PV-1) as a 

component protein of fenestral diaphragms, as well as stomatal diaphragms in caveolae 

and transendothelial channels (1999). The same group further demonstrated that 

multiple PV-1 homodimers reside in close proximity within the same diaphragm. They 

proposed a model in which PV1 dimers form the fibrils of the diaphragms, and the c-

terminus of PV-1 proteins interweave to form the central knob (Stan, 2004) (Fig. 1-3). 

The known molecular components of fenestrae are summarised in Table 1-2. 
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Fig. 1-3 Schematic illustration of a proposed model of the fenestral diaphragm.      
PV-1 dimers form diaphragm fibrils, and the fibrils interweave in the centre to 
form the central knob of the fenestral diaphragm. Glycosylation in the N-terminus 
of PV-1 keeps the diaphragm “floating”. 
 (Adapted from Stan, 2004). 
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Table 1-2 Comparison of three types of endothelial cell fenestrations 

 

Fenestrae type Diaphragmed Non-diaphragmed Progressively   

non-diaphragmed 

(diaphragmed 

during embryonic 

development) 

Type of  

endothelium in 

which 

fenestrations are 

expressed 

Systemic    

capillaries, 

e.g., gastrointestinal, 

renal peritubular and 

Choriocapillaries 

“Discontinuous” 

endothelium, 

e.g., hepatic 

sinusoidal 

Glomerular 

capillaries 

Diameter (nm) 60-70 100-175 60-80 

PV-1 expression Yes No (only in 

development) 

No (only in 

development) 

Cytoskeletal ring ? Yes ? 

Cholesterol ring Yes No ? 

Basal lamina Yes No Yes 

Glycocalyx Yes ? Yes 

Adapted from Satchell and Braet, 2009 
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1.3.3 Function of Fenestrae 

Fenestrated capillaries are highly permeable to low-molecular weight, hydrophilic 

molecules, consistent with their purported role in filtration, secretion and absorption 

(Levick, 1987).  For larger, lipid-insoluble molecules, the permeability of fenestrated 

endothelium is similar to that of continuous endothelium (Johnson, 1966; Granger, 

1979). By evaluating a series of published data, Levick and Smaje calculated the 

hydraulic conductance and permeability of small solutes through a fenestral pathway 

(1987). The fenestral diaphragm, the ~25 nm glycocalyx layer and 50-100 nm 

basement membrane make up the fenestral pathway.  The analysis showed that a single 

diaphragmed fenestra with a diameter of 60 nm (area 0.003 µm2) has a greater 

conductance than 1 µm2 of continuous endothelium (skeletal muscle). Similarly, for 

small solutes such as B12 and inulin, the permeability across fenestrated endothelium 

in the submandibular gland is 15-28 times greater than in the continuous capillaries of 

skeletal muscle (Mann, 1979). Furthermore, endothelial hydraulic conductance and 

permeability to small lipophobic molecules increases with fenestral density in a variety 

of mammalian tissues (Levick,1987) 

Fenestrae can be observed as individual structures lying in the cytoplasm. But most 

often, they appear as highly organised clusters – ‘sieve plates’. Fraser and Wisse, 

decided to use the term sieve plate to indicate a possible sieving function of fenestrae 

(Fraser, 1978; Natio and Wisse, 1978). In the kidney, glomerular endothelial cell 

(GEnC) fenestrae are necessary for the high hydraulic conductivity of the glomerular 

capillary wall. They provide a primary sieving function for blood components that is 

refined by transit through the thick basement membrane and podocyte slit pore to 

produce primary urine (Ryan, 1975) (Fig. 1-4). In the liver, sinusoidal endothelial 

fenestrae filter fluids, solutes and particles that are exchanged between the sinusoidal 

lumen and the space of Disse, allowing only particles smaller than the fenestrae to 
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reach the parenchymal cells or to leave the space of Disse (De Zanger and Wisse, 

1982). They are also believed to filter out potentially hazardous substances in the 

blood at the liver sinusoids (Braet and Wisse, 2002). A series of studies undertaken by 

Fraser’s group demonstrated that fenestrae in LSEC play an important role in 

lipoprotein metabolism (Wight, 1983; Fraser, 1986 and 1988; Clark, 1988) (Fig. 1-5). 

In the choroid plexus, fenestrae are believed to function in the filtration of blood to 

give rise to cerebrospinal fluid (Engelhardt, 2001). The primary capillaries in the 

hypophyseal portal are extensively fenestrated, so hormones released by hypothalamic 

neurons can easily enter the blood stream (Marieb and Hoehn, 2007). In the retina 

there is a huge demand for nutrient delivery and waste removal from the outer retina 

by the underlying choriocapillaris, which is facilitated by fenestrae (Pino, 1980).  
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Fig. 1-4 Endothelial fenestrations in renal glomerular capillaries. 
A. TEM image shows abundant fenestrations without diaphragms in GEnC. 
B. SEM images of the luminal surface of glomerular capillaries with clusters of 
endothelial fenestrations 
(Adapted from Kamba, 2006) 
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Fig. 1-5 Fenestrae sieve lipoproteins in the liver. 
A. TEM image of a chylomicron within the lumen of the sinusoid and a 

chylomicron remnant trapped in the space of Disse. 
B. Comparison of the relative size of LSEC fenestrae with the mean diameters of 

various lipoproteins. 
(Adapted from  Fraser, 1995) 
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1.3.4 Regulation of fenestrae  

Organ-specific differentiation of endothelial cells is reversible. Fenestration is lost 

when fenestrated capillaries are taken out from their organ environment and cultured in 

vitro (Milici, 1985). This suggests that interactions of endothelium with a tissue 

environment via soluble factors or cell-cell interactions plays an important role in 

endothelial differentiation.   

1.3.4.1 Tissue environment 

It has long been observed that fenestrated endothelium occurs in close proximity to 

epithelium. It was postulated that the interaction between the two cell types may be 

important for the differentiation and maintenance of fenestrae.  Cultivation of 

endothelial cells on extracellular matrix derived from epithelial cells results in 

endothelial fenestra formation (Milici, 1985). The results suggest that extracellular 

matrix and/or growth factors are needed for induction and maintenance of endothelial 

fenestrae. Indeed, fenestrated capillaries are in constant contact with the extracellular 

matrix, for example, the thick basement membrane of the kidney glomerulus, or the 

multi-lamellate Bruch’s membrane. In addition to providing a structural scaffold, 

specific extracellular matrix components may play an active role in fenestra formation 

(Carley, 1988).  

1.3.4.2 Signalling proteins 

Among the signalling proteins that might have an influence on fenestration, vascular 

endothelial growth factor (VEGF) is the strongest candidate.  This factor appears to be 

responsible for induction and/or maintainance of fenestrae (Rhurberg, 2003).  In fact, 

epithelial cells adjacent to fenestrated endothelium, such as podocytes in the 

glomerulus (Bailey, 1999), epithelium in the choroid plexus (Josko, 2001), and retinal 

pigment epithelium (RPE) next to the choriocapillaris (Adamis, 1993), constitutively 

express VEGF, whereas fenestrated endothelial cells constitutively express VEGF 
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receptors (Breier, 1992).  Roberts and Palade provided direct in vivo evidence of 

fenestrae induction by VEGF. In normally non-fenestrated venular and capillary 

endothelium, fenestration and increased microvascular permeability were observed 

after topical or intradermal administration of VEGF (Roberts and Palade, 1995). More 

recently, Sugimoto et al. observed rapid loss of endothelial cell fenestrae when 

neutralising VEGF antibodies or soluble VEGF receptor 1 (sFlt-1) were intravenously 

injected into mice and let them circulating for various time period  up to 24 hours,  

which resulted in endothelial cell swelling and proteinuria (2003). In vitro, VEGF 

weakly induces fenestrae formation in cultured capillary endothelial cells (Esser, 1998). 

Treatment of cultured cells with phorbol myristate acetate (PMA) and retinoic acid 

(RA) also led to an increase, whereas transforming growth factor β (TGF-β) caused a 

decrease in the surface density of fenestrae (Lombardi, 1986, 1987 and 1988). 

Although the physical relevance of these signalling pathways remains to be established, 

PMA and RA are potent differentiation agents for many cell types, and TGF-β can 

prevent cell differentiation.   

1.3.4.3 Cytoskeleton 

The highly ordered arrangement of fenestrae in sieve plates implies the importance of 

the cytoskeleton for forming fenestrae and the maintaining their structural organisation.  

In vitro studies have established the involvement of the actin cytoskeleton in regulation 

of the number and size of LSEC fenestrae (Arias, 1990; Braet, 1995). Spector et al. 

used a variety of anti-actin drugs, including latrunculins, jasplakinolides, swinholide A, 

misakinolida A, halichondramides and pectennotoxin II, to target the actin 

cytoskeleton and disrupt its organisation. Although each class of drugs alters the 

distribution patterns of actin in a unique way, they all induce a rapid, 2-3 fold increase 

in the number of fenestrae in LSEC (Spector, 1999). These results suggest that the 

induction of fenestrae by microfilament disruption is a direct result of actin 

reorganisation rather than a side effect of the anti-actin drugs. In a study using the 

mouse brain endothelial cell line bEND5, microfilament disruption by cytochalasin B 
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or latrunculin A induced do novo formation of a vast number of fenestrae, which 

confirmed the importance of actin rearrangement and in particular depolymerisation of 

stress fibers for fenestrae formation (Ioannidou, 2006). This model system produces 

the most abundant formation of fenestrae to date. In ex vivo glomerular culture, 

cytochalasins prevent the loss of endothelial fenestrations that normally occur after 48 

hours (Andrews, 1981). This indicates that fenestrae are inducible structures and the 

organisation of actin plays an essential role in their dynamics.  The precise role of actin 

dynamics in fenestra formation remains elusive, however.  

1.3.4.4 Diaphragm protein PV-1 

PV-1 is a single span, type II membrane glycoprotein that forms homodimers in situ 

(Stan, 1997 and 1999). The size of the PV-1 monomer before post-translational 

modifications is 50 kD, and 60 kD in its N-glycosylated mature form (Ghitescu, 1997 ). 

PV-1 binds avidly to heparin at physiological pH (Lupas. 1996). Besides being the key 

component for diaphragms in fenestrae, caveolae and transendothelial channels, PV-1 

is important for the formation of systemic endothelial fenestrations.  

PV-1 was upregulated in response to VEGF in a murine tumor angiogenesis model and 

in human umbilical vein endothelial cells (HuVEC) in culture (Strickland, 2005). PV-1 

is highly expressed, along with VEGF, in tumor vessels, which have abundant 

fenestrations (Roberts, 1997). Treatment of cultured endothelial cells with PMA causes 

upregulation of PV-1 and fenestrations (Stan, 2004). Inhibition of PV-1 upregulation 

using siRNA prevents diaphragmmed fenestra formation in HuVEC cells (Stan, 2004). 

In bEND5 cells, PV-1 is important for regulation of the size of fenestrae and their 

organisation into sieve plates: knockdown of PV-1 did not reduce the density of 

fenestrations formed in response to latrunculin A but resulted in the disorganisation of 

sieve plates with more variable distance between fenestrae and greater variation in 

fenestral pore size (20–400 nm) (Ioannidou, 2006). Therefore both PV-1 and actin 

dynamics are important, but exactly how they interact in fenestra formation is yet to be 

established.  
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1.3.5 Formation of fenestrae 

Although fenestrae were discovered over half a century ago, their means of formation 

remains elusive.  Several models have been proposed. 

1.3.5.1 Formed from preexisting plasmalemmal vesicles 

It has long been believed that fenestrae arise from preexisting structures such as 

caveolae and VVOs. In this model, fenestrae are suggested to be formed by fusion of 

caveolae or VVOs with the apical and basal membranes of an endothelial cell (Furuya, 

1990; Dvorak, 1996). This hypothesis seems plausible given that fenestrae and 

caveolae share structural features - both have PV-1 as key component in their 

diaphragms, similar tissue distribution, common putative roles in the regulation of 

vascular permeability, and a relationship to the VEGF signalling cascade. However, 

caveolin-1 is found neither in adrenal cortical microvascular endothelial cell in culture 

(Esser, 1998), nor in glomerular endothelial cell fenestrae in vivo (Sorensson, 2002).  

Furthermore, glomerular endothelial fenestrae appear normal in caveolin-1 knockout 

mice that are completely lacking caveolae (Sorensson 2002). 

1.3.5.2 De novo formation 

By using the specific actin inhibitor misakinolide, Braet et al. revealed that LSEC 

fenestrae arise from a supposed fenestrae-forming center (1998). Although the exact 

mechanism of the fusion of two opposing cell membranes to form fenestrae has not 

been investigated, it likely requires the presence of unique compositional membrane 

microdomains and/or cell membrane-attached cytoskeletal structures (Simionescu 

1982 and 1983). However, this needs further study to show whether the model applies 

to the formation of fenestrae in tissues other than LSEC. 

1.4  Fenestrae and disease 

Aberrant endothelial permeability leads to abnormal extravasation of blood 

components and accumulation of fluid in the extravascular space, resulting in tissue 
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dysfunction.  Any alteration in fenestral size or density will affect the bidirectional 

exchange of macromolecules and can alter the balance between health and disease. 

In the liver, sinusoidal endothelial fenestrae function as a selective sieve between the 

sinusoidal blood and the parenchymal cells. LSEC fenestrae and their biological 

relevance in various diseases such as fibrosis, cirrhosis, steatosis, hepatitis, 

inflammation, and metastasis have been described in detail (reviews of Braet 2002 and 

2005). It has been widely acknowledged that changes in endothelial filtration directly 

influence the transport of chylomicron remnants and other lipoproteins, metabolism, 

and the occurrence of atherosclerosis (Fraser, 1995). In comparison to rats, rabbits 

have significantly smaller fenestrae and chickens have fewer fenestrae. Rabbits and 

chickens that are fed cholesterol rapidly develop high serum cholesterol levels which 

lead to the development of atherosclerosis (Wright, 1983; Fraser, 1986). The lower 

porosity of the liver sieve correlates well with the susceptibility and vulnerability of 

both species to dietary cholesterol. The smaller size of rabbit LSEC fenestrae hinders 

the egress of large chylomicron remnants from the sinusoidal blood, leading to the 

subsequent development of hypercholesterolaemia and atherosclerosis. Conversely, the 

hypolipidemic agent pantethine increased the rabbit liver sieve porosity by 80% and 

halved the resultant hypercholesterolemia (Fraser, 1988 and 1989). Nicotine induces a 

decline in liver sieve porosity in rats and a concomitant increase in serum cholesterol 

levels (Fraser, 1988 and 1989).  Alcoholic defenestration, a result of chronic alcohol 

abuse, involves a decrease in both number and porosity of LSEC fenestrae. This effect 

is believed to be a factor in pathogenesis of the hyperlipoproteinemia associated with 

alcoholism (Clark, 1988). In liver cirrhosis, defenestrated sinusoidal endothelium and 

the presence of a subendothelial membrane were found in all forms of hepatic cirrhosis. 

Rogers et al. demonstrated that these structural alterations block the hepatic uptake of 

dietary retinol within the chylomicron remnants. The resulting retinol deficiency 

transforms fat-sorting cells into myofibroblasts with enhanced extracellular matrix 

products, resulting in perisinusoidal fibrosis and ultimately in cirrhosis (1992). 
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Furthermore, since retinol is known to be important in cell differentiation (Lupulescu, 

1994), the blocked retinol metabolism in fat-sorting cells resulting from LSEC 

defenestration may promote the development of certain cancers.  

GEnC fenestrae are integral components of the glomerular filtration barrier. These 

fenestrae make up 30-50% of the lumen surface area. The high hydraulic conductivity 

of the glomerular capillary wall requires an adequate density and size of glomerular 

endothelial cell fenestrae (Deen, 2001). Glomerular filtration rate (GFR) is dependent 

on the fractional area of the fenestrations and on the fenestral glycocalyx. GEnC 

fenestrations are important in the restriction of protein passage. For patients with 

preeclampsia, a condition in which significant amounts of urinary protein are 

associated with pregnancy-induced hypertension, the density of GEnC fenestrae is 

reduced and accounts for the decreased GFR. Changes in GEnC fenestral density and 

size also correlate with changes in the GFR brought about by gentamicin 

administration (Avasthi, 1980). 

Although the endothelium and its fenestrations have not been studied in the majority of 

human glomerular diseases, GEnC fenestrae appear to contribute to GFR reduction in a 

variety of diseases, including cyclosporine nephropathy (Kobayashi, 1991), serum 

sickness nephritis (Chowdhury, 1996), Thy-1 nephritis (Ichimura. 2008) and animal 

diabetic models (Davila, 2005; Evan,1980).  In human diabetic nephropathy and 

transplant glomerulopathy, fenestration loss correlates with albuminuria (Toyoda, 2007; 

Yamamoto, 2007). All of the above conditions are associated with proteinuria despite 

the reduction in GFR. Taken together, these observations suggest that dysfunction or 

loss of GEnC fenestrations, as well as alterations in the endothelial glycocalyx, may 

contribute to the increased passage of albumin across the glomerular filtration barrier.  

There are also pathological conditions in which the continuous endothelium becomes 

fenestrated. The tumour promoter phorbol ester can induce diaphragmed fenestrae in 

large endothelium in vitro (Lombardi, 1987). Furthermore, the neovasculature of many 

solid tumours is highly fenestrated (Capo, 1985; Shibata, 1986; Feng, 1999 and 2002). 



Chapter 1: Introduction to fenestrae 
 

 
40 

 

Electron microscopy studies revealed the appearance or upregulation of vessel 

fenestrations in chronic allergic encephalomyelitis (Llena, 1976), rheumatoid arthritis 

(Spenger, 1983; Pappas, 1988) and diabetic retinopathy (Wallow, 1980).  

Our lab has focused most attention on fenestration in choroidal vessels in the setting of 

the eye, particularly in relation to the development of age-related macular degeneration 

(AMD). Oxygen consumption of the mammalian retina (per gram of tissue) is the 

highest of all organs, including the kidney, cerebral cortex and cardiac muscle 

(Whikehart, 1994). Moreover, the photoreceptor layer has one of the highest metabolic 

rates of any known tissue, given that the amplication process requires vast quantities of 

metabolic energy (Futterman, 1975). The oxygen and nutrients for the ‘greedy’ 

photoreceptors are provided by the choriocapillaris, a unique, flattened capillary bed 

situated immediately external to the photoreceptors (Henkind, 1979), separated only by 

a single layer of retinal epithelial cells and Bruch’s membrane. The lining of the 

capillaries on the side closest to the photoreceptor cells is attenuated and highly 

fenestrated to ensure the rapid and efficient delivery of nutrients and disposal of 

abundant waste products from the photoreceptor layer (Fig. 1-6). We hypothesise that 

fenestral dysfunction may lead to accumulation of wastes and/or deprivation of 

nutrients, and that this contributes to the progression of AMD.  
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Fig. 1-6 Morphology and topology of the choriocapillaris. 
A, The avascular photoreceptor-RPE layer relies on choroidal vessels for nutrient 
supply and waste removal; B, SEM image of a corrosion cast of the choriocapillaris 
bed under Bruch’s membrane (adapted from Zhang, 1994); C, Fenestration in 
choriocapillaris endothelial cells. DF, diaphragmed fenestrae; BM, bruch’s membrane; 
RPE, retinal pigment epithelium (adapted from Pino, 1987). 
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There is limited evidence to indicate a possible correlation between choriocapillary 

defenestration and retinal diseases such as AMD. In retinal degeneration (rd)-mice, 

loss of fenestration is the initial change observed in the choriocapillaris adjacent to 

degenerating RPE (Neuhardt, 1999).  In a low-dose, D-galactose-induced aging model 

in mice, loss of choriocapillaris endothelial cell fenestration was observed adjacent to 

the largest outer collagenous layer deposits, whereas normal choriocapillaris 

fenestration overlaid areas of non-thickened Bruch’s membrane (Ida, 2004). More 

recently, in a murine model of graded Bruch’s membrane lipoidal degeneration, 

endothelial fenestration numbers were reduced where the choriocapillary endothelium 

basement membrane was thickened (Schmidt-Erfurth, 2008). Drusen, focal deposits 

that accumulate between the RPE basal membrane and the inner collagenous layer of 

Bruch’s membrane, are significant risk factors for the development of AMD 

(Pauleikhoff, 1990). By carefully examining drusen distribution in aged human eyes, 

drusen depositions were found colocalising with the intercapillary pillars of the 

choroidal capillaries (Lengyel, 2004).  A plausible explanation is that drusen formation 

is related to the clearance of cellular debris from the retina.  

A greater understanding of the relevance of endothelial fenestrae in physiology and 

disease may one day allow one to manipulate fenestrae therapeutically. For example, 

VEGF has been used to restore fenestrations in LSEC and reduce portal hypertension 

in an animal model of cirrhosis (Xu, 2008). The restoration of endothelial health in 

diabetic glomerular disease holds promise for increasing GFR through increased 

fenestral density and decreasing proteinuria through restored glycocalyx structure. 

Similarly, the restoration of choriocapillary fenestration may slow drusen formation 

and RPE atrophy, thereby hindering the progression of AMD. 

Since little is known about the mechanisms by which fenestrae are formed, nor of the 

components of the fenestral pore, it is virtually impossible to explore the role of 

fenestrae in diseases such as AMD. Taking advantage of an in vitro assay developed in 
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our lab, in which abundant fenestrae can be induced rapidly, we embarked on a 

detailed study of fenestral composition and biogenesis. In previous studies, we began 

to characterise novel components of the fenestrae using proteomics.  We found the 

ERM (ezrin, radixin and moesin) protein moesin to be a component of fenestral sieve 

plates. The research described in this thesis involves identification of novel fenestral 

components, assessment of their potential roles in fenestrae formation and/or function, 

and use of this information to explore fenestral function in vivo. 
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Abbreviations 

 

AMD  age-related macular degeneration  

BSA  bovine serum albumin 

DMEM Dulbecco’s modified Eagle medium 

FACR  fenestrae-associated cytoskeleton ring 

GEnC  glomerular endothelial cell 

GFP  green fluorescent protein 

GFR  glomerular filtration rate 

HSPG  heparan sulfate proteoglycans 

HuVEC human umbilical vein endothelial cells  

LSEC  liver sinusoidal endothelial cells 

PBS  phosphate-buffered saline 

PFA  paraformaldehyde 

PMA  phorbol myristate acetate 

PV-1  plasmalemmal vesicle–associated protein–1 

RA  retinoic acid  

RPE  retinal pigment epithelium  

TGF-β   transforming growth factor β  

VEGF  vascular endothelial growth factor 

VVOs  vesiculo-vacuolar organelles 
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Chapter 2 Material and Methods 

 

2.1 Reagents 

All chemicals were purchased from Sigma-Aldrich (Dorset, UK), unless otherwise 

indicated.  All culture media and related products were obtained from Invitrogen 

(Paisley, UK), unless otherwise stated. All restriction endonucleases were 

purchased from New England Biolabs. Oligonucleotides were provided by 

Ambion (Invitrogen, Paisley, UK). The water used for all the procedures described 

was MilliQ grade and autoclaved. 

Mouse full length moesin with GFP tag was purchased from Invitrogen (EST 

clone 5044557). The N-terminal portion of mouse moesin (1-1143) was amplified 

from EST clone 5044557 by PCR using oligonucleotides 5’-

GACGCTTCCGTTCCTGCTC-3’  and 5’-GCCACCATGCCGAAGACG-3’ and 

ligated into pcDNA3.1/CT-GFP-TOPO (Invitrogen). Mouse full length moesin 

with HA tag was purchased from GeneCopoeia (EX-Mm03944-M07). 

2.2 Bacterial culture 

2.2.1 Preparation of electrocompetent cells 

Five milliliters of XL-1 blue bacteria (Stratagene) from an overnight culture were 

added to 800 ml of LB medium and grown at 37ºC with shaking to an OD595 of 

0.6.  The culture was incubated for 30 minutes on ice and centrifuged at 5,000 rpm 

for 20 minutes at 4ºC using a JA-10 rotor in an Avanti J-E centrifuge (Beckman 

Coulter).  The pellet was washed twice with 800 ml ice-cold water, once with 400 

ml ice-cold 10% glycerol, and was finally resuspended in 1 volume ice-cold 10% 

glycerol.  Aliquots of the preparation were stored at -80ºC. 
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2.2.2 Transformation 

DNA (50-500 pg) was added to 80 µl of electrocompetent cells in a 1 mm 

electroporation cuvette (Bio-Rad).  Mixtures were incubated on ice for 10 

minutes and transformations were performed at 200 Ω, 25 µF, and 1.8 kV.  

Bacteria were incubated with 400 µl SOC medium at 37ºC for 1 hour, and then 

centrifuged at full speed in a microcentrifuge.  Pellets were resuspended in 100 

µl LB medium, plated on agar plates containing ampicillin (75 µg/ml) and 

incubated overnight at 37ºC. 

2.2.3 Cryopreservation 

Bacterial cultures were stored as 50% glycerol stocks at -80ºC 

2.3 DNA techniques 

2.3.1 Preparation of plasmid DNA 

Plasmid DNA was purified from overnight cultures grown at 37ºC in LB 

containing ampicillin (75 µg/ml), using Qiagen plasmid mini kits, Endo-free 

plasmid midi, or maxi kits according to the manufacturer’s instructions. 

2.3.2 Quantitation of DNA 

DNA solutions were placed in a quartz cuvette (1 cm path length) and the 

absorbance of the mixture was read at 260 nm and 280 nm using a 

Spectrophotometer.  The OD260 of 1, corresponding to 50 µg/ml double 

stranded or 33 µg/ml single stranded DNA, was used as a reference for DNA 

concentration calculations. The OD260/280 ratio was used as an estimate for 

purity of the preparation.  A ratio of 1.6-1.9 was considered acceptable.   
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2.3.3 Restriction enzyme digestion 

For small scale diagnostic digests, 0.5 µg of DNA was incubated in the 

appropriate buffer with 5-10 U of restriction endonuclease in a total volume of 

20 µl.  The reaction was incubated at the appropriate temperature (25ºC or 37ºC) 

for 1-2 hours.  For large scale digests, 5 µg of DNA was incubated in the 

appropriate buffer with 20-30 U of restriction endonuclease in a total volume of 

70 µl.  The reaction was incubated for 2-3 hours at 25ºC or 37ºC.  Following 

digestion, enzymes were inactivated by incubating at 80ºC for 20 minutes. 

Restriction enzymes Kpn I  and Xho I were used in moesin constructs with 

GFP tag or HA tag. 

2.3.4 PCR 

Primers were 20-22 nucleotides in length, usually with two GC-basepairs at the 

3’-end, and annealing temperatures of approximately 55ºC.  The annealing 

temperature specific to each primer was calculated using the following formula:  

Tm = 3 x (sum of GC-basepairs) + 2 x (sum of AT-basepairs).  Reactions were 

carried out in a Peltier thermal cycler (MJ Research). 

2.3.5 DNA sequencing 

Primers of approx. 18 nucleotides were designed to amplify a region within the 

gene of interest or the vector sequence surrounding the gene.  Reactions were 

carried out using 500 ng of a given plasmid, 3-4 pmol of primer, and 8 µl of 

fluorochrome labelling mix, in a total volume of 20 µl.  PCR conditions were 

as follows: 

      denaturation at 96ºC for 10 seconds; 

      annealing at 50ºC for 5 seconds; 

      extension at 60ºC for 4 minutes; 
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      25 cycles. 

Following amplification, DNA was ethanol-precipitated, electrophoresed then 

visualised.  Sequencing was performed by the UCL Institute of Ophthalmology 

Sequencing Service.  Sequence analysis and alignment was performed using 

the software programs MacVector (Accelrys) and Sequencher (Gene Codes 

Corporation).  

For plasmids with GFP tag, the following primer set was used in sequencing: 

T7: 5’- TAA TAC GAC TCA CTA TAG GG -3’ 

GFP Reverse: 5’- GGG TAA GCT TTC CGT ATG TAG C -3’ 

For plasmids with HA tag, the following primer set was used in sequencing: 

Forward: 5’- GCG GTA GGC GTG TAC GGG T -3’ 

Reverse: 5’ – GTG GCA CCT TCC AGG GTC -3’ 

2.3.6 DNA gel electrophoresis 

Agarose gels were prepared by dissolving 0.6-2% agarose in TAE buffer (40 

mM Tris Base pH8.0, 20 mM glacial acetic acid, 1 mM EDTA).  Ethidium 

bromide was added to a final concentration of 0.5 µg/ml.  DNA was mixed 

with 10x BlueJuiceTM gel loading buffer (Invitrogen) and electrophoresed at 5-

20 V/cm in TAE buffer.  A 100 bp or 1 kb DNA ladder (Invitrogen) was loaded 

in an adjacent well for comparison. 

2.3.7 Gel purification of DNA fragments 

Gel slices containing relevant DNA fragments were excised and stripped of 

agarose and contaminants using a gel extraction and nucleotide removal kit 

(Qiagen). 
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2.3.8 Cloning 

2.3.8.1 Cohesive-end ligation 

Restriction digests for the insert and vector were performed.  The vector 

fragment was also dephosphorylated with 0.5 U/µg DNA of alkaline 

phosphatase (CIP, New England Biolabs), for 1 hour at 37ºC, to prevent 

recircularisation in the case of compatible ends.  Following purification, vector 

and insert were ligated using 200-300 ng total DNA with a 2-4 fold molar 

excess of insert, and 400 U T4 DNA ligase (New England Biolabs) in 15 µl 

total volume.  The reaction was carried out overnight at 15ºC.  One µl of the 

ligation reaction was used to transform Escherichia coli as described above. 

2.3.8.2 Blunt-end ligation 

Restriction digests of vector and insert were performed as above.  Fragments 

were incubated with T4 DNA polymerase (New England Biolabs) at 1-2 U/µg 

DNA, 200 µM dNTP mix (Ultrapure, Pharmacia), and 0.1 mg/ml bovine serum 

albumin (BSA), at 12ºC for 20 minutes so as to form blunt ends.  The 

polymerase was inactivated by incubating at 75ºC for 10 minutes, and the 

vector was dephosphorylated with alkaline phosphatase as above.  Following 

purification, vector and insert were ligated as described above, except using 2-

fold molar excess of vector. 

2.4 RNA techniques 

2.4.1 RNA isolation 

Total RNA was isolated from cells or tissues using the RNeasy mini kit 

(Qiagen).  Three to five million bEND5 cells were lysed in 350 µl RLT buffer 

(Qiagen) by pipetting, and the contents loaded onto an RNeasy mini column.  

The lysate was passed through a QIAshredder spin column (Qiagen). RNA 



Chapter 2: Material and methods 
 

 
51 

 

purification was carried out according to the manufacturer’s instructions. RNA 

was snap-frozen and stored at -80ºC. 

2.4.2 RNA quantitation 

RNA solutions were placed in a quartz cuvette (1 cm path length) and the 

absorbance of the mixture was read at 260 nm and 280 nm using a 

Spectrophotometer.  An OD260 of 1, corresponding to 40 µg/ml RNA, was 

used as a reference for calculations. To obtain an accurate OD260/280 ratio, 

RNA was diluted in 10 mM TrisHCl  pH 7.5.  A ratio of 1.9-2.1 was expected 

for a pure preparation.   

2.4.3 RT-PCR (Taqman) 

Reverse transcription of RNA was performed using 300 ng RNA and the 

following reaction mix (ABI): 1 x RT buffer, 5.5 mM MgCl2, 500 µM each 

dNTP, 2.5 µM random primers, 0.4 U/µl RNase Inhibitor, 1.25 U/µl 

Multiscribe Reverse Transcriptase, supplemented with Nuclease-Free water 

(Ambion) to a total volume of 60 µl.  cDNA synthesis was carried out in a 

thermal cycler according to the following scheme: 

Segment 1 1 cycle  25ºC for 10 minutes 

Segment 2 1 cycle  42ºC for 60 minutes 

Segment 3 1 cycle  95ºC for 5 minutes 

Taqman cocktails were prepared using 1x PCR master mix (ABI), 5 µl cDNA, 

250 nM of each primer, and 500 nM of probe, in a total volume of 25 µl.  

Moesin, radixin, annxin II and fodrin were amplified with mouse primers and 

probe provided by TaqMan Gene Expression Assay from ABI with the 

following ID numbers: 

Moeisn, Mm00447889_m1 
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Radixin, Mm00501337_m1 

Annexin II, Mm00500307_m1 

Fodrin, Mm01326617_m1 

GAPDH served as the internal control in all reactions, and was amplified with 

rodent GAPDH primers and probe (ABI, Mm00484668_m1).   

Reactions were loaded on Prism Optical tubes (ABI) and run in the ABI Prism 

7700 Sequence Detection System using the following cycling conditions:  

Segment 1 1 cycle  50ºC for 2 minutes 

Segment 2 1 cycle  95ºC for 10 minutes 

Segment 3 40 cycles 95ºC for 15 seconds 

    60ºC for 1 minute 

Results were analysed using SDS 7900HT Software 2.2 (ABI) 

2.5 Protein techniques 

2.5.1 Protein concentration determination 

Protein concentrations were determined using a BCA kit (Thermo Scientific). 

BSA standards diluted in water and sample diluents were incubated with BCA 

reagent for 30 minutes at 37˚C and the absorbance was measured in a 

spectrophotometer at OD562.  Standard curves were created based on the 

absorbance of BSA standards and were used to assign protein concentrations to 

samples 
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2.5.2 SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) 

Gels were poured at a thickness of 1.5 mm using the Bio-Rad Mini gel 

assembly kit and acrylamide solutions from Bio-Rad.  The separating gel and 

stacking gel were prepared as in Table 2-1.  

Table 2-1A Separating gel 

Gel DDI (Distilled 
De-Ionised) 
water 

29:1 Acrylamide :  
Bisacrylamide 

1.5 M Tris-HCl 
(pH 8.8) 

10% SDS 
(sodium 
dodecyl 
sulphate) 

7.5% 4.9 ml 2.5 ml 2.5 ml 0.1 ml 

10% 4.1 ml 3.3 ml 2.5 ml 0.1 ml 

12% 3.4 ml 4.0 ml 2.5 ml 0.1 ml 

Just before the gel was poured, 50 µl of freshly made 10% APS (ammonium 

persulfate) and 5 µl of TEMED (N, N, N', N'-tetramethylethylenediamine ) 

were added.  

 

Table 2-1B Stacking gel 

Gel DDI water 29:1 Acrylamide :  
Bisacrylamide 

0.5 M Tris-
HCl (pH 6.8) 

10% SDS 

Stacking gel 4.1 ml 3.3 ml 2.5 ml 0.1 ml 

 

Just before the gel was poured, 50 µl of freshly made 10% APS and 10 µl of 

TEMED were added.  

Samples were boiled with 5x sample buffer (Thermo Scientific) at 95ºC for 5 

minutes prior to loading on the gel. Gels were run in Tris-glycine buffer (25 

mM Tris, 250 mM glycine pH 8.3, 0.1% SDS) at 70-120 V.   
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2.5.3 Western-blot 

Following electrophoretic separation, proteins were blotted onto Hybond-P 

PVDF (Amersham Biosciences) membranes using a semi-dry blotter (Bio-Rad).  

Membranes and pieces of Whatman paper were pre-soaked in transfer buffer 

(150 ml methanol, 100 ml tris-glycine buffer, in a total volume of 1000 ml) for 

30 minutes.  After a brief incubation of the gel in transfer buffer, gel and 

membrane were sandwiched between six pieces of Whatman paper, with the 

membrane facing the anode of the electroblotting apparatus.  Transfer was 

carried out at 120 mA per gel for 1 hour (1.5mm thick gels).  Blots were 

incubated with blocking buffer (5% non-fat dry milk in TBST -0.1% tween 20 

in 0.1 M Tris buffer) for 2 hours at room temperature or overnight at 4ºC.  The 

primary antibody was diluted in blocking buffer and applied for 2 hours at 

room temperature or overnight at 4ºC.  After 3 ten-minute washes in TBST, 

horseradish peroxidise (HRP)-conjugated secondary antibodies were diluted in 

a similar fashion and applied for 1 hour at room temperature. Blots were 

washed 3 times in TBST. The product of the horseradish peroxidase reaction 

was detected by chemiluminescence (Amersham Biosciences). The primary 

and secondary antibodies used in experiments are listed in Table 2-2. 

2.5.4 Coimmunoprecipitation 

Medium stringency lysis buffer (0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 

1% NP-40, 5% glycerol, pH 7.4) and freshly added protease and phosphatise 

inhibitor cocktail (Thermo Scientific, Cat# 1861280)) were used for 

immunoprecipitation. Total protein (500 µg) was diluted to approximately 1 

µg/ul with lysis buffer, then was pre-cleared with washed Pierce Protein A/G 

Agarose (Thermo Scientific, Cat# 20423). Two micrograms of antibody was 

added and incubated with antigen sample at 4ºC overnight with gentle mixing. 

Immune complexes were captured by adding 25 µl of washed Protein A/G 
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agarose bead slurry. Agarose beads were collected by centrifuge (1500 g, 30 

minutes) and washed with ice-cold TBS (0.025 M Tris, 0.15 M NaCl, pH 7.2). 

Immune complexes were released by incubating with 30 µl of Elution Buffer 

(0.15 M glycine-HCl buffer, pH 2.8) for 10 minutes. This step was repeated 

twice and the two supernatant fractions were combined and neutralised by 

adding 10% total volume of 1 M Tris, pH 9. The immunoprecipitation products 

were frozen at -20ºC or used directly for SDS-PAGE. Horseradish peroxidase-

conjugated secondary antibodies from Amersham Biosciences (as described in 

2.8.3), or Clean-Blot IP HRP reagent (Thermo Scientific, Cat# 21230) was 

used in the following western immune analysis.  
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Table 2-2 Antibodies and conditions used in western blot 

Primary antibodies 

Antibody Dilution Company and Catalog# 

Ms anti-β-actin 1:2000 Sigma, #A228 
Rb anti-actin 1:2000 Sigma, #A2066 

Rt anti-PV-1 

 
1:2000 Covalab, custom-made, 1 mg/ml 

Rb anti-PV-1 1:4000 Covalab,custom-made, 2 mg/ml 

Rb anti-moesin 1:2000 Cell signalling, #3150 

Ms anti-moesin 1:2000 BD Transduction, #610401 
Rb anti-phospho-ERM 1:2000 Cell signalling, #3141 

Rb anti-radixin 1:2000 Sigma, #R3653 

Rb anti-ezrin 1:2000 Cell signalling, #3145 
Ms anti-HA 1:2000 Abcam, #ab18181 

Rb anti-caveolin 1:2000 BD Transduction, #610059 

Ms anti-Na/K-α-1 1:2000 Milllipore, #05-369 

Rb anti-Na/K-β-2 1:2000 Abcam, # ab110730 
Ms anti-α-fodrin 1:2000 Abcam, #ab11755 

Rb anti-ankrin B 1:2000 Santa Cruz, #sc-12718 

Ms anti-annexin II 1:2000 Santa Cruz, #sc-28385 
Rb anti-src 1:2000 Cell signalling, #2108 

Rb anti-phospho-src 1:2000 Cell signalling, #6943 

Rb anti-PI3K p85 1:2000 Cell signalling, #4257 

Rb anti-phospho-PI3K p85/p55 1:2000 Cell signalling, #4228 
Rb anti-PI3K p110α 1:2000 Cell signalling, #4249 

Rb anti-PI3K p110β 1:2000 Cell signalling, #3011 

Rb anti-PI3K p110γ 1:2000 Cell signalling, #5405 
Rb anti-PI3K Class III 1:2000 Cell signalling, #3358 

To be coninued
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Ms anti-raf-1 1:2000 Santa Cruz, #sc-7267 

Ms anti-p-raf-1 1:2000 Santa Cruz, #sc-271929 

Rb anti-Akt (pan) 1:2000 Cell signalling, #4691 
Rb anti-phospho-Akt (Ser473) 1:2000 Cell signalling, #4060 

Rb anti-phospho-Akt (Thr308) 1:2000 Cell signalling, #2965 

Rb anti-phospho-GSK-3β 1:2000 Cell signalling, #9323 
Rb anti-phospho-PTEN 1:2000 Cell signalling, #9551 

Rb anti-phospho-PDK-1(Ser241) 1:2000 Cell signalling, #3438 

Rb anti-p38 MAPK 1:4000 Cell signalling, #8690 
Rb anti-phospho-p38 MAPK 1:4000 Cell signalling, #4511 

Rb anti-p44/42 MAPK 1:4000 Cell signalling, # 4695 

Rb anti-phospho-p44/42 MAPK 1:4000 Cell signalling, #4370 

Secondary antibodies 

Antibody Dilution Company and Catalog# 

Sheep anti-ms IgG (HRP) 1:1000 GE Healthcare, NA-931-1ML 

Gt anti-rt IgG (HRP) 1:1000 GE Healthcare, NA-935-1ML 

Donkey anti-rb IgG (HRP) 1:1000 GE Healthcare, NA-934-1ML 
Clean-Blot IP Detection Reagent 1:400 Thermo Scientific, #21230 

 

Ms – mouse;  Rt - rat;  Rb – rabbit; Gt – goat. 
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2.6 Tissue culture 

2.6.1 Cell line maintenance 

bEND5 and Py4.1 are two mouse endothelial cell lines used for induction of 

fenestrae in vitro. The bEND5 cell line was a gift from Dr. Britta Englehardt 

(University of Bern, Switzerland). It was derived from mouse brain 

endothelium transformed with polyoma middle T virus. These cells were 

maintained in Dulbecco’s modified Eagle medium (DMEM) with high-glucose 

(4.5 g/l), sodium pyruvate (1%), 4 mM L-glutamine, 10% fetal bovine serum, 

penicillin/streptomycin, non-essential amino acids and 5 µM β-

mercaptoethanol, at 37˚C with 5% CO2.  Cells used for induction of fenestrae 

were at a passage number between 15 and 35.  

Py4.1 cells were a gift from Dr.Vicky Bautch (University of North Carolina). 

The Py4.1 cell line was derived from mouse ear and tail hemangiomas. It was 

maintained in DMEM with high-glucose (4.5 g/l), 2% fetal bovine serum and 

penicillin/streptomycin, at 37˚C with 10% CO2. 

The bEND5 cells were trypsinised using 5x trypsin EDTA solution for 5 

minutes at 37˚C, and Py4.1 cells were trypsinised using 1x trypsin EDTA 

solution for 2 minutes at 37˚C. Culture medium was added to neutralize the 

trypsin, then the cells were isolated by centrifugation at 1000 rpm. Cells were 

frozen in 10% DMSO (dimethyl sulphoxide), 20% fetal bovine serum, and 70% 

complete medium, and were stored in liquid nitrogen. 

2.6.2 Fenestra induction in endothelial cells 

Coverslips were coated with 1% bovine gelatin (type B, Sigma) for 30 minutes 

at room temperature, and then rinsed quickly with phosphate-buffered saline 

(PBS). Cells were seeded at a density of 30,000/well in a 24-well plate. The 



Chapter 2: Material and methods 
 

 
59 

 

next day, when at 50-60% confluence, cells were induced by using latrunculin 

A (Sigma) at 1.25 µM for 3 hours. The cells were processed for biochemistry 

or morphology immediately after the end of the induction.  

2.6.3 Transient transfection of endothelial cells 

2.6.3.1 Plasmid transfection by Nucleofection 

The bEND5 cells used for nucleofection were in the exponential growth phase 

(~65-80% confluence). In all experiments, an expression plasmid encoding 

green fluorescent protein (GFP) was transfected in parallel as a control for 

transfection efficiency. The required plasmid (5 µg in 1-5 µl) was mixed with 

100 µl of Amaxa’s NucleofectorTM Solution V. Cells were trypsinised, then 2 

ml of cells were pelleted for each nucleofection. The cells were resuspended in 

100 µl of Amaxa’s NucleofectorTM Solution V with plasmid. The resuspended 

cells were immediately transferred into Amaxa certified cuvettes and were then 

nucleofected using program U13 of the Nucleofector Device (Amaxa, 

Germany).  Immediately the cells were resuspended in 4 ml of pre-warmed 

bEND5 media and were plated into 2 wells of a 6-well plate. The transfected 

cells were incubated at 37˚C/5% CO2 for 20-24 hours prior to experimental 

analysis. 

2.6.3.2 siRNA transfection using Oligofectamine 

On the day prior to transfection, bEND5 cells were seeded at a density 

equivalent to 25,000 cells per well of a 24-well plate, in antibiotic-free media. 

The next day, the cells were transfected in serum free DMEM without 

antibiotics. Transfection was carried out according to the Oligofectamine 

protocol (Invitrogen). Briefly, siRNA and Oligofectamine were separately 

mixed with Opti-MEM reduced serum medium (Invitrogen, Cat# 31985062). 

Then the siRNA-Opti-MEM and Oligofectamine-Opti-MEM solutions were 

combined and pre-incubated for 15-20 minutes before they were incubated with 
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cells for at least 4 hours. Cells were analysed at 24, 48 and 72 hours after 

transfection. To knock down moesin, radixin, annexin II or fodrin, we 

optimised a double transfection regimen (Diagram 2-1).  

 

    

  Diagram 2-1  Double siRNA transfection to knockdown  moesin, radixin, 

annexin II or fodrin 

 

Silencer Select siRNA was used to knock down moesin, radixin, annexin II and 

fodrin. Of the 3 siRNAs, the one with the best reduction efficiency was used 

for the experiment. The corresponding sequences are as follows: 

Moesin siRNA sequence (5’->3’): 

sense:        GGCUGAAACUCAAUAAGAAtt 

antisense: UUCUUAUUGAGUUUCAGCCaa 

Radixin siRNA sequence (5’->3’): 

sense:        GGAAAGCUCUAGAACUGGAtt 

antisense: UCCAGUUCUAGAGCUUUCCga 

Annexin II siRNA sequence (5’->3’): 

sense:        GGGAUGCUCUGAACAUUGAtt    

antisense: UCAAUGUUCAGAGCAUCCCtc 

Fodrin siRNA sequence (5’->3’): 

sense:        GAAGUACAGAGGUUUCACAtt    

antisense: UGUGAAACCUCUGUACUUCgt 
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2.7 Immunolabelling on coverslips and cryosections 

Cells on coverslips were fixed either in -20ºC methanol for 7 minutes or in 

room temperature 4% paraformaldehyde (PFA) (Electron Microscopy Sciences) 

for 10 minutes.  For PFA-fixed cells, fixation was followed by 5 washes in PBS 

and a 3 minute permeabilisation step in 0.1% Triton X-100 in PBS.  Cells on 

coverslips were blocked for 15 minutes in blocking solution (5% goat or 

donkey serum, 0.2% fish skin gelatin in PBS). Coverslips were then inverted 

over 50 µl of primary antibody solution on a piece of parafilm, incubated for 30 

minutes at room temperature, and washed 3 times, for 5 minutes each time, in 

blocking solution lacking serum. The antibodies used for immunolabelling are 

listed in the table below (Table 2-3). To visualise F-actin, Alexa 546-

conjugated phalloidin (1:200; Molecular Probes) was included in secondary 

antibody preparations of methanol or PFA-fixed cells.  Alexa 488-conjugated 

DNase I (1:200; Molecular Probes) was employed to detect G-actin on PFA-

fixed cells.  As negative controls, primary antibodies were omitted with 

secondary antibody incubations performed in the usual way.  After three 5-

minute washes in blocking solution lacking serum, coverslips were mounted on 

slides using gold antifade mounting medium (Invitrogen). 

For immunolabelling of ocular cryosections, eyeballs from just-sacrificed 

C57BL/6 mice were enucleated, immediately embedded in OCT, then stored at      

-80˚C until use. Cryosections of 8-10 µm were cut, air-dried for 5 minutes at 

room temperature, then fixed in cold methanol for 10 minutes. After 3 washes 

in PBS, cryosection samples were immunolabelled with a procedure similar to 

that described above, except the incubation time for blocking was extended to 

30 minutes and the incubation with primary or secondary antibody to 1 hour. 
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Table 2-3A Mouse primary antibodies used in immunofluorescence staining 

1° Antibody Function Dilution Company and 
Catalog# 

β-Actin Cytoskeletal protein 1:200 Sigma (A228) 

Ankyrin B Membrane skeleton 1:100 Santa Cruz (sc-12718) 

Ankyrin G Membrane skeleton 1:100 Santa Cruz (sc-137105) 

Annexin II Ca2+/phospholipids binding 1:200 Santa Cruz (sc-28385) 

Arp3 Actin-binding protein 1:100 BD Biosciences 
(612134) 

Aquaporin 1 Integral protein, forms water-
specific channel permitting 
water to move in the direction 
of an osmotic gradient. 

1:100 Abcam (ab9566) 

Aquaporin 4 Water-specific channel protein, 
osmoreceptor regulating body 
water balance. 

1:100 Abcam (ab46182) 

 DP1 Interactin protein of Reticulon 
4a, shapes tubular ER 

1: 100 Abcam (ab17807) 

 FAK Focal Adhesion Kinase, 
colocalizes with integrins in 
focal adhesion 

1:100 BD Biosciences 
(610087) 

 Filamin 1 Crosslinks Actin to filaments 1: 100 Santa Cruz (sc-58763) 

Fodrin Component of membrane 
skeleton 

1: 100 Abcam (ab11755) 

 HA Epitope tag from influenza 
protein hemagglutinin used in 
fusion proteins 

1:200 Abcam (ab18181) 

 Integrins Transmembrane proteins 
linking extracellular matrix to 
cytoskeleton 

1:100 BD Transduction 
(611435) 

 IRS p58/p53 ER marker, essential for ER 
retention 

1:100 BD Transduction 
(612674) 
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 KDEL ER marker, essential for ER 
retention 

1:200 Abcam (ab12223) 

Lamp1 Lysosome associated membrane 
protein 

1:100 Abcam (ab25630) 

 Myosin IIa Motor proteins responsible for 
actin-based cell motility 

1:100 Santa Cruz (sc-53095) 

 Na+/K+ 
ATPase 

Electrogenic transmembrane 
ATPase 

1:100 Millipore (05-369) 

 NPC Nuclear pore complex proteins 1:200 Abcam (ab24609) 

Rab4 Small GTP-binding proteins 
important for vesicular 
trafficking 

1:100 BD Transduction 
(610888) 

 Rab5 GTP-binding protein, regulates 
the fusion of plasma membrane-
derived clathrin-coated vesicles 
with early endosomes 

1:100 Abcam (ab50253) 

STX5A Mediates endoplasmic 
reticulum to Golgi transport 

1:100 Sigma 
(WH0006811M1) 

Talin Actin-binding protein found in 
focal adhesion complex 

1:100 Santa Cruz (sc-81805) 

β-Tubulin Major building block of 
microtubules 

1:5000 Sigma (T 4026) 

Vinculin Focal adhesion proteins 1:100 Santa Cruz (sc-73614) 

Vimentin Intermediate filament protein 1:100 BD Pharmingen 
(550513) 
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Table 2-3B Rabbit primary antibodies used in immunofluorescence staining 

1° 
Antibody 

Function Dilution Company and 
Catalog# 

 Actin Actin 1:50 Sigma (A2066) 

Calreticulin ER marker 1:200 Abcam (ab4) 

 Calnexin ER marker 1:200 Abcam (ab10286) 

 Caveolin Caveolae coat protein 1:200 BD Transduction 
(610059) 

 CD44 Transmembrane glycoprotein 1:100 Abcam (ab24504) 

Desmin Class III intermediate filaments 1:100 Abcam (ab8592) 

 EEA1 Early endosome marker 1:150 Abcam (ab2900) 

 Ezrin Linker protein between plasma 
membrane and cytoskeleton 

1:200 Cell Signalling 
(3145) 

 ERGIC-
53/P58 

Type I membrane protein associated 
with the ER-Golgi intermediate 
compartment, mediates proteins 
transport from ER to Golgi 

1:100 Sigma (E1031) 

 Moesin Linker protein between plasma 
membrane and cytoskeleton 

1:200 Cell Signalling 
(3150) 

 Phospho-
ERM 

Phosphorylated / active ERM(ezrin, 
radixin and moesin) 

1:400 Cell Signalling 
(3141) 

 Nogo A+B Located in membranes with high 
curvature, potent neurite outgrowth 
inhibitor 

1:200 Abcam (ab47085) 

 PV-1 Diaphragm protein of fenestrae, 
caveolae and transendothelial channels 

 final: 
5µg/ml 

Covalab , custom-
made 

 Radixin Linker protein between plasma 
membrane and cytoskeleton 

1:100 Sigma (R3653) 

RTN3 Member of the Reticulon family, may 
be involved in membrane trafficking in 
early secretory pathway 

1:100 Abcam (ab72814) 
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SAR1  Member of small GTPase, involved in 
transport from ER to Golgi apparatus 

1:100 Abcam (74046) 

Sec23  Components of the COPII (coat protein 
complex II) coat that covers ER-derived 
vesicles involved in transport from ER 
to Golgi apparatus. 

1:100 Sigma (S7696) 

 Sec31A Component protein of COPII coat 1:100 Sigma (HPA005457) 

Tubulin Building blocks of microtubules 1:100 Sigma (T3526) 

VE 
Cadherin 

Type I cell adhesion membrane 
proteins, associates with α-catenin, 
forming a link to cytoskeleton 

1:100 Abcam (ab33168) 

WASP Member of Wiskott-Aldrich Syndrome 
Proteins, involved in transduction of 
cell surface receptors to the actin 
cytoskeleton 

1:100 Calbiochem 
(ST1113) 

WASL Member of WASPs, regulates formation 
of actin filaments 

1:100 Calbiochem 
(AP1049) 
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Table 2-3C  Goat, rat and hamster primary antibodies used in immunofluorescence 

staining 

1° Antibody Function Dilution Company and 
Catalog# 

Gt anti-Atlastin Golgi-localized integral 
membrane protein; GTPase 

1:100 Santa Cruz (sc-
49158) 

Gt anti- Cofilin Actin-binding protein, 
promotes F-actin 
depolymerization 

1:100 Santa Cruz (sc-8441) 

Gt anti- Enolase Glycolytic enzyme involved in 
differentiation 

1:100 Santa Cruz (sc-7455) 

Gt anti- EHM2 Member of NF2 
(neurofibromin 2, merlin), 
connecting transmembrane 
proteins to cytoskeletal 
molecules 

1:100 Santa Cruz (sc-
14236) 

Gt anti- hnRNP 
K 

Heterogeneous nuclear 
ribonucleoprotein K, involved 
in nucleocytoplasmic shuttling 

1:200 Abcam (ab12223) 

Gt anti- NM-23 Potential suppressor of 
metastasis 

1:100 Santa Cruz (sc-
14789) 

Gt anti- 
Paralemmin  

Peripheral protein involved in 
cell structure and shape 

1:100 Santa Cruz (sc-
55972) 

Gt anti- RTN2 Member of the Reticulon 
family, may be involved in 
membrane trafficking in early 
secretory pathway 

1:100 Santa Cruz (sc-
16682) 

Gt anti-
Transgelin 

Binds actin, causing actin fibers 
to gel, may be an early 
indicator of the onset of 
transformation 

1:100 Santa Cruz (sc-
18153) 

Rt anti- CD44 Transmembrane glycoprotein 1:100 BD Pharmingen 
(558739) 

Rt anti- CD31 Integral membrane protein,  1:100 BD Pharmingen 
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(550300) 

Rt anti- PyMT Poly virus middle T antigen, a 
major transforming protein 

1:100 Santa Cruz (sc53481) 

Rt anti- PV-1 

(Meca-32) 

Plasmalemma vesicle-
associated protein (PLVAP, 
PV-1), diaphragm protein of 
fenestrae, caveolae and 
transendothelial channels  

1:100 BD Pharmingen 
(550563) 

Rt anti- PV-1 

(Meca-32) 

Diaphragm protein of fenestrae, 
caveolae and transendothelial 
channels 

1:200 

(final: 
5µg/ml) 

Covalab, custom-
made (Cuk-0901) 

Ht anti- CD31 Transmembrane glycoprotein 1:100 Chemicon 
(MAB1398Z) 

Rt - rat; Gt – goat; Ht – Hamster 
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Table 2-3D  Secondary antibodies used in immunofluorescence staining 

2° Ab Conjugation Dilution Company and Cat# 

Gt anti-ms IgG (H+L) AlexaFluor 488 1:500 Invitrogen (A11029) 

Gt anti-ms IgG (H+L) AlexaFluor 546 1:500 Invitrogen (A11030) 

Gt anti-ms IgG (H+L) AlexaFluor 633 1:500 Invitrogen (A21052) 

Gt anti-ms IgG  TRITC 1:300 Sigma (T5393) 

Gt anti-rt IgG (H+L) AlexaFluor 488 1:500 Invitrogen (A11066) 

Gt anti-rt IgG (H+L) AlexaFluor 546 1:500 Invitrogen (A11081) 

Gt anti-rt IgG (H+L) AlexaFluor 594 1:500 Invitrogen (A11007) 

Gt anti-rt IgG (H+L) AlexaFluor 633 1:500 Invitrogen (A21094) 

Dk anti-rt IgG (H+L) Cy3 1:300 Jackson (712-165-
150) 

Gt anti-rb IgG (H+L) AlexaFluor 488 1:500 Invitrogen (A11008) 

Gt anti-rb IgG (H+L) AlexaFluor 546 1:500 Invitrogen (A11010) 

Gt anti-rb IgG (H+L) AlexaFluor 633 1:500 Invitrogen (A21071) 

Dk anti-Gt IgG (H+L) AlexaFluor 488 1:500 Invitrogen (A11055) 

Dk anti-Gt IgG (H+L) AlexaFluor 594 1:500 Invitrogen (A11058) 

Dk anti-Gt IgG (H+L) Cy3 1:300 Jackson (705-165-
003) 

Gt anti-ht IgG (H+L) AlexaFluor 488 1:500 Invitrogen (A21110) 

Gt anti-ht IgG (H+L) AlexaFluor 647 1:500 Invitrogen (A21451) 

 

Ms – mouse;  Rt - rat;  Rb – rabbit; Gt – goat; Dk – donkey; Ht – hamster 
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2.8 In vivo vessel fenestration 

2.8.1 Vascular fenestration in animal models 

Male Sprague-Dawley (250-300 g) or C57BL/6 mice (25-30 g) were used 

throughout the in vivo study. All procedures were in accordance with Home 

Office standards and were reviewed by an institutional animal care committee.  

Modified from the previously described methods (Roberts and Palade, 1995), 

rats were anesthetised with a mixture of ketamine (75 mg/kg body weight), Fort 

Dodge Animal Health, USA) and xylazine (25 mg/kg body weight) (IVX Animal 

Health, USA). The cremaster muscle was surgically exposed and 100 µl of saline, 

VEGF (75 ng in 100 μl) (kindly provided by Dr. Dominik Krilleke at UCL 

institute of Ophthalmology)ification) or ouabain (100 μl of 200 µM) (Sigma, 

O3125) was topically applied. To detect and localise vascular leakage, the 

femoral vein was exposed and used to inject 10 mg/kg body weight of lysine-

fixable 3KD FITC-Dextran (Invitrogen, Cat# D3306). After 10 minutes, the 

cremaster was fixed in situ for 4 minutes with 4% PFA, then surgically removed, 

quickly immersed in 4% PFA, pinned flat on a piece of cork board and fixed 

overnight in 4% PFA. 

For experiments using the skin model, abdomens of adult male C57BL/6 mice 

were shaved and injected intradermally with 30 µl of saline, VEGF (20 ng in 30 

μl) or ouabain (30 μl of 200 µM). The elevated injection site was marked. 

Lysine-fixable 3 kD FITC-Dextran was injected in the tail vein. After 10 minutes, 

the skin at the injected sites was fixed in situ for 4 minutes then further processed 

as described above for the cremaster. 
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2.8.2 Imaging and processing for electron microscopy 

Following overnight fixation in 4% PFA, specimens were trimmed and mounted 

with Vecta Shield (Vector Laboratory). Fluoresence leakage was checked and 

photographed using an epifluorescence microscope. Samples were dismounted 

and mounting medium was washed out in PBS. Under a fluorescence dissecting 

microscope, the tissue region with the most fluorescence intensity was cut and 

trimmed into small pieces to be processed for electron microscopy.  

2.8.3 Quantification of vessel fenestration 

To calculate the frequency of fenestrated vasculature, vessels in the most 

superficial layer of cremaster tissue were counted. Three well-preserved sections 

in close proximity were counted and the average frequency was calculated, and 

the final result was calculated from at least 3 rats from independent experiments. 

For each fenestrated vasculature, the vessel perimeter length, the fenestrated 

vessel length, and the number of fenestrae were determined. Fenestration 

prevalence and extent were calculated as follows: 

Fenestration prevalence % = (Fenestrated vessel number in superfacial layer / 

Total vessel number in superfacial layer) X 100 

Fenestration extent % = (Number of fenestrae / Number of fenestrated vessels) X 100 

Or  

Fenestration extent % = (Length of fenestraed part / Length of vessel perimeter ) X 100  
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2.9 Morphology 

2.9.1 Light microscopy 

Images were captured using the following instruments and software packages: 

1)   LSM510 laser scanning confocal microscope (Zeiss); LSM 510 software 

(Zeiss). 

2)  LSM700 laser scanning confocal microscope (Zeiss); Zen2009 software 

(Zeiss). 

3)  Olympus Fluorescence microscope (Olympus); Image Pro-Plus 6.1 software 

(Olympus). 

2.9.2 Electron microscopy 

2.9.2.1 Transmission electron microscopy (TEM) of thin sections 

All of the chemicals and consumables used to prepare specimens for electron 

microscopy were obtained from Agar Scientific, Stansted, UK unless otherwise 

stated.  All steps were carried out at room temperature, and a rotator was used 

during alcohol dehydration and resin infiltration. Cell monolayers and animal 

tissue samples were fixed in a mixture of 3% (v/v) glutaraldehyde and 1% (w/v) 

PFA in 0.08 M sodium cacodylate buffer, pH 7.4 for 2 hours at room 

temperature and were either processed directly or after storage at 4°C for periods 

of up to 48 hours.  

Following two brief rinses in cacodylate buffer, specimens were osmicated for 2 

hours in 1% (w/v) aqueous osmium tetroxide (OsO4), then dehydrated using 10 

minute incubations in 50%,70%, 90% and 3 x 100% ethanol. Following the last 

change of absolute alcohol, specimens for TEM were passed through two 15 

minute incubations of propylene oxide and placed in a 50:50 mixture of 

propylene oxide:araldite and left to infiltrate overnight. This solution was 
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replaced with 100% araldite and infiltration continued for a further 4 -8 hours 

prior to embedment in fresh araldite and overnight curing in a 60°C oven. Semi-

thin sections (0.75 µm) for light microscopy and ultrathin sections (50-70 nm) 

for electron microscopy were cut with diamond knives (Diatome/Leica, Milton 

Keynes, UK). Semi-thin sections were stained with a 1% toluidine blue/borax 

mixture at 60˚C, and ultrathin sections were stained with Reynold’s lead citrate. 

Stained ultrathin sections were examined in a JEOL 1010 TEM operating at 80 

kV and images recorded using a Gatan Orius B digital camera and Digital 

Micrograph. 

2.9.2.2 Wholemount TEM 

Formvar grids for wholemount TEM were prepared by coating 400 mesh nickel 

grids (Gilder; Electron Microscopy Sciences) using 1% Formvar (Ted Pella, Inc.) 

in ethylene dichloride (Electron Microscopy Sciences).  Grids were placed on 

coverslips, then carbon coated in a Cressington 208 Carbon Coater (Cressington) 

and UV-sterilised prior to their use in cell culture. 

Cells were fixed in 1.25% glutaraldehyde (Electron Microscopy Sciences) and 

2.5% PFA in 0.1 M PBS, for 1 hour at room temperature or overnight at 4ºC.  

Following three 5-minute washes in 0.1 M PBS, cells were post-fixed in 1% 

osmium tetroxide (Electron Microscopy Sciences) in distilled water for 30 

minutes.  After another 2 washes in distilled water, cells were dehydrated in an 

ascending ethanol series: 30%, 50%, 70%, 80%, 90%, 95%, 100%, and a repeat 

at 100%, for five minutes each.  Then coverslips were quickly rinsed in 

hexamethyldisilizane, immersed in hexamethyldisilizane for 3 minutes and air-

dried.  Grids were examined in a JEOL 1010 TEM operating at 80 kV and 

images recorded using a Gatan Orius B digital camera and Digital Micrograph. 
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2.9.2.3 Immunolabelling for whole mount TEM 

Prior to embedding, immuno-EM samples were prepared as previously described 

(Yu, 2003). Briefly, cells were fixed with PLP-fixative (2% formaldehyde in 

0.01 M periodate, 0.075 M Lysine-HCl , 0.037 M sodium phosphate buffer, pH 

7.4) at room temperature for 2 hours. Permeabilization was done with 0.01% 

saponin (Sigma) and cells were labelled with rabbit anti-moesin (Millipore) or 

mouse anti-Na,K-ATPase (Millipore, dilution, 1:50) followed by labelling with 

goat anti-rat or mouse  Fab-fragment conjugated with 1.4 nm nanogold particles 

(Nanoprobes, 1:60 dilution). Nanogold particles were silver enhanced using the 

Nanoprobes Silver HQ kit and stabilized by consecutive incubations with 2% 

Na-acetate, 0.05 % gold chloride and 0.03% sodium thiosulfate. Finally the 

samples were treated with 1% reduced osmium tetroxide and processed for epon 

embedding as described (Seemann et al., 2000). 

2.9.2.4 Electron tomographic analysis 

For electron tomographic analysis, bEnd5 cells were grown on 1.5-mm-sapphires 

discs coated with gelatin (Sigma G1890). After 1 hour treatment with 1.25 µM 

latrunculin A, the cells were covered with 20% BSA (Sigma-Aldrich) in DMEM 

(BioWhittaker) and high pressure frozen with Leica EM Pact device (Leica 

Microsystems). Substitution was carried out in 0.3% uranyl acetate (Ted Pella, 

Inc.), 2% OsO4 and 10% water in ethanol using a freeze substitution device 

(AFS2, Leica Microsystems). Specimens were first kept at –90°C for 16 hours, 

after which the temperature was increased by 10°C/hour to 0°C. The specimens 

were then washed with cold ethanol and acetone, gradually infiltrated into Epon 

at room temperature (acetone:Epon at 1:1, 0:1, 0:1, 30 min each) and flat 

embedded. Sections 90 nm thick were cut parallel to the sapphire disc and 

imaged using Tecnai FEG 20 microscope (FEI Corp.) operated at 200 kV. 

Images were collected with a 4k × 4k Ultrascan 4000 CCD camera (Gatan Corp.) 

at 19,000×, providing a 2× binned pixel size of 1.2 nm. For a tilt series, the 
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specimen was tilted at 1-degree intervals using a high tilt specimen holder 

(model 2020; E.A. Fischione Instruments) between ±62°. The images were 

acquired by Serial EM software (Mastronarde, 2005) and dual-axis tomography 

was applied (Mastronarde, 1997). The alignment of tilt series and tomographic 

reconstruction were done with IMOD software package (Kremer, 1996) using 

10-nm colloidal gold particles overlaid on the top of the section as fiducial 

markers. Modeling was done with Amira software (TGS Inc.). 

2.9.3 Stereology for electron microscopy 

To quantify fenestrated membrane area and fenestral density using wholemount 

TEM, images of 50-100 transfected cells from each treatment were captured at a 

magnification of 250x following confirmation of fenestration at 1000x 

magnification. Images at 250x magnification were opened in Image J, fenestral 

sieve plates were highlighted using threshold setting (Fig. 2-1), fenestrated 

membrane area was measured and the corresponding cell number was counted.  

Average fenestrated membrane area per cell  = total fenestrated membrane area / 

cell number 

For fenestral density quantification using wholemount TEM, 3-5 images at 

1000x magnification were taken for each identified cell. Images were opened in 

Image Pro-Plus 6.1 software. Total sieve plate area was measured and the 

number of fenestral pores was counted.  

Fenestral density = number of fenestrae/ sieve plate area.  
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Fig. 2-1 Example of fenestraed membrane was highlighted by threshold holding 

using Image J software.  

A. TEM image of part of a fenestrated bEND5 cell. 

B. Fenestrated region was highlighted by threshold holding using Image J 

software. 

C. Fenestration was confirmed by higher magnification. 
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2.9.4 Correlative LM-TEM (light microscopy-TEM) assay 

Cells grown on glass coverslips containing grids were fixed with 4%PFA/0.1% 

glutaraldehyde for 15 minutes at room temperature, and then washed twice with 

PBS for 10 minutes.  Cells were permeabilised with 0.1% Triton X-100 in PBS 

for 5 minutes and incubated in blocking buffer (5% donkey serum, 1% BSA, 

PBS) for 15 minutes.  The immunolabelling procedure was the same as for cells 

on coverslips (section 2.7). After the last wash following secondary antibody 

incubation, coverslips with grids were mounted on slides with Vectashield 

mounting medium (Molecular Probes). Target cells were identified under a 

fluorescence microscope. The position of the target cells was recorded by 

marking on a drawing copy of the grid, assisted by images taken. The coverslip 

was carefully taken off the slide and the mounting media was rinsed off. Cells 

were fixed in 2.5% glutaraldehyde for 1hr at room temperature or overnight at 

4°C. Cells were processed for visualisation by wholemount TEM (2.4.2.1), 

postfixed in 1% osmium tetroxide for 1 hour, then were dehydrated in an 

ascending ethanol series followed by HMDS (hexamethyldisilazane). The cells 

identified by fluorescence microscope were located in TEM and imaged 

(Diagram 2-2). 

 

Diagram 2-2 Correlative LM-TEM assay 
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Abbreviations 

 

ABPs  actin binding proteins 

AMD  age-related macular degeneration  

BSA  bovine serum albumin 

DMEM Dulbecco’s modified Eagle medium 

ER  endoplasmic reticulum 

ERGIC ER-Golgi intermediate compartment 

FAK  focal adhesion-associated kinase 

FACR  fenestrae-associated cytoskeleton ring 

GEnC  glomerular endothelial cell 

GFP  green fluorescent protein 

GFR  glomerular filtration rate 

HSPG  heparan sulfate proteoglycans 

HuVEC human umbilical vein endothelial cells  

LSEC  liver sinusoidal endothelial cells 

MβCD  methyl-β-cyclodextrin 

NPC  nuclear pore complex 

PBS  phosphate-buffered saline 

PFA  paraformaldehyde 

PMA  phorbol myristate acetate 

PV-1  plasmalemmal vesicle–associated protein–1 

RA  retinoic acid  

RPE  retinal pigment epithelium  

SNARE           soluble N-ethylmaleimide sensitive fusion protein attachment protein  

                        receptor 

TGF-β   transforming growth factor β  

VEGF  vascular endothelial growth factor 

VVOs  vesiculo-vacuolar organelles 
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  Chapter 3    In Vitro Induction of Fenestrae:  

dynamics and search for  novel components  

 

3.1 In vitro cell assay for induction of fenestrae 

Because of the small size of fenestrae, the fragility of the attenuated cytoplasm in the 

sieve plates, and the lack of specific markers, study of fenestrae is largely dependent 

on technically demanding ultrastructural methods. Furthermore, endothelial cells that 

have fenestrae in vivo become dedifferentiated and lose their fenestrated phenotype 

when cultured in vitro (Carley, 1988; Esser, 1998). Therefore, study of fenestrae has 

almost exclusively relied on in vivo and ex vivo morphological analysis.  These 

techniques provide limited information, making dynamic interpretations difficult. 

Attempts to induce and/or maintain endothelial fenestrations have led to use of PMA 

(Lombardi, 1986 and 1987), VEGF (Esser, 1998), RA (Lombardi, 1988), tumor-

conditioned medium (Folkman, 1980), conditioned extracellular matrix (Milici, 1985; 

Carley, 1988; Esser 1998) and the F-actin disruption agents cytochalasin B and 

latrunculin A (Steffan, 1987; Braet, 1996 and 1998). Unfortunately, the induced 

number of fenestrae using these models is very low compared with the in vivo situation, 

and is insufficient for cell biological or biochemical studies. In primary culture of 

freshly isolated LSEC, the number of fenestrae can be upregulated 2-3 fold by using 

the F-actin filament disruption agents cytochalasin B and latrunculin A (Steffan, 1987; 

Breat, 1996). However, the fenestrated phenotype is lost in 2-3 days (Steffan, 1995; 

Braet, 2005; Elvevold, 2008). 

By screening a large panel of endothelial cells for their response to factors previously 

reported to induce fenestrae in vitro, our laboratory developed a cell assay in which 

abundant fenestrae can be rapidly induced by treatment with the F-actin 

depolymerising agent latrunculin A in the bEND5 mouse endothelioma cell line (Fig. 
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3-1A) (Ioannidou, 2006). Using the known diaphragm protein PV-1 as an 

immunolabelling marker, our lab also established a correlative light microscopy-

electron microscopy assay (correlative LM-EM assay) (Fig. 3-1B) (Ioannidou, 2006) 

which enables study of fenestrae by primarily using epifluorescence light microscopy, 

only using TEM for final confirmation. This assay greatly expedites the study of 

fenestrae and serves as a tool for gain- and loss-of function approaches. 

3.2 Validation of in vitro assay of fenestra induction 

I began my work with the in vitro assay of fenestra induction by treating bEND5 cells 

with 1.25 µM latrunculin A. The presence of fenestrae was confirmed by whole mount 

TEM, thin section TEM and freeze-fracture deep-etch techniques (Fig. 3-2A). In the 

induced bEND5 cells, most of the peripheral plasma membrane is perforated by 

numerous fenestrae. The fenestrae are organized in orderly patches of sieve plate, 

which excluded microtubules and most organelles. Freeze-fracture revealed that the 

sieve plates were extremely flat membrane sheets, which resembled the nuclear 

envelope with nuclear pores. From the sectioning TEM image of scraped, latrunculin 

A-treated bEND5 cells, dramatic attenuation in the fenestrated cell region and the side 

view of the fenestral sieve plates were clearly visible (Fig. 3-2B). The fenestral pores 

displayed remarkably consistent pore diameters of 60-70 nm. The fenestral diaphragm, 

especially the central knob part, was readily recognisable in many of the induced 

fenestrae (Fig. 3-2B).  
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Fig. 3-1 Fenestra induction in bEND5 cells. 
A. Numerous fenestrae were induced by treating bEND5 with latrunculin A (2.5 

µM) for 3 hrs; Scale bar, 0.5 µm.   
B.  Correlative light microscopy-electron microscopy assay showing close 

correlation of PV-1 staining (green) with induced fenestrae. Scale bar, 0.5 µm.  
(Adapted from Ioannidou, 2006.)  
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Fig. 3-2 Validation of fenestra induction in bEND5 cells. 
A. Fenestra induction was confirmed by TEM and freeze-fracture electron 

microscopy. Scale bar: TEM, 0.5 μm; freeze-fracture, 200 nm. 
B. Side view of fenestral sieve plates in a latrunculin A-treated bEND5 cell. 

Arrows, diaphragm of fenestral pore. 
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I further used immunofluorescence staining to identify the induced fenestral sieve 

plates in bEND5 cells. Using the optimised immunostaining method described in 

Chapter 2, non-specific binding from the second antibody or from generic IgG binding 

was controlled in minimum level (Supplemental Fig. 1-1). Before the addition of 

latrunculin A, F-actin fibres were vibrantly stained by fluorescence conjugated 

phalloidin, a marker specifically binds to F-actin filament. Most of the F-actin fibres 

were disassembled after 20 minutes of incubation with latrunculin A, and PV-1 

underwent dynamic redistribution (Fig. 3-3A). By the end of 3 hours’ incubation with 

latrunculin A, all of the F-actin filaments were disrupted and only short F-actin 

remnants or aggregates were present in bEND5 cell. Correspondingly, PV-1 marked 

the distinct sieve plates in the induced bEND5 cells (Fig. 3-3B). When co-stained with 

the microtubule marker – β-tubulin, the induced fenestral sieve plates are delineated by 

microtubules (Fig. 3-4, A and B). Because of the clear exclusion of microtubules and 

nucleus from the fenestral sieve plates, I tried to quantify the induced fenestral sieve 

plates by measuring the cell area where is stained by PV-1 but neither β-tubulin nor 

DAPI. The ratio of the PV-1+/β-tubulin-/DAPI-  cell area was significantly increased in 

latrunculin A treated bEND5 cells (Fig. 3-4C). However, the readily distinguishable 

sieve plates pattern is more easily to be recognised under the fluorescence microscope 

and serves a more useful mean for our study focused on fenestra formation in bEND5 

cells. 
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Fig. 3-3 Fenestra induction revealed by immunofluorescence analysis. 
A. Alexa Fluor 594 conjugated phalloidin revealed F-actin disruption by 

latrunculin A. PV-1 went through a dynamic reorganisation, and marked the 
distinctive fenestral sieve plates in the end of incubation  for 3 hours. Scale bar, 
10 µm. 

B. Maginified image of the fenestrae induced bEND5 cell. Long blocked arrows, 
F-actin remnants and aggregates; short open arrow s, fenestral sieve plates.  
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Fig. 3-4 Fenestral sieve plates are delineated by microtubules. 
A. Fenestra formation was triggered by latrunculin A treatment (1.25 μm for 3 

hours). The induced fenestral sieve plates were delineated by microtubules 
marked by β-tubulin. Scale bar, 10 µm 

B. Magnified image of the induced bEND5 cell with fenestral sieve plates 
delineated by microtubules. 

C. Ouantification of ratio of the area where is immunostained by PV-1but not by 
β-tubulin or DAPI, which marks the nucleus. Ratio of peripheral PV-1 stained 
area = [Total area – (β-tubulin area + DAPI area)] / Total area X 100. N = 10 
for each group, * P < 0.0001. 
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3.3 Characterisation of fenestra induction in bEND5 cells 

3.3.1 Segregation of PV-1 and caveolin-1 during induction of fenestrae. 

PV-1 is found not only in the diaphragm of fenestrae, but also in caveolae and 

transendothelial channels (Stan, 1999; Fig. 3-4A).  PV-1 colocalised with caveolin-1, 

especially in membrane ruffles and at points of cell-cell contact in uninduced bEND5 

cells, typical of caveolae distribution. However, after 3 hours of treatment with 

latrunculin A, PV-1 and caveolin-1 marked distinct regions – PV-1 marked the induced 

fenestral sieve plates whereas caveolin-1 was excluded (Fig. 3-5B). 

3.3.2 Rapid kinetics during induction of fenestrae  

A striking observation during fenestra induction is the rapid kinetics upon treatment 

with latrunculin A.  The entire induction takes only 3 hours to complete. TEM images 

showed that fenestrae started to appear as early as 10 minutes after F-actin disruption, 

and disappeared 30 minutes after latrunculin A wash out (data not shown). Palade’s 

group showed that VEGF can also induce fenestrae in normally non-fenestrated vessels 

within 10 minutes of topical or intradermal administration (Roberts, 1997). Since PV-1 

is the diaphragm protein of both fenestrae and caveolae, we used it as a tracking 

marker to appreciate the rapid dynamics during fenestra induction. 

To understand how PV-1 segregates from caveolae then shifted to fenestrae, we carried 

out a time course of fenestra induction to follow the movement of PV-1 and caveolae, 

as marked by caveolin-1. Mundy et al. showed that caveolar traffic in the membrane of 

CHO cells is controlled by both the actin cytoskeleton and microtubules. Disruption of 

actin filaments triggered rapid and massive movements of caveolin-1-positive 

structures toward the centrosomal region of the cell (Mundy, 2002). Consistent with 

Mundy’s observation, we found that PV-1/caveolin-1-labelled caveolae moved toward 

the centre of the cell, presumably to a caveosome close to the microtubule organization 

centre, upon treatment with latraunculin A. From 60 minutes of induction, PV-1 was 
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observed to segregate from caveolae on the edge of the microtubule rich region. After 

3 hours of induction, PV-1 shifted into fenestral sieve plates in the cell periphery, 

between the microtubule branches (Fig. 3-6). The time course clearly showed the need 

for membrane trafficking, membrane retraction, protein sorting followed by membrane 

spreading as PV-1 shifted into nascent fenestrae. We hypothesized that this was 

accomplished through mass internalisation of caveolae and their transport along 

microtubules to the perinuclear region. 

3.3.3 Segregation of PV-1 and caveolin-1 was compromised by microtubule 

disruption  

We further carried out experiments to investigate the potential role of microtubules 

during fenestra formation.  bEND5 cells were treated with latrunculin A with or 

without pre-treatment of nocodazole, a microtubule depolymerisation reagent (Mundy, 

2002). Consistent with Mundy’s work, we observed increased accumulation of 

caveolae in a linear arrangement on the cell membrane with 1 hour of nocodazole 

treatment in uninduced bEND5 cells (Fig. 3-7, row ND). When the nocodazole pre-

treated cells were incubated with latrunculin A, caveolin-1 and PV-1 were aggregated 

on the peripheral region of the cell without segregation, and distinct sieve plates were 

not observed. However, when bEND5 cells were treated with latrunculin A first, 

followed by nocodazole addition, the induced fenestral sieve plates were not much 

affected by the disruption of microtubules (Fig. 3-7). These results suggest that 

microtubules do not participate in the actual fenestral pore formation process, but more 

likely are involved in the vesicle/protein transportation required for fenestra formation. 
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Fig. 3-5 Segregation of PV-1 from caveolin-1 during fenestra formation. 

A. PV-1 is the common diaphragm protein in caveolae, transendothelial channels 
and fenestrae. Scale bar, 100 nm. (Adapted from Stan, 1999) 

B. PV-1 and caveolin-1 colocalise in caveolae in uninduced bEND5 cells, but in 
latrunculin A induced bEND5 cells, PV-1 is separate from caveolin-1, marking 
the distinct fenestral sieve plates. Scale bar, 10 µm. 
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Fig. 3-6  Time course of PV-1 segregation from caveolae during the time course of  
fenestra induction. Scale bar, 10 μm;  m, minutes 
PV-1 co-localised with caveolin-1 marked caveolae in uninduced bEND5 cells (0 m). 
At 5 minuts, PV-1- and caveolin-1-positive intermediates (cavesomes?) were enriched 
in the perinuclear region and microtubule/organelle-rich region after 15 minutes of 
latrunculin A treatment; at 60 minutes, PV-1 segregation from caveolin-1 positive 
intermediates was visible. At the end of latrunculin A treatment (3 hours), fenestral 
sieve plates that were positive for PV-1 and negative for caveolin-1 were readily 
distinguishable (arrows). 
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Fig. 3-7 Segregation of PV-1 from caveolae was compromised by microtubule 
disruption. Scale bar, 10 μm. 
Nocodazole treatment (15 µM, 1 hour) resulted in linear accumulation of caveolae 
(long arrows in ND row). When nocodazole treatment was followed by latrunculin A-
mediated actin disruption, PV-1 and caveolin-1 aggregated on the cell surface (short 
arrows). Nocodazole treatment after latrunculin A incubation didn’t disrupt the already 
induced fenestral sieve plates (arrow heads). 
ND, nocodazole, 15 µM; LA, latrunculin A, 1.25 µM. 
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3.3.4 Endocytosis is essential for fenestra formation 

MβCD (Methyl-β-cyclodextrin )  forms soluble inclusion complexes with cholesterol, 

thereby enhancing cholesterol solubility in an aqueous solution (Pitha, 1988; Irie, 

1992). MβCD extracts cholesterol from the membrane and  greatly inhibits both 

caveolae- and clathrin-dependent endocytosis (Rodal, 1999). Incubation of bEND5 

cells with MβCD at a concentration of 10 µM induced accumulation of membrane-

bound PV-1 into tubulo-vesicular structures, which became longer over incubation 

time with MβCD (Fig. 3-8). This observation is reminiscent of tethered vesicle 

shedding as reported for mesoangioblast stem cells (Candela, 2010). Combined 

treatment with MβCD and latrunculin A resulted in failure of sieve plate formation 

(Fig. 3-8).  

To further substantiate the role of endocytosis in PV-1 dynamics and fenestra 

formation, we chose to inhibit the dynamin pathway. Dynamins are members of the 

GTPase superfamily. They function in membrane fission of budding vesiculo-tubular 

structures. Dynamin 1 and 2 are essential for clathrin-dependent and caveolae-

dependent endocytosis from the plasma membrane, and for vesicle formation at the 

trans-Golgi network (Rappoport, 2008; Jones, 1998). Dynasore is a small molecule 

which specifically inhibits dynamin. It acts as a potent inhibitor of dynamin-dependent 

endocytic pathways by rapidly blocking coated vesicle formation (Macia, 2006).  The 

reported concentration of dynasore to inhibit endocytic functions ranged from 15 μM 

to 80 μM (Macia, 2006), so I chose dynasore at 40 µM to incubate with bEND5 cells. 

Immunofluorescence staining showed that incubation of 1 hour resulted in decreased 

PV-1 immunostaining (Fig. 3-9). Further reduced PV-1 immunostaining and abnormal 

cell morphology were observed with a longer incubation of 3 hours. The combined 

treatment of bEND5 cells with latrunculin A and dynasore resulted in almost complete 

absence of detectable PV-1 and an abnormally reorganised actin cytoskeleton (Fig. 3-

9). Based on these results, an assessment of fenestra formation is precluded, since PV-

1 immunostaining is the primary marker of the sieve plates. 
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To summarise, fenestra formation is a highly dynamic biological process. F-actin 

depolymerises, PV-1 segregates from caveolin-1, and membrane and protein are busily 

trafficking through, at the least, endocytic pathway and microtubules. Fenestrae arise 

from the coordinating occurrences of these, and probably more, aspects in a given 

bEND5 cell. 
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Fig. 3-8 Inhibition of latrunculin A-induced fenestra formation by MβCD treatment.  
Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours. 
MβCD (10 µM) caused abnormal PV-1-positive structures on the cell surface (arrow) 
by 1 hour of treatment. Longer incubation resulted in tethered vesicle shedding 
(blocked arrow). Latrunculin A treatment in the presence of MβCD failed to induce 
fenestra formation in bEND5 cells. Scale bar, 10 μm. 
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 Fig. 3-9  Loss of detectable PV-1 caused by dynasore treatment  
Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours. 
Dynasore (40 µM) caused abnormal F-actin reorganisation and PV-1 loss. Scale bar. 
10 μm. 
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3.4 Identification of novel components of fenestra  

3.4.1 Involvement of actin binding proteins (ABPs) and F-actin microfilaments in 

fenestra formation 

3.4.1.1 Candidate validation from proteomic analysis 

The rapid kinetics of fenestra induction suggest that protein synthesis is unlikely to 

play a role; instead, fenestrae are more likely formed by rearrangement and recruitment 

of pre-exisiting components. However, little is known about the mechanism of fenestra 

formation or of the components of the pore. So far, the diaphragm protein PV-1 is the 

only known component of diaphragmed fenestrae. Cross-linking studies in cells rich in 

caveolae failed to identify any proteins associated with PV-1 (Stan, 2004).  Therefore, 

our lab carried out a proteomic approach to identify novel component(s) of fenestrae. 

Briefly, taking advantage of the in vitro fenestra induction assay and using a cationic 

colloidal silica isolation method, cell membranes from uninduced cells and induced 

cells were captured, isolated and subjected to a biochemical analysis using two-

dimensional gel electrophoresis and mass spectrometry. A subtractive analysis of non-

fenestrated versus fenestrated plasma membrane proteomes identified 20 proteins 

(Supplemental Table 1) (Ioannidou, PhD Thesis, 2005). Surprisingly, many of the 

candidates were actin-binding proteins (Supplemental Fig. 1).  

Using immunofluoresence analysis, I attempted define the localisation of all 20 

proteins identified by proteomic analysis in fenestrated endothelial cells. Most of the 

candidates were either excluded from the sieve plates or displayed staining too weak to 

comment further. However, two of the candidates from the proteomic analysis, moesin 

and annexin II, showed distinct expression patterns in the induced bEND5 cells (Fig. 

3-10 and11).  

Moesin is a member of the ERM (ezrin, radixin and moesin) protein family. These 

proteins are well-documented crosslinkers between the plasma membrane and the 
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underlying F-actin cytoskeleton (Brestcher, 2002). Immunofluorescence analysis 

revealed that moesin was abundantly expressed in bEND5 cells and colocalised with 

PV-1 in fenestral sieve plates (Fig. 3-10).  

Annexin II, another candidate fenestral protein from the proteomic study, was also 

highly expressed in bEND5 cells. Annexins are scaffolding proteins involved in 

regulation of membrane dynamics and organization (Gerke and Moss, 2002; Futter, 

2007). Annexin II also participates in vesicle trafficking and cytoskeleton regulation 

(Hayes, 2004). In latrunculin A-treated bEND5 cells, annexin II was localised to large 

vesicular structures that were distributed within sieve plates (Fig. 3-12).  
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Fig. 3-10 Moesin is colocalised with PV-1 in fenestral sieve plates. 

Moesin is abundantly expressed in bEND5 cells, it doesn’t colocalise with PV-1 in 
uninduced bEND5 cells; however, moesin is reorganised into fenestral sieve plates and 
colocalised with PV-1 when fenestrae are induced by latrunculin A in bEND5 cells.   
Scale bar, 10 μm. 
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Fig. 3-11 The distribution of annexin II in fenestrated bEND5 cell. 

Annexin II is present in fenestrated region of bEND5 cell, but unlike moesin, it is 
scattered like small islands among the sieve plates. Scale bar, 10 μm.  
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3.4.1.2 F-actin microfilaments are present in fenestral sieve plates 

Actin is one of the most abundant and conserved structural proteins of eukaryotic cells. 

It is a major determinant of cell shape, division, motility and adhesion (Bershadsky, 

1988; Bray, 1992). In nonmuscle cells, actin filaments are highly dynamic structures. 

They are constantly in the process of being assembled, disassembled and reorganised 

as the cell changes its shape, divides, crawls and adheres to a substratum or to 

neighbouring cells (Bershadsky, 1988; Bray, 1992; Mitchison, 1996; Small, 1999; 

Stossel, 1994; Theriot, 1994; Welch, 1997).  The actin cytoskeleton also functions as a 

barrier to membrane fusion, such as exocytosis in secretory cells. Actin filament 

disruption by cytochalasin D significantly increases granule release in chromaffin cells 

(Aunis, 1988). In LSEC, fenestra number is increased by many different drugs that 

alter actin polymerisation (Steffan, 1987; Braet, 1996 (Hepatology); Braet, 1998), 

which suggests that the observed fenestra induction is a direct consequence of actin 

disruption rather than a side effect of anti-actin drugs.   

In our in vitro cell model, the disruption of F-actin filaments is a prerequisite for 

fenestra induction, and we assumed that the post-latrunculin A remnants of actin were 

not important. However, the localisation of moesin and annexin II in sieve plates led us 

to re-examine the distribution of actin following fenestra induction. Upon treatment 

with latrunculin A, F-actin stress fibres and cortical actin began to disassemble as early 

as 5 minutes. By 3 hours of latraunculin A treatment, aggregates of comet actin and 

short F-actin filaments were scattered around the cell; fenestrae were formed in orderly 

sieve plates marked by PV-1; and, although the staining was faint, phalloidin-positive 

staining was reproducibly observed in all fenestral sieve plates, co-localising with PV-

1 (Fig. 3-12).  In contrast, no fluorescent signal was observed when probing the cells 

with the G-actin marker, DNAse I (data not shown), suggesting that the F-actin alone 

was in the sieve plates, but presumably too small to resolve into actin filaments. 
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Fig. 3-12 F-actin microfilaments were present in fenestral sieve plates. 
After incubating with latrunculin A (1.25 μM) for 3 hours, PV-1 marked distinct 
fenestral sieve plates were induced in bEND5 cells (arrows in bottom left). F-actin 
filaments disassembled to remnants and aggregates (arrowheads). However, 
rhodamine-conjugated phalloidin stained microfilaments were observed in places 
corresponding to fenestral sieve plates (arrows in bottom right) 
Scale bar, 10 μm.  
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3.4.2 Exploration of other potential components involved in fenestra formation 

3.4.2.1 Exclusion of other cytoskeletal structures from fenestral sieve plates 

The dynamics of PV-1 described above, plus the potential involvement of the actin 

cytoskeleton in fenestra structure and/or formation, led us to perform a broader screen 

for cytoskeletal components such as intermediate filaments and other proposed 

membrane-cytoskeletal linker proteins. First, we carried out immunostaining on the 

induced bEND5 cells with β-tubulin and the intermediate filaments markers vimentin 

and desmin (Lazarides, 1976). β-tubulin marked microtubules were excluded from the 

fenestral sieve plates as expected, given the extremely thin profile in the sieve plate 

region. Similar to β-tubulin, vimentin was excluded from fenestral sieve plates, 

whereas desmin was weakly expressed and accumulated in the perinuclear area (Fig. 3-

13). We also explored some other ABPs, such as cortactin, catenin, WASL and arp3, 

which promote actin polymerization. Immunofluorescence results revealed their 

exclusion from the fenestral sieve plates (representative images are shown in Fig. 3-14). 

The actin-filament-severing proteins cofilin and twifilin, the actin cross-linking protein 

transgelin, and the actin motor protein myosin IIa were also excluded from the sieve 

plates as well (data not shown). These findings suggest that the F-actin reorganisation 

during fenestra formation may be regulated by a subset of ABPs, such as moesin and 

annexin II. 

3.4.2.2 Exclusion of focal adhesion proteins from fenestral sieve plates 

The fenestrated bEND5 cell is characterised by its lamellipodium-like spread sheet, 

thus we explored candidates involved in cell spreading.  Focal complexes and focal 

adhesion formed during cell spreading function as cytoskeletal organizing centers 

(Burridge, 1996). Focal adhesion describes where cells attach to the extracellular 

matrix. A focal adhesion complex is composed of proteins and lipids, with complicated 

connections between actin and the plasma membrane. Focal adhesion-associated 

kinase (FAK) is reportedly involved in cellular adhesion and spreading of cellular 
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processes (Hanks, 1992). Distinct focal adhesion sites marked by FAK were observed 

in uninduced bEND5 cells (Fig. 3-15). FAK staining completely vanished in induced 

bEND5 cells upon latrunculin A treatment, Furthermore, talin and vinculin, two 

membrane-cytoskeletal proteins enriched in focal adhesion complexes (Wolfgang, 

1996), were also excluded from the induced fenestral sieve plates (Fig. 3-13). 

Therefore we conclude that cell membrane spreading during fenestra induction is not 

driven by forces produced by focal adhesions. 

3.4.2.3 Possible involvement of intermediate compartments in fenestra formation 

Our observations of fenestra formation, particularly the segregating of PV-1 from 

caveolae during fenestra induction, strongly suggest the involvement of protein sorting 

and membrane trafficking mediated by intermediate compartments, such as the 

caveosome, early endosome, recycling endosome, and/or vesicles generated from the 

endoplasmic reticulum (ER) or Golgi apparatus. By immuofluorescence staining, we 

found that the early endosome markers rab4 and rab5 were excluded from fenestral 

sieve plates. Similar staining results were observed for the COPII (coat proteins II) 

member sec23, sec31, and SAR1 (Fig. 3-16). The ER-Golgi intermediate compartment 

(ERGIC) mediates trafficking between the ER and the Golgi complex and facilitates 

the sorting of cargo (Appenzeller-Herzog, 2006). Dot-like staining of ERGIC-53 was 

scattered in and around fenestral sieve plates (Fig 3-16), suggesting the possible 

involvement of ERGIC in fenestra formation. 

3.4.2.4 Involvement of membrane fusion proteins in fenestra formation 

Despite the complexity of the process of fenestra formation, the end point is simple: to 

form transcellular pores. Immunostaining demonstrated that fusion-related proteins, 

such as the Rab proteins Rab4 and Rab5 (Fig. 3-16) and the exocyst component Exo70 

(Fig. 3-17A), were mostly excluded from the induced fenestral sieve plates. SNARE 

(soluble N-ethylmaleimide sensitive fusion protein attachment protein receptor) 

superfamily proteins are essential for many intracellular membrane fusion events (Jahn, 
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2006). Syntaxin 5A was excluded from fenestral sieve plates (Fig. 3-17B); however, 

syntaxin 4 was present in the fenestrated cell region (Fig. 3-17C), implying a potential 

involvement in fenestra formation.   

3.4.2.5 Potential involvement of  high-curvature generating/stabilising proteins in 

fenestra formation  

Fenestrae are transcellular pores with a sharp membrane curvature at the rim of the 

pore, where the two plasma membranes fuse. Membrane curvatures can be generated 

by special lipid composition, oligomerization of curvature scaffolding proteins, and/or 

reversible insertion of regions that act like wedges in the membrane (Harvey, 2005). It 

has been reported recently that positive membrane curvature can serve as a cue for 

localisation of a peripheral membrane protein (Ramamurthi, 2009).  

Reticulons are a group of ubiquitous proteins which are primarily located on the ER. 

Reticulon 4, also called nogo A+B, has been implicated in inhibition of axon 

outgrowth (GrandPre, 2000). It has been reported that reticulon 4a/nogo A and its 

interacting protein, DP-1, are essential for shaping and stabilising highly curved ER 

membrane tubules (Voeltz, 2006). Recent evidence has shown that reticulon 4a/nogoA 

locates to regions of high membrane curvature in the ER and the assembling nuclear 

envelope (Kiseleva, 2007). Furthermore, the membrane-bending property of reticulon 

4a/nogoA has been suggested to play a role in the formation of nuclear pore complex 

(NPC)-associated pores in the nuclear envelope (Antonin, 2009; Dawson, 2009). 

We first investigated the distribution of ER in bEND5 cells with fenestra induction. 

Marked by calreticulin or calnexin, the ER was found redistributing to perinuclear and 

cytoplasmic branches between fenestral sieve plates, similar to the redistribution 

pattern of microtubules (Fig. 3-18). KDEL, a specific sequence that marks permanent 

retention of proteins in the ER, was also excluded from fenestral sieve plates (Fig. 3-

18).  
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Reticulon 3 was located at the regions of regular ER and was excluded from fenestral 

sieve plates (Fig. 3-18). In contrast, reticulon 4/nogo A+B was found beyond the 

location of regular ER; it was observed on the edge of every single patch of fenestral 

sieve plates (Fig. 3-19A), similar to its reported location in the nuclear envelope 

(Kiseleva , 2007). DP-1 is the reported interacting protein for reticulon 4a/nogo A+B, 

but its localisation was not convincing due to the weak staining (Fig. 3-19B). Given 

the striking similarity in appearance between fenestral pores and nuclear pores, we also 

checked for possible inclusion of NPC proteins in fenestral sieve plates, but found that 

NPC proteins were excluded from these regions (Fig. 3-19C). 
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Fig. 3-13 Microtubules and intermediate filaments were excluded from fenestral sieve 
plates. PV-1 marked fenestral sieve plates in bEND5 cells were induced by latrunculin 
A of 1.25 μM for 3 hours. β-tubulin-labelled microtubules and vimentin-labeled 
intermediate filaments were excluded from the induced fenestral sieve plates. Another 
intermediate filament marker, desmin, was only weakly expressed in bEND5 cells. 
Scale bar, 10 µm. 
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Fig. 3-14 Most of ABPs were excluded from fenestral sieve plates (representative 
images.) Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 
hours. Cortactin and WASL were highly expressed in bEND5 cells, but were excluded 
from the induced fenestral sieve plates. Scale bar, 10 μm. 
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Fig. 3-15 Focal adhesion complex was disassociated during fenestra formation. 
Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours. Focal 
adhesion points were marked by FAK in untreated bEND5 cells (A). Focal adhesion 
complexes were disassociated during fenestra formation, indicated by the exclusion of 
the focal adhesion proteins FAK (A), talin (B) and vinculin (C) from the induced 
fenestral sieve plates. Scale bar, 10 µm. 
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Fig. 3-16 Most of the proteins involved in protein/vesicle trafficking were excluded 
from fenestral sieve plates. Fenestrae in bEND5 cells were induced by latrunculin A 
(1.25 μM) for 3 hours. Rab4 and 5, sec23 and 31 and Sar1 were not present in the 
fenestral sieve plates; ERGIC showed weak staining in the sieve plates. Scale bar, 10 
μm. 
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Fig. 3-17 Membrane fusion proteins in fenestral sieve plates. Fenestrae in bEND5 cells 
were induced by latrunculin A (1.25 μM) for 3 hours. Scale bar, 10 μm. 

A. Exo70 was excluded from fenestral sieve plates 
B.  Syntaxin 5A was enriched in the perinuclear area in induced bEND5 cells. 
C. Syntaxin 4 was present in fenestral sieve plates. (Courtesy of Anwei Mbah, 

UCL institute of Ophthalmology, London)). 
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Fig. 3-18 ER protein markers were excluded from fenestral sieve plates. Fenestrae in 
bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours. 
The ER markers calreticulin and calnexin, ER rentention protein KDEL, and ER 
marker reticulon 3 (Rtn 3) were all excluded from the induced fenestral sieve plates. 
Scale bar, 10 μm. 
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Fig. 3-19 High membrane curvature proteins were not present in fenestral sieve plates. 
Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours. Nogo 
A+B was reorganised around small patches of the induced fenestral sieve plates, whilst 
DP-1 was faintly present in fenestral sieve plates, and NPC was enriched in perinuclear 
area. Scale bar, 10 μm. 
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3. 5 Summary and discussion 

The in vitro assay of fenestra induction in which bEND5 cells are treated with 

latrunculin A is a valuable tool for study of fenestra biogenesis. The induction protocol 

is fast and easy, and the cell line can be maintained for tens of passages without losing 

the capability of fenestra induction. High levels of fenestrae, in the high hundreds to 

thousands per cell in number, an up to 100 fold increase compared to an uninduced cell, 

can be sustained. With distinguishable immunostaining of PV-1-positive sieve plates, 

it provides a convenient light microscopy assay.  

The involvement of the actin cytoskeleton in regulation of fenestra number and size 

has been established for LSEC (Arias, 1990; Braet, 1995 and Braet 1996 (Hepatology); 

Spector, 1999) and isolated GEnC (Andrews, 1981). Although the exact role of actin 

reorganisation in fenestra biogenesis remains unclear, it has been implied that actin 

removal from membranes may be a general requirement for membrane fusion 

(Burgoyne, 1987; Orci, 1972; Muallem, 1995; Morales, 2000; Eitzen, 2002). The 

hypothesis, when applied to fenestrae, is that actin filaments act as a physical barrier, 

so that the apical and basal plasma membrane of the cell could only be brought in close 

apposition by cytoskeleton disruption.  However, during yeast vacuole fusion, Eitzen 

et al. observed that an actin repolymerisation phase at the terminal stage of membrane 

fusion followed actin depolymerisation during docking (2002). In agreement with the 

above notions, we observed the presence of an F-actin microfilament network in the 

induced sieve plates, which could be stabilised by phalloidin for short periods of time 

(data not shown).  Furthermore, just as high concentrations of actin-disrupting agents 

inhibited all phases of exocytosis (Orci, 1972; Muallem, 1995), high concentrations of 

latrunculin A inhibited fenestra induction (data not shown).  Disruption of the F-actin 

cytoskeleton is a prerequisite for fenestra induction, but the F-actin reorganisation that 

follows may actually be a driving force for fenestra formation. 

Using immunofluoresence staining, we screened protein candidates from proteomic 

analysis and proteins that are involved in cytoskeletal and membrane dynamics. Most 
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of the candidate proteins were excluded from fenestral sieve plates. However, the 

immunostaining results only reflect the steady state location of these proteins. Proteins 

excluded from fenestral sieve plates may still have played a role during fenestra 

formation. For example, microtubules, which are absolutely excluded from fenestral 

sieve plates, provide a means of transport for internalized caveolin/PV-1-positive 

vesicles during latrunculin A-induced fenestra formation. Interestingly, two ABPs, 

moesin and annexin II, were present in fenestrated cell regions. Moesin colocalises 

with PV-1 in fenestral sieve plates whilst annexin II is located in the sieve plate region 

but with a punctuate, vesicular pattern.  The potential roles for moesin and annexin II 

in fenestra formation are further investigated in the following chapter. 

 



Chapter 4: Moesin and annexin II differentially regulate fenestra formaiton 
 

 
114 

 

 

 

 

 

 

 

Chapter 4        

Moesin and annexin II differentially         

   regulate fenestra formation 

 



Chapter 4: Moesin and annexin II differentially regulate fenestra formaiton 
 

 
115 

 

Abbreviations 

 

ABPs  actin binding proteins 

AMD  age-related macular degeneration  

BSA  bovine serum albumin 

DMEM Dulbecco’s modified Eagle medium 

ER  endoplasmic reticulum 

ERGIC ER-Golgi intermediate compartment 

ERM  ezrin, radixin, and moesin 

FAK  focal adhesion-associated kinase 

FACR  fenestrae-associated cytoskeleton ring 

GEnC  glomerular endothelial cell 

GFP  green fluorescent protein 

GFR  glomerular filtration rate 

HA  hemagglutinin 

HSPG  heparan sulfate proteoglycans 

HuVEC human umbilical vein endothelial cells  

LM-EM light microscopy-electron microscopy 

LSEC  liver sinusoidal endothelial cells 

MβCD  methyl-β-cyclodextrin 

NPC  nuclear pore complex 

PBS  phosphate-buffered saline 

PFA  paraformaldehyde 

PIP2  phosphatidylinositol 4,5 biphosphate 

PMA  phorbol myristate acetate 

PV-1  plasmalemmal vesicle–associated protein–1 

RA  retinoic acid  

RPE  retinal pigment epithelium  
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SNARE           soluble N-ethylmaleimide sensitive fusion protein attachment protein  

                        receptor 

TGF-β   transforming growth factor β  

VEGF  vascular endothelial growth factor 

VVOs  vesiculo-vacuolar organelles 
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Chapter 4       Moesin and annexin II differentially         

                regulate fenestra formation 

 

4.1 Background 

Moesin, a membrane-organisation extension spike protein, is a member of the ERM 

protein family (ezrin, radixin, and moesin). The ERM proteins belong to a superfamily 

whose prototype is band 4.1 protein. All members in the band 4.1 superfamily share a 

highly conserved domain at their N-terminus, the FERM domain (4.1, ezrin, radixin 

and moesin) (Chishti, 1998; Bretscher, 2002). Although absent from plants and fungi, 

ERM proteins are highly conserved in the animal kingdom. Adult vertebrates express 

all three ERM proteins, whereas only moesin is expressed in Drosphila and ERM-1 

protein in C. elegans (Bretscher, 2002). 

ERM proteins are composed of a ~300 amino acid globular FERM domain at the N-

terminus, followed by a ~200 amino acid central long helical rod domain, and they 

terminate with a ~100 amino acid C-terminal ERM-association domain (C-ERMAD) 

(Turunen, 1994; Hoeflich, 2003). The conserved FERM domain is suggested to bind 

directly or indirectly to the plasma membrane, and the C-ERMAD contains a major F-

actin binding site (Fig. 4-1). Therefore, ERM proteins have been considered to be 

structural linkers between the plasma membrane and the actin cytoskeleton (Niggili, 

2008). 

An interesting aspect of ERM proteins is that they can exist in at least two 

conformational states: a head-to-tail, self-masking dormant form as monomers which 

are confined in the cytoplasm, and an active open form with the FERM and C-terminal 

tail domain dissociated (Bretscher, 2002). Li et al. further showed that the α-helical 

domain also plays a part in masking the FERM domain (2007).  Data suggest that the 

conformational state of moesin is primarily regulated by binding to 
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phosphatidylinositol 4,5 biphosphate (PIP2) and by phosphorylation at the conserved 

threonine residue in the actin binding site. Upon activation, ERM proteins assume an 

open, active structure that allows them to connect the membrane to the underlying 

actin cytoskeleton (Bretscher, 1995) (Fig. 4-2). ERM proteins have been implicated as 

key organisers of specialised membrane domains, involved in microvillus formation, 

cell-cell adhesion, maintenance of cell shape, cell motility, membrane trafficking, 

signalling cascades, and other functions (Bretscher, 2002).  

Annexins are a multi-gene superfamily with members expressed in all higher and some 

lower eukaryotes.  The name annexin is derived from the Greek ‘annex’ meaning 

“bring/hold together”, which describes the principal property of almost all annexins: 

the binding to and possibly holding together of certain biological structures, in 

particular membranes. The common property of all annexins is calcium-dependent 

binding to negatively charged phospholipids. Structurally, each annexin contains a 

conserved ‘annexin repeat’, a segment of some 70 amino acid residues repeated four or 

eight times within the protein (Gerke and Moss, 2002). Annexins are reported to have 

a wide variety of cellular functions including vesicle trafficking, cell division, 

apoptosis, calcium signalling and growth regulation (Gerke, 2002 and 2004; Hayes, 

2004 and 2007; Rand, 2000; Rescher, 2007). They are found both in the cytoplasm and 

bound to membranes, suggesting their prominent role in membrane-related processes, 

in particular trafficking.  

Among the members of the annexin family, annexin II is unique in two ways. One is 

that annexin II is found in most cells associated with dimeric S100 protein p11, 

forming the heterotetrameric complex anx22p112 (Johnsson, 1988). This complex is 

capable of linking membrane surfaces to one another, has been demonstrated to induce 

aggregation of artificial liposomes and chromaffin granules (Drust, 1991; Lambert, 

1997). Another unique property of annexin II is that its association with early 

endosomes is Ca2+-independent, but highly sensitive to cholesterol-sequestering agents 

(Babiychuk, 2000).  Annexin II is also reported as a major component of purified 
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caveolae (Schnitzer, 1995), and a cytosolic caveolin-annexin II complex has been 

implicated in the transport of esterified cholesterol from the plasma membrane to 

internal membranes (Uittenbogaard, 2002). Both annexin II and moesin were identified 

as major components in microdomains that are resistant to detergent but sensitive to 

cholesterol-sequestering agents (Harder, 1997). In addition, annexin II, as an actin 

regulator like moesin, has been implicated in providing membrane-cytoskeleton 

linkage (Gerke and Moss, 2002). It has been reported that annexin II binds F-actin at 

certain sites on cell membranes (Filipenko, 2002; Hayes, 2006). During de novo actin 

assembly on phagosomal membranes, annexin II is recruited along with moesin/ezrin 

(Defacque, 2000).  

Data from the proteomic analysis, and preliminary immunostaining data suggested 

these two proteins as potential candidates regulating fenestra formation, and were 

further explored in experiments described below. 
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Fig. 4-1  Domain structure of ERM proteins.. 
ERM proteins possess a highly conservative FERM domain at the N-terminus, which 
binds to the plasma membrane, and a conserved F-actin-binding domain at the C-
terminus. (Modified from Fievet, 2007). 
 

 

 

                                                                                  

Fig. 4-2 Dormant and active forms of moesin. 
Upon activation, the dormant form of moesin opens up to link the plasma membrane 
and the F-actin cytoskeleton. (Adapted from Pearson, 2000)  
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4.2 Localisation of moesin and annexin II 

4.2.1 Moesin and annexin II were redistributed differently in fenestrated bEND5 

cells 

Immunostaining demonstrated that all three ERM proteins were present in bEND5 

cells. However, upon treatment with latrunculin A for 3 hours, moesin was found 

highly enriched in the induced fenestral sieve plates, and colocalised with PV-1. The 

ERM member radixin was primarily present in the organelle- and microtubule-rich 

regions that surrounded sieve plates, whilst weakly expressed ezrin was located in the 

perinuclear area in induced bEND5 cells (Fig. 4-3). Annexin II was present in the 

organelle rich regions of the cell, but was also present in the fenestrated membrane 

region, though unlike moesin, it was distributed in scattered vesicular islands within 

the sieve plates (Fig. 4-3D). 

4.2.2 Moesin was enriched in fenestral sieve plates and expressed in the 

choriocapillaris 

Impressed by the striking colocalisation of moesin with PV-1 in fenestral sieve plates, 

further ultrastructural analysis was performed in collaboration with Eija Jokitalo at the 

University of Helsinki, in order to reveal moesin’s exact localisation in fenestral sieve 

plates. Immunogold labeling followed by sectioning and TEM revealed enrichment of 

moesin in fenestral sieve plates, adjacent to but not present within the fenestral pore 

(Fig. 4-4). Moesin labeling in the sieve plates often appeared in association with 

electron-dense deposits (Fig. 4-4, arrowhead), suggestive of an underlying structure. A 

cross-section of the cell in non-fenestrated regions demonstrated that moesin 

immunolabelling was enriched under the plasma membrane (Fig. 4-4C), as previously 

reported (Edwards, 1997; Polesello, 2002). 
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I also examined the localisation of the ERM proteins at the choroid-retina interface, 

characterised by the highly fenestrated choriocapillaris. By staining whole eye 

cryosections from adult C57BL/6 mice, I found that moesin colocalised with PV-1 in 

the choriocapillaris, consistent with the proposed role for this protein in fenestral sieve 

plates. In contrast, ezrin was exclusively expressed in RPE cells whilst radixin was 

mainly found in the outer plexiform layer (Fig. 4-5). 

4.2.3 Protein-protein interaction between moesin and PV-1 

SDS-PAGE and western blot revealed that the expression of moesin and PV-1 did not 

change before and after fenestra induction by latrunculin A (Fig. 4-6A). The 

enrichment of moesin in fenestral sieve plates was due to rearrangement triggered by 

actin disruption. We further applied immunoprecipitation to investigate possible 

protein-protein interaction between moesin and PV-1 before and after fenestra 

induction. Our result showed that PV-1 coimmunoprecipitated with moesin, only in 

latrunculin A-treated, fenestrae-induced bEND5 cells, and similar results was obtained 

from moesin coimmunoprecipitation with PV-1 (Fig. 4-6, B and C). In contrast, there 

was no PV-1 coimmunoprecipitation with radixin, the close family member of moesin 

(data not shown). Our data indicate that during fenestra induction, moesin forms a 

specific link, directly or indirectly, with the fenestral diaphragm protein PV-1 in 

fenestral sieve plates. 
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Fig. 4-3  Redistribution pattern of ERM proteins and annexin II  in induced bEND5 
cells. Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours. 
Moesin colocalised with PV-1 in fenestral sieve plates (A);  Radixin was excluded 
from the sieve plates (B), ezrin was weakly expressed and located in perinuclear 
regions; whilst annexin II scattered like islands in the gaps of fenestral sieve plates (D). 
Scale bar, 10 µm. 
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Fig. 4-4     Immunogold labelling confirmed the enrichment of  moesin in fenestral 
sieve plates. Moesin is enriched in fenestral sieve plates (A), adjacent to fenestral pores 
(B). arrowheads, fenestral pores; arrows, silver-enhanced nanogold immunoconjugates. 
Typical plasma membrane localization of moesin in thicker, non-fenestrated cellular 
profiles (C). Scale bar: A, 1 μm; B,  0.5 μm ; C, 1μm. 
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Fig. 4-5 Expression of ERM proteins in the RPE-Bruch’s membrane-choriocapillaris 
complex. Moesin and PV-1 colocalised in the choriocapillaris, whereas ezrin was 
exclusively expressed in the RPE layer (A).Radixin was mainly expressed in the outer 
plexiform layer where the rods and cones connect (B).DIC, differential interference 
contrast microscopy. 
Scale bar, 10 μm. 
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Fig. 4-6   Interaction between moesin and PV-1before and after fenestra induction. 

A. Moesin and PV-1 expression were not affected by latrunculin A treatment for 3 
hours. 

B. Similar amount of PV-1 immunoprecipitated with PV-1 antibody in uninduced 
and induced bEND5 cells, however, moesin coimmunoprecipitated with PV-1 
only in fenestra-induced bEND5 cells.  

C. Similar amount of moesin immunoprecipitated with moesin antibody in 
uninduced and induced bEND5 cells, however,PV-1 coimmunoprecipitated 
with moesin exclusively in fenestra-induced bEND5 cells.  

IP, immunoprecipitation antibody target; IB, immunoblot antibody target. 
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4.3 Functional role of moesin and annexin II in fenestra formation 

4.3.1 Dominant-negative moesin prevented fenestra formation without affecting 

the formation of sieve-plate-like cell membrane microdomains 

We first explored the functional role of moesin in fenestra formation by using 

dominant-negative constructs. As shown in the diagram in Fig. 4-7, we constructed 

plasmids encoding GFP- or hemagglutinin (HA) fusion proteins with full length 

moesin or truncated N-moesin and C-moesin, in which the C-terminal actin-binding 

domain or N-terminal FERM domain were removed, respectively. The N-moesin 

variant in particular has been shown to act as a dominant negative protein that 

displaces the endogenous protein and interferes with moesin function (Amieva, 1999).  

Moesin is a prominent component of dynamic microextensions in many cell types. Its 

localisation matches the appearance and disappearance of filopodia and retraction 

fibres (Lankes, 1991; Franck, 1993; Amieva, 1995). By using the N-terminal 

membrane-binding domain of moesin fused with GFP (N-moesin-GFP), Amieva et al. 

demonstrated that N-moesin-GFP significantly affects cell surface architecture in 

NIH3T3 fibroblasts, causing formation of abnormally long and fragile filopodia that 

retract abnormally (1999). In contrast, expression of full-length moesin GFP (FL-

moesinGFP) or its C-terminal domain (C-moesin-GFP) did not affect cell behavior 

(Amieva, 1999). In agreement with Amieva’s observation, C-moesin-GFP 

overexpression did not displace endogenous moesin and did not affect fenestra 

formation (data not shown). Fluorescence microscopy analysis of cells expressing N-

moesin-GFP confirmed that overexpression of the truncated variant displaced 

endogenous moesin from what appeared to be attenuated fenestral-sieve-plate-like 

microdomains (Fig. 4-8 A and B, top panel). PV-1 and filamentous actin were no 

longer present in the sieve-plate-like microdomains (Fig. 4-8A and-B, bottom panel). 

In contrast, FL-moesin-GFP expression did not displace endogenous moesin, PV-1 or 

F-actin from the sieve plates (Fig. 4-9A and B). 
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It was surprising to see sieve-plate-like microdomains in the N-moesin-GFP 

expressing cells. Confirmation of this finding and determination of the effects on 

fenestra formation required ultrastructural analysis. Therefore, we performed 

correlative LM-EM on transfected cells seeded onto TEM mesh grids covered with 

formvar film and coated with carbon and gelatin type-B. Following fenestra induction, 

cells were fixed for epifluorescence microscopy in the case of GFP fusion proteins, or 

for immunolabelling followed by epifluorescence microscopy in the case of HA fusion 

proteins. Overexpressing cells were identified, their positions on the grid were 

recorded and the grids processed and analyzed by wholemount TEM. As shown in Fig. 

4-8C, the attenuated sieve-plate-like microdomains were readily identified in N-

moesin-GFP-overexpressing cells; however, these membrane domains contained no 

fenestral pores. In contrast, the correlative LM-EM assay confirmed that sieve plates 

and fenestrae were abundant in FL-moesin-GFP overexpressing cells (Fig. 4-9C). 

Similar results were obtained with HA fusion protein variants (data not shown). 
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Fig. 4-7 Manipulation of moesin using different constructs. 
The C-ERMD or FERM domain of moesin was replaced by GFP or HA to create 
truncated moesin fusion protein constructs. Full length moesin fusion protein was 
created by adding GFP or HA sequence to the end of the moesin C-terminus. 
(Recreated from Fievet, 2007). 
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Fig. 4-8 N-moesin-GFP prevented fenestra formation without disrupting the 
organization of sieve plate-like microdomains. 
bEND5 cells were transfected with N-moesin-GFP plasmid, and 24 hrs later they were 
treated with 1.25 µM latrunculin A for 3 hrs. Sieve-plate-like microdomains were 
formed in the plasma membrane of the treated cells (top panel of A and B), but neither 
PV-1 (A, bottom panel), nor reorganised microfilaments was observed in those 
microdomains (B, bottom panel). The correlative LM-EM assay showed that no 
fenestral pores were formed in the sieve-plate-like plasma membrane microdomains 
(C). 
Scale bar in A and B: 10 μm. 
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Fig. 4-9  FL-moesin-GFP had no effect on fenestra formation. 
bEND5 cells were transfected with FL-moesin-GFP plasmid, and 24 hrs later they 
were treated with 1.25 µM latrunculin A for 3 hrs. Sieve-plate-like microdomains were 
formed in the plasma membrane of the treated cells (top panels of A and B). PV-1 
recruitment and reorganised microfilaments were present in fenestral sieve plates 
(bottom panels of A and B). Correlative LM-EM confirmed that normal fenestra 
induction occurred in the treated cells (C). 
Scale bar in A and B: 10 μm. 
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4.3.2 Down-regulating moesin or annexin II differentially affects fenestra 

formation  

4.3.2.1 Knockdown of moesin or annexin II expression by siRNA transfection 

To confirm and extend the findings with the dominant negative moesin, we created 

three siRNA oligonucleotides complementary to three distinct regions of mouse 

moesin mRNA. Using a double transfection method (Hayes, 2009) we identified one 

siRNA that efficiently reduced moesin mRNA and protein levels (Fig. 4-10, A and B). 

Radixin mRNA was not affected in moesin knockdown cells (data not shown) and a 

scrambled RNA oligonucleotide was used as a negative control.    

In parallel, we also knocked down annexin II expression using a similar procedure. 

Three annexin II siRNAs were transfected into bEND5 cells and the one that showed 

the best down-regulating efficacy was identified and used for the following 

experiments. The reduced expression of moesin and annexin II was confirmed by real-

time PCR, western blot and immunofluorescence staining (Fig. 4-10). 

4.3.3.2 Moesin was required for fenestra formation, whereas annexin II negatively 

regulated fenestra formation 

In the absence of latrunculin A treatment, moesin- or annexin II-knockdown bEND5 

cells did not show any overt abnormality. However, upon latrunculin A treatment, 

immunofluorescence staining revealed a lack of PV-1 marked sieve plates in the 

induced bEND5 cells after moesin depletion. PV-1 accumulated in perinuclear and 

microtubule/organelle-rich thick regions of the cell (Fig. 4-11). On the contrary, 

annexin II depletion resulted in the formation of larger attenuated cell regions and 

more well-formed fenestral sieve plates (Fig. 4-12). Immunofluorescence analysis also 

revealed little PV-1 in the perinuclear region in annexin II-depleted cells compared to 

control siRNA transfected cells. Annexin II reduction therefore resulted in a more 

efficient and complete seregation of PV-1 from caveolae into fenestral sieve plates 

(Fig. 4-12, arrows).  
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To determine if there’s any cellular structure existing between the tubular protrusions 

in the moesin knockdown cells, immunostaining with CD31 was carried out. The 

staining result revealed that moesin knockdown resulted in a failure to form and/or 

maintain attenuated cell regions when cells were treated with latrunculin A. Instead, 

cells formed numerous radial tubular protrusions, termed “arborisations”. This 

arborization is a known result of actin cytoskeleton disruption in most cell lines (own 

observations; Ioannidou, 2006; Bar-Ziv, 1999) (Fig. 4-13).  

To further elucidate the effects of moesin and annexin II down-regulation on fenestra 

formation, we applied the correlative LM-EM assay to study the phenotype caused by 

depletion of moesin or annexin II. Cells with low or absent immunostaining of moesin 

or annexin II were identified using epifluorescence microscopy, and their positions on 

the grids were recorded. The cells were subsequently identified under TEM and the 

phenotype was checked. Uninduced cells transfected with control siRNA, moesin 

siRNA or annexin siRNA looked indistinguishable at the light and ultrastructural 

levels (data not shown). However, cells chosen by LM for low or absent expression of 

moesin or annexin II had dramatically different phenotypes in fenestra formation. The 

attenuated cell region with fenestral pores was almost abolished by moesin knockdown 

(Fig. 4-14A). No effect was observed using control siRNA or radixin knockdown (data 

not shown), suggesting a specific effect of moesin knockdown on fenestra formation.  

Further speaking to this specificity, knockdown of annexin II had the opposite effect 

on fenestra formation, significantly increasing fenestrated plasma membrane area in 

latrunculin A-treated bEND5 cells (Fig. 4-14B). 



Chapter 4: Moesin and annexin II differentially regulate fenestra formaiton 
 

 
134 

 

 

0%

40%

80%

120%

Ct MoesiRNA

Ct 
siRNA

Moesin 
siRNA

MW (kd)

A

B

C

Moesin / Dapi

* *
*

*

*

*

*

*

*

0%

40%

80%

120%

Ct Annexin II 
siRNA

Ct 
siRNA

Annexin
II siRNA

MW 
(kd)

32 KD

* *
*

*
* *

*
*

Annexin II / 
Dapi

moesin annexin II

68 KD

 

Fig. 4-10 Down-regulation of moesin and annexin II by siRNA transfection. 
Transfection with siRNA resulted in a reduction in the levels of mRNA (A) and 
protein (B) for moeisin and annexin II in bEND5 cells.  Levels of mRNA were 
determined by real-time PCR(A), and protein expression was assessed using western 
blot (B) and immunofluorescence (C).  The graphs shown in panel A depict the 
average of two independent experiments. * Moesin or annexin II depleted cells. Scale 
bar, 10 μm.
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Fig. 4-11 Cell phenotypes resulted from moesin knockdown. 
Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours.  
Moesin knockdown resulted in an absence of distinct PV-1 marked sieve plates . 
Instead, PV-1 remained in the perinuclear and microtubule/organelle-rich regions. Two 
typical cell phenotypes were shown in the middle and bottom panels. Scale bar, 10 μm. 
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Fig. 4-12 Annexin II knockdown resulted in increased formation of PV-1-marked sieve 
plates. 
Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 hours.  More 
PV-1 positive sieve plates were formed in annexin II knockdown bEND5 cells. In 
addition, there was less PV-1 accumulation in perinuclear cell region (arrow) when 
annexin II was depleted. Scale bar, 10 μm. 
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Fig. 4-13 Moesin knockdown compromises cell spreading in latrunculin A-treated 
bEND5 cells. Fenestrae in bEND5 cells were induced by latrunculin A (1.25 μM) for 3 
hours. 
In the absence of moesin, cell spreading (CD31-marked) and the reorganized F-actin 
microfilament network between microtubules were abolished when bEND5 cells were 
treated with latrunculin A to induce fenestrae. * Moesin depleted bEND5 cell. 
Scale bar, 10 μm.
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Fig. 4-14 Opposite effects on fenestra formation resulted from moesin or annexin II 
siRNA transfection, as confirmed by TEM. Scale bar, 20 μm. 

A. Cell attenuation was not observed in moesin knockdown bEND5 cells; 
consequently, no fenestral pores were formed after latrunculin A induction . 

B.  Annexin II knockdown resulted in an increased area of fenestration .  
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4.3.3.3 Quantification of fenestra formation in moesin- or annexin II-depleted 

bEND5 cells  

Since cell profile thickness differed between fenestrated and unfenestrated bEND5 

cells, the TEM images enabled quantification of the fenestrated membrane area using 

Image J software. Using the correlative LM-EM assay, we identified 60-80 cells with 

reduced target protein expression after moesin siRNA, annexin II siRNA or control 

siRNA transfection. We quantified the fenestrated cell membrane area in all the 

identified cells.  Moesin knockdown almost completely abolished membrane 

fenestration ( > 90% reduction; 4-15B and C). In dramatic contrast, although bEND5 

are very efficient in fenestrae induction, annexin II depletion significantly increased 

fenestrated cell membrane area by 25% (Fig. 4-15B and C).  

In addition to the increased induction of fenestral sieve plates, annexin II reduction 

also significantly improved fenestra formation by increasing fenestral density (Fig. 4-

16A). To quantify the density of fenestra, we took high-magnification TEM images of 

the fenestrated membrane in all identified cells. By using Pro-plus imaging software, 

the numbers of fenestrae were counted in two to four representative, well-fenestrated 

areas of every image, and the density of fenestrae was calculated and averaged for each 

image. The results showed that fenestral density was doubled in annexin II knockdown 

cells compared to control bEND5 cells (Fig. 4-16B). Annexin II depletion therefore 

increased fenestra formation by increasing both fenestral sieve plate area and fenestral 

density. 
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Fig. 4-15 Quantification of fenestration efficacy in moesin- or annexin II-depleted 
bEND5 cells. 

A. Fenestration phenotype in moesin- or annexin II-depleted bEND5 cells treated 
with latrunculin A. 

B. Selection of fenestrated cell area by threshold holding in Image J software. 
C. Quantification of fenestrated cell area. N ≥ 20; error bars denote ± SEM;  * P < 

0.01; ** P < 0.001. 
Ct, control; scale bar in A and B, 10 μm. 
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Fig. 4-16 Annexin II depletion doubled fenestral density. 
A. Annexin II reduction resulted in increased fenestra number when bEND5 cells 

were treated with latrunculin A for fenestra induction. Scale bar, 2 μm. 
B. Quantification of fenestra density in bEND5 cells treated with latrunculin A. 

N ≥ 20; error bars denote ± SEM;  *, P < 0.001; Ct, control. 
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4.4 Discussion  

Although ERM proteins are considered functionally redundant at the cell level, there is 

an almost exclusive distribution of ERM proteins in different tissues in adult 

vertebrates. Ezrin is mainly expressed in epithelial cells, where it is enriched at the 

apical surface (Berryman, 1993). Ezrin is the major component of the intestinal 

microvilli (Bretscher, 1983), and retinal pigment epithelial cells express only ezrin 

(Bonilha, 1999). Radixin is the dominant ERM protein in hepatocytes. It is also 

concentrated at bile canular membranes and cochlear stereocilia (Pataky, 2004; Katajiri, 

2004). Moesin is found primarily in endothelial cells (Lankes, 1991). The distinct 

distribution of ERM proteins in separate tissues implies that they might have distinct 

roles. 

Moesin, radixin and ezrin were all expressed in bEND5 cells, with ezrin expressed at 

the lowest abundance. There was no compensatory expression of radixin when moesin 

expression was reduced by siRNA transfection, and the striking colocalisation of 

moesin with PV-1 in the induced fenestral sieve plates suggested a unique role for 

moesin in fenestra biogenesis. Capable of binding to the plasma membrane through the 

FERM domain and anchoring actin microfilaments by the C-ERMD, moesin plays a 

crucial role in maintaining cell cortical integrity. Moesin is essential to establish and 

maintain cortical tension in interphase cells during mitosis (Kunda, 2008; Carreno, 

2008).  In moesin-deficient Drosphila eggs, the cortical actin network is severely 

disrupted (Jankovics, 2002), and Polesello et al. showed that moesin controls actin-

based cell shape (2002). Indeed, reduction of moesin impaired F-actin remodeling 

triggered by latrunculin A and severely compromised the capability of bEND5 cells to 

extend an attenuated plasma membrane lamellapodia when the actin cytoskeleton was 

disturbed. Consequently, absence of moesin resulted in the failure of fenestra 

formation. 

An interesting phenotype was observed in the moesin C-ERMD truncated cells. 

Despite inhibition of fenestra formation in N-moesin-GFP-overexpressing bEND5 
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cells, both light microscopy and electron microscopy data suggested that some aspects 

of the biogenesis program remained. For example, attenuated, organelle- and 

cytoskeleton-exclusion zones formed in the cell periphery following induction, and N-

moesin-GFP was enriched in these domains, despite the absence of fenestrae. However, 

PV-1 and F-actin positive staining were absent from the N-moesin-GFP enriched, 

attenuated peripheral regions. Whether endogenous moesin displacement is directly 

responsible for the absence of PV-1 from the sieve-plate-like structures, or whether its 

absence is simply a consequence of the lack of fenestrae, is currently unknown. It is 

unlikely that the absence of PV-1 is directly responsible for the inhibition of fenestra 

formation, because PV-1 knockdown does not alter fenestral pore formation, but rather 

affects pore geometry and organization within the sieve plate (Ioannidou, 2006). On 

the other hand, active moesin is sufficient to induce cortical stiffening through F-actin 

rearrangement (Kunda, 2008), and FERM domain-truncated C-moesin-GFP has been 

used successfully to monitor dynamics of the actin cytoskeleton (Litman, 2000). 

Therefore a direct interaction of moesin and the F-actin resident in sieve plates seems 

more likely. These findings facilitate the dissection of fenestra biogenesis into distinct 

steps: first, an actin disruption-dependent process involving rearrangement of 

cytoplasmic organelles and the cytoskeleton together with cell attenuation, to enable 

close apposition of apical and basal plasma membranes; second, a moesin-dependent 

F-actin reassembly process leading to formation of fenestral pores. 

Results from loss of function experiments revealed an unexpected effect of annexin II 

on fenestra formation. Depletion of annexin II in bEND5 cells not only increased the 

fenestrated area of the cell, but also increased fenestra density. Annexin II has been 

reported to regulate multivesicular endosome formation in the degradation pathway 

(Mayran, 2003).  Transport from early endosomes to late endosomes after cholesterol 

accumulation depends on annexin II (Mayran, 2003). Annexin II may work to divert 

proteins required for fenestra formation, such as PV-1, to the degradation pathway. 

However, PV-1 levels are not significantly up-regulated by annexin II depletion (data 
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not shown). Thus, we reason that inhibition of degradation makes at most a minor 

contribution to the significantly increased potency of fenestra induction. 

Biochemical studies showed that annexin II can bind to PIP2 with high specificity in 

vivo and has a role in organizing/stabilising lipid microdomains (Hayes, 2004; Rescher, 

2004). The involvement of PIP2 in ERM activation is also well-documented (Niggili, 

1995; Matsui, 1999). In fact, sequential binding to PIP2 and phosphorylation of a 

conserved threonine are necessary for the activation of ERM proteins (Fievet, 2004). 

Therefore, we speculate that the opposing effects of annexin II- and moesin depletion 

are due to competitive binding to PIP2-rich lipid microdomains in the process of cell 

membrane reorganization. 

In conclusion, moesin and annexin II could differentially regulate fenestra formation 

via more than one mechanism, including actin reorganization, membrane remodeling, 

and vesicle trafficking. The results in this chapter depicted a dynamic picture of 

fenestra formation, a complex but well-coordinated process regulated by multiple 

factors. 
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Abbreviations 

 

ABPs  actin binding proteins 

AMD  age-related macular degeneration  

BSA  bovine serum albumin 

DMEM Dulbecco’s modified Eagle medium 

ER  endoplasmic reticulum 

ERGIC ER-Golgi intermediate compartment 

ERM  ezrin, radixin, and moesin 

FAK  focal adhesion-associated kinase 

FACR  fenestrae-associated cytoskeleton ring 

GEnC  glomerular endothelial cell 

GFP  green fluorescent protein 

GFR  glomerular filtration rate 

HA  hemagglutinin 

HSPG  heparan sulfate proteoglycans 

HuVEC human umbilical vein endothelial cells  

LM-EM light microscopy-electron microscopy 

LSEC  liver sinusoidal endothelial cells 

MβCD  methyl-β-cyclodextrin 

MDCK Madin-Darby canine kidney 

NPC  nuclear pore complex 

PBS  phosphate-buffered saline 

PDK1  phosphoinositide-dependent protein kinase-1 

PFA  paraformaldehyde 

PI3K  phosphatidylinositol 3-kinase 

PIP2  phosphatidylinositol 4,5 biphosphate 

PMA  phorbol myristate acetate 

PtdIns  phosphatidylinositol 

PV-1  plasmalemmal vesicle–associated protein–1 
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RA  retinoic acid  

RPE  retinal pigment epithelium  

SNARE           soluble N-ethylmaleimide sensitive fusion protein attachment protein  

                        receptor 

TGF-β   transforming growth factor β  

VEGF  vascular endothelial growth factor 

VVOs  vesiculo-vacuolar organelles 
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Chapter 5   The fodrin membrane skeleton and Na,K-ATPase     

            coordinately regulate fenestra formation 

 

5.1 Visualisation of cytoskeletal structure in fenestral sieve plates. 

The fenestral sieve plate consists of a large, attenuated cell extension that is mostly 

devoid of organelles and many of the primary structural elements of the cytoskeleton 

such as microfilament bundles, microtubules and intermediate filaments (Fig. 3-11).  

However, formation of sieve plates and fenestrae starts within minutes of induction by 

latrunculin A, and the rapidly induced fenestral pores arise in highly organised linear 

arrays, implying the involvement of underlying cytoskeleton. Braet et al. suggested a 

fenestra-associated cytoskeleton ring around LSEC fenestrae (1995), and the presence 

of actin filaments around sinusoidal endothelial fenestrae was suggested by a heavy 

meromyosin decorated reaction (Nagai, 2004).  To date, no obvious cytoskeletal 

architecture has been linked to fenestral organisation sieve plates.  

Because of the data supporting a role for actin-binding proteins and F-actin in fenestra 

formation, we embarked on the task of describing the nature of the underlying 

cytoskeleton in fenestral sieve plates. Whole mount TEM, section TEM and SEM 

analysis all failed to reveal any obvious structure (Fig. 5-1). Our breakthrough came 

from the use of high-pressure freeze/freeze substitution and electron tomography. EM 

tomography is a sophisticated 3-D data collection and reconstruction method, which 

aims at a resolution high enough to allow the visualization of protein complexes 

(McDonald and Auer, 2006).  Through our collaboration with the University of Helsinki 

in Finland, we tried tomographic techniques, but our initial efforts with tomography  

and chemical fixation yielded no progress.  However, upon combining high-pressure 

freeze fixation with tomography, we consistently observed a cytoskeleton that runs 

proximal and parallel to the linear arrays of fenestral pores in sieve plates (Fig. 5-2). 
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Even the links between the cytoskeleton and the rim of the fenestral pore were 

sometimes distinguishable (Fig. 5-2, arrows). To date, this is the first clear visualisation 

of cytoskeletal structure in fenestral sieve plates.  

The exclusion of microtubules and intermediate filaments from the fenestral sieve plates 

(Chapter 3, Fig. 3-11), the presence of short F-actin microfilaments and moesin, and 

now the cytoskeletal structure revealed by tomographic EM led us to explore the 

spectrin membrane cytoskeleton. 

5.2 Introduction to the fodrin membrane skeleton 

With few cytoplasmic elements or organelles and large areas of membrane that need 

fortification to withstand travel through the heart and vasculature, erythrocytes employ 

the use of a spectrin cytoskeleton.  The membrane skeleton is immediately under the 

plasma membrane and enables membrane distensibility (De Matteis, 2000).  The 

molecular basis of the spectrin membrane skeleton was first identified in erythrocytes 

(Singer, 1972; Lux, 1979; Goodman, 1981), and subsequently resolved in non-erythroid 

cells (Goodman, 1981 and 1999; Pratt, 1984; Heltianu, 1986; Bennett, 1993; Wu, 2001). 

The non-erythroid membrane skeleton is primarily composed of fodrin and its binding 

proteins ankyrin and protein 4.1 (Ungewickell, 1979; De Matteis, 2000; Pradhan, 2001). 

Fodrin is a rod-shaped protein that exists as an α- and β-heterotetramer, and end-to-end 

association of these tetramers with short actin filaments produces the hexagonal 

complexes (Brenner 1979 and 1980; Liu, 1987; Heimann, 1999) (Fig. 5-3 ). The 

existence of a short actin protofilament in the fodrin cytoskeleton is interesting, given 

our finding that F-actin labelling by phalloidin was reproducibly observed in the 

fenestra sieve plates. Moreover, in frog neuromuscular junctions, F-actin-fodrin 

complexes in non-release domains of the neuron terminal are not affected by actin 

depolymerising drugs (Job, 1998; Dunaevsky, 2000). We sought to test the hypothesis 

that a membrane skeleton composed of moesin, a member of the band 4.1 superfamily, 

actin and fodrin is the cytoskeletal structure in fenestral sieve plates. 
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Fig. 5-1 Attemps pf visualising cytoskeletal structure in fenestral sieve plates. 
Various ultrastructual analyses failed to reveal cytoskeletal structure in fenestral sieve 
plates. 

A. SEM image of fenestral sieve plates. Scale bar, 2 µm 
B. Freeze-fracture SEM image of fenestral sieve plates. Scale bar, 200 nm. 
C. Wholemount TEM image of fenestral sieve plates. Scale bar, 0.5 µm. 
D. Section TEM image of fenestral sieve plates. Scale bar, 200 nm. 
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Fig. 5-2 Tomographic images revealed cytoskeletal structure in fenestral sieve plates. 
Tomographic image showed cytoskeletal structure running along fenestrae rows in the 
sieve  plates (A); the proximal and parallel cytoskeleton was illustrated in C;  B showed 
the magnified image of part of A, arrows in B pointed to the links between the 
cytoskeleton and the rim of fenestral pore. 
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Fig. 5-3  Membrane skeleton in an erythrocyte. 
Visualisation of the hexagonal lattice in the erythrocyte membrane skeleton. 
(Adapted from Liu, 1987) 
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5.3 Fodrin colocalised with PV-1 in fenestral sieve plates 

By immunostaining, we found that alpha fodrin was highly expressed in bEND5 cells, 

though its distribution was not much in accordance with PV-1 in uninduced cells (Fig. 

5.4-A, upper panel). When the cells were treated with latrunculin A for fenestra 

induction, fodrin was redistributed throughout the whole cell, especially in perinuclear 

region. However, in the PV-1-marked fenestral sieve plates, fodrin was reorganized into 

a filamentous network colocalising with PV-1 (Fig. 5-4A, lower panel). 

Immunostaining with another well-documented cytoskeletal component, ankyrin, 

showed that ankyrin B was also present in fenestral sieve plates, though with a distinct 

dot-like pattern (Fig. 5-4B). 

In the previous study, we found that moesin and PV-1 colocalised in the mouse 

choriocapillaris (fig. 4-5) Similarly we found that fodrin was strongly expressed and 

colocalised with PV-1 in choriocapillaries, though the expression of fodrin was not 

limited to the choriocapillaris (Fig. 5-5). 
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 Fig. 5-4  Reorganisation of membrane skeleton components during fenestra formation. 
A. Fodrin colocalised with PV-1 and reorganised into a filamentous network in the 

induced fenestral sieve plates.  
B. Ankrin B appeared dot-like and was present in the fenestral sieve plates induced 

by latrunculin A. 
Scale bar, 10 μm. 
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Fig. 5-5  Fodrin expression in choriocapillaries. 
Fodrin with PV-1 and moesin were colocalised in choriocapillaries in mouse eye cross-
section.  DIC, differential interference contrast microscopy. 
Scale bar: 10 μm 
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5.4 Fodrin knockdown inhibited fenestra formation 

To determine whether fodrin was required for formation of fenestrae, we used siRNA to 

deplete fodrin in bEND5 cells. Three pre-selected siRNAs were transfected into bEND5 

cells, and the one with the best efficacy was used for subsequent experiments. Both 

mRNA and protein levels indicated that fodrin expression was significantly reduced 

(~90%) after 48 hours of transfection (Fig.5-6). 

In the uninduced, control siRNA-transfected bEND5 cells, PV-1 was mainly distributed 

in regions such as membrane ruffles, the perinuclear region and the cell membrane. 

Fodrin depletion resulted in the distribution of PV-1 throughout the cell (Fig. 5-7), 

implying its possible role in PV-1 immobilisation. Latrunculin A treatment induced 

abundant formation of PV-1-marked fenestral sieve plates in control siRNA-transfected 

cells.  However, no PV-1 positive sieve plates formed at the cell periphery in fodrin-

knockdown bEND5 cells; instead, PV-1 was mainly located in microtubule/organelle-

rich thick arbors and the peri-nuclear region (Fig. 5-7) – a phenotype similar to that 

observed in moesin-depleted bEND5 cells (Fig. 4-11). Disruption of fenestra formation 

by fodrin depletion was further confirmed using TEM. In TEM micrographs, fodrin-

deficient bEND5 cells typically appeared spiky, lacking an attenuated cell region 

between the microtubule/organelle-rich arbors (Fig. 5-8A). We identified more than 30 

fodrin-depleted bEND5 cells under TEM using a correlative LM-EM assay. Fenestrated 

membrane area was quantified in those cells and in control siRNA-transfected cells. As 

demonstrated by the cell appearance in TEM images, fodrin knockdown abolished the 

attenuated cell region where fenestral sieve plates should have formed after treatment 

with latrunculin A (Fig. 5-8B). These results strongly indicate that fodrin plays a crucial 

role in the formation and/or maintenance of attenuated cell spreading following 

disruption of the actin cytoskeleton by latrunculin A. 
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Fig. 5-6  Down-regulation of fodrin by siRNA transfection. 
Fodrin expression was reduced by siRNA transfection both at the RNA level (A) and 
the protein level (B).  Results in A was the average of 3 experiments (n = 3), error bars 
showed ±SEM. 
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Fig. 5-7  Loss of fenestra formation in in fodrin-reduced bEND5 cells. 
In vehicle treated, uninduced bEND cells, depletion of fodrin resulted in the loss of 
preferred localisation of PV-1, such as in the cell ruffles; instead, PV-1 was present 
homogeneously in the cell cytoplasm. Upon fenestrae induction triggered by latrunculin 
A, formation of PV-1 marked fenestral sieve plates was abolished in fodrin knockdown 
bEND5 cells.  
* fodrin depleted bEND5cells; Scale bar, 10 μm. 
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Fig. 5-8 Fodrin reduction abolished fenestra formation induced by latrunculin A. 
A. Wholemount TEM confirmation of absent fenestra formation in a fodrin 

knockdown bEND5 cell. Scale bar, 20 μm. 
B. Quantification of fenestration in fodrin siRNA-transfected, latrunculin A-treated 

bEND5 cells.  N ≥ 20; error bars denote ± SEM;  * P < 0.0001.  

B 

* 
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5.5 Interaction between fodrin and other components in fenestral sieve plates 

5.5.1 Interaction between fodrin and the fenestral diaphragm protein PV-1 

The loss of localised PV-1 distribution in fodrin knockdown bEND5 cells and the 

colocalisation of fodrin and PV-1 in fenestral sieve plates suggested the involvement of 

fodrin in regulating PV-1 distribution in caveolae or fenestrae.  I therefore designed 

experiments to test whether fodrin associates with PV-1. Immunoprecipitation analysis 

showed that PV-1 coimmunoprecipitated with fodrin in bEND5 cells – regardless of 

whether fenestrae had been induced (Fig. 5-9B). Since the distribution of fodrin and 

PV-1 is not limited to fenestral sieve plates in latrunculin A-treated bEND5 cells, fodrin 

might not bind solely to fenestral PV-1. Indeed, caveolin-1, like PV-1, also 

coimmunoprecipitated with fodrin (Fig. 5-9B). To exclude the possibility that the 

coimmunoprecipitation came from non-specific binding, VE Cadherin, which is not in 

the sieve plates (data not shown), was used as an negative control in the study (Fig. 5-

9C). 

5.5.2 Moesin is required for the interaction between fodrin and PV-1 in fenestral 

sieve plates 

We demonstrated in the last chapter that moesin depletion diminishes fenestra formation 

whereas annexin II knockdown improves fenestrae induction. Reduction of moesin or 

annexin II did not affect fodrin expression, nor did the depletion of fodrin affect protein 

levels of moesin, annexin II or PV-1 (Fig. 5-10A). When moesin was depleted in 

bEND5 cells, the interaction between fodrin and PV-1 in caveolae was not affected in 

uninduced cells, but PV-1 failed to coimmuoprecipitate with fodrin in latrunculin A-

induced cells. After annexin II knockdown, on the other hand, there was a slight 

increase of coimmunoprecipitated PV-1 with fodrin in latrunculin A-treated bEND5 

cells (Fig. 5-10B). The association between fodrin and PV-1 was therefore specific to 

fenestrae in the induced bEND5 cells, and the interaction required moesin. Thus fodrin, 

PV-1 and moesin were reorganized into the same protein complex in fenestral sieve 

plates when latrunculin A was added to bEND5 cells. 
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     Fig. 5-9  Interaction between fodrin and PV-1 is specific. 

A. Protein expression of fodrin, PV-1, caveolin-1and VE Cadharin was not affected 
by fenestra induction. 

B. Both PV-1 and caveolin-1 coimmunoprecipitated with fodrin before and after 
fenestrae were induced by latrunculin A in bEND5 cells. 

C. PV-1 and caveolin-1 didn’t co-IP with VE Cadherin , which indicated that the 
co-IP of PV-1 or caveolin-1 with fodrin is specific. 
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   Fig. 5-10 The interaction between fodrin and fenestral PV-1requires moesin. 

A. Protein expressions was not affected by siRNA transfection 
B. PV-1 coimmunoprecipitated with fodrin in uninduced bEND5 cells, however, 

PV-1 failed to coimmunoprecipitate with fodrin in moesin depleted and LA 
(latrunculin A) treated bEND5 cells. 

C. Densitometry analysis showed, in bEND5 cells that were treated by LA for 
fenestra induction,  there was almost no Co-IPed PV-1 with fodrin in moesin 
depleted bEND5 cells, but the Co-IPed PV-1 with fodrin increased in 
annexin II reduced bEND5 cells. N = 3, error bars denote ±SEM, * P < 0.001; 
** P < 0.0001 
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5.5.3 The dynamic partnership between fodrin and actin during fenestra formation  

To further appreciate the dynamic reorganisation of the membrane skeleton during 

fenestra formation, we dissected the interaction between fodrin and β-actin by 

coimmunoprecipitation following a fenestra induction time course, since β-actin was 

reported as the building block of the actin protofilaments in the fodrin-based membrane 

skeleton (Pinder, 1978). Cells were treated with 1.25 µM latrunculin A to induce 

fenestra formation, and the induction was interrupted at different time points. In the 

uninduced bEND5 cells, the intact membrane skeleton was indicated by the strong β-

actin band that was pulled down together with fodrin. After 10 minutes of latrunculin A 

addition, the amount of β-actin coimmunoprecipitated with fodrin dramatically 

decreased, presumably due to the rapid disassembly of actin filaments and the 

associated cytoskeleton. At later time points, increased actin coimmunoprecipitation 

with fodrin was observed, suggesting a newly established association between fodrin 

and β-actin (Fig. 5-11). A the end of incubation, a 30-minute washing with PBS restored 

the coimmunoprecipitated β-actin with fodrin to the base level before latrunculin A 

addition.The dynamic change of β-actin associated with fodrin, together with the 

interaction among fodrin, PV-1 and moesin, strongly suggest that a fodrin-, actin- and 

moesin-based membrane skeleton formed in fenestral sieve plates and associates with 

the diaphragm protein PV-1.  
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  Fig. 5-11 Dymanic interaction between fodrin and β-actin during fenestra formation. 

A. There was no change of fodrin and β-actin expression during the time course of 
fenestrae induction triggered by latrunculin A at 1.25 μM. 

B. The amount of β-actin Co-IPed (coimmunicipitated) with fodrin went to a 
dynamic change during the time course of fenestrae induction. After 10 minutes 
of latrunculin A addition, the amount of β-actin Co-IPed with fodrin 
dramatically decreased, but then increased at later time points. At the end of 
incubation, a 30-minute washing with PBS restored the Co-IPed β-actin to the 
base level before latrunculin A addition. IP, immunoprecipitation; IB, 
immunoblot. 

C. Densitometry change of CO-IPed β-actin with fodrin during the time course of 
fenestra induction. The result of every time point is the average of 3 independent 
experiments. Error bars denote ± SEM. 
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5.6 Discovery of Na,K-ATPase in fenestral sieve plates 

Having identified the role of fodrin and moesin in fenestral sieve plates formation, I 

next sought to identify additional components that may interact with the cytoskeleton. 

Since ERM proteins appear to provide a link between the membrane and the 

cytoskeleton, my next step was to identify the membrane proteins involved. A number 

of proteins that bind to ERM family members have been identified, including CD44, 

CD43, ICAM-1, ICAM-2, ICAM-3, and ERM-binding phosphoprotein 50 kDA (EBP50) 

(Tsukita, 1994; Yonemura, 1998; Heiska, 1998; Reczek, 1998). However, 

immunofluorescence analysis showed that none of these reported candidates were 

present in fenestral sieve plates (data not shown).  

Studies in Madin-Darby canine kidney (MDCK) cells have shown that fodrin, ankyrin 

and Na,K-ATPase are in the same protein complex, and that the subcellular distribution 

of fodrin during development of a continuous monolayer of cells coincides temporally 

and spatially with the polarized distribution of Na,K-ATPase (Nelson, 1986 and 1989). 

Alper et al. demonstrated that the fodrin membrane skeleton preferentially colocalises 

with apical Na,K-ATPase rather than with the basolateral anion exchanger AE2 in the 

choroid plexus (1994). This implies that the interaction between the fodrin membrane 

skeleton and Na,K-ATPase may play an important role in establishing and maintaining 

special membrane domains in differentiated cells. Therefore we investigated if Na,K-

ATPase was in the protein complex with fodrin in fenestral sieve plates. 

5.6.1 Localisation of Na,K-ATPase in fenestral sieve plates 

Na,K-ATPase, or the sodium pump, is an energy-transducing ion pump first described 

by Skou (1957). It is a highly-conserved integral membrane protein that is expressed in 

virtually all cells of higher organisms and belongs to the P-type ATPase superfamily.  

Na,K-ATPase is responsible for pumping Na+ and K+ ions across the plasma membrane, 

and as such is critical for maintaining cell volume and membrane potential. Na,K-
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ATPase is composed of two non-covalently linked subunits – a catalytic α-subunit and 

an auxiliary β-subunit (Kaplan, 2002; Sweadner, 1989; Blanco, 1998). The α-subunit, 

Na,K-α, is composed of approximately 1000 amino acid residues with 10 

transmembrane segments; and the β-subunit, Na,K-β, is a type II membrane protein with 

a single membrane crossing, and is composed of about 370 amino acids (Kaplan, 2002) 

(Fig. 5-12). Although it is often viewed solely as a sodium pump, Na,K-ATPase has 

been shown to have numerous ion transport-independent roles in the last decade, 

including roles in cell junction formation, cell migration and signal transduction (Tian, 

2006; Krupinski, 2009). The general consensus is that the  Na,K-ATPase carries out 

these non-pump roles acting primarily as a plasma membrane scaffold regulating the 

availability of several important signalling molecules, such as Src (Haas, 2002), PI3K 

(Barwe, 2005), IP3 receptor (Yuan, 2005), adaptor protein2 (Done, 2002) and PLC-γ 

(Li and Xie, 2009).  

Immunofluorescence analysis revealed that the Na,K-ATPase was distributed 

ubiquitously throughout the cell membrane in untreated bEND5 cells. When cells were 

treated with latrunculin A for 3 hours to induce fenestra formation, Na,K-ATPase 

reorganised into a distinct PV-1 colocalising pattern in the well-formed fenestral sieve 

plates, though its expression was not limited to the sieve plates (Fig. 5-13). Within the 

sieve plates, immunogold labelling revealed that Na,K-ATPase was located on the rim 

of the fenestral pore (Fig. 5-14).  
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Fig. 5-12 Structure and primary function of Na,K-ATPase. 
A. Na,K-ATPase is a heterodimeric integral membrane protein. The α-subunit is 

responsible for the catalytic activity of the enzyme. N-nucleotide-binding, P-
phosphrylation, A-Axtuator domains are for ATP binding and hydrolysis. 
(Adapted from Benarroch, 2011.) 

B. General model for Na.K-ATPase showed binding sites forr (1) Na+ , (2) K+, (3) 
ouabain, (4) phosphorylation and (5) ATP binding. 
(Adapted from Horisberger, 1991). 
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Fig. 5-13 Na,K-ATPase was present in fenestral sieve plates. 
Na,K-ATPase was reorganised to colocalise with PV-1 in fenestral sieve plates in 
latrunculin A treated bEND5 cells. 
Scale bar, 10 μm.
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Fig. 5-14 Na,K-ATPase was located on the rim of fenestra. Immunogold labelling of 
Na,K-ATPase in fenestral sieve plates.  Scale bar, 50 nm. 
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5.6.2 Interactions between Na,K-ATPase and other sieve plate components 

The protein expression levels of Na,K-ATPase and PV-1 didn’t change after fenestra 

induction (Fig. 5-15A), but PV-1 coimmunoprecipitated with Na,K-ATPase in the 

induced bEND5 cells only(Fig. 5-15B), implying a newly formed interaction between 

the Na,K-ATPase and PV-1 in fenestral sieve plates. The Na,K-ATPase has been 

reported to form a protein complex with caveolin-1 in caveolae (Xie, 2003), though it 

failed to pull down any caveolar PV-1 in untreated bEND5 cells (Fig. 5-15B). Thus the 

interaction between Na,K-ATPase and PV-1 is specifically related to the formation of 

fenestrae.  

In a similar pattern, Na,K-ATPase was not pulled down by anti-fodrin antibody in 

untreated bEND5 cells, however, it coimmunoprecipitated with fodrin when fenestrae 

were induced by latrunculin A (Fig. 5-15B). Thus the interaction between Na,K-ATPase 

and fodirn, and PV-1, only occurred in bEND5 cells that were fenestrated, which 

strongly suggest these interactions play a crucial role in fenestra formation.  

More interestingly, Na,K-ATPase protein level was affected by moesin and annexin II 

expression. Moesin knockdown significantly decreased Na,K-ATPase expression, 

whilst annexin II depletion almost doubled Na,K-ATPase protein level in bEND5 cells 

(Fig. 5-16). Given the role of moesin and annexin II in regulation of fenestra formation, 

the expression level of Na,K-ATPase appeared positively correlated to fenestral 

induction potency in bEND5 cells.  
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Fig. 5-15 Na,K-ATPase , PV-1 and fodrin formed a protein complex in fenestral sieve 
plates. 

A. Na,K-ATPase and PV-1 protein levels were not affected by fenestrae induction 
by latrunculin A  in bEND5 cells. 

B. The amount of PV-1 co-IPed with Na,K-ATPase significantly increased in 
bEND5 cells that were induced with fenestrae. N= 3; error bars denote ± SEM,  
** P < 0.001. 

C. Na,K-ATPase co-IPed with fodrin exclusively in bEND5 cells that were induced 
with fenestrae. N= 3; error bars denote ± SEM,  * P < 0.01. 
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Fig. 5-16   Na,K-ATPase protein level was affected by moesin and annexin II. 
A. Moesin knockdown decreased Na,K-ATPase expression while annexin II 

knockdown upregulated Na,K-ATPse protein level in bEND5 cells. 
B. Densitometry quantification of Na,K-ATPase protein change in annexin II or 

moesin depleted bEND5 cells. N = 3, error bars denotes ± SEM. * P < 0.01; ** P 
< 0.001. 

A 
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5.7 Na,K-ATPase regulates fenestra formation 

5.7.1 Ouabain induced fenestra formation in bEND5 cells 

Ouabain is a potent Na,K-ATPase inhibitor, and has binding sites on the extracellular 

portion of Na,K-α (Fig. 5-12B). We probed the effect of ouabain on fenestra formation 

compared to VEGF, which is a weak but reproducible inducer of fenestrae in bEND5 

cells (Esser, 1998; Ioannidou, PhD Thesis, 2005). Short treatment for  3 hours with 

ouabain at different concentrations didn’t reveal any perceivable difference in bEND5 

cells (data not shown), but longer incubation for 24 hours with ouabain induced fenestra 

formation, characterised by distinct sieve plates delineated by microtubules as shown 

with immunofluorescence staining (Fig. 5-17).  

The extent of PV-1 marked sieve plates formation and local actin disruption all showed 

a dose-dependence to ouabain concentration. The induction of fenestrae was further 

confirmed using TEM (Fig. 5-18). At a concentration of 200 µM, ouabain was able to 

induce fenestra formation to a similar extent to that caused by VEGF (75 ng/ml) 

incubation for 24 hours. 

5.7.2 Ouabain induced vessel fenestration in vivo 

The involvement of Na,K-ATPase in fenestra induction in bEND5 cells suggests this 

plasma membrane protein may be a critical regulator of the fenestra biogenesis pathway. 

We sought confirmation of these findings in a more relevant setting in vivo. 

 Roberts and Palade demonstrated that intradermal or topical application of VEGF could 

induce vessel fenestration within ten minutes in vivo (1995 and 1997). These findings 

suggest that VEGF is able to trigger a reorganisation of existing endothelial cell 

machinery sufficient to drive large scale fenestral pore formation.  We hypothesized that 

the Na,K-ATPase may be a regulator downstream of VEGF signalling and tested this 

concept in the rodent skin and cremaster muscle settings, as described by Roberts and 

Palade (1995 and 1997).  
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Fig. 5-17 Ouabain induced fenestra formation in bEND5 cells. Ouabain or VEGF was 
incubated with bEND5 cells for  24 hours. Ob, ouabain; scale bar, 10 μm. 

A. The reorganisation of PV-1 into distinct pattern of sieve plates showed dose 
dependence to ouabain incubation, and the effect induced by Ouabain at 200 μM 
displayed similar level to that was induced by VEGF at 75 ng/ml, which was 
used as a positive control in the assay. 

B. PV-1 marked fenestral sieve plates induced by ouabain at 200 μM were 
delineated by microtubules.  
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Fig. 5-18 Local actin disruption occured with ouabain-induced fenestra formation. 
Local actin disruption and PV-1 marked fenestral sieve plates induced by ouabain were 
dose dependent. The induction of fenestral pores was further confirmed by wholemount 
TEM. Scale bar in LM, 10 μm; scale bar in TEM, 1 μm. 
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5.7.2.1 Ouabain increased fluorescence leakage both in a mouse skin model and in 

a rat cremaster model 

We first examined a mouse skin model to test whether ouabain could induce changes in 

vascular permeability. Although fenestrae display a diameter of around 60 nm (Bennett, 

1959), the radial fibrils of the diaphragm further divide the fenestra into small pores 

with an arc length of about 5 nm (Bearer, 1985). Therefore we used a 3kDa fixable 

FITC-dextran with a mean diameter of 2.4 nm to determine if oubain induced vascular 

permeability, a potential indicator of fenestra formation (Tripathi, 1977). Under 

epifluoresence microscopy, there was a slight fluorescence increase in PBS-injected 

skin samples compared to samples without injection - most likely due to the injection 

procedure itself. Significant fluorescence leakage was observed in samples treated for 

10 minutes with VEGF (20 ng in 30 μl) (Roberts, 1995), or ouabain at concentrations of 

200 µM and 1 mM (Fig. 5-19). To be consistent with the concentration used with 

bEND5 cells, we chose the concentration of ouabain at 200 µM for subsequent 

experiments (Fig. 5-19). However, due to the sparse capillaries in skin tissue and the 

interference of follicles, it was difficult to locate the affected capillaries by fluorescence 

or EM. We therefore turned to the rat cremaster model described in Roberts’ 

publications (1995 and 1997) for further investigation. 

As seen with epifluoresence microscopy, topical application of ouabain or VEGF 

resulted in increased fluorescence leakage in the cremaster muscle sample (Fig. 5-19), 

especially in areas rich in capillaries, which were identified based on their small size 

and parallel pattern relative to muscle fibers. We further studied the cause of 

fluorescence leakage using ultrastructual analysis. 
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Fig. 5-19 Ouabain induced fluorescence leakage in vivo. 
A. For the mouse skin model, 30 µl oPBS, VEGF164 (20 ng in 30 µl) or ouabain 

(30 µl at 200 µM) was injected subcutaneously into the mouse abdomen.  For 
the rat cremaster model, 100 µl of PBS, VEGF164 (75 ng in 100 µl) or ouabain 
(100 µl at 200 µM) was applied topically onto the surgically exposed rat 
cremaster muscle. Animals were sacrificed 10 minutes later.  Fixable FITC-
Dextran (3 kDa) was used to track vessel leakage. Scale bar, 20 μm. 

B. Quantification of vascular leakage indicated by fluorescence intensisty. N ≥ 3 
for each group.Error bars denote ±SEM.* P < 0.05; ** P < 0.01 
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5.7.2.2 Ouabain induced endothelial fenestrae in the rat cremaster muscle 

vasculature 

Guided by the FITC-dextran tracer, the region with the strongest fluorescence leakage 

was cut out and processed, then super-thin sections were cut and stained for TEM 

imaging. Electron microscopy revealed that the microvasculature in the cremaster 

muscle contained a continuous endothelium that rarely, if ever, was fenestrated (Fig. 5-

20). An initial striking effect of just 10 minutes of ouabain or VEGF exposure was the 

resulting attenuation of the capillary vessel walls (Fig. 5-20). Consistent with the studies 

by Roberts (1995), topical application of VEGF caused endothelium fenestration after 

ten minutes (Fig. 5-21A) and breakdown of intercellular junctions, as indicated by a 

platelet trapped by the basement membrane (Fig. 5-21B). Remarkably, topical 

application of ouabain for 10 minutes also induced fenestra biogenesis in muscle 

capillaries (Fig. 5-22, A and B). These newly formed fenestrae were around 60 nm in 

diameter and typically had a diaphragm. In appropriate sections, the characteristic 

central knob of the diaphragm was readily distinguishable (Fig. 5-22, arrows). 

Occasionally, transendothelial channels with diaphragms on the luminal and abluminal 

sides of the endothelium was also found (Fig. 5-22B, asterisk). We also observed 

opening of intercellular junctions in ouabain-treated samples (Fig. 5-22C, long arrow).  

Similar findings were also observed with another cardiac glycoside, digoxin, which is 

also used to inhibit the Na,K-ATPase in cardiovascular disease patients, strongly 

supporting the role of this ion transporter in fenestra biogenesis (data not shown). 
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Fig. 5-20 Ouabain and VEGF caused attenuation of the vessel wall. 
Section TEM images of vessels in cremaster samples treated with PBS (100 μl), VEGF 
(75 ng in 100 μl) or ouabain (100 μl at 200 µM) for 10 minutes. Attenuated vessel was 
was observed in VEGF or ouabain treated samples (short arrows). 
Scale bar, 1 µm 
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Fig. 5-21 Validation of VEGF inducing vessel fenestration in vivo. 
VEGF (75 ng in 100 µl) was topically applied to rat cremaster tissue for 10 minutes.  

A.  A fenestrated endothelium. Arrows, fenestrae. 
B. An endothelial cell with a platelet going through an intercellular junction 

opening, long arrow. 
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Fig. 5-22 Ouabain induced vessel fenestration in vivo. 
100 µl of ouabain at 200 µM were topically applied to rat cremaster tissue for 10 
minutes.  

A. An endothelial cell with extensive fenestration. Arrows, fenestrae. 
B. Another endothelial cell with fenestrae (arrows) and a transendothelial channel 

(asterisk). 
C. An endothelial cell with an intercellular junction opening (long arrow). 
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5.7.2.3 Quantification of ouabain-induced fenestra formation in the rat cremaster 

muscle 

To further detail the potency of ouabain-induced endothelial fenestration, we quantified 

ouabain-induced fenestration frequency and extent in comparison with VEGF-induced 

fenestration. After 10 minutes exposure, it was observed that almost all vessel changes 

occurred in the most superficial layer of the cremaster tissue, which received the 

maximum exposure from the topical administration. Therefore, I quantified the vessels 

in that layer of cremaster tissue, as indicated in Fig. 5-23. In both VEGF- and ouabain 

treated samples, most of the vessels in the superficial layer appeared attenuated, though 

ouabain treatment caused significantly more vessels to display endothelial fenestration 

(Fig. 5-24A). The extent of endothelial fenestration, either counted as the fenestra 

number per fenestrated vasculature (Fig. 5-24B) or measured by percentage of 

fenestrated vessel length (Fig. 5-24C), was similar between ouabain and VEGF 

treatment.  
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Fig. 5-23 Localisation of attenuated vessels in cremaster tissue. 
Semi-thin sections were stained with a 1% toluidine blue/borax mixture at 60˚C. 
Attenuated vessels were mostly located in the superficial layer of cremaster tissue. 
The superfacial layer was indicated by the white curving line in the direction of the 
white arrow, and vessels in the most superficial area were indicated by black arrow 
heads. Scale bar, 10 μm. 
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Fig. 5-24  Quantification of vessel fenestration in rat cremaster tissue. 

A. The prevalence of vessel fenestration was measured by the percentage of 
fenestrated vessel in the superfacial layer of cremaster tissue. Ouabain caused 
more vessels being fenestrated than VEGF did, whilst there was no fenestrated 
vessel in PBS treated samples.  

B. Fenestration extent was indicated by fenestra number per vessel (B left), or by 
percentage of fenestrated vessel length (B right). Ouabain and VEGF caused 
similar degree of fenestration. 

The result is the representative of 3 independent experiments. N ≥ 20 (about 20 to 30 of 
vessels were quantified for each treatment.),  error bars denote ±SEM. 
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5.8 PI3K signalling is an important pathway involved in fenestra formation 

Oubain inhibition can recruit, assemble and activate the lipid kinase 

phosphatidylinositol 3-kinase (PI3K) (Liu, 2007; Zhou, 2001). PI3K catalyzes the 

production of phosphatidylinositol (PtdIns), including PtdIns(3,4)P2, PtdIns(3,5)P2, and 

PtdIns(3,4,5)P3, which are linked to an extraordinarily diverse group of cellular 

functions, including cell survival pathways, intracellular trafficking, and cytoskeletal 

rearrangements (Cantley, 2002). Blocking PI3K activity with wortmannin at 1 µM or 

LY294002 at 10 µM completely inhibited latrunculun A- or ouabain-induced fenestra 

formation (Fig.5-25 ). On the contrary, another pharmacological inhibitor of Rho family 

small GTPases, Rho, Rac, and Cdc42 (ROCK), which control the assembly and 

disassembly of the actin cytoskeleton in response to extracellular signals(Kaibuchi, 

1999; Jaffe and Hall, 2005), did not compromise fenestra formation triggered by 

latrunculin A or ouabain. (Fig. 5-25).  

5.8.1 Dynamic change of PI3Ks during fenestra induction  

The PI3K isoforms are divided into three classes, PI3K I, II and III.  In cardiac 

myocytes, ouabain activates class IA PI3K but not IB (Liu, 2007). IA PI3K was also 

reported to associate with Na,K-ATPase to regulate cell motility in MDCK cells (Barwe, 

2005).  Class IA PI3K is composed of a p110 regulatory subunit and a p85 catalytic 

subunit (Carpenter, 1990). Western analysis indicated that p110α was the major 

catalytic subunit in bEND5 PI3K, and the phosphorylation level of the regulatory 

subunit, p85, changed greatly before and after fenestra formation (Fig. 5-26A). A more-

detailed study on the time course of fenestra induction showed that p85 underwent a 

dramatic change in phosphorylation status upon latrunculin A addition. P85 was greatly 

phosphorylated at the beginning of the induction course, followed by a dramatic 

dephosphorylation from 30 minutes of induction, presumably during the reorganisation 

process for fenestra formation. The phosphorylation level of p85 increased slightly 

toward the end of the induction, when the fenestral structure was stabilised. A 30-

minutes washout with PBS at the end of the incubatin restored the phosphorylation level 
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of p85 to the base level before the addition of latrunculin A (Fig. 5-26B). The dynamic 

change in p85 phosphorylation during the fenestra induction implied the active 

participation of PI3K signalling in fenestra formation. 

5.8.2 Na,K-α associates with the p85 regulatory subunit of PI3K 

It has been reported that Na,K-ATPase activates PI3K through the association between 

Na,K-α and p85 (Barwe, 2005), which in return regulates the trafficking of Na,K-

ATPase (Yudowski, 2000). Immunoprecipitation analysis revealed that Na,K-α 

coimmunoprecipitated with p85 in bEND5 cells. However, there was a significant 

increase in the p85 levels associated with Na,K-α in bEND5 cells that are fenestrated by  

either latrunculin A or ouabain (Fig. 5-27). These results suggest the close association 

between PI3K p85 and Na,K-ATPase may play an important role in the process of 

fenestra formation. 
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Fig. 5-25  Exploration of signalling pathways involved in fenestra formation. 
Microtubule delineated, PV-1 marked fenestral sieve plates were induced in bEND5 
cells by latrunculin A (1.25 μM) for 3 hours, or by ouabain (200 μM) for 24 hours (top 
panel). Co-treatment with PI3K inhibitor, wortmannin (1 μM) or LY294002 (10 μM) 
inhibited fenestra formation induced by latrunculin A or ouabain (middle panels). Co-
treatment with ROCK inhibitor, Y27632 (10 μM) didn’t compromise fenestra formation 
induced by latrunculin A or ouabain.  Scale bar, 10 μm. 
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Fig. 5-26     The PI3K subunit p85 changed phosphorylation status during fenestra 
formation. 
Latrunculin A (LA) induced dramatic changes in p85 phosphorylation in bEND5 cells. 

A. Phosphorylated p85, but not other components of PI3Ks, increased greatly when 
latrunculin A was added to bEND5 cells. 

B. Time course of p85 phosphorylation during fenestra induction triggered by 
latrunculin A at 1.25 µM. 
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Fig. 5-27 PI3K subunit p85 was associated with Na,K-α in fenestral sieve plates. 
Protein level of PI3K subunit p85 didn’t change before and after fenestra induction 
triggered  by latrunculin A (1.25 μM) for 3 hours or by ouabain (200 μM) fo24 hours 
(A). However, p85 only Co-IPed with Na,K-α in bEND5 cells that were treated by 
latrunculin A or ouabain for fenestra induction (B). 
IP, immunoprecipitation; IB, immunoblot.
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5.9 Discussion 
 
Although an underlying cytoskeleton  responsible for subcellular organisation of 

fenestrae has long been speculated to exist, the tools have not existed to probe the nature 

of this cyto-architecture. What started as the development of an in vitro fenestra 

biogenesis model and proteomic analysis, has now evolved to the identification of  

molecular interactions linking moesin, short actin filaments (presumably 

protofilaments), fodrin and plasma membrane proteins PV-1 and the Na,K-ATPase to 

the fenestra and  sieve plate. Interference with these interactions using chemical 

inhibitors or siRNA strongly supports the importance of these interactions in fenestra 

formation and provides a conceptual framework for future studies.  

In erythrocytes, a spectrin-based membrane skeleton supports cell shape, maintains cell 

membrane integrity, and facilitates mechanical properties of a cell membrane that 

encounters much stress within the blood stream (Delaunay, 2006; Perrotta, 2008).  

Mutations in spectrins or protein 4.1 lead to hereditary elliptocytosis,  characterised by 

abnormal shape, increased membrane fragility and reduced deformability of 

erythrocytes (Liu, 1990; Whitfield, 1991). Similarly, in non-erythroid cells the fodrin-

based submembrane skeleton is involved in cell architecture, morphology, and plasma 

membrane stability (Goodman, 1981; Wu, 2001). For example, in epithelial cells, 

depletion of β2-spectrin by siRNA results in a failure to form a new lateral membrane in 

interphase and in mitotic cells (Kizhatil, 2007).  

The identification of the fodrin membrane cytoskeleton as a major feature of fenestra 

sieve plate formation and architecture, in retrospect, should come as no surprise.  

Fenestrated endothelial cells have highly attenuated regions of the cell between the 

microtubule, intermediate filament and organelles “struts”.  These sieve plate regions 

are thin and presumably fragile, being perforataed with hundreds of pores.  The 

presence of a submembrane cytoskeleton would provide both structural stability to the 
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plasma membrane, and an underlying architecture to enable the remarkable organisation 

of pores both in terms of inter-pore distances and their alignment in linear arrays. 

The Na,K-ATPase is best appreciated for its role in the regulation of ion homeostasis in 

mammalian cells, though it has long been reported to be involved in signalling linked to 

reorganisation of specialized cell membrane domains. During the development of 

polarity in MDCK cells, the cellular change in fodrin expression coincides temporally 

and spatially with the development of the polarized distribution of the Na,K-ATPase 

(Nelson, 1986). Nelson et al further showed that the fodrin membrane skeleton and 

Na,K-ATPase are in the same protein complex in polarized MDCK cells (1987). Our 

results showed that the interaction between Na,K-ATPase and the fodrin membrane 

skeleton is specific to bEND5 cells that are fenestrated, but not in normal bEND5 cells. 

The ability of ouabain to induce breakdown of tight junctions has been well documented 

in epithelial cells (Rajasekaran, 2005). In human RPE cells, Na,K-ATPase inhibition by 

ouabain results in decreased tight junction membrane contact points and increased tight 

junction permeability (Rajasekaran, 2003). We occasionally observed intercellular 

junction openings in ouabain-treated rat cremaster tissue, though the increased vessel 

permeability was largely due to the significant induction of fenestrae in vascular 

endothelium. Our study is the first to report the regulatory function of Na,K-ATPase in 

vascular fenestration. 

Though still preliminary, our results do suggest that it is the regulation of PI3K 

signalling that may be the critical role played by the Na,K-ATPase. Dopamine-mediated 

endocytosis and inhibition of Na,K-ATPase involve activation of PI3K by Na,K-

ATPase binding to p85 (Yudowski, 2000). In Moloney sarcoma virustransformed 

MDCK cells, the association of Na,K-α with p85 was involved in the activation of PI3K 

(Barwe, 2005). We also observed increased association between Na,K-α and p85 in 

fenestrated bEND5 cells. Independent of the precise mechanistic role played by the ion 

transporter, the results with the cardiac glycoside ouabain lend the strongest support to a 

novel, central regulatory role for the Na,K-ATPase in fenestra biogenesis. 
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Abbreviations 

 

ABPs  actin binding proteins 

AMD  age-related macular degeneration  

BSA  bovine serum albumin 

DMEM Dulbecco’s modified Eagle medium 

ER  endoplasmic reticulum 

ERGIC ER-Golgi intermediate compartment 

ERM  ezrin, radixin, and moesin 

FAK  focal adhesion-associated kinase 

FACR  fenestrae-associated cytoskeleton ring 

GEnC  glomerular endothelial cell 

GFP  green fluorescent protein 

GFR  glomerular filtration rate 

HA  hemagglutinin 

HSPG  heparan sulfate proteoglycans 

HuVEC human umbilical vein endothelial cells  

LM-EM light microscopy-electron microscopy 

LSEC  liver sinusoidal endothelial cells 

MβCD  methyl-β-cyclodextrin 

MDCK Madin-Darby canine kidney 

MT  middle T antigen 

NPC  nuclear pore complex 

PBS  phosphate-buffered saline 

PDK1  phosphoinositide-dependent protein kinase-1 

PFA  paraformaldehyde 

PI3K  phosphatidylinositol 3-kinase 

PIP2  phosphatidylinositol 4,5 biphosphate 

PMA  phorbol myristate acetate 
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PtdIns  phosphatidylinositol 

PV-1  plasmalemmal vesicle–associated protein–1 

RA  retinoic acid  

RPE  retinal pigment epithelium  

SNARE           soluble N-ethylmaleimide sensitive fusion protein attachment protein  

                        receptor 

TGF-β   transforming growth factor β  

VEGF  vascular endothelial growth factor 

VVOs  vesiculo-vacuolar organelles 
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Chapter 6     Moesin-, annexin II- and Na,K-ATPase-regulated 

cytoskeleton remodelling plays a central role in fenestra formation 

-general discussion and future perspectives 

 

The formation of fenestrated endothelium is accompanied by extensive changes in the 

structure and properties of the plasma membrane. The most striking changes are the 

cellular reorganization leading to an extremely attenuated cell periphery and the rapid 

and orderly formation of numerous transcellular pores. The processes by which these 

changes occur have remained largely undefined. 

Our efforts to better understand the mechanisms of fenestra formation led us to the actin 

cytoskeleton. Actin reorganization is essential in many dynamic cellular processes, 

including the formation of filopodia and lamellipodia in cell movement (Theriot, 1991), 

membrane trafficking (Kakosonen, 2000, Smythe, 2006; Egea, 2006), cell adhesion 

(Reddig, 2005; Gates, 2005; Delon, 2007), and neurite extension (Govind, 2001; 

Ledesma, 2003). Given the widespread role of actin in cellular dynamics, it would seem 

plausible that it would be an important part of cell shape changes, sub-cellular 

reorganisation and membrane fusion during fenestra formation. However, the fact that 

fenestra formation in our model system is triggered by disruption of the actin 

cytoskeleton with disrupting agents such as latrunculin A initially led us away from 

proposing an active role for actin.  

Actin-disrupting agents have been used extensively in studies examining the potential 

involvement of actin cytoskeleton organization or actin dynamics in various biological 

functions.  Although the severity of the alterations in actin cytoskeleton and cell 

morphology caused by these agents depends on the cell type, the most common change 

is cell edge retraction accompanied by the formation of radial tubular protrusions 
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(Lázaro-Diéguez, 2007).  This phenomenon, termed arborisation in cell shape, is a 

natural change due to the elastic energetics of shape change when adhesion points and 

the actin cytoskeleton are disrupted (Bar-ziv, 1999) (Fig. 6-1A).  

In our in vitro fenestra biogenesis model, bEND5 cells displayed the reported changes 

in cell shape, namely periphery retraction and arborisation, following treatment with 

latrunculin A. (Fig. 6-1B). Therefore, we initially concluded that the removal of actin 

microfilaments led to shape changes which could support the further formation of 

fenestrae. Also, several studies have shown that the disassembly of the actin 

cytoskeleton which is essential prior to membrane fusion, is a major aspect of fenestra 

formation (Aunis, 1988; Muallem, 1995; Braet, 1996).  Furthermore, fenestral sieve 

plates are extremely attenuated, at 30-40 nm cellular thickness, requiring removal of 

nearly all organelles and classical cytoskeletal filaments.  These findings all appeared to 

point to the importance of removing filamentous actin to enable fenestra formation.   

However, the high degree of cellular organisation that was observed in fenestrated 

endothelium still suggested the involvement of some type of cytoskeletal element.  For 

example, sieve plates form between microtubular protrusions. Importantly, despite the 

apparent lack of cytoplasmic support elements, sieve plates are perforated with fenestrae 

that are aligned in highly ordered arrays (Fig. 6-2). A potential solution to this paradox 

following our decision is to revisit the role of the actin cytoskeleton in fenestra 

formation. 
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Fig. 6-1 Cell arborisation caused by collapse of cortical actin. 
A. Shapes of cells calculated from the theory as a function of the changing ratio 

between the balanced surface tension and effective elastic line tension at their 
edges. Polygonal cell with n adhesion points (n=3 for a-d, n=7 for e-h) went 
arborisation and pearling (d, h)  when cells were treated with latrinculin A. 
(Adapted from Bar-Ziv, 1999.) 

B. CD31 staining showed a bEND5 cell changed into arborised shape with 
latrunculin A treatment, but maintained an extremely attenuated cell region 
between the thick arbors. Scale bar, 10 μm.  
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Fig. 6-2  Highly ordered organisation of fenestrae in the sieve plates. 
Wholemount TEM image of a fenestrated bEND5 cell revealed the highly ordered linear 
array of fenestral organisation.  
Scale bar, 2 μm.  
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6.1 Moesin is essential for fenestra formation 

My thesis began with trying to resolve the observations that actin filament disassembly 

triggers fenestra formation, yet proteomic analysis suggested an enrichment of actin 

binding proteins associated with fenestrated plasma membranes. Efforts were initially 

focused on the cytoskeletal adapter protein, moesin. The importance of moesin in 

fenestra formation was clearly demonstrated in the moesin-depleted bEND5 cells, 

which displayed lack of fenestral pores and compromised sieve plate formation. 

Moesin’s role in fenestra formation was also supported by results from use of the 

dominant-negative N-moesin-GFP.  As described in chapter 4, although overexpression 

of the moesin lacking the F-actin binding C-terminal still led to the formation of what 

we have termed a pseudo-sieve-plate at the cell periphery, there’re no fenestral pores in 

those distinct microdomains. Immunofluorescence analysis also revealed the absence of 

F-actin, fodrin and Na,K-ATPase in those pseudo-sieve-plates (Fig. 4-8; Fig. 6-3).  

These data support a role for moesin in the cytoskeleton assembly required for fenestra 

formation.  

Its precise role is not known, though the well documented role of moesin in actin 

assembly may provide insights in this regard. Vaheri et al first proposed that, besides 

their commonly recognised linker protein function, ERM proteins may also play a more 

general role in de novo actin assembly on membrane surface (1997). Mackay et al 

showed that recombinant ERM protein, especially moesin, can reconstitute actin 

assembly in permeable cells in response to activation of Rho and Rac (1997). Moesin 

and ezrin were recruited by phagosomes from the cytoplasm to facilitate the de novo 

actin assembly on phagosomal membranes (Defacque, 2000). Recent works in epithelial 

cells further showed that moesin promotes actin remodelling in response to tumor 

necrosis factor-α (Takahashi, 2010) or transforming growth factor-β (Haynes, 2011). 

Moesin may as well function as an adapter to facilitate cytoskeleton reassembly 

required for fenestra formation. Indeed, a recent study of endocytic, clathrin-coated  
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Fig. 6-3 The F-actin binding domain of moesin is essential to reassembly of membrane 
skeleton and Na,K-ATPase in fenestral sieve plates. 
Absence of  fodrin membrane skeleton (A) or Na,K-ATPase (B) in the sieve-plate-like 
microdomains in N-moesin-GFP transfected bEND5 cells. 
Arrows, sieve-plate-like-microdomains in latrunculin A treated bEND5 cells. 
Scale bar, 10 μm. 
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vesicles demonstrated that moesin drives membrane trafficking by binding PIP2 on 

nascent clathrin-coated vesicles and the actin cytoskeleton (Barroso-González, 2009).  

In addition, moesin may also play a less dynamic, but more structural role in assembly 

of the actin-fodrin cytoskeleton. Band 4.1 protein, a moesin-related protein and member 

of the FERM protein superfamily, is a component of the spectrin-based membrane 

skeleton in erythrocytes (Liu, 1987). Although spectrin normally binds to and crosslinks 

F-actin (KD = 2 × 10−4 M), its affinity for F-actin increases eight orders of magnitude in 

the presence of protein 4.1 (KD = 10−12 M) (Goodman, 1988). Loss of protein 4.1 

results in elliptocytic red blood cells, whose abnormal form can result in haemolytic 

anaemia, suggesting compromised membrane stability in red blood cells (Delaunay 

2007). Similar to the role of band 4.1 in erythrocytes, moesin may be a structural 

component organising fenestrae in the sieve plates.  

However, the findings from the dominant negative moesin also suggest that formation 

of the attenuated pseudo-sieve-plate microdomains may be independent of the actin-

fodrin cytoskeleton network.  The lack of fodrin and particularly, F-actin in this region 

was surprising, since F-actin is known to contribute to lammellipodia formation (Heath, 

1993; Small, 1998 and 2002), and the pseudo-sieve-plate is essentially an attenuated 

thin, lammellipodia-like structure. The puzzling phenomenon was also observed in N-

moesin-GFP overexpressed NIH3T3 cells. Amieva et al observed that, during retraction 

of lamellipodia, an accumulation of aboundant membraneous structures, which are 

enriched with the GFP-labelled domain, are devoid of actin and endogenous moesin 

(1999). The molecular assembly of these membraneous structure and the pseudo-sieve-

plates is unclear. Nevertheless, the fact that the pseudo-sieve-plate was not observed in 

moesin knockdown cells suggests that the C-terminally truncated moesin may retain a 

functional activity that contributes to the formation of this plasma membrane 

microdomain. Crepaldi et al proposed that the tight binding of N-domain could be 

responsible for a global impairment of membrane protein redistribution, assembly of 
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cell surface and cytoskeletal structures (1997), though the exact mechanism clearly need 

further investigation. 

6.2 The interaction between Na,K-ATPase and the fodrin membrane skeleton is 

essential to  fenestra formation 

In epithelial cells, Na,K-ATPase localises to and regulates tight junctions function 

(Rajasekaran, 2003). In addition to pumping Na+ out of and K+ into the cell, Na,K-

ATPase also functions in forming signalling microdomain by interacting with other 

proteins. Through the third cytosolic domain of Na,K-α, Na,K-ATPase interacts with 

PLC-γ (Li and Xie, 2009), adaptor protein 2 (Done, 2002) and actin-regulating protein 

cofilin (Kim, 2002). The N-terminus of Na,K-ATPase interacts with PI3K p85 subunit, 

IP3 receptor and caveolin-1 (Yudowski, 2000; Cai, 2008). Protein complex of Na,K-

ATPase, PI3K and annexin II at the plasma membrane regulates cell motility (Barwe, 

2005). The Na,K-ATPase/Src complex functions as a signal receptor for cardiotonic 

steroids including ouabain (Li and Xie, 2009 ). Rajasekaran et al proposed a model for 

the role of Na,K-ATPase through its scaffolding partners in regulation of tight junctions 

in epithelial cells (Fig. 6-4) (Rajasekaran, 2009). 

The close association between Na,K-ATPase and submembrane cytoskeleton has been 

demonstrated by several studies (Nelson and Veshnock, 1987; Devarajan, 1994; Zhang, 

1998). Na,K-ATPase also binds to moesin with links to actin and modifies ankyrin 

binding (Kreamer, 2003). In bEND5 cells, the interaction between Na,K-ATPase and 

the fodrin cytoskeleton only exists bEND5 cells that are fenestrated, presumably in 

fenestral sieve plates, and the link is dependent on moesin expression. More 

interestingly, moesin knockdown significantly reduced the protein level of Na,K-

ATPase in bEND5 cells, which very likely resulted from the limiting amount of moesin, 

just as the level of erythroid anion transporter early in development is limited by the 

lack of moesin (Cox, 1987).  On the contrary, an increased level of Na,K-ATPase 

associates with elevated expression of moesin in opossum kidney cells (Silva, 2009). 

These observations and our data support the idea that moesin serves as a  
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Fig. 6-4  Schematic model of Na,K-ATPase as a scaffolding signalling platform. 
Na,K-α interacts with IPR1/3 (IP receptor 1 and 3), PI3K p85 subunit, PP2A, Src and 
PLC-γ1. Na,K-β binds to annexin II and PP2A. Na,K-ATpase also directly associates 
with actin cytoskeleton (ankyrin, spectrin/fodrin). 
(Adapted from Rajasekaran, 2009.) 
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molecule directly linking Na,K-ATPase to the fodrin membrane skeleton, and may 

modify interaction with ankyrin and the Na,K-ATPase similar to how protein 4.1 

modifies the binding of ankyrin to erythrocyte anion exchanger AE1 (Cox, 1987; Akker, 

2010). 

6.3 Annexin II-regulated membrane-cytoskeleton remodelling negatively 

modulates fenestra formation 

Like ERM proteins, annexin II possesses a highly conserved membrane binding module 

at its N-terminus and an F-actin binding site at its C-terminus (reviewed in Swairjo, 

1994 and Filipenko, 2001). Annexin II is a component of F-actin-rich comet tails that 

propel newly formed endocytic vesicles from the plasma membrane to the cell interior 

(Merrifield, 1999).  It is also a component of the F-actin pedestals that form at the 

membrane-attachment sites of enteropathogenic Escherichia coli (Zobiack, 2002). The 

role of annexin II in regulation of membrane-cytoskeleton dynamics is further 

emphasized by its specific association with membrane-associated actin, rather than 

stress fibres or cytoplasmic actin filaments, at sites of cholesterol-rich membrane 

domains (Babiychuk, 2000). Thus the opposing effect on fenestra formation caused by 

depletion of moesin and annexin II may have resulted from competition of binding to  

membrane-associated actin between annexin II and moesin, besides the competition for 

binding to PIP2-rich membrane microdomains.  

Our data suggest that annexin II may also regulate fenestra formation by modulating 

expression of Na,K-ATPase. Increased expression of Na,K-ATPase was found in 

annexin II-depleted bEND5 cells. Na,K-β was reported to suppress cell motility through 

binding to annexin II (Barwe, 2005).  In bEND5 cells, the increased expression of 

Na,K-α could be triggered by feedback from the diminishing interaction between Na,K-

β and annexin II due to reduced annexin II, just as depletion of Na,K-β in moloney 

sarcoma virus-transformed MDCK cells increases Na,K-α levels (Barwe, 2005). 
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6.4 Membrane skeleton components colocalise with PV-1 in other fenestrated 

endothelium 

We sought to determine if the observations in bEND5 cells might apply more broadly to 

fenestrated cells/tissue. First, we found that moesin and fodrin were strongly expressed 

and colocalised with PV-1 in highly fenestrated choriocapillaries. Other ERM members 

were expressed in different layers of retina. These data are consistent with a role for the 

fodrin cytoskeleton in fenestrated endothelium in vivo.  

 Braet et al. proposed a fenestra-associated cytoskeleton ring around cultured LSEC 

fenestra (1995). To investigate whether the membrane skeleton was also present in 

LSEC sieve plates, we isolated mouse LSEC and cultured them in vitro. LSEC rapidly 

lost their fenestrae in culture, but interestingly, PV-1 was up-regulated after 2-3 days of 

culture, and abundant PV-1-marked fenestral sieve plates could be induced by 

latrunculin A. The induced fenestrae were confirmed by TEM (data not shown). 

Immunofluorescence analysis revealed that spectrin/fodrin and ankyrin B colocalised 

with PV-1 in fenestral sieve plates in the cultured LSEC (Fig. 6-5). Our observations 

suggest that the fenestra-associated cytoskeleton ring of LSEC may be a fodrin-based 

membrane skeleton. 

We speculate that the fodrin membrane skeleton serves not only as a supporting 

structure to give distensability and rigidity to fenestral sieve plates, as it does in the 

erythrocyte plasma membrane, but also provides the organisation of pores into ordered 

arrays.. The membrane cytoskeleton may also function together with the diaphragm, to 

define the fenestral pore size. As discussed below, besides simply structural support and 

architectural information, the submembrane cytoskeleton and associated plasma 

membrane proteins such as PV-1 and the Na-K ATPase are likely to regulate signalling 

important for fenestra formation and function. 
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Fig. 6-5 Membrane skeleton in cultured LSEC fenestral sieve plates. 
PV-1 was induced when LSEC was cultured for 7 days, and PV-1 marked fenestral 
sieve plates were induced by latrunculin A (1.25 uM) for 3 hours. Membrane skeleton 
componets, spectrin and ankrin B colocalised with PV-1 in fenestral sieve plates. 
Scale bar, 10 μm 
(Courtesy to Dr. Victoria Coles, UCL Institute of Ophthalmology, London).) 



Chapter 6: General discussion and future perspectives 
 

 
208 

 

6.5 The role of PI3K and PtdIns in fenestra formation 

Our study identified PI3K as a major signalling protein involved in fenestra formation. 

PI3Ks are a family of enzymes that are originally defined on the basis that they could 

phosphorylate the 3-position hydroxyl group of the inositol ring of PtdIns ( Katso, 2001). 

The three reactions catalysed by PI3Ks are shown in Fig. 6-6 (Hawkins, 2006). The 

activation of PI3K  is now recognised as one of the most prevalent signal transduction 

events used by cell-surface receptors to control intracellular events (Stephens, 1993;  

Wymann, 1998; Vanhaesebroeck, 2001; Cantley, 2002;). More importantly, PI3K 

substrate and products PtdIns are involved widely and critically in the field of cell 

signalling and regulation. Inositol phospholipids have long been known to have an 

important regulatory role in cell physiology. These lipids, especially PIP2, function in 

classical cell-surface signal transduction, regulation of membrane traffic, organisation 

of the cytoskeleton, and ion channel activity (McLaughlin, 2002).  

 

                   

 

Fig. 6-6 Primary function of PI3K. The three reactions catalysed by PI3K, which 
phosphorylate the 3-position hydroxyl group of the inositol ring of PtdIns. 
 (Recreated from Hawkins, 2006).  
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Not only is PI3K activity linked to actin filament reorganisation and membrane ruffling 

via the action of Rho and Rac (Chen, 1999), but also it regulates functions of proteins 

that involved in fenestra formation, particularly Na,K-ATPase. The interaction between 

the SH3 domain of PI3K p85 and the proline-rich motif in Na,K-α was reported in 

regulation of endocytosis of Na,K-ATPase (Yudowski, 2000). Barwe and co-workers 

also showed that the cell motility suppressing function of Na,K- β is dependent on PI3K 

activiation, especially the interaction between PI3K p85 and Na,K-α (Barwe, 2005). 

PI3K, along with Src, are essential parts for ouabain induced, Na,K-ATPase mediated 

signal cascades (Li and Xie, 2009). Furthermore, PI3K products PIP2 was also reported 

to stimulate Na,K-ATPase endocytosis thus inhibiting Na,K-ATPse activity (Gallicchio , 

2009).  

 Although the PI3K activity is also reported essential for ERM proteins phosphorylation 

in neuronal cells, its major regulating impact to moesin and annexin II is from 

membrane PIP2(Jeon, 2009). Binding to PIP2 is a prerequisite for ERM protein 

activation (Bretscher, 1995), whilst annexin II is recruited to membrane raft structures 

by the specific interaction with PIP2 (Rescher, 2004). 

Also, membrane PIP2 is a critical regulator of the actin cytoskeleton. In addition to 

facilitating actin polymerization (Sechi, 2000; Yin, 2003), PIP2 regulates the function 

of several actin cross-linking- and regulatory proteins that are critical for the assembly 

of actin filaments and membrane attachment (reviewed in Logan, 2006). Future work to 

identify the direct role of PIP2 in fenestra formation will provide a link between PI3K 

and the down-stream effectors involved in fenestra formation, and will further our 

understanding of membrane-cytoskeleton dynamics during fenestra biogenesis. 

One interesting angle to pursue involves the polyoma middle T antigen. Among the 

hundreds of cell lines screened for fenestra induction, the two cell lines that displayed 

potent fenestra induction, bEND5 and Py4.1, are both MT-transformed cell lines 

(Ioannadou, 2006). Polyoma virus middle T-antigen is a 421 amino acid protein that is a 

highly effective oncogene, able to transform established cells to a fully transformed, 
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tumorigenic phenotype (Treisman, 1981). It interacts with and activates src-family 

tyrosine kinase, which then phosphorylates MT to provide binding sites for PI3K, 

PLCg-1, PP2A, etc. (reviewed in Keith, 2001). In many respects, MT can be considered 

to be a permanently active analogue of a growth factor receptor. MT transformation 

results in an increase in the amount of the PtdIns, PI(3,4)P2 and PI(3,4,5)P3,  products 

of PI3K activity, and the increase is abolished by removal of the PI3K binding site 

(Gorga, 1990; Serunian, 1990). In fact, PI3K activity was first observed in the 1980s 

with a tight link with MT oncoprotein (Sugimoto, 1984; Whiteman, 1985).  Thus, MT 

transformation might prime the signalling machinery in these cells, and in some as yet 

unknown way drive  reorganisation of the actin-fodrin cytoskeleton and formation of 

sieve plates following disassembly of cortical and microfilament actin networks. Future 

work with gain- and loss of function MT may further elucidate the role of PI3K and 

other signalling factors in fenestra formation. 

6.6 In vivo implications 

Fenestra formation is a rapid and reversible process, though it involves a wide range of 

regulating factors and biological events. The identification of fenestra components and 

dissection of the membrane-cytoskeleton interplay leading to fenestra formation provide 

a conceptual framework for further studies elucidating fenestra biogenesis. Our findings 

also provide new molecular targets and tools for probing fenestra structure and function 

in vivo. 

We identified the membrane skeleton as the supporting cytoskeletal structure in 

fenestral sieve plates. Consistent with the suggested role of Na,K-ATPase and fodrin 

membrane skeleton in the establishment of specialised microdomains (Nelson, 1986 and 

1989; Alper, 1994), our data showed that regulation of Na.K-ATPae by ouabain induced 

fenestra formation in bEND5 cells. These data were further extended in vivo by the 

work with ouabain and the Na,K- ATPase. With topical application as short as 10 

minutes, ouabain is able to induce endothelial fenestration in vessels that normally are 

not fenestrated, with an efficacy even more potent than VEGF. Our data showed a new 
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role of the multi-functional Na,K-ATPase in modulating vascular permeability by 

regulating endothelial fenestration.  

Na,K-ATPase serves as the highly conserved unique binding site for cardiac glycosides 

such as ouabain, digoxin, and digitoxin. Ouabain and digoxin are used widely in the 

treatment of congestive heart failure (Kaplan, 2005). The proposed mechanism is that 

inhibition of Na,K-ATPase results in increased cytosolic Na+, which in turn activates 

the Na+/Ca++ exchange pump, and Ca++ influx leads to increased muscle contractility 

(Meyer-Lehnert, 1993). However, chronic use of ouabain causes inhibition of Na+ 

efflux, and this Na+ retention may lead to unexpected side effects, especially in the renal 

system. Indeed, ouabain has been implicated in adrenocorticotropic hormone-induced 

hypertension (Dostanic-Larson, 2005). Ouabain-induced endocytosis of Na,K-ATPase 

was reported to play an important role in renal adaptation to volume expansion and 

hypertension (Kaplan, 2005). 

The role of Na,K-ATPase in the eye setting is even more intriguing. Reduced Na,K-

ATPase activity in RPE cells was reported in an animal model with diabetes 

(MacGregor, 1986). Significantly decreased retinal Na,K-ATPase activity has been 

shown in streptozotocin-induced diabetic rats (Ottlecz, 1996). Studies from Rajasekan’s 

group demonstrated that Na,K-ATPase inhibition by ouabain results in decreased tight 

junction membrane contact points and increased tight junction premeability 

(Rajasekaran, 2003 and 2005). Our study is the first to demonstrate that inhibition of 

Na,K-ATPase also increases permeability in endothelial cells, though by inducing 

fenestra formation rather than solely tight junction breakdown. With reference to human 

disease, the ultrastructual analysis of retinal vessels from diabetic patients revealed that 

some of the vessels were fenestrated, but the tight junctions between endothelial cells 

were rarely altered (Ishibashi, 1993). In addition, defenestration of choriocapillaries or 

even loss of choriocapillaries has been observed in age-related macular degeneration 

patients ( Neuhardt, 1999), though no link to Na,K-ATPase has been provided to date. 

These changes may contribute to pathological processes such as drusen formation and 
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thickening and reduced permeability of Bruch’s membrane. However, the molecular 

mechanism for these changes is largely unknown. The findings in our study may 

provide novel approaches to understand the permeability changes, especially changes in 

choriocapillary fenestration that occurs during AMD pathogenesis. 

6.7 Limitations 

Fenestra formation involves a bewildering range of cellular activities, including actin 

reorganisation, membrane cytoskeleton reassembly, membrane remodelling, membrane 

protein and lipid endocytosis, vesicle trafficking, and membrane fusion. The end point 

of this dynamic process is the formation of numerous transcellular pores. Future work 

will need to dissect how the function of some of the regulatory proteins described herein, 

contributes to pore and sieve plate architecture.  

Fusion of two lipid bilayers in an aqueous environment is a two-step process. First, the 

membranes are brought together into close proximity, then the boundary between the 

hydrophilic and hydrophobic portions of the layer is destabilised (Jahn, 2003). Thus the 

membrane fusion events generally require 1) molecules that tether and dock membranes 

and bring them into close proximity; 2) molecules that locally disturb the lipid bilayers, 

such as by induction of extreme membrane curvature; and 3) molecules that give 

spatially organise the process. The driving force for membrane fusion can come either 

from protein–lipid or protein-protein interactions, ultimately primed by ATP (Martens, 

2008). The preliminary data in chapter 3 showed that syntaxin 4 is highly expressed in 

bEND5 cells and colocalised with PV-1 in fenestral sieve plates (Fig. 3-14C). Future 

studies using gain- and loss of function of syntaxin 4 may provide more information on 

its functional role in fenestra formation. Immunostaining of other fusion-related proteins, 

such as the Rab proteins Rab4 and Rab5 and the exocyst component Exo70, didn’t give 

any conclusive information (data not shown). However, their involvement in fenestra 

formation cannot be ruled out, since they may have functioned earlier than the end stage 

of fenestra formation, especially since the fusion machinery tends to move away from 

the fusion zone (Martens, 2008). Future work with live imaging may prove valuable to 
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provide information about the membrane trafficking and fusion step in fenestra 

formation. 

Another area that deserves attention is the membrane trafficking. Fenestra formation 

was proved a highly dynamic process in our in vitro cell model. The dynamic 

segregation of PV-1 from caveolin-1 and the compromised fenestra formation by 

microtubule disruption suggested the involvement of endocytic pathway during fenestra 

induction. Endocytosis inhibition by MβCD showed the essential role of clathrin- or 

caveolin- dependent endocytic pathway in fenestra formation. However, Treatment of 

dynamin inhibitor Dynasore in bEND5 cells resulted in significantly decreased 

detection of PV-1 – the fenestra marker in our in vitro cell model, which made it 

impossible to preclude its effecting on fenestra formation. Future work coupled with 

corresponding ultrastructural analysis will provide more concluding information on the 

role of dynamin-dependent endocytosis in fenestra formation. 

Our preliminary exploration in signalling pathways showed that PI3K played an 

important role in fenestra biogenesis. Our data from ROCK inhibitor showed that 

inhibition of Rho family small GTPase didn’t compromise fenestra formation induced 

by latrunculin A or ouabain. ROCK member RhoA has been documentd as a key 

regulator of the cortical actin cytoskeleton (Hamada, 2001; D'Angelo, 2007). Reducing 

expression of Rho strongly suppresses loss of moesin function phenotypes (Speck, 2003; 

Hipfner, 2004; Molnar, 2007), and overexpression of Rho in epithelial cells produces a 

phenotype similar that caused by lack of moesin (Carreno, 2008). Interestingly, annexin 

II is reported to positively regulate Rho activity in Caco-2 epithelial cells (Babbin, 

2007).  Annexin II co-immunoprecipitates with endogenous Rho and constitutively 

active RhoA, and annexin II siRNA transfection leads to Rho disassociation from the 

membrane and decreased Rho activity (Babbin, 2007). So we speculate that the RhoA 

pathway very likely has a negative effect on fenestra formation similar to that of 

annexin II, though future experiments with an optimal Y27632 concentration are needed 

to explore the precise role of Rho during fenestra formation. 



Chapter 6: General discussion and future perspectives 
 

 
214 

 

Clearly there are also some interesting protein complexes that need further definition 

and understanding; for example, the Na,K-ATPase signalling scaffold, the fodrin 

submembrane cytoskeleton and potentially, the middle T antigen scaffold. Advanced 

ultrastructural techniques such as high pressure freezing and tomography coupled with 

immunolabelling techniques could yield critical insights in the future.  

6.8 Summary 

Through our effort to understand fenestra biogenesis, we identified that actin, the actin-

binding protein moesin, the fodrin membrane skeleton, and the integral protein Na,K-

ATPase all are part of the fenestral sieve plate structure. We also found that another 

actin-binding protein, annexin II, negatively regulates fenestra formation. PI3K activity 

was shown to be required for fenestra formation, whilst the negative regulation of 

Rho/ROCK proteins on fenestra formation cannot be ruled out. 

How do these factors work together to regulate fenestra formation? Based on our results, 

we propose the following model to explain the mechanism of moesin-, annexin II- and 

Na/K-ATPase- regulated fenestra induction in bEND5 cells (Fig. 6-7). Both the binding 

of ouabain to Na,K-ATPase and latrunculin A activate PI3K by direct effects on F-actin 

depolymerisation, by massive cortical release of Ca++ triggered by F-actin disruption, or 

by an unknown mechanism (Lim, 2002). Association of Na,K-α and p85 subunit is 

likely the common step in both latrunculin A- and ouabain-induced PI3K activation, 

since coimmunoprecipitation of p85 with Na,K-α increased in both latrunculin A- and 

ouabain-triggered fenestra induction. Through downstream effectors or as a direct effect 

of the PI3K products PIP2 and PIP3, the plasma membrane remodels to form sieve-

plate-like microdomains enriched for moesin. In turn, the relocalised moesin, through 

its F-actin-binding domain, initiates F-actin reassembly and membrane skeleton 

reorganisation. The newly formed membrane skeleton network functions at minimum in 

the following three ways: 1) it brings the targeted plasma membrane into close 

proximity; 2) it directs and facilitates the transport of materials required for fenestra 

formation, such as membrane fusion proteins, PV-1, and Na,K-ATPase, into the right 
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location; and 3) it directs the fusion process and restricts the location of structural 

proteins. The internalisation of PV-1, Na,K-ATPase and other proteins is most likely 

triggered by disruption of cortical actin and activation of PI3K. Another actin-binding 

protein, annexin II, negatively regulates fenestra formation by competing for the Na,K-β 

subunit, binding to PI3K products, and activating ROCK proteins. 

These findings depict complex but well-coordinated membrane-cytoskeleton dynamics 

during fenestra formation.  Our results provide a conceptual framework linking actin 

rearrangement to membrane remodelling during fenestra biogenesis, and identify new 

molecular tools for probing fenestra structure and function. However, our model now 

must be continually challenged as we develop additional data in the future.  It is our 

hope that manipulation of fenestra components and/or signalling pathways may 

potentially lead to regulation of vascular permeability and identification of targets for 

novel treatments targeted to endothelial permeability-related diseases. 
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Fig. 6-7 Schematic model for a proposed mechanism of actin-, moesin- and Na,K-
ATPase- regulated fenestra formation. 

 



Chapter 6: General discussion and future perspectives 
 

 
217 

 

 

 

1. PI3K is activated by latrunculin-A triggered F-actin depolymerisation (1a) 

and/or the following Ca++ release (1b), or by the binding of ouabain (1c).  

Association of Na,K-α and p85 subunit is likely the common step in both 

latrunculin A- and ouabain-induced PI3K activation. 

2. PI3K downstream effectors are activated. 

3. Moesin drives F-actin and membrane skeleton reorganisation and plasma 

membrane remodelling; protein redistribution for space clearance may also take 

place in this step. 

4. Target membranes are brought into close proximity, and fenestra formation 

required proteins, e.g. fusion proteins, PV-1, etc.  are translocated into place 

with the direction of the reorganised F-actin microfilament and membrane 

skeleton. 

5. Fenestral sieve plates form. 

6. Annexin II negatively regulate fenestra formation by competitively binding to 

PI3K products (6a) and Na,K-β (6b), which in turn activates ROCK pathway 

(6c). 

7. ROCK activation negatively regulates fenestra formation. 
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Supplemental Figure-1   Negative controls used in immunofluorescence staining 
 

 

Rat IgG
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Mouse IgG

No primary Ab

Alexa Fluor 488 Alexa Fluor 594

 

 

WGA, wheat germ agglutinin was used to label the cells; immunoglobulin G (IgG) from 

different species were used as negative controls for immunofluorescence staining. Scale 

bar, 10 μm.
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   Supplemental Table-1 Summary of candidate proteins from proteomic analysis 

(Ioannidou, 2005, PhD Thesis) 

 

Function Protein Name Total Change P-value Cell Type 

 

Cytoskeletal 

association 

Cofilin, non-muscle isoform Unique spot N/A bEND5 

Myosin light chain 2A and 2B, smooth 

muscle isoform 

1.488 0.0012 bEND5 

Twifilin-1 1.671 0.021 bEND5 

Transgelin 2 - unknown bEND5 

Protein Tyrosin Kinase 9 2.258 0.0048 Py4.1 

Kinesin Light Chain (KLCt) 1.772 0.0032 Py4.1 

 

Membrane 

remodeling / 

endocytosis 

Radixin / Moesin 3.811 0.0032 Py4.1 

Nucleotide diphosphate kinase B (nm23-

M2) 

 

1.251 / 1.16 

 

0.030 / 0.945 

bEND5 

Nucleotide diphosphate kinase A (nm23-

M1) 

Nucleotide diphosphate kinase B (nm23-

H2) 

Paralemmin 1.772 0.0267 Py4.1 

Annexin II 1.193 0.3104 bEND5 

 

Transcription / 

Translation 

Putative RNA-binding protein 3 1.251 0.0303 bEND5 

Heterogeneous nuclear rbonucleoprotein 

K (hnRNP K) 

1.883/1.71 0.193/0.1852 bEND5 

Eukaryotic translation inhibition factor 

H 

-1.012 0.9481 bEND5 

Musculin (Myogenec repressor) 

 

Housekeeping 

60 kDa heat shock protein, 

mitochondrial precursor 

-1.176 0.3662 bEND5 

ATP synthase, H+ transporting 

mitochondrial F1 complex, β subunit 

 

1.358 

 

0.371 

 

bEND5 

ATP synthase β chain, mitochondrial 

precursor 

Metabolism Α – Enolase (non-neural isoform) 1.826 0.0251 bEND5 

2.038/1.772 0.0021/o.o266 Py4.1 
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Supplemental Figure-2   Subtractive analysis of proteins regulated  
after latrunculin A treatment of bEND5 cells. 
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