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DEEDEE KAY SMART 
Caveolin-1 in the Cerebral Microvasculature: Identification and Characterization Within 
Junctional Domains and Implications for a Role in Blood-Brain Barrier Permeability 
(Under the direction of RICHARDS. CAMERON) 

The restricted permeability properties of cerebral microvascular endothelium are 

considered to reflect the pal!city, or near complete absence, of transcytotic· vesicles 

(caveolae) as well as the presence of complex tight junctions. Although cerebral 

microvasculature lacks caveolae, caveolin-1, the principle structural and functional 

component of caveolae, is detected predominantly in association with endothelia 

throughout the adult brain. In this study, I have investigated the expression of caveolin-1 

within the microvasculature of the rat neocortex using imrnunolocalization, imrnunoblot, 

and subcellular fractionation methodologies. Although caveolin-1 immunoreactivity was 

displayed principally by differentiating astroglial and neuronal cells at early 

developmental timepoints, caveolin- I immunoreactivity in the adult neocortex distributed 

predominantly to the microvascular endothelium. The change in the cellular distribution 

of caveolin-1 immunoreactivity was accompanied by a dramatic change in the detergent

solubility characte~ of the caveolin-·1·, protein. Because these morphological and 

biochemical changes in caveolin-1 expression and character paralleled the developmental 

maturation of interendothelial junctions, I pursued studies to determine if caveolin-1 

associated with the junctional domain in forming and adult microvascular endothelia. 

The detergent-i11solubility character of caveoiin-1 in adult cerebral microvasculature was 

not altered by increased detergent solubilization, depolymerization of the actin or the 

microtubule cytoskeleton, or disruption of intercellular adhesions. Depletion of 

membrane cholesterol with saponin, however, increased the solubility of caveolin, 



suggesting that caveolin-1 was localized within cholesterol-enriched microdomains. Both 

caveolin-1 and occludin revealed an enrichment in isolated junctional domain fractions. 

Caveolin-1 within the junctional domain fraction resolved as a 150-200 kDa protein 

complex, although a direct interaction with occludin was not apparent. Taken together, 

these data suggest that caveolin-1 expression in cerebral microvascular endothelium is 

associated with the formation and function of the junctional domain in cerebral 

microvasculature. 
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INTRODUCTION 

A. Statement of the Problem 

The blood-brain barrier, which modulates the exchange of molecules and solutes 

between the circulation and brain parenchyma, is of critical importance for maintaining 

homeostasis of the cerebral microenvironment. Improper regulation and/or disruption of 

blood-brain barrier function contributes significantly to the pathologies of cerebral 

ischemia (Westergaard eta!., 1976; Garcia eta!., 1978; Lossinsky et a!., 1979; Pluta et 

a!., 1994), glioma development (Stewart eta!., 1985; Coomber and Stewart, 1988), head 

trauma (Povlishock eta!., 1978), and cerebral inflammation and infectious diseases that 

affect the central nervous system (Liu et a!., 1989; Lenhardt and Wiley, 1989; Petito and 

Cash, 1992; Powers et a!, 1993). Determination of the cellular and molecular 

mechanisms underlying blood-brain barrier function is, therefore, of critical theoretical 

and biomedical significance. 

Analyses of isolated cerebral microvessels reveal that the blood brain barrier 

arises from the contribution of multiple cell types; endothelial cells, pericytes, basement 

membrane, and abluminal astrocytic foot processes (DeBault et a!., 1979; Lidinsky and 

Drewes, 1983; Choi and Pardridge, 1986). In comparison to endothelial cells of 

peripheral tissues, endothelial cells that comprise brain microvasculature reveal rather 

complex tight junctions (Brightman and Reese, 1969), and a near or complete absence of 

invaginated caveolae and transcytotic vesicles (Reese and Karuovsky, 1967) (Figure 1). 

1 
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Although barrier integrity may be regulated by multiple cellular interactions that 

contribute in total to the structure and function of cerebral microvasculature, the barrier 

itself is produced from the combination of reduced paracellular transport between 

cerebral endothelial cells and reduced transcellular transport across endothelial cells 

(Schneeberger and Lynch, 1992). 

In peripheral endothelia, regulation of transcellular permeability occurs principally 

through the process of transcytosis (Wissig and Palade, 1958; Palade, 1961; Palade, 

1968; Milici eta!., 1987; Villegas and Broadwell, 1993). Considerable data reveal that 

single caveolae, 50-100 nm plasmalemma! vesicles first identified by ultrastructural 

analyses of peripheral endothelium (Palade, 1953), located at the luminal or abluminal 

plasmalemma! surface pinch off and travel across the cytoplasm before fusing with the 

opposite plasmalemmmal surface (Bruns and Palade, 1968). Other hypotheses have 

suggested that many caveolar vesicles fuse to form· a trimsendothelial channel for 

exchange of substances between blood. and tissue (Palade and Predescu, 1993). 

However, endothelial cells that contribute to blood-brain barrier function exhibit neither 

caveolae nor caveolar vesicles in non-pathological situations in vivo. (Reese and 

Karnovsky, 1967). ·In contrast, in brain endothelium that does not maintain a 

permeability barrier, such as the endothelium in. the area postrema and the choroid 

plexus, the numbers of caveolae and other vesicles are comparable to peripheral 

endothelium (Coomber and Stewart, 1985). Additionally, the induction of caveolae 

formation and increased transcytotic activity may occur in brain endothelium in a number 

of pathological states where blood-brain barrier breakdown is an associated event (Ceros

Navarro eta!., 1983). These data suggest that cerebral endothelium, which is known to 



Figure 1. Ultrastructural morphology of cerebral microvasculature. An electron 

micrograph of a cerebral microvessel displayed in cross-section demonstrates the unique 

properties of blood-brain barrier endothelia. Endothelial cells (E) surround the lumen. 

These cells are surrounded abluminally by a basement membrane and by pericytes (P). 

Pericytes are thought to be the smooth muscle equivalent in microvessels (Joyce et al., 

1984 ). Surrounding the microvessel are astrocytic foot processes. Note that the 

endothelium is devoid of caveolae, transcytotic vesicles, and fenestrations. However, the 

endothelium is characterized morphologically by the presence of abundant tight 

junctions. 
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Lumen 
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have low rates of transcytosis and few pinocytotic vesicles, may down-regulate caveolae 

as part of maintaining an intact barrier function. 

Accordingly, permeability across brain microvasculature appears to be controlled, in 
'· 

large part, by the presence of complex tight junctions formed between interacting 

endothelial cells: fusion of the interacting membranes limits and/or abolishes direct 

transfer of ions, solutes, and small molecules between the blood circulation and the 

cerebral microenvironment (Gumbiner, 1987; Rubin et a!., 1991; Balda et a!., 1996). 

Multiple studies implicate tight junctions in providing structural boundaries between cells 

("gate function") and between apical and basolateral plasma membranes ("fence 

function"). Additionally, recent studies suggest that tight junctions may be dynamic 

participants in the regulation of intracellular vesicle trafficking (Weber et a!., 1994; 

Zahraoui et a!., 1994; Hazuka et a!., 1999; Lapierre eta!., 1999) and cellular signaling 

(Joberty eta!., 2000; Li and Mrsny, 2000; Ryeom eta!., 2000). Therefore, blood-brain 

barrier permeability may be regulated through mechanisms that not only determine tight 
.' 

junction formation and integrity, but may also be influenced through the regulation of 

those components that mediate intracellular vesicle trafficking and cell signaling. 

Importantly, tight junction morphology has been found to be altered in instances of 

blood-brain barrier disruption (Kondo et a!., 1996; Dallasta et a!., 1999; Fischer et a!., 

2000), suggesting that mechanisms that regulate tight junction function may play a role in 

regulating blood-brain barrier permeability. 

The aims of the present study were directed toward an understanding of how blood-

brain barrier permeability may be regulated through the junctional domain complex by 

signaling mechanisms. 
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B. Review of Related Literature 

Caveolae and Caveolin in Peripheral Endothelium 

Ultrastructural observations of peripheral endothelium reveal large numbers of open 

and closed plasmalemma! vesicles of 50-100 nm diameter at both the lumimil and 

abluminal membrane surfaces. These membrane invaginations, termed caveolae, 

function in peripheral endothelium in multiple ways. In addition to their role in the 

transcytotic transport of molecules, such as albumin (Milici eta!., 1987; Quagliarello et 

a!., 1991), thrombomodulin, and thrombin (Horvat and Palade, 1993) between the 

circulating blood and tissue, caveolae have been hypothesized to represent transportable, 

localized centers of cell signaling (Anderson, 1993). This suggests that caveolae may 

regulate endothelial permeability by physically transporting signaling molecules between 

luminal and abluminal membranes, and they may also regulate endothelial permeability 

through translation of signals that arrive at the endothelial cell surface. 

Caveolae are membrane microdomains that are enriched in cholesterol and 

sphingolipids (Chang et a!., 1992), and are defined by the property of having a low, 

buoyant density (Smart et a!., 1995), and by resistance to solubilization by non-ionic 

detergents (e.g. Triton X -1 00) at 4°C (Sargiacomo et a!., 1993). Recent studies suggest 

that caveolae can take multiple morphological· forms in addition to omega-shaped 
0 0 0 

invaginations, and can also exist as detached vesicles or flat within the plane of the 

plasma membrane (Smart eta!., 1999). Although the precise mechanisms that regulate 

the transcellular movement of caveolar vesicles are not known, limited studies show that 

protein phosphorylation, protein kinase C, and cholesterol levels can alter the 

internalization of caveolar vesicles (Parton eta!., 1994; Schnitzer eta!., 1994; Smart et 
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a!., 1994; Smart eta!, 1995). Endothelial caveolae are emiched in a variety of molecules 

required for vesicle trafficking, including SNAREs, NSF, SNAPs, VAMPs and dynamin 

(Schnitzer et a!., 1995; Mcintosh and Schnitzer, 1999; Predescu eta!., 2001). Thus, 

caveolae appear to have the biochemical machinery necessary for participation in 

transcytotic events. Caveolae are also enriched in caveolin proteins (Rothberg et a!., 

1992; Sargiacomo eta!., 1993). 

Caveolin-1 has been characterized as a 22-24 kDa integral membrane protein that 

binds cholesterol (Murata et al., 1995; Li eta!., 1996; Smart eta!., 1996). Integration into 

the membrane is thought to occur through a centrally located 33 amino acid (amino acids 

numbers 102-134) hydrophobic domain (Kurzchalia et a!., 1994) that causes caveolin-1 

to form a hairpin loop in the membrane (Sargiacomo et a!., 1995), leaving the amino and 

carboxyl termini of the protein exposed to the cytosol (Dupree eta!., 1993; Scherer eta!., 

1995). Caveolin represents a family of proteins with multiple isoforms encoded by 3 

distinct genes (Scherer et a!., 1995; Way and Parton, 1995). Caveolin-1 undergoes 

alternate initiation during translation to generate 2 isoforms of caveolin-1: caveolin-la 

and caveolin-1 ~· Caveolin-2 and caveolin-3 are other members of this protein family 

(Scherer et al., 1995). Caveolin-1 and -2 have been found to have a coincident 

expression and tissue distribution in a variety of tissues studied in vivo (Scherer et al, 

1997), whereas caveolin-3 expression appears to be primarily limited to smooth, cardiac, 

and skeletal muscle cell types and astrocytes in vitro (Song et al., 1996; Ikezu et al., 

1998). In fibroblasts, greater than 90% of caveolin-1 is localized to the plasma 

membrane under steady state conditions (Rothberg et al., 1992). 
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Through the presence of an oligomerization domain, caveolin-1 and -2 can interact to 

form high molecular weight heterooligomers, and caveolin-1 can interact with itself to 

form homooligomeric complexes (Monier et a!., 1995; Scherer eta!., 1997; Song eta!., 

1997; Scheiffele, eta!., 1998). In addition, the membrane spanning domains of both 

caveolin-1 and caveolin-2 may play a role in mediating their ability to interact with one 

another (Das et a!., 1999). It is the heterooligomeric complex that is believed to be 

required for the stabilization of the caveolin-2 protein product for transport from the 

Golgi to the plasma membrane (Mora et a!. 1999; Parolini ·et a!., 1999), and for the 

formation of the invaginated caveolar compartment (Das eta!., 1999). 

Caveolin proteins appear to serve multiple functions. In addition to the belief that 

caveolins are the principal structural components of caveolae membranes (Fra et a!., 

1995; Li et a!., 1996; Engelman et a!., 1997), caveolin-1 may also participate in the 

regulation of cholesterol homeostasis within cells. Caveolin-1 appears to constituitively 

facilitate the transport of cholesterol from the endoplasmic reticulum to the plasma 

membrane (Smart et a!., 1996). Additional studies suggest that caveolin-1 expression 

may be regulated by cholesterol. Depletion of cholesterol levels in vitro with filipin, a 

cholesterol binding agent, causes a decrease in caveolin-1 expression and a decrease in 

the number of morphologically invaginated caveolae at the plasmalemma! surface 

(Rothberg et a!., 1990; Hailstones et a!., 1998). In contrast, elevation of free cellular 

cholesterol by the addition of LDL to the culture media of fibroblasts causes an increase 

in caveolin-1 expression (Fielding et a!., 1997). Taken together, these studies suggest a 

reciprocal relationship between cholesterol and caveolin-1: caveolin-1 may be necessary 
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for the maintenance of cholesterol levels at the plasma membrane, but in tum, cholesterol 

levels may alter caveolin-1 expression levels in a cell. 

Caveolins are implicated in the organization and regulation of signaling molecules 

concentrated on the cytoplasmic surface (Sargiacomo et a!., 1995; Song et a!., 1996). 

Caveolin-1 binding generally inhibits the enzymatic activity of many signal transducing 

molecules, while caveolin-2 has little effect (Okamoto eta!., 1998; Smart eta!., 1999). 

However, an exception to this general interpretation is the insulin receptor. Binding of 

caveolin-1 to the insulin receptor stimulates the receptor as determined by tyrosine 

phosphorylation of downstream substrates (Yamamoto eta!., 1998). Thus, caveolin-1 

has the potential to regulate negatively and positively other proteins involved in signal 

transduction. 

Caveolin-1 may be modified biochemically in several ways, including lipid 

modification and tyrosine phosphorylation. Caveolin-1 was first identified as a v-src 

substrate in Rous sarcoma virus-transformed chicken embryo fibroblasts (Glenney and 

Zokas, 1989; Glenney, 1992; Glenney and Soppet, 1992), and therefore, may be tyrosine 

phosphorylated by Src-family tyrosine kinases. Studies in peripheral endothelium 

suggest that tyrosine phosphorylation of caveolin-1 may regulate the budding and fusion 

of caveolae during transport (Aoki et a!., 1999). Increased tyrosine phosphorylation in 

the endothelium of continuous capillaries results in decreased numbers of invaginated 

caveolae at the plasma membrane and increased caveolin-1 expression in the cytoplasm. 

Tyrosine phosphorylation of caveolin-1 may also contribute to the flattening, 

aggregation, and fusion of caveolae (Nomura and Fujimjoto, 1999). These studies 

suggest that tyrosine phosphorylation of caveolin-1 may affect caveolin-1 interaction 
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with multiple membrane components, including signaling proteins. Caveolin- I may be 

lipid modified by palmitoylation of cysteine residues, which may enhance the interaction 

between caveolin-1 and caveolar membranes and the interaction between caveolin-1 and 

certain signaling molecules (Li et al., 1996; Michel and Peron, 1997; Lee eta!., 2001). 

Caveolin-1 may interact with multiple cell signaling molecules that participate in 

mediating peripheral endothelial permeability. In cell fractionation analyses, caveolin-1 

co-distributes with Go:-subunits of G-proteins (Sargiacomo et a!., 1993; Chang et a!, 

1994), Src-family tyrosine kinases (Robbins et a!., 1995; Wu et a!., 1997), endothelial 

nitric oxide synthase (eNOS) (Garcia-Cardena et a!., 1996; Shaul et a!., 1996) and 

endothelin (Chun et a!., 1994). Studies of vascular endothelium suggest that eNOS is 

targeted by acylation into caveolin-containing microdomains, and that this movement is 

important for the temporal and spatial 'activation of the enzyme (Sessa et al., 1995; 

Kantor eta!., 1996; Liu eta!., 1996). These studies suggest that caveolin-1 could mediate 

endothelial permeability by coordinating multiple signaling pathways through the same 

microdomain. Studies of caveolin-1 knockout mice reveal that caveolin-1 is necessary for 

the formation of caveolae and for the maintenance of normal physiological function in 

peripheral vasculature (Razani et al., 2001). Loss of caveolin-1 in peripheral 

endothelium results in an absence of caveolae with corresponding defects in endocytosis, 

vasoconstriction, and vasorelaxation responses. 

In cell fractionation analyses from other cell types, caveolin-1 co-distributes with 

junctional domain molecules. In intestinal epithelial cells, caveolin-1 co-localizes with 

occludin in tight junction microdomains (Nusrat eta!., 2000; Nishiyama et al., 2001). In 

·fibroblasts, caveolin-1 co-localizes with E-cadherin, ~-catenin, and y-catenin in adherens 
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junction microdomains (Galbiati et a!., 2000), and in multiple cell types, including 

endothelial cells, caveolin-1 co-distributes with integrins and the urokinase receptor in 

focal adhesions (Wary eta!., 1998; Wei eta!., 1999; Puyraimond eta!., 2001). Therefore, 

it is also possible that caveolin-1 could mediate endothelial permeability through an 

association with junctional domains. 

Interestingly, electron microscopic analyses of intact brain reveal a virtual absence of 

invaginated caveolae in both the brain parenchyma and cerebral microvascular 

endothelium (Peters eta!., 1991). However, caveolin-1 immunoreactivity is detected at 

prominent levels within the cerebral microvasculature (Figure 2). In contrast, studies of 

cells in peripheral tissues demonstrate a direct correlation between caveolin expression 

and caveolae number. For exrup.ple, caveolin-1 protein expression decreases in v-Abl and 

H-Ras transformed cells with a corresponding decrease in caveolae number (Koleske et 

a!., 1995). Thus, cerebral microvascular endothelium represents a unique situation where 

caveolin-1 is abundantly expressed, but does not produce invaginated caveolae. Because 

caveolin-1 is an integral membrane protein known to associate with caveolar 

microdomains and junctional microdomains in peripheral cell types, it seems likely that 

caveolin-1 could reside and function within junctional domains in cerebral microvascular 

endothelium in the absence of caveolae. 
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Figure2. Caveolin-1 immunoreactivity in adult rat cerebral cortex. Indirect 

immunofluorescence on intact adult rat cortex using anticcavl-pep2/20 polyclonal 

antibodies demonstrates that the majority of caveolin-1 immunoreactivity in the adult 

cortex is confined to the microvasculature. A small amount of immunoreactivity is 

detected within the neuropil . 

,. 
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Tight Junction Domains 

Tight junctions are believed to participate in multiple cellular processes. As seen by 

freeze-fracture analysis, tight junctions comprise anastomosing fibrils that form a 

physical boundary for the apical and basolateral plasma membranes (Farquhar and 

Palade, 1963). These circumferential, belt-like structures also represent sites of 

membrane fusion that restrict flow through the paracellular pathway (Gumbiner, 1987). 

Although the tight junction is the principal mediator of paracellular permeability in 

cerebral microvascular endothelium, studies in epithelial cells suggest that tight junction 

domains serve additional functions as sites of organized cellular signaling and regulation 

of vesicle trafficking (Zahraoui et al., 2000). 

Multiple studies suggest that tight junctions represent membrane microdomains. 

Tight junctions are believed to be sites within the plasma membrane that are enriched in 

cholesterol (Karchar and Reese, 1982; Nusrat et al., 2000), and multiple protein 

components (Stevenson and Goodenough, 1984; Van meer and Simons, 1986). Tight 

junction formation may be controlled in epithelial and endothelial cells by regulating the 

transmembrane protein components of the tight junctions such as occludin (Hirase, 1997) 

and claudins (Furuse et al., 1998; Kubota et al., 1999), and by regulating the peripheral 

membrane proteins located at the tight junction, such as Z0-1 (Stevenson et al., 1988). 

Claudin-1 and -2 have the ability to induce the formation of networks of strands and 

grooves at cell-cell contact sites in fibroblasts (Furuse et al., 1998), whereas claudin-5 has 

been determined to be a component of these strands in endothelial cells (Morita et al., 

1999). Increased expression of claudins-1 and -2 correlate with the tightening of the 

paracellular barrier in human intestinal epithelial cells (Kinugasa et al., 2000), and recent 
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observations have demonstrated that claudin-1 and Z0-1 isolate within Triton X-100 

insoluble membrane compartments during tight junction formation in ras-transformed 

MDCK cells (Chen eta!., 2000). 

Therefore, microvascular permeability is also regulated by cell signaling systems that 

influence tight junction formation. For example, formation of tight junctions in MDCK 

cells has been shown to correlate with serine/threonine and tyrosine phosphorylation of 

occludin, resulting in a number of hyperphosphorylated forms of occludin thafmigrate at 

70-82 kDa on SDS-PAGE (Sakakibara eta!., 1997). Studies also suggest that changes in 

phosphotyrosine kinase activity are linked to the regulation of tight junctions (Van Itallie 

et a!., 1995), and that src-like tyrosine kinase phosphorylation of proteins at the tight 

junction increases permeability and causes a decrease in tight junction resistance 

(Staddon et a!., 1995). When cerebral microvascular endothelial cells are treated with 

VEGF, a growth factor known to increase endothelial permeability and upregulate 

vesicular caveolae (Esser et a!., 1998a), levels of occludin decrease and occludin 

organization in the membrane becomes disrupted (Kevil, et a!., 1998; Antonetti et a!., 

1999). This combination of events then leads to tight junction disassembly (Wang eta!., 

2001). Likewise, inhibition of tyrosine phosphatase activity by sodium pervanadate 

results in a decrease in transendothelial resistance in brain endothelial cells (Staddon et 

a!., 1995; Collares-Bugato eta!., 1998). 

Proteins known to be involved in vesicle transport processes have been localized to 

tight junction microdomains. The presence of proteins such as rab3b (Weber et a!., 

1994), rab 13 (Zahraoui, 1994), Sec 6/8 (Grindstaff eta!., 1998), and VAP-33 (Lapierre 

et a!., 1999) within epithelial tight junctions suggests that tight junction microdomains are 
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sites of regulation for vesicle trafficking. However, the converse also appears to be true: 

molecules involved in the regulation of vesicle trafficking, such as SNAREs, are 

preferentially found within cholesterol-enriched microdomains (Chamberlain eta!., 2001; 

Lang eta!., 2001). Therefore, this raises the possibility that endothelial tight junctions 

might also function in a similar capacity. 

Tight junction microdomains may also serve as regulation sites for cell signaling 

events. The ZO proteins (Z0-1, Z0-2, and Z0-3) are peripheral membrane proteins 

present at the tight junction and are characterized by multiple PDZ domains and a src

homology (SH-3) domain (Wittchen et a!., 1999). The ZO proteins interact with both 

claudin and occludin (ltoh et a!., 1999), and they also mediate the interaction between 

actin and the tight junction protein core (Fanning et a!., 1998). Because of multiple 

numbers of ZO proteins at tight junctions, and the fact that each ZO protein has the 

capacity to bind multiple proteins at once, Z0-1, -2, and -3 are believed to have a role in 

organizing proteins at the tight junction (Fanning and Anderson, 1999). The presence of 

SH-3 domains and PDZ domains within the ZO proteins leads to the suggestion that they 

may mediate interactions between signaling proteins, cytoskeletal elements, and 

transmembrane proteins within the tight junction microdomain (Stevenson and Keon, 

1998). 

Tight junctions in cerebral microvascular endothelium may interact with other 

junctional complexes, such as adherens junctions. Ultrastructural localization of 

cadherin, an adherens junction component, demonstrated immunolocalization throughout 

the entire length of the interendothelial cell cleft (Schulze and Firth, 1993). 

Morphological tight junctions were embedded in adherens junctions in blood-brain 
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barrier microvessels of the rat (Schulze and Firth, 1993), and Z0-1 and Z0-2 can localize 

to adherens junctions in a number of different cell types (Itoh et a!., 1999). 

Biochemically, tight junctions may be influenced by adherens junctions through 

modification of the cadherinlcatenin complex (Gumbiner and Simons, 1986). An initial 

adhesion event with cadherin ·is transduced via cytoplasmic reorganization of the 

cytoskeleton and is then completed by the appearance of occludin and its associated 

proteins at the tight junction (Staddon and Rubin, 1996). Additionally, Z0-1 can be 

demonstrated to interact with a gap junction component, connexin 43 (Giepmans and 

Moolenaar, 1998). These data suggest that tight junctions in cerebral microvascular 

endothelium may play a pivotal r9le in the coordination of biochemical events at multiple 

junctional domains, and that other junctional domains may play pivotal roles in the 

coordination of events at the tight junction. 

Therefore, current studies demonstrate that tight junctions in cerebral microvascular 

endothelium have the potential to actively participate in coordinating paracellular 

permeability, vesicle trafficking, and cell signaling events through molecules present at 

tight junctional domains and through potential interaction with other types of junctional 

domains, such as adherens and gap junctions. 

Caveolin-1 in Tight Junctions 

Studies in peripheral endothelium have shown that caveolin-1 resides within 

cholesterol-enriched· micro domains, co-distributes with molecules that are 

characteristically localized within junctional domains, participates in mediating 

endothelial permeability through its association with caveolae, and co-distributes with 

signaling molecules that are believed to mediate endothelial permeability. These 
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observations suggest that caveolin-1 may also reside within tight junctions and participate 

in the regulation of paracellular permeability through an association with tight junction 

domains and/or regulation of signaling mechanisms that affect tight junction integrity. 

Studies in a gastrointestinal epithelial cell line, T84, demonstrate that 

hyperphosphorylated occludin and Z0-1 are localized within membrane domains that 

exhibit insolubility in Triton X-100, light scattering at 600 nm, a buoyant density of 

approximately 1.08 g/cm3
, and increased cholesterol content compared to high density 

fractions (Nusrat et a!., 2000). These data suggest that tight junctions may be comprised 

of cholesterol-enriched membrane microdomains. Additional analyses in these cells 

demonstrate that occludin coprecipitates with caveolin-1 in immunoprecipitation studies, 

and caveolin-1 and occludin have an overlapping distribution at the tight junction as 

determined by confocal microscopy and immunogold labeling. Therefore, caveolin-1 

may be a constituitive protein component in gastrointestinal epithelial tight junctions. 

Alternatively, studies in T84 cells suggest that IL-15 may produce intracellular 

signals via cross-reactivity with the IL-2 receptor P localized within caveolin-1-enriched 

microdomains. Activation of this pathway leads to the phosphorylation of occludin and 

increased membrane association of claudin-1 and claudin-2. An independent pathway 

activated by IL-15 upregulates Z0-1 and Z0-2 expression (Nishiyama et a!., 2001). 

Following activation of these signaling pathways, claudin-2, hyperphosphorylated 

occludin, Z0-1, and Z0-2 are found to be distributed within Triton X-100 insoluble 

membrane fractions, which correlates with an increase in transepithelial resistance. The 

insolubility of tight junction proteins may be used as an indicator of membrane and 

cytoskeletal association (Stuart and Nigam, 1995; Stuart eta!., 1996), and an increased 
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insolubility to solubility ratio of tight junction proteins can be correlated to increased 

transepithelial resistance (Chen et a!., 2000). Therefore, these studies suggest that 

caveolin-containing microdomains may contain proteins involved in signaling pathways 

that control functional tight junction complexes, and that detergent-insoluble membrane 
' ' 

microdomains may serve to regulate the functional state of tight junction protein 

components. 

In brain angiogenesis models, the events leading to the developmental acquisition of 

blood-brain barrier properties in endothelial cells have been described to involve the shift 

of occludin from cytoplasmic pools to the tight junctions (Gerhardt et a!., 1999). In 

support of these observations, embryonic mice that lack pericytes, such as platelet-

derived growth factor B knock out and platelet-derived growth factor receptor ~ knock 

out mice, possess vessels with structural defects that produce microanyeurysms 

(Hellstrom et a!., 2001 ). Cerebral microvascular endothelia in these mice demonstrate 

that occludin protein is redistributed and has a less distinct junctional distribution in 

microvessels from knockout mice compared to the occludin distribution in cerebral 

microvessels from wild type mice. Although the ultrastructural morphology of the tight 

junction is not altered as determined by freeze-fracture analysis, perivascular edema is 

evident by electron microscopy (Hellstrom et a!., 2001). Additionally, the adherens 

junction marker VE-cadherin is partially redistributed from a junctional to a cytoplasmic 

location. Taken together, these data suggest that junctional domains are formed in these 

cerebral microvessels, but are not fully differentiated. 

The endothelia in these mice also demonstrate a 2.5-fold increase in the number of 

caveolae and increased caveolin-1 staining in a punctate distribution (Hellstrom et a!., 
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2001). These data suggest that cerebral microvessels that do not possess pericytes have 

increased transcellular permeability compared to those microvessels that do possess 

pericytes. Therefore, caveolin-1 appears to participate in regulating transcellular 

permeability in the cerebral microvasculature of embryonic mice that have dysfunctional 

tight junctions. 

These limited studies suggest the possibility that caveolin-1 may reside within tight 

junction microdomains. The microdomains that contain caveolin-1 may affect tight 

junction integrity either through the integration of tight junction components into the 

microdomain or through the regulation of signaling mechanisms that have subsequent 

effects on tight junction components. When occludin shifts from a junctional to a more 

cytosolic distribution, caveolin-1 may increase its distribution to transcytotic vesicles and 

participate in the regulation of transcellular permeability in cerebral microvascular 

endothelium. 

C. Hypothesis 

Exchange of non-diffusible, hydrophilic molecules and solutes between the 

circulation and brain parenchyma may be considered to employ three possible 

mechanisms: (1) through the opening of interendothelial cell tight junctions; (2) through 

vesicular transport and the formation of transendothelial channels; and (3) through 

plasmalemma! receptors, ion channels, ,transporters, carriers, and pumps. The paucity of 

transcytotic vesicles in brain microvascular endothelium revealed by electron 

microscopic and tracer analyses suggest a minor role for transendothelial transport under 

non-pathological conditions. In contrast, one of the most defining characteristics of brain 

microvascular endothelium is the presence of complex tight junctions. Accordingly, my 
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studies sought to evaluate the hypothesis that, given the known paucity of caveolae, 

caveolin-1 in brain microvasculature participates in tight junction formation and function. 

The specific aims of my studies were: 

Specific Aim 1: Previous immunolocalization studies have shown that caveolin-1 

immunoreactivity in the adult neocortex is detected principally within microvascular 

endothelia. Because the permeability properties of brain endothelial cells are acquired 

progressively, I sought to determine the distribution and organization of caveolin-1 

throughout the postnatal timeperiod of angiogenesis using indirect immunofluorescence 

and subcellular fractionation analyses. 

Specific Aim 2: Considerable data indicate that the permeability properties of brain 

microvascular endothelia are established and ultimately regulated by the interaction 

between astrocytes and endothelial cells. Thus, I sought to determine the distribution and 

organization of caveolin-1: first evaluating isolated microvessel preparations; and second, 

assessing primary cultures of endothelial cells. 

Specific Aim 3: One of the most defining morphological and functional characteristic of 

brain microvascular endothelia is the presence of complex tight junctions. Because 

considerable data reveal tight junctions as sites of signalling, and as preliminary data has 

shown caveolin-1 immunoreactivity to be located in the tight junction compartment in 

epithelial cell, I sought to determine directly if caveolin-1 could be a component of the 

junctional complex in endothelial cells by developing a subfractionation procedure for 

the isolation of junctional domains from cerebral microvessels for further 

immunolocalization and biochemical analyses. 



MATERIALS AND METHODS 

Materials 

Adult male and female Sprague-J?awley rats at 100-125 g weight and timed 

pregnant females were obtained from Harlan (Indianapolis, IN). Animals were sacrificed 

by cardiac bleed-out under deep ether anesthesia followed by decapitation. All animal 

use protocols were reviewed and approved by the Committee on Animal Use in Research 

and Education at the Medical College of Georgia. 

Rabbit polyclmial antibodies specific for tyrosine phosphorylated caveolin-1 and 

monoclonal antibody clone 65 to caveolin-2 were obtained from Transduction Labs 

(Lexington, KY); rabbit polyclonal occludin antibody was obtained from Zymed 

Laboratories (South San Francisco, CA); goat polyclonal VE-cadherin antibody was 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit polyclonal antibody to 

von Willebrand's factor was obtained from Dako (Carpinteria, CA); 4G 10 monoclonal 

antibody was a gift from Dr. Makio Iwashima (Medical College of Georgia); 

indocarbocyanine (Cy-3)-conjugated rabbit anti-goat, goat anti-rabbit and goat anti

mouse IgG antibodies were obtained from Jackson IrnrnunoResearch (West Grove, PA); 

and 125I-goat anti-rabbit IgGs was purchased from Dupont NEN (Boston, MA). 

Molecular mass standards, other electrophoresis reagents, and Silver Stain Plus® 

kit were purchased from Bio-Rad (Richmond, CA). Cell culture reagents were obtained 

from Gibco-BRL (Grand Island, NY), and Percoll was obtained from Pharrnacia 

(Piscataway, NJ). Collagenase/dispase was purchased from Roche (Indianapolis, IN). 

Endothelial cell growth factor (ECGF) was a generous gift from Dr. John Catravas 
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(Medical College of Georgia). All other supplies were obtained as indicated or were 

from general distributors. Quantitation of the images, as indicated, was performed by 

phosphorimager analysis using the Phosphorimager SI and ImageQuant v. 1.2 software 

from Molecular Dynamics (Sunnyvale, CA). All images were scanned into and edited 

with Adobe Photoshop (San Jose, CA). 

Isolation of Microvascular Endothelium 

Cerebral cortical microvasculature was isolated essentially as described previously 

(Bowman eta!., 1981). Briefly, cerebral cortices dissected free of associated meninges, 

meningeal vessels, and subcortical areas were minced, resuspended in M199 (10% w/v) 

and homogenized by 5 passes in a Brendler glass homogenizer (400 rpm). Centifugation 

(1,000 g,. x 10 minutes, 4°C, Beckman GH-3.8 rotor) yielded a pellet containing 

unbroken cells and microvessels. The pellet was resuspended in M199 supplemented with 

15% (w/v) dextran (avg MW 150,000; Cole Parmer, Chicago, IL) by 5 passes in a loose

fitting Dounce homogenizer. Centrifugation (4,000 g,. x 18 minutes, 4°C, Beckman GH-

3.8 rotor) generated a sediment containing free nuclei and microvessels, which was 

resuspended in M199 containing 5% (w/v) bovine serum albumin (Sigma, St. Louis Ml), 

and loaded on top of a preformed 15 ml Percoll density gradient (50% Percoll in M199 

supplemented with 5% (w/v) BSA, 26,000 g,. x 60 minutes, 15°C, Beckman Type 60 Ti 

rotor). Centrifugation (1000 g,. x 10 minutes, Beckman GH-3.8 rotor) generated two 

bands; the top band contained the isolated microvessels and was collected and _washed in 

M199 supp!timented with 5% (w/v) BSA. 
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Primary Cultures of Endothelilll Cells and Pericytes 

To obtain endothelial cells free of associated pericytes, isolated microvessels were 

resuspended in M199 supplemented with 5% (w/v) BSA, 10 ~g/ml DNAase, and 1 mg/ml 

collagenase/dispase (Roche, Indianapolis, IN), and incubated at 37°C in a water bath

shaker at 100 rpm under humidified 95% 0/ 5% C02 for 1.5 hours. Isolated 

microvessels obtained by centrifugation (273 g, x 10 min, Beckman GH-3.8 rotor) were 

resuspended in 10 ml ofM199 supplemented with 5% (w/v) BSA and loaded on top of a 

preformed Percoll gradient (prepared as previously described). Centrifugation (1000 g.v 

x 10 minutes, Beckman GH-3.8 rotor) yielded a microvessel fraction, which was 

collected, washed, and resuspended in Ham's F12 supplemented with 12,000 U/L 

heparin, 150 mg/L ECGF, 10% iron-supplemented newborn calf serum (Hyclone, Logan, 

UT) and 5% fetal calf serum. The resuspension was plated onto Bio-Coat collagen

coated tissue culture plates from Becton-Dickinson (Bedford, MA) and maintained in a 

humidified atmosphere of 2% C02. 

Enriched pericyte cultures (90-95%) were obtained by substituting non-coated tissue 

culture dishes for collagen-coated tissue culture dishes, and Dulbecco' s modified 

essential medium supplemented with 10% newborn calf serum as the culture medium 

(Gitlin and D' Amore, 1983; Herman and D' Amore; 1985). 

Preparation of Polyclonal Antibody to Caveolin-1 

Affinity purified anti-caveolin-1 peptide antibodies were generated and characterized as 

described (Cameron eta!., in press). Briefly, the polyclonal antiserum against caveolin-1 

was developed in New Zealand White female rabbits (2-2.5 kg; Myrtle's Rabbitry, 

Thompson Station, TN) against a synthetic peptide comprising theN-terminal amino acid 
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residues #2-20 of rat caveolin-1a (SGGKYVDSEGHLYTVPIREC, the C-terminal 

cysteine was added for the purpose of conjugation) conjugated to keyhole limpet 

hemocyanin using the Sulfhydral Imject Activated Immunogen Conjugation Kit (Pierce, 

Rockford, IL). Conjugated peptides were suspended ip. phosphate buffered saline (10 mM 

sodium phosphate, 150 mM NaCl; pH 7.4), emulsified with Freund's adjuvant (complete 

for initial injection; incomplete for booster injections) and intradermal immunization 

carried out as described previously (Cameron and Rakic, 1994). For affinity purification, 

the peptide was linked to N-hydroxysuccinimide-activated Sepharose 4 fast flow agarose 

matrix according to the manufacturer's protocol (Pharmacia Biotech, Uppsala, Sweden). 

An aliquot of ammonium sulfate precipitated/dialyzed sera was cycled repetitively 

through the prepared peptide-Sepharose column overnight at 4°C. The bound antibody 

was eluted with 50 mM glycine, 150 mM NaCl; pH 2.8 and immediately neutralized with 

Tris buffer. The specificity of this caveolin-1 antibody was determined by two

dimensional IEF/SDS-PAGE immunoblot analyses of detergent insoluble membrane 

isolated from type 1 astrocytes. The antigen profile detected revealed a single species, 

which displayed an apparent molecular masses of -24 kDa and an isoelectric point of 

-6.0, that was identical to that detected using the well characterized, commercially 

available monoclonal antibodies 2234 and C060 (Transduction Laboratories, Lexington 

KY). Preincubation of the peptide antigen with the developed affinity purified antibody 

abolished the antibody signal detected in both immunolocaliza~ion and immunoblot 

analyses. This affinity purified antibody was designated anti-cav1-pep2/20. 
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lmmunofluoresence Microscopy 

For localizing antigens in tissue sections, adult rats under deep ether anesthesia were 

perfused transcardially with 4% formaldehyde (freshly prepared from paraformaldehyde) 

in 120 mM sodium phosphate, pH 7 .4. Brains were dissected out and fixation continued 

by immersion for an additional 3 hours, 4°C. Tissue blocks were infiltrated with 12, 16, 

and 20% sucrose in 120 mM sodium phosphate, pH7.4. Before use, tissue samples were 

infiltrated with Tissue Tek (Miles Laboratories, Naperville, IL) at 4°C for 60 mins, and 

then frozen in liquid nitrogen cooled isopentane. Frozen sections were prepared at 5-7 

).lm using a cryostat. Indirect immunofluorescence analyses for frozen tissue sections 

were carried out as described (Cameron et al., 1997) using Cy-3 conjugated secondary 

donkey or goat anti-rabbit or mouse IgG. Sections stained with secondary antibody alone 

reveal no immunofluorescence. Sections were mounted in a freshly prepared solution of 

10 mM sodium phosphate pH 7.4, 150 mM NaCI, 70% glycerol and 1mg/ml p

phenylenediamine, and viewed through a Zeiss Axiophot microscope equipped with 

epifluorescent optics and photographed using Kodak Tmax 100 film. 

For localizing antigens in isolated endothelial cells, cultured mono layers were fixed 

in 4% paraformaldehyde (30 mins at RT), rinsed with 120 mM sodium phosphate, pH 7.4 

and analyzed by indirect immunofluorescence as described above. 

Endothelial Cells Uptake of Dil-Acetylated-WL 

Cultured endothelial cells were labeled with Dil-acetylated-LDL (Biomedical 

Technologies, Stoughton, MA) by adding 10 ).lg/ml to Ham's F12 supplemented with 

12,000 U/L heparin, 150 mg/L ECGF, 10% iron-supplemented newborn calf serum and 

5% fetal calf serum. The medium containing Dil-acetylated-LDL was added to 
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endothelial cell cultures and incubated at 37°C for 4 hours (Voyta et a!., 1984). After 

incubation, the media was removed and the cells washed briefly with 120 mM sodium 

phosphate, pH 7 .4. The cells were then fixed with 4% formaldehyde in 120 mM sodium 

phosphate pH 7.4 for 30 minutes at room temperature, and rinsed with sodium phosphate 

buffer. Coverslips were mounted onto the cells using a freshly prepared solution of 10 

.mM sodium phosphate pH 7.4, 150 mM NaC!, 70% glycerol and 1mg/ml p

phenylenediamine. Labeled cells were viewed through a Zeiss Axiophot microscope 

using standard rhodamine excitation and emission filters, and photographed using Kodak 

Ektachrome film. 

Electron Microscopy 

Cells maintained in culture dishes and isolated membrane fractions were fixed with 

2.5% glutaraldehyde, 100 mM sodium phosphate, pH 7.4; 60 min at RT. Intact cerebral 

cortex was fixed with 3% glutaraldehyde, 1% formaldehyde (freshly prepared from 

paraformaldehyde), 100 mM sodiuin phosphate, pH 7.4; by transcardial perfusion 

followed by immersion fixation for 3 hours at 4°C. Cells were rinsed (100 mM sodium 

cacodylate, pH 7 .2), and collected by scraping. Cerebral cortex sections, cell pellets 

(15,000 g x 10 min) and isolated membrane fractions were postfixed in 1% Os04 in 100 

mM sodium cacodylate, pH 7.2, (3 hr at 0°C), rinsed in maleate (50 mM, pH 5.8), and 

stained en bloc with 2% uranyl acetate in maleate (50 mM, pH 5.8). Samples were 

dehydrated through an ethanol series and propylene oxide and embedded in Epon 

812/ Ara1dite. Thin sections were stained in both uranyl acetate and lead citrate. 

Micrographs were taken on a JEOL 1010 transmission electron microscope (JEOL USA, 

Peabody, MA). 
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Fractionation of Triton X-100 Insoluble Complexes 

Detergent insoluble complexes were prepared according to Sargiacomo eta!. (1993) 

as described previously (Cameron et a!., 1997). All buffers were supplemented with 

protease inhibitors (0.4 mM PMSF and 10 jJ.g/ml each of pepstatin A, antipain, and 

leupeptin). Cerebral cortices dissected free of associated meninges and subcortical areas, 

isolated cerebral microvasculature, and isolated cerebral endothelial cells were rinsed 

with minimum essential medium and dispersed in MBS buffer (25 mM MES - (pH 6.5), 

150 mM NaCl) using a tight fitting Dounce homogenizer. Homogenate protein was 

determined using the bicinchoninic assay (Pierce Chemicals, Rockford, IL) with bovine 

serum albumin as a standard (Pierce, Rockford, IL), and Triton X-100 in MBS buffer 

added to achieve the indicated detergent to protein (mg/mg) ratio. Tissue was solubilized 

for 20 mins at 4°C, dispersed by 10 up/down strokes with a tight-fitting Dounce 

homogenizer, solubilized for an additional 20 minutes and dispersed a second time as 

described above. The homogenate was adjusted to 40% sucrose (checked by refractive 

index) by addition of 80% sucrose in MBS buffer, imd 2.0 mls of the homogenate was 

overlaid with a 5-30% linear sucrose gradient in MBS that contained no Triton X-100. 

Centrifugation [188,000 x g,. x 18-20 hr in a SW41 rotor (Beckman Instruments, Palo 

Alto, CA)] resulted in the appearance of opaque bands migrating between 10-20% 

sucrose. For subsequent analysis, 1ml fractions were collected across the gradient and 

the density determined by refractive index. The pellet, which was resuspended in 1 ml of 

2% SDS, and gradient fractions were stored at -20°C. 
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· Preparation of a Junctional Domain Sub fraction 

Tight junction isolations were performed using a modified procedure from Stevenson 

and Goodenough (1984). Isolated cerebral microvessels were isolated as described 

above, and resuspended (10% w/v) in 10 mM imidazole, 1 mM EGTA, and 0.02% azide, 

pH 7 .0. Isolated microvessels were dispersed by 20 up/down strokes of a tight-fitting 15 

ml Dounce homogenizer, and protein determined using the bicinchoninic assay (Pierce 
' 

Chemicals, Rockford, IL) with bovine serum albumin as a standard (Pierce, Rockford, 

IL). The microvessel homogenate was solubilized in sodium deoxycholate (Calbiochem, 

La Jolla, CA) at a detergent to protein ratio of 4:1 (mg/mg) at 4°C for 15mins, and 

dispersed by 20 strokes using a tight-fitting Dounce homogenizer. After solubilization, 

the suspension was separated into deoxycholate-insoluble and -soluble fractions by 

centrifugation [11,300 x g,v x 10 mins, 4°C, Type 60 Ti rotor; Beckman Instruments (Palo 

Alto, CA)]. The supernatant (S1) was removed, and the pellet (PI) resuspended in 0.5% 

sodium deoxycholate, 10 mM imidazole, 1 mM EGTA, 0.02% azide, pH 7.0. 

Centrifugation (2,600 x g,v x 10 mins at 4°C in a Type 60 Ti rotor) yielded P2 and S2 

fractions. The P2 fraction was resuspended and washed as above. Centrifugation yielded 

residual pellet (P3) and supernatant (S3) fractions. Fractions S2 and S3 were combined 

(S2+S3) and insoluble material sedimented by centrifugation (11,300 x g,v x 10 mins at 

4°C in a Type 60 Ti rotor) to generate final pellet (P4) and final supernatant (S4) 

fractions. A schematic of the subfractionation protocol is presented in the Results 

section. 
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Sucrose Density Gradient Fractionation ofCaveolin-1 Oligomers 

Caveolin-1 homo- and hetero-oligomers were isolated from isolated adult cerebral 

microvasculature, embryonic day 18 neocortex, and isolated membrane fractions as 

described (Sargiacomo eta!., 1995). Tissues were dispersed using a tight fitting Dounce 

homogenizer in MBS buffer (25 mM MES - (pH 6.5), 150 mM NaCI), 60 mM 

octylglucoside, and Triton X-100, which was adjusted to achieve a 1:1 detergent to 

protein (mg/mg) ratio). These preparations were loaded on top of a 5-40% linear sucrose 

gradient containing 60 mM octylglucoside. Following centrifugation (350,000 x gav x 16 

hrs in a SW 55 Ti rotor), fractions (500 Ill) collected across the gradient were processed 

for SDS-PAGE under boiling and non-boiling conditions. 

Polyacrylamide Gel Electrophoresis and Immunoblotting 

For one dimensional SDS-PAGE analyses, reduced protein samples (40 mM 

dithiothreitol) were resolved in 12.5% or 5-20% acrylamide gels in a Laemmli (1970) 

buffer system. Protein samples of 25 J.lg, or equal volumes of gradient fractions, were 

solublized in 1% SDS and 40mM dithiothreitol prior to isoelectric focusing. Fractionated 

polypeptides were either stained using a Silver Stain Plus kit or transferred 

electrophoretically to nitrocellulose according to the procedure of Tow bin eta!. (1979). 

Immunoblots were incubated in blocking buffer (5% nonfat dry milk, 10mM Tris, and 

150 mM NaCJ, pH 7.4) for 6-8 hours and subsequently overnight in blocking buffer 

containing primary antibody ( 1 J.lg/ml). Bound antibodies were detected using iodinated 

goat anti-rabbit IgG (0.5 !lCilml, 90 minutes). Imrnunoblots were exposed to Amersham 

(Arlington Heights, IL) Hyperfilm at -70°C with an intensifying screen, generally for 40-

90 hours. 



RESULTS 

Caveolin-llmmunoreactivity Distributes to the Microvasculature in the Developing 

Postnatal and Adult Neocortex 

As a first means to determine if caveolin-1 might participate in blood-brain barrier 

function, my initial studies sought to determine the distribution and organization of 

caveolin-1 immunoreactivity in the neocortex at multiple postnatal developmental 

timepoints using indirect-immunofluorescence microscopy with anti-cav1-pep2/20 

polyclonal antibodies (Figure 3). 

The development of the intracortical vasculature system originates through the 

process of angiogenesis, the sprouting and non-sprouting development of capillaries from 

preexisting vessels, and coincides in time, beginning at approximately embryonic day 12, 

with the initiation of neuronal cell proliferation and subsequent migration (Caley and 

Maxwell, 1969; Bar, 1980; Marin-Padilla, 1985). Initial vascular sprouts originate from 

the extracortical leptomeningeal plexus and penetrate cortical parenchyma in a radial 

fashion, where they elongate, branch, and anastomose with adjacent radially-directed 

sprouts to form a capillary network within the ventricular zone. Secondary to the 

development of the cortical plate, a second capillary network develops within the 

subventricular zone. As the depth and surface area of the cortex increase, additional 

radial microvessels penetrate only the superficial layers of the neocortex. Vascular 

sprouting from the leptomeningeal system ceases during the second postnatal week; thus, 
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Figure 3. Developmental expression of caveolin-1 in rat cerebral cortex. Rat cortices 

at postnatal day 5 (A), posmatal day 10 (B), postnatal day 15 (C), postnatal day 20 (D), 

postnatal day 25 (E), and adult (F) were dissected out and processed for indirect 

immunofluorescence using anti-cav1-pep2/20 antibodies. Caveolin-1 immunoreactivity 

in the developing neocortex localizes predominantly to the microvasculature. During 

postnatal angiogenesis (newborn to postnatal day 20) (panels A-D), caveolin-1 

immunoreactivity is seen in deep and superficial radial microvessels and capillary 

networks throughout the neocortical wall. By adulthood (F) the majority of caveolin-1 is 

localized to the microvascular endothelium. 
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a decrease in the packing density of radially-oriented microvessels is apparent during the 

late postnatal growth period of the cortex .. Morphometric analyses reveal that nearly all 

vascular branchings are formed during the second and third postnatal weeks: 2,000 

branches/mrn3 on day 5; 8,000 branches/mrn3 on day 14, and 11,000 branches/mrn3 on 

day 20. Further expansion of vascular density in the rat neocortex occurs largely through 

elongation of endothelial cells, and is, in principle, completed by postnatal day 60. 

At early developmental timepoints (postnatal days 1 to 9), microvascular endothelial 

cells are characteristically undifferentiated, displaying a large population of coated 

vesicles (110 nm to 160 nm), but revealing minimal levels of the plasmalemrnal caveolae 

or smooth surface vesicles ( -70 nm) that are characteristic of endothelia in peripheral 

tissues. Tight junctions are characterized by close membrane apposition without points 

of fusion and by extensive backing of dense fibrillar material on the cytoplasmic side of 

the interacting membranes (Simionescu et al., 1988). The basal lamina is discontinuous 

and often interrupted by endothelial cell processes. At postnatal days 10 to 20, 

endothelial cells, which now comprise a rapidly proliferating cell population, reveal a 

progressive attenuation of their cellular volume, and display a significant increase in the 

density of coated pits and vesicles, but not plasmalemmal caveolae or smooth surface 

vesicles. At this stage of endothelial cell maturation, tight junctions have acquired a 

mature appearance, exhibiting multiple focal points of fusion between interacting 

membranes (Simionescu et al., 1988). The late stage of microvascular growth (postnatal 

days 20 to adult) is characterized by the elongation of existing endothelial cells, which 

exhibit features characteristic of the previous stage of maturation. 
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Although caveolin-1 immunoreactivity in the embryonic neocortex was detected 

principally about neuronal cell bodies and axonal fiber tracts (Bantus, 2001), caveolin-1 

immunoreactivity in the developing postnatal neocortex localized predominantly to the 

microvasculature (Figure 3). Caveolin-1 immunoreactivity was detected in both deep 

(e.g., Figures 3A and 3B) and superficial radial microvessels (e.g., Figures 3C and 3D), 

as well as in subsequent capillary networks formed throughout the neocortical wall 

(Figure 3A to 3F). A diffuse, low-level of immunoreactivity was observed throughout 

the neuropil, predominantly in association with neuronal cells (e.g., Figure 3F). Because 

previous electron microscopic studies of cerebral cortical microvascular endothelium 

indicate a paucity of plasmalemma! invaginations and smooth-surface vesicles (Coomber 

and Stewart, 1985; Simionescu eta!., 1988; Peters eta!., 1991; see also Figure 1), these 

immunolocalization studies raised the possibility that caveolin-1 might participate in 

blood-brain barrier function by modulating the permeability of endothelial cells in a 

manner independent of transendothelial vesicular carriers (Schnitzer et a!., 1995; 

Predescu eta!., 1997, 2001). 

Caveolin-1 Distributes to Subcellular Fractions of Increased Density During Postnatal 

Development of the Neocortex 

The lipid microenvironment of the caveolin-1 microdomain, which is enriched in 

cholesterol and sphingomyelin, confers to caveolin-1 the characteristic property of 

insolubility in non-ionic detergents at 4°C (Schroeder eta!., 1998). To determine if the 

feature of detergent-insolubility was altered as a consequence of endothelial cell 

maturation during postnatal development, neocortices isolated from embryonic day 18 

through adult were solubilized in Triton X -100 at a detergent to protein ratio of 0.5: 1 
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(mg/mg), and detergent lysates fractionated by equilibrium centrifugation on 5-30% 

linear sucrose gradients (Sargiacomo eta!., 1993; Cameron eta!., 1997). Immunoblots of 

fractions collected across each gradient demonstrated that caveolin-1 immunoreactivity 

localized to multiple low-density fractions (peak fractions 5 and 6 corresponding to 16-

20% sucrose) at embryonic and early postnatal time points, but shifted to fractions of 

higher density at later developmental time points (Figure 4). At postnatal days 15, 20 and 

25, caveolin-1 immunoreactivity was detected in two pools, a portion that floated to the 

low density sucrose region (peak fraction 7 corresponding to 20% sucrose) and a portion 

that sedimented out of the 40% sucrose load. In the adult, caveolin-1 immunoreactivity 

localized principally to the detergent-insoluble, sedimentable fraction. The shift in 

distribution of caveolin-1 from the detergent-insoluble, bouyant fraction to the detergent

insoluble, sedimentable fraction during postnatal development parallels the increased 

distribution of caveolin-1 immunoreactivity to the cerebral cortical microvasculature (cf. 

Figure 4 and Figure 3) as well as with the time scale for the progressive maturation of the 

endothelial cell tight junction compartment (Schulze and Firth, 1992; Kniese1 eta!., 1996; 

Nico eta!., 1999). 

Caveolin-1 in Adult Cerebral Cortical Microvessels Distributes Predominantly to a 

Detergent-Insoluble, Sedimentable Fraction 

Because the progressive shift of caveolin-1 immunoreactivity to the detergent

insoluble sedimentab1e fraction during postnatal development appeared to correlate to the 

period of angiogenesis, we carried out studies to determine directly if the detergent

insoluble, sedirnentab1e fraction of caveolin-1 originated from cerebral cortical 



Figure 4. Caveolin-1 distributes· to detergent-insoluble fractions of increased density 

during postnatal neocortical development. Homogenates of neocortices isolated at 

embryonic day 18 (El8), newborn (B), postnatal day 5 (P5), postnatal day 10 (PJO), 

postnatal day 15 (PIS), postnatal day 20 (P20), postnatal day 25 (P25), and adult (AD) 

were solubilized at 4°C with Triton X-100 at a detergent to protein ratio (mglmg) of 0.5 

to 1. The detergent lysates were fractionated by equilibrium centrifugation on 5-30% 

linear sucrose gradients. Equal volumes of fractions collected across the gradient were 

immunoblottedfor caveolin-1 using anti-cav1-pep2/20 antibodies. At embryonic and 

early postnatal time points, caveolin-1 immunoreactivity was localized to detergent

insoluble, buoyant fractions corresponding to 16-20% sucrose. During later postnatal 

timepoints, caveolin-1 expression shifted to fractions of higher density fractions, and 

between P 15 and P25, the level of caveolin-1 immunoreactivity increased in the 

detergent-insoluble, sedimentable fraction. The increase in the level of caveolin-1 

immunoreactivity to fractions located at higher density and to the pellet corresponds 

temporally to the increase in caveolin-1 expression in microvascular endothelium 

(Figure 3) and to the maturation of the endothelial cell tight junction compartment. 
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microvasculature. To this end, we pursued the isolation of adult neocortical 

microvasculature using dextran and Percoll density gradient centrifugation according to 

previously described methodology (Bowman et a!., 1981; see also Figure 5). Light 

microscopic analyses indicated that the isolated microvessel fraction was composed of a 

homogeneous collection of capillary fragments of varying length. Contamination of the 

isolated fraction by larger, non-capillary vessels as well as by nuclei and other single 

cells was minimal. Erythrocytes entrapped within the lumen were observed frequently in 

most vessel fragments (Figure 6). 

To assess the detergent-insolubility characteristic of caveolin-1, isolated microvessels 

were solubilized in Triton X -100 at a detergent to protein ratio of 1: 1 (mg/mg) and 

detergent lysates fractionated by equilibrium centrifugation on 5-30% linear sucrose 

gradients (Sargiacomo et a!., 1993; Cameron et a!., 1997). Immunoblots of fractions 

collected across the gradient revealed that approximately 35% of the caveolin-1 

immunoreactivity localized to the low density sucrose region of the gradient (peak 

fractions 6 and 7 corresponding to 19-22% sucrose), whereas approximately 65% of 

caveolin-1 immunoreactivity localized to the detergent-insoluble, sedimentable fraction 

(Figure 7 A). 

Caveolin-2 co-distributes with caveolin-1 in most cells of peripheral tissues (e.g., 

Scherer et a!., 1997). Thus, we carried out parallel immunoblot analyses using a 

commercially available monoclonal antibody developed against caveolin-2. Caveolin-2 

immunoreactivity (a, ~, and 'Y isoforrns) revealed a completely coincident distribution 

with caveolin-1 (cf Figure 7B and 7A). Because the y-isoforrn of caveolin-2 has been 

described previously only for astrocytes (Ikezu eta!., 1998), the presence of caveolin-2y 



Figure 5. Isolation and analysis of cerebral microvessels from rat cortex. The intact 

cortex, stripped of meningeal vessels, was homogenized at 10% (w/v) in medium 199 and 

mixed with a 15% dextran (MW 150,000) solution. Velocity centrifugation generated a 

supernatant containing cellular debris and a sediment enriched in microvessels. The 

resuspended pellet fraction was loaded on top of a pre-formed 50% Percoll gradient and 

velocity centrifugation used to separate the isolated microvessel segments from cellular 

nuclei. Cerebral microvessels isolated by this process contain four major components: 

1. endothelial cells (E). 

2: pericytes (P). 

3. basement membrane, which lies between pericytes and astrocytes. 

4. astrocytic foot processes (A), which cover the abluminal surface of isolated 

microvessels. 

Isolated microvessels were used for a variety of analyses, including fixation in 4% 

paraformaldehyde for morphological analysis, separation of Triton X-100-insoluble 

microvessel membranes by isopycnic density centrifugation, and isolation of tight 

junctions. 
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Figure 6. Light micrograph of cerebral microvessels isolotedfrom adult rat. Cerebral 

microvessels were isolated from adult rat cortices as described in Methads. The 

microvessels were fixed in 4% paraformaldehyde, 120 mM sodium phosphate, pH 7.4, 

and viewed by light microscopy. Morphologically, the isolated cerebral microvessels 

consist of capillary fragments of varying length that are structurally intact with few 

cellular nuclei and contaminating debris. Note that some microvessels contain trapped 

erythrocytes. Scale bar= 10 Jlm. 
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Figure 7. The majority of caveolin-1 in isolated cerebral microvessels localizes to a 

detergent-insoluble, sedimentable fraction. Isolated cerebral microvessel homogenates 

were solubilized with Triton X-100 at a detergent to protein ratio of 1:1 (mglmg) (panels 

A and B) and detergent lysates resolved by equilibrium centrifugation on 5-30% linear 

sucrose gradients. Fractions collected across the gradient were processed for 

immunoblot analysis using anti-cav1-pep2120 antibodies (panel A) and a caveolin-2 

monoclonal antibody (panel B). Approximately 65% of caveolin-1 localized to the 

detergent-insoluble, sedimentable pellet fraction with the remaining 35% of caveolin-1 

immuoreactivity being detected in several/ow-density buoyant fractions. Caveolin-1 and 

caveolin-2 displayed coincident distributions. Solubilization of the microvessel 

homogenate at a Triton X-100 to protein ratio of 2:/ (mglmg) (panels C and D) 

demonstrated the majority of immunoreactivity within the detergent-insoluble, 

sediment able fraction. The coincident distribution of caveolin-1 (panel C) and caveolin-2 

(panel D) was maintained. Together, these data suggest that caveolin distribution to the 

detergent-insoluble, sedimentable fraction is representative of caveolin in the cerebral 

microvasculature. 
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in isolated cerebral microvessels may reflect the presence of residual astrocytic foot 

processes, or alternatively, may comprise a 'bona fide' constituent of cerebral cortical 

endothelial cells. 

A detergent-insoluble, sedimentable fraction of caveolin-1 immunoreactivity has not 

been reported by previous studies. Thus, we sought first to assess the extent of detergent 

solubilization by examining the effects of increased detergent:protein ratios on the levels 

of buoyant and sedimentable caveolin-1 immunoreactivity. As an example of these 

analyses, isolated microvessels were solubilized in Triton X -100 at a detergent to protein 

ratio of 2:1 (mg/mg), and the detergent lysate fractionated by equilibrium centrifugation 

on a 5-30% linear sucrose gradient (Sargiacomo et a!., 1993; Cameron et al., 1997). 

Immunoblots of fractions collected across the gradient (Figure 7C and 7D) revealed only 

a minor increase in the level of caveolin-1 and caveolin-2 (ex, ~, and y isoforms) 

immunoreactivities in both the low-density bouyant fractions (peak fractions 5, 6, and 7 

corresponding to 16-20% sucrose) as well as in the detergent-soluble load fractions 

(fractions 10, 11, and 12). The majority of caveolin-1 and caveolin-2 immunoreactivities 

were detected in the detergent-insoluble, sedimentable fraction. As demonstrated for 

analyses carried out at a lower detergent:protein ratio, caveolin-1 and caveolin-2 

immunoreactivities displayed coincident distributions. Additional studies revealed that 

the pool of detergent-insoluble, sedimentable caveolin-1 immunoreactivity was resistant 

to solubilization even at a Triton X -100 detergent:protein ratio of 8: 1 (mg/mg) (data not 

shown). 

Taken together, these subfractionation data for adult neocortical tissue (Figure 4) and 

isolated microvessels (Figure 7) imply that the pool of caveolin-1 immunoreactivity 
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detected in the detergent-insoluble, sedimentable fraction originates from the 

microvasculature. The minor level of low-density, bouyant caveolin-1 immunoreactivity 

observed after fractionation of the adult neocortex likely reflecting caveolin-1 that is 

associated with neuronal and astroglial cell populations. 'l)!e detection of two pools of 

caveolin-1 immunoreactivity following subfractionation of isolated microvessel points to 

the possibility of two distinct pools of caveolin-1 within the endothelial cell; a principal 

pool that is, or remains, detergent-insoluble; and a secondary pool that is, or becomes, 

detegent-soluble. 

Caveolin-1 Distributes to a Cholesterol-Enriched Microdomain 

Numerous studies have demonstrated that the bouyant density of caveolin-1 

microdomains is critically dependent upon cholesterol (Rothberg, 1992; Cerneus et a!., 

1993; Keller and Simons, 1998; Scheiffele eta!., 1998; Sheets eta!., 1999). Accordingly, 

we analyzed the effects of cholesterol depletion on the distribution of caveolin-1 

fractionated from isolated cerebral cortical microvessels by use of saponin, a cholesterol 

binding detergent shown previously to destabilize caveolin-1/cholesterol-sphingolipid 

interactions (Schroeder et a!., 1998). To this end, isolated cerebral cortical microvessels 

were solubilized in Triton X -100 at a detergent to protein ratio of 1: 1 (mg/mg) and the 

detergent lysate supplemented with saponin at a detergent to protein ratio of 2: I (mg/mg) 

and 4:1 (mg/mg). Detergent lysates were fractionated by equilibrium centrifugation on a 

5-30% linear sucrose gradient, and fractions collected across the gradient were processed 

for immunoblot analysis using affinity purified anti-cavl-pep2120 polyclonal antibodies 

(Figure 8). As observed in previous analyses, addition of saponin at a 2:1 (mg/mg) 

detergent to protein ratio resulted in a shift of caveolin-1 from the typical low-density, 
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bouyant region (peak fractions 5 and 6 corresponding to 15-1S% sucrose) to a region of 

greater density (peak fractions 9-11 corresponding to-26-34% sucrose) (cf. Figure SA and 

Figure SB). Caveolin-1 immunoreactivity in the detergent-insoluble, sedimentable 

fraction, which typically comprises -65% of the total detectable immunoreactivity, 

contributed only .:..25% of the total detectable immunoreactivity following saponin 

solubilization. Furthermore, -15% of the total caveolin-1 immunoreactivity was observed 

in the detergent-soluble load fractions of the gradient (fractions 11 and 12). Addition of 

saponin at a 4: 1 (mg/mg) detergent to protein ratio did not alter significantly the level of 

caveolin-1 immunoreactivity detected in the detergent-insoluble, sedimentable fraction. 

However, caveolin-1 immunoreactivity in the detergent-soluble load fractions (fraction 

11 and 12) nearly doubled, comprising -30% of the total immunoreactivity (Figure SC). 

The increased level of soluble caveolin-1 most likely reflects an increased solubilization 

of caveolin-1 that contributed to the pool of low-density, bouyant caveolin-1. Because 

solubilization of isolated micro vessels by the detergent Triton X -100 at a detergent to 

protein ratio of 1:1 (mg/mg) alone does not reveal appreciable levels of caveolin-1 

immunoreactivity in the soluble load fractions (Figure 7 A and SA), these results may be 

taken to suggest that the increased level of cholesterol depletion allows for an increased 

solubilization of detergent-insoluble, sedimentable caveolin-1 by Triton X-100. These 

data are consistent with the interpretation that caveolin-1 located to cerebral cortical 

microvessels interacts with a cholesterol-enriched microdomain, and that the absence of 

cholesterol cannot account for the resistance to solubilization by non-ionic detergents. 



Figure 8. Caveolin-1 in cerebral microvasculature distributes to a cholesterol-enriched 

microdomain. Isolated cerebral microvessel homogenates were solubilized at a Triton 

X-IOO to protein ratio of 1:1 (mglmg) in the presence of varying amounts of saponin to 

deplete cholesterol from the membranes. Microvessel homogenates with no saponin 

(panel A), saponin added at a 2:1 detergent to protein ratio (mglmg) (panel B), and 

saponin added at a 4:1 detergent to protein ratio (mg/mg) (panel C) were resolved by 

equilibrium centrifugation on 5-30% linear sucrose gradients. Immunoblots of fractions 

collected across each gradient with anti-cav1-pep2/20 antibodies revealed that the 

addition of 2:1 saponin caused a shift in caveolin-1 to higher density fractions, and a 

decrease in caveolin-1 immunoreactivity in the pellet from 65% (untreated control) to 

25% of total caveolin-1 immunoreactivity. There was also a corresponding increase in 

caveolin-1 immunoreactivity in the detergent soluble fractions (fractions 11-12, 

corresponding to 15% of the total immunoreactivity). Increased addition of saponin, and 

therefore increased cholesterol depletion, (panel C) resulted in a further increase in 

caveolin-1 immunoreactivity in the soluble fractions (fractions 11-12, corresponding to 

30% of the total immunoreactivity). These studies suggest that increased removal of 

cholesterol results in increased solubilization of caveolin-1 with Triton X-1 00. 

Therefore, caveolin-1 appears to associate within cholesterol-enriched microdomains in 

cerebral microvasculature. 
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Detergent-insoluble, Sedimentable Caveolin-1 is Resistant to Depolymerization of the 

Actin and Microtubular Cytoskeletons 

The significant pool of Triton X-100-insoluble caveolin-1 could be indicative of an 

affiliation with the underlying cytoskeleton. Indeed, multiple ultrastructural and 

biochemical analyses have implicated the actin cytoskeleton in caveolae function (Izumi 

et al., 1988; Parton et al., 1994; Fujimoto et al., 1995), and recent data obtained using a 

yeast two-hybrid screen revealed the actin binding protein filamin as a ligand for 

caveolin-1 (Stahlhut and van Deurs, 2000). Thus, we determined the distribution of 

caveolin-1 immunoreactivity after disassembling the actin and microtubule cytoskeletons 

using cytochalasin D (100 Jlg/ml, 37"C x 30 mins), and nocodazole (200 Jlg/ml, 37°C x 30 

mins), respectively. Microvessels were isolated, and treated and untreated preparations 

solubilized in Triton X-100 at a detergent to protein ratio of 1:1 (mg/mg). The detergent 

lysates were then fractionated by equilibrium centrifugation on 5-30% linear sucrose 

gradients (Sargiacomo et al., 1993; Cameron et al., 1997). Fractions coJlected across 

each gradient were processed for immunoblot analysis using affinity purified anti-cavl

pep2120 polyclonal antibodies. These data revealed that the majority of caveolin-1 

immunoreactivity distributed to the detergent-insoluble, sedimentable fraction in the 

absence of an intact actin (cf Figure 9A and 9B) and microtubule (Figure 9C and 9D) 

cytoskeleton. 

Because caveolin-1 has been implicated in the functioning of both the adherens and 

the tight junction (Corvera et al., 2000; Galbiati et al., 2000; Nusrat et al., 2000; 

Nishiyama et al., 2001), and as both the adherens junction and the tight junction are 

insoluble in Triton X-100, we examined the distribution of caveolin-1 after the disruption 



Figure 9. Caveolin-1 distribution in isolated cerebral microvessels is not altered after 

depolymerization of the actin and microtubule cytoskeletons and disconnection of 

intercellular adhesions. Isolated cerebral microvessels were treated with 100 pglml of 

cytochalasin D at 37"Cfor 30 minutes (panel B), nocodazole at 200 pglml at 37"Cfor 30 

minutes (panel D), and with a combination of 5 mM ETDA and 5 mM EGTA at 37"C for 2 

hours (panel F). After incubation, the treated microvessel homogenates· and untreated 

control homogenates (panels A, C, and E, respectively) were solubilized with Triton X· 

100 at a detergent to protein ratio (mg/mg) of one. Resolution of the lysates on 5-30% 

linear sucrose gradients followed by immunoblot analysis of the fractions with anti-cav 1-

pep2120 antibodies reveal that the majority of caveolin-1 immunoreactivity remains in 

the detergent-insoluble, sedimentable fraction in all cases. For example, 57.6% of 

caveolin-1 immunoreactivity is localized to the pellet fraction in the microvessels that 

had been treated with EDTA and EGTA (panel F), compared to 59.15% of the total 

caveolin-1 immunoreactivity being localized within the pellet fraction in the untreated 

microvessel control (panel E). Therefore, it appears that caveolin-1 distribution in 

cerebral microvasculture is not dependent upon intact actin or microtubular 

cytoskeletons, or intact intercellular adhesions. 
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of intercellular adherens junctions and tight junctions by calcium depletion. Previous 

analyses have demonstrated a requirement for calcium in the maintenance of adherens 

and tight junction integrity (Martinez-Palomo et al., 1980; Volberg et al., 1986; Balda et 

al., 1999). Microvessel preparations were incubated in EGTA and EDTA (5 mM each, 

37°C x 2 hours), and solubilized in Triton X-100 at a detergent to protein ratio of 1:1 

(mg/mg). The detergent Iysates were resolved by equilibrium centrifugation on 5-30% 

linear sucrose gradients (Sargiacomo et al., 1993; Cameron et al., 1997), and fractions 

collected: across the gradient were processed for immunoblot analysis using affinity 

purified anti-cav 1-pep2/20 polyclonal antibodies. These findings showed that 

calcium/magnesium depletion did not induce a change in the distribution of caveolin-1: 

the detergent-insoluble, sedimentable fraction comprised 57.6% of the detectable 

caveolin-1 immunoreactivity, a distribution similar to that obtained for untreated 

microvessel preparations processed in parallel, corresponding to 59.15% (cf Figure 9E 

and 9F). 

Taken together, these distribution data corroborate ample biochemical evidence 

indicating the insolubility of caveolin-1 arises as an association with a cholesterol

sphingolipid microdomain. 

Isolated Endothelial Cells Reveal Diminished Levels of Caveolin-1 Immunoreactivity 

in the Detergent-Insoluble, Sedimentable Fraction 

Considerable data indicate that the permeability properties of brain microvascular 

endothelia are established and ultimately regulated by the interaction between astrocytes 

and endothelial cells (Stewart and Wiley, 1981: Janzer and Raff, 1987; Rubin eta!., 1991; 

Sobue et al., 1999). To evaluate the possibility that the detergent-insoluble, sedimentable 
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fraction of caveolin-1 reflected the in vivo architecture of the blood brain barrier, isolated 

cerebral microvessels were dissociated and individual cells types maintained in culture 

(Bowman et a!., 1981; Figure 10). The predominant cell (95-98%) present in the 

endothelial cell cultures displayed the elongated, fibroblast-like morphology that is 

characteristic of endothelial cells maintained in culture ( e,g., Abbott et a!., 1992). To 

confirm the identity of the cell population, we carried out studies evaluating the uptake of 

Dil-acetylated-low density lipoprotein. In vivo, endothelial cells, but not pericytes or 

smooth muscle cells possess the scavenger receptor pathway ultilized for acetylated-low 

density lipoprotein metabolism (Voyta eta!., 1984; Netland eta!., 1985). Fluorescence 

microscopy revealed that >95% of the cells present in the endothelial cell cultures 

showed extensive lysosomal accumulation of Dil-acetylated-LDL (Figure 11). The 

uptake of Dil-acetylated-LDL was diminished significantly by the inclusion in the 

incubation medium of fucoidan (200 ilg/ml x 4 hrs at 37°C), a specific inhibitor of the 

scavenger receptor pathway (Sprague et al., 1988). 

After establishing the extent of cell purity, we determined the distribution of 

caveolin-1 by indirect immunofluorescence using affinity purified anti-cav1-pep2/20 

polyclonal antibodies (Figure 12). Caveolin-1 immunoreactivity in subconfluent 

endothelial cell cultures was detected as individual, intensely fluorescent puncta, (-50 nm 

diameter) scattered along the apical and basal plasmalemmal surfaces. These 

immunofluorecent data, which suggest the presence of caveolae, corroborate previous 

electron microscopic studies that reveal a significant increase in intracellular vesicles and 

omega-shaped profiles (i.e., caveolae) for homogeneous populations of brain 

microvascular endothelial cells maintained in culture (e.g., Lane et al., 1995). 



Figure 10. Isolation, culture, and analysis of endothelial cells from isolated cerebral 

microvessels. Microvessels were isolated as described in Methods, and resuspended in 

M199 containing 1 mglml collagenase/dispase to digest the basement membrane. The 

digestion separates the endothelial cells and pericytes from the basement membrane to 

produce a mixed cellular suspension. (E = endothelium, P = pericytes, BM = basement 

membrane and A = astrocyte foot processes). The endothelial cell or pericyte 

populations may be purified under selective culture conditions. isolated endothelial cells 

were labeled with Dil-acetylated-low density lipoprotein, processed for indirect 

immunofluorescence, and analyzed by subcellular fractionation of Triton X-1 00 insoluble 

membranes by isopycnic density centrifugation. 
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Figure 11. Cerebral microvascular endothelial cells in vitro are labeled by the uptake 

of Dil-acetylated-low density lipoprotein. Microvascular endothelial cells were 

incubated in media containing 10 Jlglml of dil-Ac-LDL at 37°C for· 4 hours. After 

incubation, the cells were fu:ed in 4% formaldehyde, 120 mM sodium phosphate, pH 7.4 

for 30 minutes at room temperature, rinsed in 120 mM sodium phosphate, and viewed 

using epifluorescent optics. The cells reveal fluorescence in a mostly perinuclear 

pattern, consistent with the internalization of Dil-acetylated-WL into endothelial cells 

through receptor-mediated endocytosis via the scavenger receptor and subsequent 

degradation in the lysosome. Using this method, quantitations of microvascular: 

endothelial cell cultures reveal that they are approximately 95-98% homogeneous. 
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Figure 12. Caveolin-1 in subconfluent cerebral microvascular endothelial cells 

distributes in a punctate pattern. Subconfluent microvascular endothelial cells in vitro 

were labeled with anti-cavl-pep2120 antibodies by indirect immunofluorescence. Note 

the space present between the individual cells. intensely fluorescent puncta of -50 nm 

diameter are present along the cell surface and along the cell borders. Previous studies 

have demonstrated the presence of invaginated caveolae (Lane et al., 1995), and the 

participation of caveolae in transcytosis in cerebral microvascular endothelial cells in 

vitro (Dehouck et al., 1997; Esser et al., 1998). Therefore, it appears that caveolin-1 

localizes to plasmalemma[ caveolae and caveolar vesicles in these cells. 
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To assess the detergent solubility characteristics of caveolin-1, subconfluent 

endothelial cell cultures were solubilized in Triton X -100 at a detergent to protein ratio of 

1:1 (mg/mg) and the detergent lysate fractionated by equilibrium centrifugation on a 5-

30% linear sucrose gradient. Fractions were collected across the gradient and proteins 

processed for immunoblot analyses using anti-cavl-pep2/20 and commercially available 

affinity purified monoclonal caveolin-2 antibodies (Figure 13A and 13B, respectively). 

Caveolin-1 immunoreactivity distributed principally to the low-density bouyant fractions 

(fractions 6-8 corresponding tol8-22% sucrose), whereas the immunoreactivity detected 

in the detergent-insoluble, sedimentable fraction was diminished significantly, 

comprising -19% of the total caveolin-1 immunoreactivity. The distribution of caveolin-

1 observed for cultured endothelial cells was in distinct contrast to that distribution 

determined for isolated micro vessels as well as for adult neocortical tissue ( cf Figure 13A 

to Figure 4 and Figure 7 A). The level of caveolin-2 iriununoreactivity, which displayed a 

coincident distribution to that determined for caveolin-1, likewise, was diminished in the 

detergent-insoluble, sedimentable fraction, contributing -13 % of the total 

immunoreactivity (Figure 13B). The specific immunoreactivity for caveolin-1 :caveolin-2 

is 2:1 in both the peak detergent-insoluble, low-density fractions (fractions 6-8) and in the 

detergent-insoluble, sedimentable fraction. These data indicate that the caveolin 

composition of the two immunoreactive groups is similar, and that caveolin-1 and -2 may 

interact in subconfluent endothelial cells. The distribution of caveolin-1 and caveolin-2 

immunoreactivities to the low-density bouyant fractions is consistent, however, with 

immunolocalization and electron microscopic evidence demonstrating a prominent level 

of transcytotic vesicle and caveolae in isolated microvascular endothelial cells. 



Figure 13. Caveolin-1 and caveolin-2 in subconjluent microvascular endothelial cells 

in vitro mostly distribute to the detergent-insoluble, low density fractions. Subconjluent 

endothelial cell homogenates were solubilized with Triton X-100 at a detergent to protein 

ratio (mglmg) of 1:1, and the lysates resolved on a 5-30% linear sucrose gradient. 

Immunoblot analysis of the fractions collected across the gradient with anti-cav 1-

pep2/20 antibodies and a commercially available monoclonal antibody to caveolin-2 

reveal that immunoreactivity in the detergent-insoluble, sedimentable fraction is 

drastically reduced compared to intact cerebral microvessels and intact cortex. 

Approximately 18% of total caveolin-1 immunoreactivity is localized to the pellet fraction 

(panel A), while 13% of total caveolin-2 immunoreactivity is localized within the pellet 

fraction (panel B). Additionally, both isoforms of caveolin maintain a coincident 

distribution. In subconjluent endothelial cells, the majority of caveolin distributes to the 

detergent-insoluble, buoyant density fractions (peak immunoreactivity in fractions 6-8, 

corresponding to 18-23% sucrose), consistent with the interpretation that caveolin is 

present within invaginated plasmalemma[ caveolae and caveolar vesicles. 
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Recent data reveal that pericytes regulate endothelial cell proliferation and 

morphology (Herman and D' Amore, 1985; Lindahl eta!., 1997; Hellstrom eta!., 1999), 

including a prominent increase in the number of caveolae (Hellstrom et a!., 2001). 

Because pericytes comprise the principal cell contaminant of the endothelial cell cultures, 

we evaluated the distribution of caveolin-1 immunoreactivity for enriched populations of 

pericytes maintained in culture. The predominant cell ( -95%) present in these cultures 

displayed an irregular, process-bearing morphology characteristic of isolated pericytes 

(Gitlin and D' Amore, 1983; Herman and D' Amore, 1985). To evaluate the distribution 

of caveolin-1, pericyte-enriched cell cultures were solubilized in Triton X-100 at a 

detergent to protein ratio of 1:1 (mg/mg), and the detergent lysate fractionated by 

equilibrium centrifugation on a 5-30% linear sucrose gradient. Immunoblot analysis of 

fractions collected across the gradient were performed using affinity purified anti-cav1-

pep2120 antibodies and revealed that the the majority of caveolin-1 immunoreactivity 

localized to the low-density, buoyant fractions (fractions 6-8 corresponds to 17-23% 

sucrose) (Figure 14). Although we have not carried out ultrastructural analyses of isolated 

pericytes, the distribution of caveolin-1 to low-density bouyant fractions is consistent 

with previous functional analyses of isolated pericytes demonstrating an amplification of 

both phagocytic and transcytotic processes (Shepro and Morel, 1993). These data 

suggest that both pericytes and endothelial cells downregulate the caveolar compartment 

as a consequence of heterotypic cell interactions -pericyte/astrocyte/endothelial cell. 



Figure 14. Caveolin-1 in cerebral microvascular pericytes in vitro predominantly 

distributes to the detergent-insoluble, low density fractions. Isolated microvascular 

pericyte homogenates were solubilized with Triton X-100 at a detergent to protein ratio 

(mglmg) of I:1,followed by resolution of the detergent lysates on a 5-30% linear sucrose 

gradient. Immunoblot analysis of fractions collected across the gradient with affinity 

purified caveolin-I polyclonal antibody demonstrates that the majority of caveolin-I is 

distributed to the detergent-insoluble low density fractions (peak immunoreactivity in 

fractions 6-8, corresponding to 17-23% sucrose). This distribution is nearly identical to 

the distribution of caveolin in isolated subconfluent microvascular endothelial cells 

(Figure 13 ), presumably because pericytes in vitro possess phagocytic and transcytotic 

capabilities (Shepro and Morel, I993). Therefore, these findings suggest that caveolin-1 

distribution in cerebral microvessels to the detergent-insoluble, sedimentable portion of 

the gradient is not the result of an intrinsic property of cerebral microvascular cell types, 

but may instead be the consequence of heterotypic cellular interactions. 
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Caveolin-1 in Lung Microvessels Distributes to a Detergent-Insoluble, Sedimentable 

Fraction 

To determine if the distribution of caveolin-1 to the detergent-insoluble, sedimentable 

fraction might reflect a unique property of neocortical microvasculature, we sought to 

determine the distribution of caveolin-1 in a preparation of microvessels isolated from 

adult lung tissue. Microvessel preparations were solubilized in Triton X-100 at a 

detergent to protein ratio of 1:1 (mg/mg) and the detergent lysate fractionated by 

equilibrium centrifugation on a 5-30% linear sucrose gradient. Immunoblots of fractions 

collected across the gradient demonstrated that the majority, -55%, of the caveolin-1 

immunoreactivity distributed to the detergent-insoluble, sedimentable fraction (Figure 
•. 

15). In distinction to the distribution of caveolin-1 determined for cerebral microvascular 

endothelia, a significant level of caveolin-1 immunoreactivity was detected within the 

soluble, load fractions (-10%, fractions 11 and 12), as well as within the low-density 

buoyant fractions (-35%, fractions 5 and 6 corresponding to 16-19% sucrose). The 

distribution of caveolin-1 to the low-density buoyant and the soluble load fractions likely 

reflects the abundant level of caveolae present in the microvascular endothelia of lung 

tissue (Simionescu and Simionescu, 1983). However, these data show clearly that a 

considerable portion of caveolin-1 present in lung microvasculature also distributes to the 

detergent-insoluble, sedimentable fraction, perhaps, suggesting that the detergent-

insoluble sedimentable fraction may comprise caveolin-1 immunoreactivity that is not 

associated with caveolae. 



Figure 15. Caveolin-1 in isolated lung microvessels is predominantly localized to the 

detergent-insoluble, sedimentable fraction. Lung microvessels were isolated according 

to the same protocol as cerebral microvessels (see Methods), and the homogenates 

solubilized with Triton X-100 at a detergent to protein ratio of 1:1 (mglmg). The 

detergent lysates were separated by equilibrium centrifugation on a 5-30% linear 

sucrose gradient, and fractions collected across the gradient were immunoblotted using 

anti-cavl-pep2120 antibodies. Immunoreactive fractions reveal that the majority of 

caveolin-1 (-55% of the total immunoreactivity) is localized to the detergent-insoluble, 

sedimentable fraction, similar to the distribution of caveolin-1 in cerebral microvessels 

(cf Figure 7A). Additionally, -10% .of total caveolin-1 immunoreactivity in lung 

microvessels is localized within the detergent-soluble portion of the gradient (fractions 

11-12). Thus, continuous endothelium appears to have a significant proportion of 

caveolin-1 that is not associated with caveolae. 
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Caveolin-1 and Occludin, A Marker of the Tight Junction Compartment, Reveal 

Overlapping Distributions in Cerebral Microvasculature 

Previous subcellular fractionation studies have demonstrated the insolubility of the 

tight junctional domain .in sodium deoxycholate (Stevenson and Goodenough, 1984), the 

adherens junctional domain in NP-40 (Tsukita and Tsukita, 1989), and the gap junctional 

domain in N-lauroylsarcosine (Goodenough and Stoekenius, 1972; Henderson et a!., 

1979). Although analyses of lipid composition are not available for isolated tight and 

adherens junctional domains, gap junctions isolated using N-lauroylsarcosine reveal a 

selective retention of cholesterol, but not phospholipids, suggesting a relatively strong 

association of cholesterol with the gap junctional domain (Henderson eta!., 1979). In 

fact, the cholesterol and the sphingomyelin content of isolated gap junctions is quite high 

in comparison to other membrane (Malewicz et a!., 1990; Baumann et a!., 1996). Gap 

junction assembly between cultured cells is increased upon exogenous addition of 

cholesterol, and the effect is dependent upon protein, but not RNA, synthesis (Meyer et 

a!., 1990). These data, taken together with the immunolocalization, immunoblot, and 

subcellular fractionation data obtained for caveolin-1, implied the possibility that the 

detergent-insoluble, sedimentable fraction of caveolin-1 might reflect an association of 

caveolin-1 with the junctional domains of microvascular endothelia. 

Accordingly, we determined the distribution of occludin, a known protein component 

of tight junctions (Balda et a!., 1996; McCarthy et a!., 1996), by indirect

immunofluorescence using frozen sections prepared from aldehyde-fixed adult neocortex. 

Occludin immunoreactivity ·localized principally to the microvasculature, although a low 

level of immunoreactivity was detected within neuronal and astroglial cells (Figure 16). 



Figure 16. Occludin is primarily localized to microvascular endothelium in adult rat 

cortex. Indirect immunofluorescent labeling of adult rat ·cortex using a commercially 

available affinity purified polyclonal antibody to occludin reveals that immunoreactivity 

is primarily localized to the microvasculature. · Within the mi;rovasculature, ~ccludin 

appears to label tight junctions. Additionally, there is minor immunoreactivity among 

some neuronal and astrdcytic populations. Therefore, the morphology suggests that 

occludin may be utilized as a marker oftight junctions in isolated r,:erebral microvascular 

endothelium. 
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Previous immunolocalization studies have demonstrated a low level of occludin 

expression within primary cultures of neuronal and astroglial cells (Bauer eta!., 1999). 

Because of the near uniform distribution of caveolin-1 immunoreactivity observed in 

cerebral microvascular endothelia, co-immunolocalization analyses of caveolin-1 and 

occludin proved to be of limited usefulness. Because multiple data indicate that the 

complexity of the junctional domain develops progressively during endothelial cell 

culture (e.g., Lane et a!., 1995), we examined short and long-term endothelial cell 

cultures by indirect immunofluorescence to determine if caveolin-1 immunoreactivity 

localized to the forming junctional compartment, and additionally, if upon detergent 

-
solubilization, caveolin-1 immunoreactivity distributed to the detergent-insoluble, 

sedimentable fraction subsequent to the formation of the junctional domain compartment. 

To this end, subconfluent and post-confluent (confluent for three weeks) endothelial cell 

cultures were solubilized in Triton X -100 at a detergent to protein ratio of 1: 1 (mg/mg) 

and the detergent lysates fractionated by equilibrium centrifugation on 5-30% linear 

sucrose gradients. Fractions collected across each gradient were processed for 

immunoblot analysis using anti-cav1-pep2/20 antibodies. These studies revealed that 

caveolin-1 distributed principally to the low-density bouyant fractions (fractions 6 and 7 

corresponding to 17-20% sucrose) in subconfluent endothelial cell cultures (Figure17A). 

In confluent endothelial cultures, caveolin-1 immunoreactivity distributed to several 

bouyant fractions, although in a region of greater density than that detected for 

subconfluent endothelial cultures (fractions 7 and 8 corresponding to 20-25% sucrose) 

(Figure 17B). Occludin immunoreactivity was not detected in either subconfluent or 



Figure 17. Caveolin-1 distribution in cerebral microvascular endothelial cells is 

maintained with sustained interendothelial cell contact. To determine if sustained 

interendothelial contact shifts caveolin-1 immunoreactivity to a distribution that 

corresponds to caveolin-1 in structurally intact isolated microvessels, homogenates of 

subconfluent cerebral microvascular endothelial cells after 1 week in vitro (panel A) and 

after 3 weeks post-confluent in vitro (panel B) were solubilized with Triton X-100 at a 

detergent to protein ratio (mg/mg) of 1:1. Detergent lysates were fractionated by 

equilibrium centrifugation on 5-30% linear sucrose gradients, and immunoblots of 

fractions collected across the gradients were performed using anti-cav1-pep2!20 

antibodies. Immunoreactive fractions in subconfluent cells reveal that caveolin-1 is 

almost entirely confined to the detergent-insoluble, low-density fractions (peak 

immunoreactivity at 17-20% sucrose). Post-confluent cells demonstrated a slight shift in 

caveolin-1 immunoreactivity to higher density fractions (peak immunoreactivity at 20-

25% sucrose). Thus, these data suggest that caveolin-1 distribution is only minimally 

affected by sustained endothelial:endothelial contact. 
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confluent endothelial cell cultures by immunolocalization or immunoblot studies, 

suggesting that a mature junctional compartment was not present (data not shown). 

Therefore, to determine if the distributions of caveolin-1 and occludin 

immunoreactivities overlapped, isolated cerebral cortical microvessels were solubilized 

in Triton X-100 at a detergent to protein· ratio of 1:1 (mg/mg) and the detergent lysate 

fractionated by equilibrium centrifugation on a 5-30% linear sucrose gradient. Fractions 

collected across the gradient were processed for immunoblot analysis using anti-cav 1-

pep2/20 and occludin antibodies (Figure 18A and 18B, respectively). These data 

revealed that caveolin" 1 and occludin have overlapping, although not completely 

coincident, distributions. Approximately 30% of the occludin immunoreactivity and 65% 

of the caveolin-1 immunoreactivity distributed to the detergent-insoluble, sedimentable 

fraction. The remainder of occludin immunoreactivity was detected within the detergent

soluble, load fractions ( -35% of the immunoreactivity, fractions 11-12), and low density 

buoyant fractions (-35% of the immunoreactivity, fractions 8-10 corresponding to 24-

33% sucrose). 

The co-distribution of both caveolin-1 and occludin immunoreactivities to the 

detergent-insoluble, sedimentable fraction could reflect the sedimentation of related, but 

distinct, non-interacting membrane compartments. Accordingly, we sought to resolve the 

components that distribute to the detergent-insoluble sedimentable fraction using sucrose 

density gradient centrifugation. As a first study, a homogenate prepared from adult 

neocortex was solubilized in Triton X-100 at a detergent to protein ratio of 1:1 (mg/mg), 

adjusted to 40% sucrose, and loaded on top of a preformed 43-55% linear sucrose 

gradient. Following centrifugation to equilibrium, fractions were collected across the 



Figure 18. Caveolin-1 and occludin have overlapping biochemical distributions in 

isolated cerebral microvessels. Isolated cerebral microvessel homogenates were 

solubilized at a detergent to protein ratio (mg/mg) of 1:1 and the detergent lysates 

separated by equilibrium centrifugation on 5-30% linear sucrose gradients. Immunoblot 

analysis of the fractions collected across the gradient using anti-cav 1-pep2/20 antibodies 

and commercially available polyclonal occludin antibodies reveal an overlapping 

distribution in the detergent-insoluble, sedimentable pellet fractions. While this fraction 

comprises -65% of caveolin-1 immunoreactivity, it represents -30% of occludin 

immunoreactivity. Therefore, it is possible that caveolin-1 and occludin might reside 

within a proportion of occludin-containing microdomains. Alternatively, caveolin-1 and 

occludin could sediment within related, but distinct, non-interacting membrane 

compartments. 
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gradient, and proteins processed for immunoblot analyses using anti-cavl-pep2/20 and 

occludin antibodies. These immunoblot data revealed two overlapping pools of caveolin-

1 and occludin immunoreactivity (Figure 19A and 19B, respectively). The first pool 

distributed throughout the Triton X-100 soluble load fractions (fractions 1-3) located at 

the top of the gradient and comprised -10% of the total immunoreactivity for caveolin-1 

and for occludin. The second pool distributed between 50 and 54% sucrose (fractions 8-

12) and comprised - 85% of the total immunoreactivity for caveolin-1 as well as for 

occludin. The significant, but not absolute, overlap between the distributions of caveolin-

1 and occludin suggests the possible association of caveolin-1 with the junctional domain 

in neocortical microvascular endothelia. 

As a second study, a microvessel preparation, obtained from adult neocortex, was 

solubilized in Triton X-100 at a detergent to protein ratio of 1:1 (mg/mg), adjusted to 

40% sucrose, and loaded on top of a preformed 43-55% linear sucrose gradient. 

· Fractions taken across the gradient were processed for immunoblot analyses using 

affinity purified anti-cavl-pep2/20, occludin, and VE-cadherin antibodies (Figure 20A-C, 

respectively). For each antigen, two peaks of immunoreactivity were detected: one peak 

localized to the detergent-soluble, load fractions (fractions 1-3), and the other to several 

fractions of high density (peak fraction 12 corresponding to 51% sucrose) (Figure 20A

C). Caveolin-1 immunoreactivity was detected principally within the high-density 

fractions ( -85% of the total immunoreactivity) with the remaining immunoreactivity 

distributing to the detergent-soluble load fractions. A considerably smaller level of 

occludin immunoreactivity distributed to the fractions of high-density (-50% of the total 

immunoreactivity); the remaining immunoreactivity being detected in the detergent-



Figure 19. Separation of adult rat cortex microdomains in a high-density sucrose 

gradient produces an overlapping distribution of caveolin-1 and occludin. To 

determine if the overlap in occludin and caveolin-1 immunoreactivites are maintained in 

detergent-insoluble fractions at increased sucrose densities, adult rat cortex 

homogenates were solubilized with Triton X-100 at a detergent to protein ratio (mg/mg) 

of 1:1, the homogenate adjusted to 40% sucrose, and loaded on top of a 43-55% linear 

sucrose gradient. After centrifugation to equilibrium, fractions were collected across the 

gradient, and equal volumes of these fractions were immunoblotted using anti-cav1-

pep2/20 antibodies and commercially available occludin antibodies. Immunoreactivities 

reveal a remarkable overlap in caveolin-1 (panel A) and occludin (panel B) between 50-

54% sucrose (fractions 8-12). Approximately 10% of total caveolin-1 and 10% of total 

occludin immunoreactivity is localized to the detergent-soluble load fractions (fractions 

1-3 ), and 85% of total caveolin-1 and total occludin immunoreactivites are localized to 

the detergent-insoluble, high density portion of the gradient. This suggests that 

caveolin-1 may be localized within junctional microdomains. 
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Figure 20. Separation of cerebral microvessel microdomains in a high density sucrose 

gradient produces coincident distributions of caveolin-1, occludin, and VE-cadherin. 

To determine if the overlapping distribution of caveolin-1 and junctional markers within 

detergent-insoluble, high density fractions is maintained in isolated cerebral 

microvessels, microvessel homogenates were solubilized with Triton X-100 at a detergent 

to protein ratio ( mglmg) of 1:1, and detergent lysates were resolved on a high density 

sucrose gradient as previously described. Immunoblot analysis of the fractions using 

anti-cav1-pep2/20 antibodies (panel A), and commercially available occludin (panel B) 

and VE-cadherin (panel C) antibodies demonstrate remarkably similar distributions of 

all three proteins. Approximately 85% of total caveolin-1 ·immunoreactivity is localized 

within the detergent-insoluble high density fractions (peak at 51% sucrose), -50% of 

total occludin immunoreactivity is localized within the detergent-insoluble high density 

fractions (peak at 51% sucrose), and -45% of total VE-cadherin immunoreactivity is 

localized within the detergent-insoluble high density fractions (peak at 51% sucrose). 

Therefore, these data support the interpretation 'that caveolin-1 may reside within 

junctional microdomains within cerebral microvasculature. 
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soluble, load fractions. VE-cadherin immunoreactivity, which selectively distributes to 

the adherens junction of vascular endothelial cells (Brevario et a!., 1995), localized 

similarly to that distribution determined for occludin ( -45% of the immunoreactivity 

distributed to the high-density fractions with the remainder being associated with the 

detergent-insoluble, load fractions). Previous immunolocalization studies of blood-brain-

barrier junctional constituents indicate that the components of the tight junction are 

embedded within the adherens junction (Schulze and Firth, 1993). The nearly identical 

quantitative overlap determined for occludin and VE-cadherin immunoreactivities lends 

support to the interpretation that coincident distribution""determined by subcellular 

fraction may be taken to approximate co-localization and/or co-interaction of 

components. The distribution of caveolin-1 immunoreactivity to fractions composed of 

VE-cadherin and occludin is indicative of an association of caveolin-1 with the junctional 

microdomain in cerebral microvascular endothelium. 

Preparation of a Junctional Domain Fraction from Isolated Microvasculature 

To determine directly if caveolin-1 localized to the junctional domain, we sought to 

isolate a fraction enriched in junctional domains from preparations of microvessels 

isolated from adult neocortices using a subcellular fractionation protocol established for 

the isolation of a tight junction fraction from liver plasma membrane (Stevenson and 

Goodenough, 1984). The isolation of junctional domains has taken advantage of their 
~ 

insolubility in non-ionic detergents: the tight junctional domain in sodium deoxycholate 

(Stevenson and Goodenough, 1984), the adherens junctional domains in NP-40 (Tsukita 

and Tsukita, 1989), and the gap junctional domain in N-lauroylsarcosine (Goodenough 

and Stoekenius, 1972; Henderson et a!., 1979). To this end, a cerebral microvessel 
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fraction was solubilized in sodium deoxycholate (DOC) at a detergent to protein ratio of 

4:1 (mg/mg), and a DOC-soluble (S1) and a DOC-insoluble fraction (P1) were generated 

by low-speed centrifugation. To reduce non-junctional membrane contamination, the 

DOC-insoluble (PI) fraction was processed through a series of deoxycholate washes to 

yield the residual DOC-insoluble fraction (P3) and the final DOC-insoluble fraction (P4) 

(Figure 21). 

Deoxycholate-Insoluble Fractions are Composed of Gap and Tight Junctions 

To determine the morphology of those components resistant to solubilization by 

deoxycholate, fractions P3 and P4 were collected and processed for transmission electron 

microscopic analyses. The majority of components were large, dumbbell-shaped particles 

composed of several layers of continuous membrane that wrapped about a population of 

smooth-surfaced membrane vesicles (Figure 22A). More detailed examination revealed 

that the membrane sheets were composed almost entirely of alternating tight and gap 

junctions (Figure 22B). Because the P3 and P4 fractions were obtained by solubilization 

of intact ceils, rather than by solubilization of isolated plasma membrane, the vesicle 

population located in the interior of the dumbbell-shaped particles likely comprise 

entrapped, incompletely solubilized, non-junctional plasma membrane. At present, we 

have not pursued further detergent solubilization strategies as a means to obtain a 

junctional domain fraction of greater purity. 

The Junctional Domain Sub fraction has a Simple Polypeptide Composition 

As a first step in evaluating the composition of the junctional domain subfraction, we 

sought to determine the extent to which the composition reflected a refinement to 

constituents known to compose tight, adherens, and gap junctional domains. 



Figure 21. Preparation. of a microvascular junctional domain fraction. ·Intact 

membranes containing junctional domains were obtained by solubilizing homogenized 

cerebral microvessels in sodium deoxycholate at a detergent to protein ratio of 4: I 

(mglmg). The homogenate was separated by centrifugation into a deoxycholate-insoluble 

pellet (P 1) and deoxycholate-soluble supernatant (S1) fractions. Refinement of P 1 was 

obtained after deoxycholate washes that produced residual pellet (P3) and final pellet 

( P4) deoxycholate-insoluble fractions. 

·. 
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Figure 22. Deoxych.olate-insoluble fractions from isolated cerebral microvessels 

contain gap and tight junctions. The deoxycholate-insoluble (P3) and (P4) fractions 

isolated from cerebral microvessel homogenates were processed for analysis by 

transmission electron microscopy. Material in the fraction was comprised of dumbbell

shaped particles (panel A) that on crossection are seen to be comprised of several/ayers 

of continuous membrane sheets on the outer edges of the particle. These membrane 

sheets surround smooth-surfaced membrane vesicles in the interior of the particle. 

Higher magnification of the stacked membrane sheets on the exterior (panel B) reveal the 

presence of tight junctional domains (center of photo) surrounded on either side by gap 

junction domains. 
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Polypeptides for all fractions generated during isolation of the junctional domain 

subfraction were resolved by 5-15% polyacrylamide gradient gel electrophoresis and 

stained by silver-nitrate (Figure 23). The deoxycholate-insoluble fractions revealed a 

spectrum of polypeptides with apparent molecular weights ranging from -10 to 250 kD 

and several groups of polypeptides showed an enrichment, including polypeptides located 

at -220-250 kDa (Z0-1 (Stevenson eta!., 1986), at 66 kDa (occludin (Furuse eta!., 

1993)), at 40-45 kDa (connexins (Goodenough, 1974; Little eta!., 1995; Yi eta!., 2001)), 

at 30-35 kDa (unidentified proteins), at 22-25 kDa (caveolin-1 and caveolin-2), and at 

-18 kDa (unidentified proteins). Taken together with the morphological analyses, these 

data indicate that the deoxycholate-insoluble fractions reflect a fraction enriched in 

polypepetides that contribute to the assembly and function of the junctional complex. 

The Junctional Domain Sub fraction is Enriched in Caveolin-1 and Occludin 

To determine if caveolin-1 was enriched in the junctional domain fraction, equal 

protein loads of selected fractions obtained during preparation were processed for 

quantitative immunoblot analyses using anti-cav1-pep2/20 polyclonal antibodies, and for 

comparative purposes, occludin antibodies (Figure 24A and 24B, respectively). Relative 

to the homogenate, caveolin-1 immunoreactivity in the fraction of microvessels was 

enriched -9 times, whereas and occludin immunoreactivity was enriched -4 times 

(Figure 25A and 25B, respectively). Relative to the isolated microvessel fraction, 

caveolin-1 and occludiri immunoreactivities detected in the deoxycholate-insoluble 

fraction P3 were enriched - 3 and 1.5 times, respectively (Figure 26A and 26B, 

respectively). 



F~gure 23. The junctional domain subfractionfrom cerebral microvessels contains a 

simplified set of enriched proteins. Analysis of the protein spectrum for all fractions 

collected during the tight junction isolation was obtained by silver nitrate stain of SDS

PAGE resolved proteins. Note that PI and SI represent the initial separation between 

deoxycholate-insoluble (PI) and deoxycholate-soluble (SI) material, and that the 

remaining fractions (P2-S4) are refinements of PI. Deoxycholate-insoluble fractions 

demonstrate an enrichment of selected sets of junctional proteins: 220-250 kDa proteins 

(Z0-1), 66 kDa protein band (occludin), 40-45 kDa proteins (connexins), unidentified 

proteins at 30-35 kDa, 22-25 kDa proteins (caveolins-I and -2), and an unidentified 

group of proteins around I8 kDa. In addition to the presence of junctional domains by 

morphological analysis, the deoxycholate-insoluble fractions appear to be enriched in 

known polypeptides that participate structurally and functionally within junctional 

complexes. 
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Figure 24. Caveolin-1 is enriched in the junctional domain sub fractions isolated from 

cerebral microvasculature. Equal protein amounts (25 J.lg) of selected fractions 

throughout the junction isolation from cerebral microvessels were immunoblotted using 

anti-cav1-pep2120 antibodies (panel A) and commercially available occludin (panel B) 

antibodies. These immunoblots reveal that both caveolin-1 and occludin are enriched in 

isolated microvessels. Solublization of the microvessel homogenates with deoxycholate 

at a detergent to protein ratio of 4:1 (mglmg) demonstrates increased enrichment of 

caveolin-1 in the deoxycholate-insoluble (Pl) fraction compared to microvessel 

homogenates, while the higher molecular weight, hyperphosphorylated forms of occludin 

found in functional tight junction domains are enriched in the deoxycholate insoluble 

(P 1) fraction. Peak enrk:hment of both cav~olin-1 and occludin in the junction isolation 

is found within the deoxycholate-insoluble ( P 3) fraction. The peak enrichment of 

caveolin-1 and occludin within the same fraction supports the possibility that caveolin-1 

is present within junctional microdomains within cerebral microvasculature. 
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Figure 25. Fold-purification of caveolin-1 ar:zd occludin relative to cortex homogenate. 

Multiple sets of caveolin-1 and occludin immunoreactivities from cerebral microvascular 

junction isolations were quantitated by phosphorimager analysis, and the amount of 

immunoreactivity per J.lg of protein was determined. Fold-purifications were calculated 

comparing the amount of immunoreactivity per j.lg of protein in each fraction to the 

amount in cerebral cortex homogenate. Caveolin-1 enrichment within cerebral 

microvessels is -9-fold relative to the cortex (panel A), while occludin enrichment within 

cerebral microvessels is -4-fold relative to the cortex (panel B). Within the 

deoxycholate-insoluble ( P 3) fraction, caveolin-1 is enriched -14-fold relative to the 

cortex, while occludin is enriched- 5.5-fold relative to the cortex. 
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Figure 26. Fold-purification of caveolin-1 and occludin relative to cerebral 

microvessel homogenate. Fold-purifications were calculated comparing the amount of 

immunoreactivity per f.ig of protein in each fraction to the amount in cerebral 

microvessel homogenate as previously described. .Caveolin-1 enrichment within the 

deoxycholate-insoluble (P3) fraction is -3-fold relative to microvessel homogenate 

(panel A), and occludin enrichment within the deoxycholate-insoluble (P3) fraction is 

-1.5-fold relative to microvessel homogenate (panel B). Therefore, both caveolin-1 and 

occludin appear to be enriched in deoxycholate-insoluble junctional microdomains from 

cerebral microvessels. 
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Caveolin-1 Associated With the Junctional Domain Subfraction is Phosphorylated at 

Tyrosine-14 

Because phosphorylation of proteins located at the junctional domain is thought to 

have significant effects on microvascular permeability (Staddon et a!., 1995; 

Andriopoulou et a!., 1999; Tsukamoto and Nigam, 1999), because src-family tyrosine 

kinases are believed to exert their effects at junctional domains (Meyer et a!., 2001 ), and 

because src-family tyrosine kinases are believed to phosphorylate caveolin-1 at tyrosine-

14 to recruit downstream signaling proteins in other cell types (Volante et a!., 2001 ), we 

sought to determine if the caveolin~1 associated with the junctional domain subfraction 

was phosphorylated at tyrosine-14. 

To this end, a cerebral microvessel fraction prepared in the presence and absence of 

sodium orthovanadate (1 mM), a selective inhibitor of tyrosine phosphatases, was 

solubilized in sodium deoxycholate at a detergent to protein ratio of 4:1 (mg/mg). 

Polypeptides for all fractions ·generated during isolation of the junctional domain 

subfraction were processed for quantitative immunoblot analyses using anti-cav1-pep2/20 

polyclonal antibodies, a monoclonal antibody selective to tyrosine-14 phosphorylated 

caveolin-1 (Lee et a!., 2000), polyclonal antibodies to occludin, and a monoclonal 

antibody, 4010, that recognizes tyrosine-phosphorylated proteins. 

In the absence of vanadate, anti-cavl-pep2/20 antibodies detected a single antigen of 

-24 kDa, which relative to the microvessel fraction was enriched -3 times in the 

deoxycholate-insoluble junctional domain subfraction P3 (Figure 27 A). Occludin 

immunoreactivity, which distributed as two prominant bands located about 66 kDa, was 

enriched relative to the microvessel fraction -1.5 times in the deoxycholate-insoluble 
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junctional domain subfraction P3 (Figure 27C). Levels of tyrosine-14 phosphorylated 

caveolin-1 immunoreactivity (Figure 27B) as weii as 4010 immunoreactivity (Figure 

27D) were undetectable for ail fractions collected during junctional domain 

subfractionation. 

In the pn~sence of orthovanadate, monoclonal antibodies selective for tyrosine-14 

phosphorylated caveoli'n-1 detected two prominent bands of -29 and -33 kba. Relative 

to the microvessel fraction, these two immunoreactive bands were enriched -1.7 times in 

the deoxycholate-insoluble junctional domain subfraction P3 (Figure 28B). Neither band 

of phosphotyrosinated caveolin-1 was detected using 4G 10 antibodies (Figure 28D). The 

detection of two immunoreactive bands corroborates previous evidence showing that 

caveolin-1 can undergo phosphorylation at multiple tyrosine sites, in addition to tyrosine-

14 (Lee eta!., 2000). Because anti-cav1-pep2/20 antibodies do not detect caveolin-1 

phosphorylated at tyrosine 14 (Hantus, 2001), caveolin-1 immunoreactivity in the 

deoxycholate-insoluble junctional domain subfraction P3 shows no enrichment over that 

determined for the microvessel fraction (Figure 28A). Previous studies have shown 

phosphorylation at tyrosine 14 reduced or abolished the affinity of multiple monoclonal 

antibodies directed toward theN-terminus of caveolin-1 (Nomura and Fujimoto, 1999; 

Lee et a!., 2000). The apparent enrichment of occludin immunoreactivity in the S 1 

junctional domain subfraction suggests that tyrosine phosphorylation of occludin leads to 

a change in the solubility of occludin in deoxycholate (Figure 28C). 

Although these studies are indicative of the potential for caveolin-1 phosphorylation 

at tyrosine-14, future studies will be needed to determine how tyrosine phosphorylation 

influences caveolin-1 function at the level of the junctional domain. 



Figure 27. Caveolin-1 does not appear to be phosphorylated in the absence of a 

tyrosine phosphatase inhibitor. Because the tyrosine phosphorylation of caveolin-1 is 

believed to be involved in the regulation of cell signaling events, and tyrosine 

phosphorylation of occludin is believed to have significant effects on microvascular 

permeability, it was necessary to determine the phosphorylation status of proteins within 

junctional subfractions from cerebral microvessels. Selected fractions from junctional 

isolations performed in the absence of tyrosine phosphatase inhibitors, such as sodium 

vanadate, were immunoblotted with anti-cav1-pep2/20 antibodies (panel A), a 

commercially available monoclonal an~ibody to tyrosine 14-phosphorylated caveolin-1 

(panel B), a commercially available polyclonal occludin antibody (panel C), and a 
p ' • 

commercially available monoclonal antibody to tyrosine-phosphorylated proteins, 4GJO 

(panel D). These analyses reveal the presence of very few tyrosine-phosphorylated 

proteins (panel D) in the absence of tyrosine-phosphatase inhibitors, and undetectable 

levels of phosphorylated caveolin-1 in the absence of tyrosine-phosphatase inhibitors 

(panel B). 
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Figure 28. Caveolin-1 associated with the junctional domain subfraction is 

phosphorylated at tyrosine-14. Junction isolations from cerebral microvessels were 

repeated, with all solutions throughout the dissection, cerebral microvessel isolation, and 

junction isolation supplemented with 1 mM sodium vanadate. Selected junctional 

isolation fractions were immunoblotted with anti-cavl-pep2/20 antibodies (panel A), a 

commercially available monoclonal antibody to tyrosine-14 phosphorylated caveolin-1 

(panel B), a commercially available poly clonal occludin antibody (panel C), and a 

commercially available monoclonal antibody to tyrosine-phosphorylated proteins, 4010 

(panel D). interestingly, there are two immunoreactive bands of phosphotyrosinated 

caveolin-1 (panel B), with peak immunoreactivity in the deoxycholate-insoluble (P3) 

fraction, representing -6.5-fold enrichment relative to cortex homogenate, or -1.7-fold 

enrichment relative to microvessel homogenate. Accordingly, caveolin-1 that is not 

phosphorylated at tyrosine-14 (panel A) has decreased immunoreactivity in the 

deoxycholate-insoluble (P3) fraction, representing -0.84-fold immunoreactivity relative 

to microvessel homogenate. These analyses also reveal that there are increased levels of 

tyrosine-phosphorylated proteins in the presence of vanadate (panel D), but neither band 

of phosphotyrosinated caveolin-1 is detected. These data therefore suggest that caveolin-

1 within junction-enriched fractions may be phosphorylated on tyrosine-14. 
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Caveolin-1 at the Junctional Domain is Principally in the Monomer Form 

Considerable data reveal caveolin-1 proteins undergo oligomerization into high 

molecular mass complexes of -200, 400, and 600 kDa during intracellular transport. 

Subsequent higher order packing of oligomers has been suggested to contribute to the 

formation of caveolae (Rothberg eta!., 1992; Sargiacomo eta!., 1995; Monier eta!., 

1995). To determine if the caveolin-1 that associated with the junctional domain 

subfraction assembled into oligomers, the deoxycholate-insoluble junctional domain. 

sub fraction P3 was resuspended in Triton X -100 at a detegent to protein ratio of 1:1 

(mg/mg) and 60 mM octylglucoside, a detergent known to disrupt the integrity of raft 

microdomains but to preserve caveolin:caveolin and caveolin:protein interactions, and the 

detergent lysate loaded on top of a preformed 5-40% linear sucrose gradient containing 

60 mM octylglucoside. Following velocity centrifugation, an equal volume of each 

fraction collected across the gradient was processed for immunoblot analyses using 

affinity purified anti-cav1-pep2/20 antibodies, polyclonal anti-occludin antibodies, and a 

monoclonal antibody to caveolin-2. To determine the molecular mass as resolved by 

sucrose gradient centrifugation, molecular mass standards were fractionated in parallel 

sucrose gradients. 

Under non-denaturing SDS-PAGE, -60% of the caveolin-1 immunoreactivity 

resolved as a single band with an apparent molecular mass of -24 kDa, the size of the 

caveolin-1 monomer (peak fraction 6 corresponding to 24% sucrose). The remainder of 

caveolin-1 immunoreactivity, -40%, resolved with an apparent molecular mass of -200-

300 kDa (fractions 7 and 8 corresponding to 28-21% sucrose) (Figure 29A). Parallel 

immunoblot analyses revealed a distribution of caveolin-2 immunoreactivity coincident 
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with that detected for caveolin-1 (peak fraction 6 corresponding to 24% sucrose). 

Approximately 45% of the total caveolin-2 immunoreactivity resolved with apparent 

molecular masses ranging between 16 and 22 kDa, which correspond to the monomeric 

forms of caveolin-2a, 2~, and 2y. The remainder of immunoreactivity resolved with an 

apparent molecular mass of -200-300 kDa (fraction 6 and 7 corresponding to 24-28% 

sucrose) (Figure 29C). Under denaturing SDS-PAGE, -85% of the caveolin-1 

immunoreactivity distributed with an apparent molecular mass of 24 kDa (peak fraction 

6) with the remaining immunoreactivity being detected at an ·apparent molecular weight 

of -200-300 kDa (peak fraction 7) (Figure 29B). Similarly, caveolin-2 immunoreactivity 

was detected almost exclusively in fraction 6 with apparent molecular masses ranging 

from 16 to 22 kDa by SDS-PAGE (Figure 29D). Because both caveolin-1 and caveolin-2 

immunoreactivities distributed in the sucrose gradient with an apparent molecular mass 

of -150-200 kDa, two possibilities for the organiz;ation of caveolin-1 and caveolin-2 may 

be envisioned: first, that caveolin-1 and caveolin-2 associate as monomers with other 

proteins to form a complex of 150-200 kDa; and second, that caveolin-1 and caveolin-2 

associate as an oligomeric complex, but that the complex is unstable in the presence of 

SDS even in the absence of heat denaturation. At present, we have not carried out 

analyses to distinguish between these two possibilities. 

Additionally, these immunoblot analyses revealed that caveolin-1 and occludin 

immunoreactivities peaked in different fractions. While peak caveolin-1 

immunoreactivity localized to fractions 6 and 7, occludin immunoreactivity localized to 

principally fractions 4 and 5 (18-20% sucrose). Occludin as prepared under non-boiling 

and boiling conditions resolved with an apparent molecular mass of 66 kDa (Figures 29E 



Figure 29. Caveolin-1 and caveolin-2 exist within a 150-200 kDa protein complex 

within the junctional domain subfraction from cerebral microvessels. To determine if 

cave olin forms oligomeric complexes within microvascular junctions, the deoxycholate

insoluble (P3) fraction was resuspended in buffer containing 60 mM octylglucoside, 

solubilized with Triton X-100 at a detergent to protein ratio (mglmg) of 1:1, and resolved 

by centrifugation in a 5-40% linear sucrose gradient containing 60 mM octylglucoside. 

Fractions collected across the gradients were immunoblotted under non-denaturing and 

denaturing conditions using anti-cav1-pep2/20, polyclonal occludin, and monoclonal 

caveolin-2 antibodies. Caveolin-1 and -2 reveal coincident distributions in these 

gradients (panel A=caveolin-1 in non-boiling conditions, panel B=caveolin-1 after 

boiling, panel C=caveolin-2 in non-boiling conditions, panel D=caveolin-2 after 

boiling.) Caveolin-1 and -2 immunoreactivities demonstrate a peak at 24-28% sucrose, 

corresponding to a molecular weight (MW) of 150-200 kDa. Additionally, these analyses 

reveal that caveolins-1 and -2 and occludin (panel D=occludin in non-boiling 

conditions, panel E=occludin after boiling) peak in different density fractions. Taken 

together, these data suggest caveolin-1 and -2 exist in a 150-200 kD protein complex, 

either in monomeric fom with other proteins or as oligomers. Additionally, occludin may 

be indirectly associated with each caveolin within the same junctional microdomain. 

(Arrow marks the inteiface of stacking and resolving gels.) 
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and 29F, respectively). Importantly, occludin immunoreactivity was not detected in 

association with the high molecular mass caveolin-1 complexes (150-300 kDa). Because 

peak caveolin-1 and occludin immunoreactivities do not cofractionate, these data suggest 

that caveolin-1 and occludin are not directly associated with each other in a. protein 

·complex. 

To rule out the possibility that solubilization in sodium deoxycholate reduced 

caveolin-1 oligomers to monomers, embryonic day 18 neocortices, a tissue composed of 

predominantly high molecular mass caveolin-1 oligomers (Hantus et a!., 2001), were 

solubilized in Triton X -100 at a detergent to protein ratio of 1: 1 (mg/mg), and the 

detergent lysate supplemented with deoxycholate at a detergent to protein ratio of 4:1 

(mg/mg), and 60 mM octylglucoside. Oligomeric complexes were isolated by velocity 

centrifugation and equal volumes of each fraction collected across the gradient processed 

for non-denaturing and denaturing SDS-PAGE immunoblot analysis using anti-cav1-

pep2/20 antibodies (Figure 30A and 30B, respectively). Caveolin-1 immunoreactivity in 

samples under nonboiling conditions revealed that the majority of caveolin-1 

immunoreactivity localized with an apparent molecular mass of 150-400 kDa (Figure 

30A), which subsequent to boiling were reduced principally to the monomeric form 

(Figure 30B). These data indicate that the detection of caveolin-1 monomers in the 

junctional domain subfraction P3 is unlikely a consequence of deoxycholate 

solubilization. 

Because the oligomerization status of caveolin-1 determined for the junctional 

domain subfraction P3 could ~eflect a selective subs(lt of caveolin-1, an isolated 

microvessel preparation was solubilized in Triton X-100 at a detergent to protein ratio of 



Figure 30. Sodium deoxycholate does not induce the dissociation of caveolin-1 

oligomeric complexes in cerebral microvessels. To determine if the addition of sodium 

deoxycholate alters caveolin oligomers in cerebral microvessels, embryonic day 18 

neocortices, a known source of caveolin oligomers, were processed and immunoblotted 

for caveolin-1 immunoreactivity as previously described in the presence of deoxycholate 

at a detergent to protein ratio of 4:1 (mglmg) (panel A=E18 neocortex oligomers in non

boiling conditions, panel B=E18 neocortex oligomers after boiling). The results 

demonstrate that caveolin oligomers are resistant to solubilization in deoxycholate, but 

may be reduced by the addition of heat under denaturing conditions. The analyses were 

then repeated using isolated cerebral microvessels (panel C=cerebral microvessel 

oligomers in non-boiling conditions, panel D=cerebral microvessel oligomers after 

boiling). These data suggest that the distribution and behavior of caveolin oligomers in 

isolated cerebral microvessels is similar to caveolin oligomers from deoxycholate

insoluble (P3)fractions. Cerebral microvessel oligomers peak at a molecular weight of 

150-200 kDa and are mostly disassembled by the addition of heat under denaturing 

conditions. Therefore, the addition of deoxycholate does not appear to disassemble 

caveolin oligomers. In addition, caveolin oligomers within deoxycholate-insoluble 

microdomains are representative of oligomers present within isolated cerebral 

microvessels. 
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1:1 (mg/mg), and the lysate supplemented with deoxycholate at a detergent to protein 

ratio of 4: I (mg/mg), and with 60 mM octylglucoside. After velocity centrifugation, 

equal volumes of each fraction were collected across the gradient and proteins processed 

for non-denaturing and denaturing SDS-PAGE immunoblot analysis using anti-cav1-

pep2/20 antibodies (Figure 30C and 30D, respectively). These immunoblot data revealed 

a peak distribution of caveolin-1 immunoreactivity with an apparent molecular mass of 

150-200 kDa, a distribution almost identical to that distribution detected after detergent 

subfractionation of the junctional domain subfraction P3 (cf. Figure 29). These 

immunoblot data suggest that the oligomerization status and the distribution of caveolin-1 

in cerebral microvessels is not affected by solubilization in deoxycholate or 

octylglucoside. Instead, these results lend support to the possibility that caveolin-1 

oligomeric complexes localize principally to the junctional domain where caveolin-1 in 

monomeric form contributes to a protein complex of 150-200 kDa, or where caveolin-1 

forms an oligomeric caveolin-1 complex that is unstable in the presence of SDS. 



DISCUSSION 

Caveolin-1 in Cerebral Microvasculature Appears to Have an Atypical Distribution 

Angiogenesis is a process of controlled cell division and remodeling to achieve 

new growth of blood vessels. The immunolocalization of caveolin-1 in sprouting 

microvessels during the developmental period of peak neocoitical angiogenesis between 

postnatal day 5-20, and the almost exclusive immunolocalization of caveolin-1 to the 

microvasculature in the adult cortex, suggests that caveolin-1 might participate in cellular 

events which regulate cerebral microvascular angiogenesis. Indeed, previous studies in a 

peripheral endothelial cell line, ECV304, have demonstrated that caveolin-1 levels may 

be altered by the inhibition of factors that promote angiogenesis (Liu et al., 1999). 

However, there are relatively few caveolae present in mature cerebral microvessels, and 

thus, caveolin-1 exists in the absence of an invaginated compartment. Therefore, it seems 

probable that caveolin-1 might reside within another type of cholesterol-enriched 

microdomain in cerebral microvessels. Angiogenesis in peripheral endothelium is also a 

process that is believed to involve junctional domain components (Esser et al., 1998b; 

Carmeliet et al., 1999; Suarez et al, 2001). The peak angio"genic time period parallels the 

time period in which maturation of junctional domains occurs as part of the development 

of the blood-brain barrier. Therefore, junctional domains are a likely candidate for the 

localization of caveolin-1 in cerebral microvasculature, since studies in epithelial cells 

have found them to be cholesterol-enriched microdomains associated with caveolin-1 

(Corvera et al., 2000; Nusrat et al., 2000). 
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Subcellular fractionation of neocortices at multiple developmental time points 

supports the interpretation that microvascular caveolin-1 might be associated within 

junctional domains. As the immunolocalization of caveolin-1 increases within the 

microvasculature, so shifts the distribution of caveolin-1 to detergent-insoluble fractions 

of increasing density. Although in the adult there is a minority of caveolin-1 

immunoreactivity within detergent-insoluble, low-density microdomains, there are 

virtually no caveolae. These data may suggest the presence of caveolin-1 in flat 

cholesterol- and sphingolipid-enriched membrane rafts in microvascular endothelium. 

Alternatively, caveolin-1 immunoreactivity within the low-density fractions may be the 

result of low levels of caveolin-1 in neuronal and astrocytic populations. However, 

cerebral microvessels in the adult are notable for their extremely complex junctional 

domains, and since the majority of caveolin-1 immunoreactivity in adult cortex and 

isolated microvessels localizes to the detergent-insoluble, sedimentable fraction, it seems 

that a large proportion of caveolin-1 (approximately two-thirds) might be contained 

within detergent-insoluble, high-density junctional complexes. 

The distribution of caveolin-1 determined for isolated cerebral microvascular 

endothelium appears in contrast to the distribution of caveolin-1 noted for peripheral 

endothelium membrane isolates, where almost all caveolin-1 immunoreactivity localizes 

to the Triton X-100 insoluble, low-density sucrose region of the gradient that is 

characteristic of transcytotic caveolar vesicles and plasmalemma! caveolae (Schnitzer et 

a!., 1995; Stan et a!., 1996). However, isolation of caveolin-enriched membranes in 

mouse lung, a microvessel-rich tissue source, reveals significant levels of caveolin 

immunoreactivity in the pellet fraction (Lisanti et a!. 1994). Since mouse lung has 
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abundant junctional domains (Simionescu and Simionescu, 1983), and many junctional 

domains are high density, detergent-insoluble complexes (Goodenough and Stoekenius, 

1972; Henderson et a!, 1979; Stevenson and Goodenough, 1984; Tsukita and Tsukita; 

1989), it appears likely that caveolin-1 within the detergent-insoluble, sedimentable 

fraction from lung is the consequence of an association with junctional microdomains. 

Apriori, caveolin-1 localization to the detergent-insoluble sedimentable fraction in 

isolated cerebral microvessels suggests that caveolin-1 is localized to endothelial 

junctional domains. 

Additionally, the coincident distribution of caveolin-2 with caveolin-1 in 

subcellular fractionations of isolated microvessels suggests that the two proteins might 

interact with each other within the same microdoll)ains. The presence of caveolin-2y 

immunoreactivity in the subcellular fractionation of isolated cerebral microvessels is the 

first report of this isoform outside of astrocytes in vitro (Ikezu et al., 1998). Therefore, 

cerebral microvasculature could represent a unique situation in which caveolin-1 and 

caveolin-2 might interact without inducing the formation of the invaginated caveolar 

compartment (Das et al., 1999). Accordingly, this would suggest that the regulatory 

mechanism for the formation of caveolae might not simply be the direct consequence of 

the coexpression of caveolin-1 and -2, and that caveolin-1 and -2 in cerebral 

microvessels might interact with novel protein and/or lipid components that impede the 

formation of caveolae compared to peripheral endothelium. 

Consistent with the hypothesis that caveolin-1 is localized to junctional domains 

in cerebral microvasculature, the distribution of caveolin-1 immunoreactivity in the 

detergent-insoluble, sedimentable fraction was not dramatically altered in subcellular 
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fractionation analyses in response to increased detergent solubilization with Triton X-

100, but was altered after treatment with saponin. Although the increased solubilization 

of caveolin-1 by Triton X-100 after cholesterol depletion with saponin suggests that 

caveolin-1 interacts with a cholesterol-enriched.microdomain, it is also likely that 

caveolin-1 associates with other detergent-insoluble, high-density cellular components. 

However, the absence of an intact actin cytoskeleton, the absence of an intact 

microtubule cytoskeleton, or the disruption of adherens and tight junction integrity by 

calcium/magnesium depletion within an intact microvessel structure did not alter 

caveolin-1 immunoreactivity to the detergent-insoluble, sedimentable fraction. 

Therefore, caveolin-1 in cerebral microvasculature does not appear to associate with 

intact actin and microtubule cytoskeletons, and does not appear to be affected by the 

integrity of junctional complexes. Hence, the data suggest that caveolin-1 could interact 

or associate with cholesterol/sphingolipid-enriched junctional domains, but its association 

may not be. dependent on the presence or absence of calcium-dependent protein 

components within the junctional domain. 

Taken together, the data suggest that caveolin-1 distribution is unaltered by 

experimental conditions in which cellular influences are maintained between endothelial 

cells, pericytes, and astrocytes within an intact, three-dimensional structure, and thus, 

these data support the interpretation that caveolin-1 may participate in junctional domain 

formation and function in adult cerebral microvascular endothelium. 
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Caveolin-1 Distribution Shifts to Caveolar Microdomains Upon Disruption of 

Endothelial/Pericyte/Astrocyte Cellular Interactions 

Previous studies have suggested that the interaction between astrocytes and 

endothelial cells is necessary for the formation of fully differentiated junctions and 

downregulation of transcytotic vesicles in endothelia that comprise a functional blood

brain barrier (Stewart and Wiley, 1981; Janzer and Raff, 1987; Rubin eta!., 1991, Sobue 

et a!., 1999). Therefore, it seemed possible that the disassembly of the microvessel and 

the removal of heterotypic cellular input to cerebral microvascular endothelial cells could 

alter caveolin-1 distribution to the detergent-insoluble, sedimentable fraction. 

Previous studies demonstrate that caveolae are upregulated in cerebral 

microvascular endothelial cells in vitro (Lane eta!., 1995). Therefore, fluorescent puncta 

of 50-100 itm diameter labeled by caveolin-1 antibody in cultured cerebral microvascular 

endothelial cells suggest that caveolin-1 localizes to caveolae after microvessel 

disassembly. Because caveolae are believed to participate in transcytotic events in 

endothelial cells, it seems likely that caveolin-1 also participates in transcytosis, and 

hence increased permeability, in isolated cerebral microvascular endothelial cells. 

Subfractionation analyses support the interpretation that caveolin-1 is localized to 

transcytotic caveolar vesicles in isolated subconfluent cerebral microvascular endothelial 

cells. The localization of the vast majority ( -80%) of caveolin-1 immunoreactivity to 

detergent-insoluble, low-density fractions in these gradients is consistent with 

descriptions of invaginated caveolae (Schnitzer et a!., 1995; Schnitzer et a!., 1999; 

Predescu eta!., 2001). The coincident distribution of caveolin-2 with caveolin-1 is also 

consistent with these descriptions, and the identical caveolin-1/caveolin-2 specific 
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immunoreactivity ratios between peak buoyant-density fractions and the pellet suggest 

that caveolin-1 and caveolin-2 maintain their interaction even after disruption of the 

microvascular architecture and upregulation of transcytosis. Because caveolin-1 and 

caveolin-2 shift density distributions after the disassembly of cerebral microvessels, these 

. data could possibly suggest that caveolin shifts its association to microdomains that have 

different protein and lipid components compared to those present in intact cerebral 

microvessels. Hence, it appears that caveolin distribution shifts from junctional 

microdomains in undisrupted microvascular endothelium, to caveolae in endothelial cells 

that exhibit increased permeability properties. 

Another cerebral microvascular component, pericytes, exhibit a similar 

distribution of caveolin-1 when removed from the intact microvascular environment. The 

majority of caveolin-1 immunolocalization to detergent-insoluble, low-density fraction is 

consistent with the formation of caveolae. Similar to endothelial cells, previous studies 

have demonstrated that pericytes in vitro upregulate the pfocesses of phagocytosis and 

transcytosis and upregulate the formation of caveolae (Shepro and Morel, 1993; 

Hellstrom et a!., 2001). Therefore, these data suggest that caveolin-1 could also 

participate in transcytosis in isolated pericytes. Hence, caveolin-1 distribution may also 

be altered as a consequence of the disruption of pericyte:endothelial interactions in 

cerebral rnicrovessels. Taken together, these data suggest that caveolin distribution in the 

cerebral microvasculature may be the consequence of the way in which the cellular 

components of micro vessels are arranged within a three-dimensional structure. 

Isolated microvessels from a peripheral tissue source, lung, also demonstrated that 

the majority of caveolin-1 immunoreactivity localizes to the detergent-insoluble, 
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sedimentable fraction. Both cerebral and lung microvessels are comprised of a 

continuous endothelium held together by tight junctions (Schneeberger and Karnovsky, 

1976). However, in contrast to cerebral microvessels, lung microvessels possess 

abundant caveolae (Sirnionescu and Simionescu, 1983). The differences in caveolin-1 

distribution in the low-density and detergent-soluble regions of the gradient compared to 

cerebral microvessels may be accounted for by the presence of caveolin-1 within caveolar 

microdomains in lung microvessels. Nevertheless, caveolin-1 distributions between 

microvessel populations that contain interendothelial junctions show the majority of 

caveolin-1 within the detergent-insoluble, sedimentable fraction. These data provide 

additional support to the interpretation that the caveolin-1 contained within the 

sedimentable fraction might be the result of an association within junctional domains, and 

its distribution does not appear to be affected by the presence or absence of caveolae. 

Thus, caveolin-1 distribution in isolated microvessels does not appear to be the 

consequence of heterotypic cellular interactions unique to cerebral microvasculature 

Caveolin-1 Is Associated With Junctional Microdomains in Intact Cerebral 

Microvasculature 

Subfractionation analyses of cerebral microvascular endothelial cell cultures at 

subconfluent and post-confluent (confluent for 3 weeks) densities did not demonstrate 

occludin immunoreactivity in either culture, suggesting that a mature junctional 

compartment was not present. Accordingly, the immunoreactive distribution of caveolin-

1 from confluent cells is only minimally affected by increased interendothelial contact in 

the absence of the formation of morphologically mature junctional domains. Therefore, 

caveolin-1 does not redistribute from the detergent-insoluble, low-density fractions in 
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subconfluent endothelial cells to the detergent-insoluble, sedimentable fraction in 

confluent cerebral microvascular endothelium that is characteristic of caveolin-1 in intact 

cerebral microvessels. The lack of a shift in caveolin-1 immunoreactivity could be 

explained by the lack of interendothelial junctional domain fo1p1ation, or alternatively, 

the absence of an interaction with astrocytes. Hence, these data suggest that caveolin-1 

distribution to the detergent-insoluble, sedimentable compartment in cerebral 

microvessels is a consequence of an association with functionally mature junctional 

complexes present in the plasma membrane and/or that caveolin-1 distribution to the 

detergent-insoluble, sedimentable compartment is due to endotheliaVastrocyte/pericyte 

interactions present in cerebral microvessels. 

The overlapping, but not completely coincident distributions of caveolin-1 and 

occludin, a tight junction marker, within the detergent-insoluble, sedimentable fraction 

from cerebral microvessels supports the hypothesis that caveolin-1 might associate with 

junctional domains. The differing solubility properties of each protein in Triton X-100 

could suggest at least three possiblilites: caveolin-1 and occludin are localized within 

separate microdomains with overlapping solubility properties, caveolin-1 and occludin 

are present within the same microdomain but do not directly interact, or that caveolin-1 

and occludin could be localized within the same microdomain but each protein also has 

additional, different localizations within the cell. It is believed that occludin associates 

with Triton X-100-soluble membranes when not localized within the functional tight 

junction microdomain (Gerhard et a!., 1999; Tsukamoto and Nigam, 1999). Thus, the 

codistribution of caveolin-1 and occludin to the pellet in 40% sucrose could also reflect 

the sedimentation of related, but distinct, non-interacting membrane compartments. 
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However, the nearly coincident distributions of caveolin-1, occludin and VE

cadherin immunoreactivities in cortex and isolated microvessels after resolution on high

density sucrose gradients suggests caveolin-1 colocalizes to detergent-insoluble, high

density (50-54% sucrose) tight junctions and adherensjunctions. While these data do not 

rule out the possibility that caveolin-1 could localize to other types of junctional domains, 

they do seem to indicate that caveolin-1 associates with junctional domains involved in 

maintenance of blood-brain barrier permeability. Identical proportions of caveolin-1 

localize to detergent-insoluble, high-density fractions from cortex and isolated 

microvessels, indicating that detergent-insoluble, high-density caveolin-1 is a defining 

characteristic that distinguishes caveolin-1 localized to junctional domains in cerebral 

microvasculature. The localization of the overwhelming majority of caveolin-1 to the 

detergent-insoluble, high-density fractions suggests that the majority of caveolin-1 in 

cerebral microvasculature is localized to junctional domains. Additionally, the presence 

of overlapping immunoreactivities of occludin and VE-cadherin support the morpholgical 

studies that indicate the presence of adherens junction components in cerebral 

microvascular tight junctions (Schulze and Firth, 1993). 

Accordingly, the isolation of cerebral microvascular junctional domains after 

sodium deoxcyholate solubilization reveal the presence of multiple junctional 

components. Electron microscopic analyses of these isolated junctions reveal the 

presence of morphologically distinct gap and tight junctions. Resolution of these isolates 

by SDS-PAGE demonstrate the enrichment of proteins that are characteristically 

localized to tight junctions, adherens junctions, and gap junctions, as well as the apparent 

enrichment of caveolin-1. Thus, the isolation of junctions from cerebral 
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microvasculature using a method that is classically used to isolate tight junction domains 

from epithelial cells results in the additional enrichment of adherens and gap junctions. 

These data provide further support to the concept that cerebral microvascular junctions 

that regulate blood-brain barrier permeability have an atypical composition relative to the 

morphologically distinct groupings of junctional domains present in peripheral 

epithelium. 

As expected, both caveolin-1 and occludin immunoreactivities demonstrate an 

enrichment after the isolation of cerebral microvessels, corroborating 

immunofluorescence morphology that demonstrates the majority of caveolin-1 and 

occludin localized to the microvasculature in adult cortex. Peak enrichment of both 

caveolin-1 and occludin within junctional isolates from microvessels, as demonstrated by 

immunoblot analysis, demonstrates that caveolin-1 is present within junctional 

micro domains in cerebral microvasculature. However, quantitative analysis suggests that 

within the deoxycholate-insoluble (P3) peak fraction, the enrichment of caveolin-1 is 

twice the enrichment of occludin. This difference suggests that there could be an 

additional source of caveolin-1 immunoreactivity present within the junctional isolates, 

such as the contaminating population of smooth membrane vesicles, or that the 

stoichiometries of the proteins relative to the junction could be different. It is interesting 

to note that peak enrichment of both proteins in the deoxycholate-insoluble (P3) fraction 

from ·cerebral microvessels differs from those results obtained from junctional isolates 

from epithelium, where peak enrichment of junctions was obtained in the deoxycholate

insoluble (P4) fraction (Stevenson and Goodenough, 1984). This difference indicates 

that junctional domains in cerebral microvasculature_ are even more resistant to 



95 

deoxycholate-solubilization than tight junctions in peripheral epithelial tissues. 

Therefore, the different solubility properties suggest varying compositions in membrane 

lipids and/or proteins between cerebral microvascular junctional domains and peripheral 

epithelial junctional domains. 

Taken as _a whole, the data indicate that caveolin-1 is localized to junctional 

domains within cerebral microvasculature. The functions proposed for caveolin-1 in 

peripheral endothelia suggest that caveolin-1 might participate in the regulation of the 

cholesterol content of the junctional domain, regulation of protein interactions within the 

junctional domain, participation in cell-signaling pathways and regulation of second 

messengers that exert effects directly onto junctional components or through components 

present at the junction. 

Increased tyrosine phosphorylation of caveolin-1 at tyrosine-14 and at least one 

other tyrosine residue was achieved by the inhibition of tyrosine phosphatase activity 

with vanadate. Peak enrichment of phosphorylated caveolin-1 was demonstrated in the 

deoxycholate-insoluble (P3) fraction, suggesting that caveolin-1 within deoxycholate

insoluble microdomains can be phosphorylated, and therefore, ·that caveolin-1 can be 

phosphorylated within junctional domains. In the absence of vanadate, occludin within 

the deoxycholate-insoluble (P3) fraction demonstrates multiple immunoreactive bands 

that correspond to varying levels of occludin phosphorylation, with the 

hyperphosphorylated forms being associated with functional junction domains 

(Sakakibara eta!., 1997). Increased tyrosine phosphorylation of.occludin is believed to 

correspond to the alteration of intracellular junctional integrity and an increase in 

microvascular permeability (Staddon et a!., 1995; Tsukamoto and Nigam, 1999) and 



96 

might explain why peak enrichment of occludin shifts from the deoxycholate insoluble 

(P3) fraction in the absence of vanadate to the deoxycholate-insoluble (S 1) fraction in the 

presence of vanadate. However, the higher molecular weight forms of occludin remain 

within the deoxycholate-insoluble (P3) fraction, which may correspond to occludin that 

remains localized within intact junctional complexes. Although it is unknown at present 

if or how caveolin-1 phosphorylation might influence events at interendothelial junctions 

in cerebral microvessels, studies of phosphorylated caveolin-1 in peripheral endothelium 

suggest that caveolin phosphorylation may affect caveolin-1 interaction with multiple 

membrane components, including signaling proteins (Aoki et a!., 1999; Nomura and 

Fujimoto, 1999). 

Studies of caveolin oligomers within the deoxycholate-insoluble (P3) fraction 

from isolated microvessels suggest that caveolin-1 may form an oligomeric complex 

within junctional domains of the cerebral microvasculature. The coincident distributions 

of caveolin-1 and caveolin-2 within isolated oligomers indicate that caveolin-1 and -2 

associate as monomers with other proteins to form a complex of 150-200 kDa, or that 

caveolin-1 and -2 may associate as an oligomeric complex that is unstable in SDS. 

Hence, these studies suggest that caveolin-1 and -2 may form heterooligomers in cerebral 

microvessel junctions, thereby supporting the interpretation that the formation of 

caveolin-1 and caveolin-2 heterooligomers in and of itself does not necessarily drive the 

formation of caveolae within the endothelium. These oligomers are of lower molecular 

weight than caveolin oligomers that have been reported during intracellular transport and 

caveolae formation (Rothberg et al., 1992; Sargiacomo et a!., 1995; Monier eta!., 1995). 

Therefore, caveolae may not form in cerebral microvascular endothelium because the 
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caveolin oligomers are not of sufficient size. Alternatively, the reduced transcytotic 

transport properties in cerebral microvessels might account for why caveolin oligomers in 

cerebral microvascular endothelium are smaller. There are nearly identical 

immunoreactive distributions of caveolin-1 oligomeric complexes obtained from 

junctional isolations of microvessels and intact cerebral microvessels. Taken together, 

these results support the possibility that caveolin-1 and-2 in cerebral microvessels are 

mostly localized within junctional microdomains and associate with 150-200 kDa protein 

complexes either as monomers or as SDS-unstable oligomeric complexes. Additionally, 

differences in peak imm'!noreactive distributions between caveolin and occludin support 

previous studies that suggest caveolin does not appear to directly associate with occludin. 

However, these results do not rule out the possibility that caveolin and occludin could 

interact indirectly within the same microdomain. 

One of the primary functions of cerebral microvasculature is the regulation of 

blood-brain barrier permeability, and one way in which permeability is controlled is the 

regulation of interendothelial junctional domains. Since these studies demonstrate that 

caveolin-1 is localized to cerebral microvascular junctional microdomains, it seems likely 

that caveolin-1 could also participate in the regulation of blood-brain barrier permeability 

in a variety of different ways. Caveolin-1 could function in cerebral microvascular 

junctional domains to coordinate structural integrity and cellular signaling, and the 

manipulation of caveolin-1 by tyrosine phosphorylation could activate signaling cascades 

and/or alter the interaction of caveolin with proteins that regulate endothelial 

permeability. However, future studies will have to identify proteins that interact with 
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caveolin-1 at the junction, and address if and how caveolin-1 participates in the 

regulation of microvascular permeability. 

' 



SUMMARY 

Caveolin-1 immunoreactivity primarily distributes to the microvasculature in the 

developing postnatal and adult neocortex, corresponding with peak angiogenic activity 

and the appearance of a functionally intact blood-brain barrier. These 

immunohistochemical observations are paired with biochemical data that demonstrate 

caveolin-1 distributes to subcellular fractions of increased density during the same 

postnatal developmental timepoints within the neocortex. In adult cerebral cortical 

microvessels, caveolin-1 localizes predominately to a detergent-insoluble, sedimentable 

subcellular fraction that represents an atypical distribution of caveolin as compared to 

caveolin that exists within caveolar microdomains in peripheral microvasculature. 

Although caveolin-1 distributes to a sedimentable compartment in cerebral microvessels, 

it maintains a distribution within a cholesterol-enriched microdomain. Detergent

insoluble, sedimentable caveolin-1 is resistant to depolymerization of the actin and 

microtubular cytoskeletons. Taken together, these data suggest that caveolin-1 may 

localize to junctional domains within cerebral mirovasculature. 

Digestion of isolated cerebral microvessels into their isolated cellular components 

diminishes junctional integrity and induces blood-brain barrier breakdown. 

Immunohistochemical studies demonstrate that caveolin-1 in subconfluent cerebral 

microvascular endothelial cells distributes in a punctate pattern consistent with the 

upregulation of caveolae during increased blood-brain b;mier permeability. These 

studies are combined with biochemical data that demonstrate caveolin-1 and -2 in 
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subconfluent microvascular endothelial cells in vitro mostly distribute to the detergent

insoluble, low density fractions, and there are diminished levels of caveolin-1 

immunoreactivity in the detergent-insoluble, sedimentable fraction. Additionally, 

caveolin-1 in cerebral microvascular pericytes in vitro predominantly distributes to the 

detergent-insoluble, low-density fractions. Therefore, caveolin-1 distribution shifts to 

caveolar microdomains upon disruption of endothelial/pericyte/astrocyte cellular 

interactions. 

In intact cerebral microvasculature, caveolin-1 reveals overlapping distributions 

with occludin and VE-cadherin, markers of the junctional compartment, suggesting that 

caveolin-1 is associated with junctional microdomains. Junctional domains were 

prepared from isolated cerebral microvessels and the resulting deoxycholate-insoluble 

fractions are composed of gap and tight junctions. The junctional domain fraction has a 

simple polypeptide composition, consistent with known components of junctional 

complexes, such as occludin, connexins, cadherins, and Z0-1, from peripheral tissues. 

The junctional domain fraction is also enriched in caveolin-1 and occludin. Therefore, 

these data demonstrate that caveolin-1 is associated with junctional microdomains in 

intact cerebral microvasculature. 

Caveolin-1 associated with the junctional domain subfraction of cerebral 

microvesesls is phosphorylated at tyrosine-14 and is principally in monomer form. 

Caveolin-1 and caveolin-2 exist within a 150-200 kDa protein complex within the 

junctional domain subfraction, and occludin may be indirectly associated with each 

caveolin within the same junctional microdomain. Taken together, caveolin-1 may not 

only be a component of the junctional domains within cerebral microvasculature that 
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maintain the blood-brain barrier, but may also play a role in regulating permeability 

through interaction with proteins that regulate signaling events at the junctional domain. 
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