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Peter Strålfors Department of Cell Biology and Diabetes Research Centre, Linköping
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Preface

Caveolae are 50–100 nm plasma membrane invaginations found at the surfaces of

most terminally diVerentiated cell types. Palade (1953) and Yamada (1955) first

morphologically identified caveolae (a.k.a., plasmalemmal vesicles) about fifty years

ago–in both endothelial and epithelial cells. Their organization and cellular localiza-

tion indicated that these organelles might play an important role in the transport of

molecules between diVerent peripheral compartments. However, at that time, their

molecular composition remained completely unknown.

In 1992, almost 40 years later, Glenney & Soppet (1992) and Rothberg et al. (1992)

were the first to identify the most important structural protein of caveolae, namely

caveolin. This protein was re‐named caveolin–1 after the discovery of two other

caveolin genes, caveolin–2 and caveolin–3. Subsequent studies clearly demonstrated

the essential role of caveolin–1 in the formation of caveolae, as well as in the regulation

of cell signaling.

The existence of caveolae was initially considered controversial (Severs, 1988);

they were thought to represent an EM fixation artifact. However, several groups have

now biochemically purified caveolae, using caveolin–1 as a marker protein for the

organelle (Lisanti et al., 1994a; Schnitzer et al., 1995; Smart et al., 1995; Anderson,

1998). In addition, the absence of caveolae in caveolin–1 deficient mice dramatically

demonstrates their existence in a normal in vivo environment (Drab et al., 2001;

Razani et al., 2001; Zhao et al., 2002; Cao et al., 2003).

Simons and collaborators were among the first to propose the concept and the

existence of lipid raft domains (Simons and Ikonen, 1997); it is now well accepted that

caveolae represent a subset of these lipid rafts. The specific lipid composition of

caveolae (sphingolipid and cholesterol‐rich) led to the idea that these microdomains

may play an important role in the regulation of cellular cholesterol homeostasis

(Brown and London, 1998; Liscum and Munn, 1999; Fielding and Fielding, 2001)

(see Section 1 of the book).

Besides the important role of caveolae in the regulation of endocytosis (see Section

2 of the book), the enrichment of signaling molecules in caveolae suggested that these

domains play a key role in the regulation and organization of various cell‐signaling
cascades—forming “pre‐assembled signaling complexes” (Lisanti et al., 1994b) (see

Section 3 of the book).

Finally, more recent studies using caveolin‐deficient mice have confirmed many of

the “controversial hypotheses” put forth in earlier publications (Drab et al., 2001;

Razani et al., 2001; Zhao et al., 2002; Cao et al., 2003). However, even if caveolin

proteins are not essential for life, they still play a critical role in the pathogenesis of a

number of human diseases, as highlighted in studies using caveolin‐deficient mouse

animal models.
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These studies have shown that caveolin proteins play an important role in reg-

ulating muscular, cardiovascular, and pulmonary patho‐physiology (see Section 4 of

the book). Furthermore, the negative regulatory role of caveolin–1 in various signaling

pathways has suggested that caveolin–1 may indeed function as a tumor suppressor

gene. Clear genetic links between the caveolin proteins and human disease have now

been established in patients suVering from muscular dystrophy, cardiomyopathy, and

breast cancer.

Overall, this book summarizes the essential features and functions of caveolae in

cells, mouse animal models, and in human disease. We thank all the excellent

contributors who extensively participated in making this book possible.

Philippe G. Frank and Michael P. Lisanti
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Huan Huang,1 and Judith M. Ball2

1Department of Physiology and Pharmacology, Texas A & M University,
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3Computer Science Department, Texas A & M University,
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I. INTRODUCTION

The advent and almost universal acceptance of the Singer fluid-mosaic model over

30 years ago (Singer and Nicolson, 1972) led to the concept that membrane lipids

spontaneously form a bilayer structure composed of randomly assembled lipids wherein
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proteins are inserted. In this view, lipids do not contribute to organizing proteins within

the membrane. However, subsequent studies frommany laboratories indicate that within

model and biological membrane bilayers both lipids and proteins are non-randomly

organized across (reviewed in Thompson et al., 1974; Schroeder and Nemecz, 1990;

Schroeder et al., 1996) and within the lateral plane (reviewed in Thompson et al.,

1974; Edidin, 1990; Schroeder et al., 1991a; Anderson, 1993; Bretscher and Munro,

1993; Glaser, 1993; Lisanti et al., 1995; Smart et al., 1995; Schroeder et al., 1996; Brown

and London, 1998b; Hooper, 1999; Edidin, 2001; Schroeder et al., 2001a; Anderson and

Jacobson, 2002; Lin and Tian, 2003). It is now believed that lipids such as cholesterol and

sphingolipids spontaneously form cholesterol-rich, sphingolipid-rich lipid domains

(reviewed in Bretscher and Munro, 1993; Brown, 1998; Brown and London, 1998b)

(Fig. 1). Although cholesterol is not required for sphingolipids to form phase-segregated

domains, cholesterol stabilizes such domains (reviewed in Bretscher and Munro, 1993;

Brown, 1998; Brown and London, 1998b). Thus, by spontaneously organizing into

domains, lipids such as cholesterol have been postulated to provide the driving force

for selective recruitment and organization of proteins into domains (reviewed in

Bretscher and Munro, 1993; Brown, 1998; Brown and London, 1998b).

Figure 1. Lipid rafts and caveolae mediate HDL-cholesterol traYcking through the plasma membrane of

tissues that eZux cholesterol: role of sterol carrier protein-2. Caveolin (\), flotillin (Flot), high-density

lipoprotein (HDL), scavenger receptor B1 (SRB1), P-glycoprotein (P-gp), ABCA1 transporter (ABCA1),

sterol carrier protein-2 (SCP-2), cholesterol (C), sphingolipid (SL), sphingomyelin (SM), ceramide (CER),

ganglioside GM1 (GM1), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phospholipids (PL).

4 F. Schroeder, et al.



Cholesterol-rich microdomains, termed lipid rafts (reviewed in Marx, 2001), are

present in almost all cell plasmamembranes studied (Fig. 1), while caveolae, a specialized

subclass of flask-shaped lipid rafts (Fig. 1), are present only in cells expressing caveolin

protein (reviewed inMasserini andRavasi, 2001). The literature contains more than 2000

publications from the past decade that ascribe a growing variety of functions to plasma

membrane caveolae/lipid rafts. Many signaling pathways (reviewed in Lavie and

Liscovitch, 2000) are organized in non-caveolar lipid rafts (Fig. 1) that individually

appear to be relatively short lived, but that exhibit a stable overall pattern (reviewed in

Edidin, 2001). Diverse plasma membrane processes such as diVusional cholesterol

uptake/eZux to HDL (Fig. 1), SRB1-facilitated cholesterol uptake/eZux to HDL

(Fig. 1), SRB1-facilitated selective cholesteryl ester uptake from HDL (Fig. 1), recep-

tor-eVector coupling (insulin receptor), cell signaling (eNOS), immune function, trans-

cytosis, and cell recognition appear organized within cholesterol-richmicrodomains such

as caveolae (reviewed in Lavie and Liscovitch, 2000). Caveolae, in contrast to other lipid

rafts, appear to be much more stable and longer lived (reviewed in Sheets et al., 1997;

Pralle et al., 2000; Edidin, 2001; Anderson and Jacobson, 2002). While HDL-mediated

cholesterol uptake/eZux via caveolae/lipid rafts is very rapid (reviewed in Smart and van

der Westhuyzen, 1998), the mechanism(s) whereby cholesterol moves in and out of these

highly cholesterol-rich domains is only beginning to be understood (“?” in Fig. 1).

Growing evidence also indicates that many potential bioterror agents, including bacterial

(anthrax toxin, cholera toxin, Shiga toxin, enterohemorrhagic E. coli Shiga-like toxin,

NSP4 enterotoxic peptides) and plant (ricin) toxins (Sandvig and van Deurs, 1999;

Abrami et al., 2003), viruses (Ebola, Marburg, Echovirus, influenza) (ScheiVele et al.,

1997; Marsh and Pelchen-Matthews, 2000; Bavari et al., 2002; Empig and Goldsmith,

2002; Marjomaki et al., 2002; Sieczkarski and Whittaker, 2002), and parasites (malaria)

(reviewed in Shin and Abraham, 2002), utilize lipid rafts/caveolae as cell entry portals

(Norkin, 2001). With the exception of cholera toxin (binds GM1 in caveolae), however,

the mechanisms whereby other toxins such as the rotaviral and retroviral enterotoxic

peptides (Huang et al., 2001, 2004; Swaggerty et al., 2004) and other organisms are

recruited to or influence lipid rafts/caveolae are only beginning to be resolved.

The importance of cholesterol to the structure and protein organization of plasma

membrane caveolae/lipid rafts is evidenced by the fact that cholesterol depletion or

disruption abolishes many functions associated with caveolae/lipid rafts (reviewed in

Smart and van der Westhuyzen, 1998). Nevertheless, very little is known regarding the

lipid composition, distribution, and structure of caveolae/lipid rafts either in vitro or in

intact cells. Part of the problem is that the majority of biochemical studies of caveolae/

lipid rafts utilize detergents to isolate these microdomains from whole cells and, in a

few cases, from purified plasma membranes. Interpretation of plasma membrane

caveolar/lipid raft lipid composition and structure from whole cell detergent-based

preparations is complicated by the presence of lipid domains from intracellular mem-

branes (reviewed in Pike et al., 2002; Eckert et al., 2003). Even when they are isolated

from purified plasma membranes, it is not possible to directly correlate the properties

of detergent-resistant membrane domains with those of caveolae/lipid rafts isolated

without detergents or in the physiologically intact membrane of living cells (reviewed

Lipid Rafts and Caveolae Organization 5



in Pike et al., 2002; Eckert et al., 2003). For example, estimates of the amount

of plasma membrane composed of caveolae/lipid rafts range from a few percent

(determined by non-detergent isolation) to a majority (determined from detergent-

resistant isolation) of membrane lipids, depending on the amount of detergent, type of

detergent, and conditions used (Brown, 1998; Masserini and Ravasi, 2001). Finally,

there is considerable discussion regarding the size of lipid rafts/caveolae, which,

depending on the specific marker (GPI-anchored protein, GM1, phosphatidylethanol-

amine) and method (fluorescence photobleaching recovery, single particle tracking,

laser trap, electron microscopy morphology, etc.) used, range from 26 to 2000 nm

(reviewed in Sheets et al., 1997; Pralle et al., 2000; Edidin, 2001). Despite the fact that

lipid rafts/caveolae are highly enriched in cholesterol, almost nothing is known about

the size of lipid rafts/caveolae sensed by cholesterol itself (McIntosh et al., 2003).

The advent of non-detergent methods for isolating caveolae/lipid rafts has permitted

biochemical and structural characterizations of caveolae/lipid raft lipids in a more

physiological context. Increasingly, lipid compositional analyses of caveolae/lipid rafts

isolated without detergents have begun to appear (Smart et al., 1995; Smart and van der

Westhuyzen, 1998; Pike et al., 2002; Atshaves et al., 2003; Eckert et al., 2003). Recent

reports provided insights on lipid distribution (Pitto et al., 2000; Atshaves et al., 2003),

cholesterol organization (Atshaves et al., 2003; McIntosh et al., 2003; Gallegos et al.,

2004), and structure/fluidity (Gallegos et al., 2004) of caveolae/lipid rafts purified with-

out the use of detergents. Fluorescent sterol and multiphoton imaging of living cells are

providing answers to the question of whether cholesterol-rich domains are actually

present in plasma membranes of living cells or whether they are simply artifacts of the

methods used to isolate caveolae/lipid rafts (McIntosh et al., 2003). With the exception

of caveolin, relatively little is known about the mechanisms whereby other intracellular

lipid transfer proteins may contribute to the distribution of cholesterol and signaling

lipid precursors such as phosphatidylinositol to lipid rafts/caveolae. Studies with

N-terminal peptides as well as intact sterol carrier protein-2 (SCP-2) yielded insights to

understanding the role of SCP-2 in transporting and targeting cholesterol and phospha-

tidylinositol to lipid rafts/caveolae (Huang et al., 1999a,b, 2002; Schroeder et al., 2003).

Similarly, with the exception of caveolin, relatively little is known about other structural

features that influence the targeting of intracellular peptides and proteins to lipid rafts/

caveolae. Recent studies with enterotoxic peptides derived from rotaviral proteins have

shed new light on the molecular basis for targeting of such enterotoxins to lipid rafts/

caveolae (Tian et al., 1996; Huang et al., 2001, 2004; Swaggerty et al., 2004). This review

focuses on these recent advances in our understanding of lipid raft/caveolae lipid

distribution, cholesterol dynamics, structure, and peptide interactions.

II. A NON-DETERGENT METHOD OF SIMULTANEOUSLY ISOLATING

CAVEOLAE/LIPID RAFTS AND NON-RAFT DOMAINS

Neither detergent-based (Ahmed et al., 1997; London and Brown, 2000) nor non-

detergent (Smart et al., 1995; Pike et al., 2002; Eckert et al., 2003; McIntosh et al., 2003;

Gallegos et al., 2004) methods of isolating lipid rafts/caveolae recover the non-raft
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domains or diVerentiate between lipid rafts and caveolar lipid rafts. While non-deter-

gent, anti-caveolin immunoisolation has been used to purify a caveolae-enriched

fraction (Stan et al., 1997; Oh and Schnitzer, 1999; Waugh et al., 1999; Riddell et al.,

2002), these methods do not recover or resolve non-rafts from non-caveolar lipid rafts.

Since none of these procedures allow biochemical or structural characterization of

the non-lipid raft domain fraction of the plasma membrane, the properties of non-lipid

raft domains in such studies could only be inferred. These diYculties were recently

overcome by the use of concanavalin A aYnity chromatography to simultaneously

resolve and recover both lipid raft/caveolae and non-lipid raft domains from

plasma membrane vesicles isolated from a cultured cell line, L-cell fibroblasts

(Atshaves et al., 2003).

The concanavalin-A aYnity method is based on the discovery over 30 years ago

that concanavalin-A sepharose aYnity chromatography resolves plasma membrane

vesicles (from nucleated cells) into two subfractions, an adherent and a non-adherent

fraction (reviewed in Brunner et al., 1976; Resch et al., 1978; Schroeder et al., 1982).

While these early studies did not correlate these fractions with specific markers

for lipid domains/caveolae, nevertheless, biochemical characterization revealed that

the concanavalin-A adherent and non-adherent fractions represent diVerent “patches”
or “membrane domains” of the plasma membrane (reviewed in Brunner et al., 1976;

Resch et al., 1978; Schroeder et al., 1982). Concanavalin-A is known to specifically

interact with select carbohydrate structures (reviewed in Baenziger and Fiete, 1979),

and such carbohydrate structures are present in glycopeptides such as SR-B1 or

glycolipids such as glucosylceramide (reviewed in Atshaves et al., 2003). To determine

if concanavalin-A aYnity chromatography separates lipid rafts/caveolae from

non-raft domains of the plasma membrane, advantage was taken of the fact that

SR-B1 and glucosylceramide are both present in L-cell plasma membranes (Frolov

et al., 2000; J. JeVerson, Luther College, Decorah, IA, personal communication).

Concanavalin-A aYnity chromatography of plasma membrane vesicles purified from

cultured L-cells resolves an adherent and a non-adherent fraction. Both SR-B1 and

glucosylceramide are enriched in the lipid rafts/caveolae (reviewed in Atshaves et al.,

2003). Further confirmation that the concanavalin-A adherent fraction of plasma

membrane vesicles represents lipid rafts/caveolae is based on the fact that this fraction

also contains high levels of other markers for lipid rafts/caveolae (flotillin, caveolin,

ganglioside GM1, cholesterol, phospholipid, sphingomyelin, and specific phospholi-

pids classes), while being concomitantly deficient in markers for non-raft domains

(NaþKþ-ATPase, cholesterol poor, lipid poor, GM1 poor, sphingomyelin poor)

(Atshaves et al., 2003).

The fact that concanavalin-A chromatography results in nearly complete recovery

of lipid rafts/caveolae and non-raft domains without the use of detergents (Atshaves

et al., 2003) allowed the resolution of a long-standing question in the lipid raft/

caveolae field: do lipid rafts/caveolae represent a major or a minor constituent of the

plasma membrane? Earlier non-detergent methods indicated that lipid rafts/caveolae

comprise only a very small portion (a few percent) of the plasma membrane, possibly

due to low recoveries (reviewed in Smart et al., 1995; Atshaves et al., 2003). In
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Figure 2. Relative enrichment of lipids in lipid rafts/caveolae versus non-raft domains isolated from L-cell

plasma membranes by concanavalin-A aYnity chromatography. Plasma membranes were isolated from L-

cell fibroblasts; plasma membrane vesicles were resolved into lipid rafts/caveolae and non-raft fractions by

concanavalin-A aYnity chromatography without the use of detergents; lipids were extracted, resolved into

lipid classes, and quantitated; and relative enrichment of each lipid class was calculated from the ratio [mass

(nmol/mg protein) in lipid rafts/caveolae]/[mass (nmol/mg protein) in non-rafts] using data appearing in

Atshaves et al. (2003). Values represent the mean � SEM with (�) and (��) indicating significance P < 0.05
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contrast, detergent-based methods for isolating lipid rafts/caveolae yield proportions

varying from almost none to essentially the entire membrane, depending on the

temperature used during the isolation procedure (Brown and London, 1998b, 2000).

This issue was resolved by near-complete recovery of lipid rafts/caveolae and non-raft

domains upon concanavalin-A aYnity chromatography. The concanavalin-A adher-

ent fraction, enriched in lipid raft/caveolae markers, contains 31.9 � 5.7% of plasma

membrane protein and 59.3 � 10.1% of plasma membrane total lipid (Atshaves et al.,

2003). Similarly, early studies of lymphocyte plasma membrane vesicles separated

by concanavalin-A aYnity chromatography also showed that about one-third of

the plasma membrane vesicle protein was in the concanavalin A-adherent fraction

(Brunner et al., 1976; Resch et al., 1978). Thus, lipid rafts/caveolae represent the

majority of plasma membrane lipids and contain a substantial portion of plasma

membrane proteins. In contrast, non-raft domains are more highly enriched in

proteins, but contain only about 40% of plasma membrane total lipid.

III. LIPID COMPOSITION OF LIPID RAFTS/CAVEOLAE AND

NON-RAFT DOMAINS

Since almost nothing is known regarding the lipid composition of non-raft do-

mains in plasma membranes, the concanavalin-A method provided the opportunity to

(i) experimentally establish the lipid composition of non-lipid rafts, (ii) concomitantly

isolate lipid rafts/caveolae from the same plasma membrane vesicle preparation, and

(iii) directly compare the lipid composition of lipid rafts/caveolae with that of non-

lipid raft domains of the same plasma membrane (Atshaves et al., 2003). When

expressed as a ratio of (nmol/mg)/(nmol/mg), the lipids of the concanavalin-A non-

adherent fraction, composed of non-lipid rafts, are relatively poor in (i) total lipid,

ganglioside GM1, cholesterol, and total phospholipid (Fig. 2A), (ii) specific phospho-

lipid classes such as phosphatidylcholine, sphingomyelin, and phosphatidylinositol

(Fig. 2B), and (iii) phospholipid unsaturated fatty acids (Fig. 2C). Concomitantly,

non-lipid rafts are relatively enriched in total protein, phosphatidylethanolamine, and

saturated fatty acids. Thus, the composition of lipid rafts/caveolae diVers significantly
from that of non-lipid rafts.

and p < 0.01 (n ¼ 3–4) as compared to the non-lipid raft fraction isolated from L cells. (A) Individual bars

show relative enrichment of total lipid (TL), cholesterol (Chol), total phospholipids (PL), and ganglioside

GM1 (GM1) in lipid rafts/caveolae versus non-rafts. Cholesterol/phospholipid (C/P) refers to the molar ratio

of cholesterol/phospholipid in lipid rafts/caveolae divided by the molar ratio of cholesterol/phospholipid in

non-rafts. (B) The phospholipid fractions from lipid rafts/caveolae and non-rafts were resolved into individ-

ual phospholipids classes. Individual bars show relative enrichment of phosphatidylcholine (PC), phospha-

tidylinositol (PI), and sphingomyelin (SM) in lipid rafts/caveolae versus non-rafts. (C) The fatty acid content

of the phospholipid fraction from lipid rafts/caveolae and non-rafts was determined. Individual bars show

relative enrichment of total unsaturated (Unsat), total polyunsaturated fatty acids (PUFA), and total

monounsaturated fatty acids (MUFA) in the phospholipids of lipid rafts/caveolae versus non-rafts.
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As compared to non-lipid raft domains, when expressed as a ratio of (nmol/mg)/

(nmol/mg), the lipids of the lipid raft/caveolae fraction isolated from the same plasma

membrane vesicle preparations are enriched in (i) total lipid, ganglioside GM1, cho-

lesterol, and total phospholipid (Fig. 2A); (ii) phosphatidylcholine, sphingomyelin,

and phosphatidylinositol (Fig. 2B); and (iii) unsaturated fatty acids (especially 20:4,

20:2, 18:2, and monounsaturated fatty acids) (Fig. 2C). With some exceptions (phos-

phatidylcholine), many of these lipid compositional properties of lipid rafts/caveolae

isolated by the concanavalin-A method are shared with those of lipid rafts/caveolae

prepared by other non-detergent methods (Smart et al., 1995; Pike et al., 2002; Eckert

et al., 2003). For example, as compared to plasma membranes, lipid rafts/caveolae

isolated by other non-detergent methods are also enriched in total lipid, ganglioside

GM1, arachidonic acid (20:4), total phospholipid, sphingomyelin, cholesterol, and

total phosphatidylinositides (albeit not phosphatidylinositol) (Smart et al., 1995; Pike

et al., 2002; Eckert et al., 2003). Since phospholipid and cholesterol are both enriched

in lipid rafts/caveolae as compared to non-lipid raft domains, the sterol/phospholipid

ratio does not significantly diVer (Fig. 2A) between lipid rafts/caveolae and non-rafts

(Atshaves et al., 2003). The latter finding was consistent with early studies of lympho-

cyte plasma membrane vesicles separated by concanavalin-A aYnity chromatography,

which also showed essentially identical cholesterol/phospholipids molar ratios in the

two fractions separated by concanavalin A aYnity chromatography (Brunner et al.,

1976; Resch et al., 1978). Similar findings are shown by comparison of non-detergent

preparations of lipid rafts/caveolae versus plasma membranes from brain sy-

naptosomes (Wood et al., 1990; Eckert et al., 2003) and by comparison of lipid

rafts/caveolae from cultured kidney KB cells (Pike et al., 2002) with plasma mem-

branes from many other cell types (reviewed in Schroeder et al., 1996, 2001b). In

contrast, the lipid composition of lipid rafts/caveolae isolated by detergent-based

methods diVers significantly from the composition of those isolated by non-detergent

based methods. For example, arachidonic acid (20:4) is not enriched in lipid rafts/

caveolae isolated by use of detergents (Pike et al., 2002). In contrast to lipid

rafts/caveolae isolated by non-detergent methods, the content of anionic phospholi-

pids is significantly depleted in lipid rafts/caveolae isolated by use of detergents (Pike

et al., 2002). Furthermore, the cholesterol/phospholipid ratio is significantly higher in

lipid rafts/caveolae isolated by detergent-based methods as compared to plasma

membranes and to caveolae/lipid rafts isolated without detergents from the same

plasma membranes (Pike et al., 2002; Eckert et al., 2003). These data suggest that

detergents elicit preferential loss of phospholipids and/or result in purification of a

population of caveolae/lipid rafts diVerent from those isolated by non-detergent

methods (Smart et al., 1995; Pike et al., 2002; Eckert et al., 2003). However, the basic

similarity of enrichment of total lipid and select lipid classes in lipid rafts/caveolae

isolated by the high-yield, concanavalin-A aYnity chromatography method (Atshaves

et al., 2003) compared to the other non-detergent, but low-yield, methods (Smart et al.,

1995; Pike et al., 2002; Eckert et al., 2003) for isolating lipid rafts/caveolae suggests the

former possibility.
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IV. FLUIDITY AND STRUCTURE OF LIPID RAFTS/CAVEOLAE

AND NON-RAFTS

Almost nothing is known regarding the physical structure of lipids in lipid rafts/

caveolae or non-raft domains of the plasma membrane. Lipid rafts/caveolae isolated

by use of detergents (i.e., detergent-resistant membranes [DRMs]) (reviewed in Brown

and London, 1998b; Smart and van der Westhuyzen, 1998) or non-detergent methods

(Pike et al., 2002; Atshaves et al., 2003; Eckert et al., 2003) are enriched in cholesterol

and sphingolipids (GM1, sphingomyelin). Model membrane studies indicate that

membranes become more rigid with increasing cholesterol and sphingolipid content

(reviewed in Brown, 1998; Brown and London, 1998b, 2000). Furthermore, membrane

functions are generally slowed with increasing membrane rigidity, rather than en-

hanced (reviewed in Schroeder and Sweet, 1988; Sweet and Schroeder, 1988). Thus,

it is diYcult to reconcile predictions of lipid raft/caveolae structure based solely on

cholesterol and sphingolipid enrichment with the observation that lipid rafts/caveolae

are highly dynamic structures involved in multiple transmembrane processes. Several

recent studies oVer insights into our understanding of this conundrum.

First, although lipid rafts/caveolae are enriched several-fold in cholesterol, they

are also enriched in phospholipids to the extent that the molar ratio of cholesterol/

phospholipids in lipid rafts/caveolae does not diVer significantly from that in the

parent plasma membrane or in non-lipid raft domains (Fig. 2B). This would suggest

that lipid rafts/caveolae might not be as “rigid” as was previously predicted.

Second, studies with caveolar microdomains isolated by use of detergents (i.e.,

DRMs) suggest that their “rigidity”may be significantly less than that of “rigid” lipids

(Brown and London, 1998b; Pike et al., 2002). When DRM lipid fluidity is probed by

measurement of diphenylhexatriene (DPH) polarization, the fluorescent polarization

of DPH in DRM lipids is intermediate between that in the fluid liquid-crystalline phase

and that in the solid-ordered phase, a characteristic representative of the liquid-

ordered phase (Schroeder et al., 1994). However, it is unclear whether detergents used

to isolate DRMs influence formation of this intermediate liquid-ordered phase.

Third, a recent study demonstrated that the lipid rafts/caveolae isolated by a non-

detergent method are significantly more rigid (i.e., less fluid) than non-raft domains

(Gallegos et al., 2004). The higher fluorescence polarization of DPH, DiI-C18, cis-

parinaric acid (cis-PnA), trans-parinaric acid (trans-PnA), and NBD-stearic acid

(NBD-C18) in lipid rafts/caveolae as compared to plasma membranes (Fig. 3A)

indicates that acyl chains in lipid rafts/caveolae are significantly less fluid (i.e., more

rigid) than those in the parent plasma membrane (Gallegos et al., 2004). While this

had been predicted based on DPH polarization in lipid rafts/caveolae isolated by

detergent-based methods, it is unclear whether detergents can result in formation of

the less fluid DRMs. Thus, the finding of a lower fluidity in lipid rafts/caveolae than in

plasma membranes directly showed that lipids of lipid rafts/caveolae are more rigid,

independent of whether detergents are used to isolate the lipid rafts/caveolae (Gallegos

et al., 2004).
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Fourth, the fluidity of non-detergent lipid rafts/caveolae as measured by DPH

polarization is intermediate between the fluidity in the fluid liquid-crystalline phase

and that in the solid-ordered phase, again characteristic of the liquid-ordered

phase (Gallegos et al., 2004). The DPH polarization in lipid rafts/caveolae isolated

without detergents is 0.3085 � 0.0008, very similar to the polarization of DPH in

the liquid-ordered phase of model membranes, 0.281, and falling between the DPH

Figure 3. Structure/fluidity of lipids in lipid rafts/caveolae and the parent plasma membranes from L-cell

fibroblasts. Plasma membranes were purified from L-cell fibroblasts; lipid rafts/caveolae were isolated by a

non-detergent method; fluorescent lipid probes were incorporated into lipid rafts/caveolae and plasma

membranes; fluorescence polarization of each probe was determined; and the ratio [polarization in lipid

rafts/caveolae]/[polarization in plasma membranes] was calculated using values reported in Gallegos et al.

(2004). Values represent the mean � SEM with (�) and (��) indicating significance P < 0.05 and p < 0.01

(n¼ 7) as compared to plasma membranes isolated from L-cells. (A) Lipid probes reporting on lipid mobility

in the center of lipid bilayers (diphenylhexatriene, DPH), phospholipids (DiI-C18), phospholipid acyl chains

near the center of the bilayer (trans-parinaric acid [trans-PnA], cis-parinaric acid [cis-PnA]), phospholipid

acyl chains near the surface of the bilayer (NBD-stearic acid, NBD-C18). (B) Lipid probes preferentially

distributing to the exofacial leaflet (diphenylhexatriene-trimethylammonium, DPH-TMA) and cytofacial

leaflet (diphenylhexatriene-propionic acid, DPH-PRO; dehydroergosterol, DHE).
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polarization in the non-fluid gel phase, 0.381, and in the liquid crystalline phase, 0.095

(Schroeder et al., 1994).

Fifth, to determine if the fluidity of lipids of the exofacial and cytofacial leaflets of

the lipid rafts/caveolae diVered, the fluorescence polarization of DPH analogues

(DPH-TMA, DPH-PRO) that selectively localize in the exofacial or cytofacial leaflet

of the membrane, respectively, was determined in lipid rafts/caveolae (Gallegos et al.,

2004). The fluorescence polarization of DPH-propionic acid (DPH-PRO) in lipid rafts/

caveolae (P ¼ 0.2896 � 0.0032) is significantly higher than that of DPH-TMA in lipid

rafts/caveolae (P¼ 0.2577� 0.0007), p< 0.01 (Gallegos et al., 2004). Thus, there exists

a transbilayer fluidity gradient, indicating that the exofacial leaflet is more fluid and

the cytofacial leaflet is more rigid in lipid rafts/caveolae. Such transmembrane fluidity

gradients are thought to be essential for maintaining the functions of plasma mem-

brane receptors and transporters (reviewed in Schroeder and Sweet, 1988; Sweet and

Schroeder, 1988; Schroeder et al., 1990b). Loss of transbilayer fluidity gradients (Sweet

and Schroeder, 1988) is associated with the action of anesthetics (reviewed in

Sweet et al., 1987; Sweet and Schroeder, 1988; Wood et al., 1996) and several diseases

(reviewed in Wood et al., 1999, 2002, 2003).

Sixth, to compare the transbilayer fluidity gradient in lipid rafts/caveolae with that

of the parent plasma membrane, the preceding experiment was repeated with purified

plasma membranes. As indicated by the higher ratio of DPH-PRO fluorescence

polarization in lipid rafts/caveolae versus plasma membranes (Fig. 3B), the cytofacial

leaflet of the lipid rafts/caveolae is more rigid than that of the bulk plasma membrane.

In contrast, the lower ratio of DPH-TMA fluorescence polarization in lipid rafts/

caveolae versus plasma membranes (Fig. 3B) indicates that the exofacial leaflet of the

lipid rafts/caveolae is more fluid than that of the bulk plasma membrane. Quantitative

comparison reveals that the transbilayer “fluidity gradient” in lipid rafts/caveolae is

4.4-fold greater than in plasma membranes (Gallegos et al., 2004). Since transmem-

brane fluidity gradients appear important to the function of transmembrane coupled

systems such as receptor/eVectors and transporters (reviewed in Schroeder and Sweet,

1988; Sweet and Schroeder, 1988; Schroeder et al., 1990b), these data suggest that lipid

rafts/caveolae may be structurally optimized for such tasks but are concomitantly

more sensitive to the action of agents that perturb transbilayer fluidity gradients

(reviewed in Sweet et al., 1987; Sweet and Schroeder, 1988; Wood et al., 1996) or

diseases that disrupt the transbilayer fluidity gradient (reviewed in Wood et al., 1999,

2002, 2003).

V. CHOLESTEROL ORGANIZATION IN LIPID RAFTS/CAVEOLAE

AND NON-RAFTS

Despite the importance of cholesterol in formation of lipid rafts/caveolae (reviewed

in Brown and London, 1998b, 2000) and the role of lipid rafts/caveolae in cellular

cholesterol eZux (reviewed in Fielding and Fielding, 2000, 2001a,b; Yokoyama, 2000),

relatively little is known about either the structure or the molecular dynamics of

cholesterol in lipid rafts/caveolae.
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The transbilayer distribution of cholesterol is a major determinant giving rise to a

gradient of fluidity in plasma membranes wherein the exofacial leaflet is cholesterol

poor and more fluid than the cytofacial leaflet (reviewed in Kier et al., 1986; Sweet and

Schroeder, 1988; Schroeder et al., 1991a,b). The observation that the exofacial leaflet

of lipid rafts/caveolae is much more fluid than the cytofacial leaflet (Fig. 3A) suggests

that the majority of cholesterol should localize in the cytofacial leaflet (Gallegos et al.,

2004). The available literature ascertaining the transbilayer distribution of cholesterol

in lipid rafts/caveolae is not completely consistent. For example, the fact that only

caveolar cholesterol is reactive to cholesterol oxidase has led some investigators to

conclude that cholesterol is enriched in the exofacial leaflet of caveolae (reviewed in

Fielding and Fielding, 2000). However, this conclusion does not take into account the

rapid transbilayer migration rate (t1/2 of 2–17 min) of cholesterol across a variety of

plasma membranes (Schroeder and Nemecz, 1990; Wood et al., 1990; Schroeder et al.,

1991b) and is inconsistent with the finding that the exofacial leaflet of lipid rafts/

caveolae is more fluid than the cytofacial leaflet (Gallegos et al., 2004). In contrast, a

recent study utilized a photoactivatable ganglioside GM1 to assess the lipid distribu-

tion in caveolae (Pitto et al., 2000). Since the ganglioside GM1 localizes essentially

completely in the exofacial leaflet, the only lipids crosslinked by the photoactivatable

GM1 are localized in the exofacial leaflet. While the photoactivatable GM1 cross-

linked phosphatidylcholine, sphingomyelin, and cholesterol in a plasma membrane-

enriched fraction, only sphingomyelin was crosslinked in the detergent-resistant lipid

raft/caveolae fraction (Pitto et al., 2000). These data suggest that sphingomyelin is

enriched in the exofacial leaflet along with the ganglioside GM1. However, the lack of

cholesterol crosslinking in the detergent-resistant lipid raft/caveolae fraction indicates

that very little, if any, cholesterol is distributed to the exofacial leaflet and that almost all

the cholesterol is localized in the cytofacial leaflet (Pitto et al., 2000). Caveolin is known

to bind cholesterol in membranes and in the cytosol as a heat shock protein–chaperone

complex (reviewed in Murata et al., 1995; Smart and van der Westhuyzen, 1998). Since

caveolin is localized primarily in the cytofacial leaflet but does not extend completely

across the caveolar bilayer (reviewed in Fielding and Fielding, 2000, 2001a,b), caveolin

binding cholesterol in the cytofacial leaflet may also contribute directly to enrich the

cytofacial leaflet in cholesterol (Uittenbogaard et al., 1998). However, because the

number of cholesterol molecules far exceeds the number of caveolin molecules and

binding stoichiometry is 1:1, this explanation is unlikely to account for nearly 100% of

total sterol in the lipid rafts/caveolae being localized in the cytofacial leaflet. Instead,

other as-yet-unresolved factors must account for this transbilayer sterol gradient.

While cholesterol spontaneously organizes itself into multiple lateral domains, sterol

is randomly distributed across the bilayer of model membrane vesicles unless the

limiting radius of curvature is approached (reviewed in Schroeder et al., 2001a). In

contrast to the near-absolute transbilayer distribution of cholesterol in the lipid rafts/

caveolae, about 20% of the cholesterol is localized in the exofacial leaflet, while 80% is

cytofacial in the parent plasma membrane (reviewed in Kier et al., 1986; Sweet and

Schroeder, 1988; Schroeder et al., 1991a,b). The greater transbilayer diVerence of

cholesterol distribution in the lipid rafts/caveolae as compared to that in the parent
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plasma membrane is consistent with the greater transbilayer fluidity gradient across

the bilayer of lipid rafts/caveolae as compared to that in the parent plasma membrane

(Gallegos et al., 2004). These data also suggest that the transbilayer cholesterol and

fluidity gradient are likely to be much smaller in the non-lipid raft domains of the

plasma membrane. Finally, the paucity of cholesterol in the exofacial leaflet of the

lipid rafts/caveolae suggests that factors regulating the transbilayer distribution of

cholesterol to the exofacial leaflet are likely to have a major impact on determining

eZux of cholesterol to HDL mediated through SRB1 present in caveolae (reviewed in

Fielding and Fielding, 2000, 2001a,b).

Regarding the lateral distribution of cholesterol, model membrane studies indicate

that at high levels the cholesterol phase separates into a pure crystalline cholesterol

phase (reviewed in McIntosh et al., 2003; Gallegos et al., 2004). Despite the several-

fold enrichment of cholesterol in lipid rafts/caveolae, however, recent studies with a

fluorescent sterol (dehydroergosterol) suggest that this is not the case in lipid rafts/

caveolae (McIntosh et al., 2003; Gallegos et al., 2004). Dehydroergosterol is a natu-

rally occurring fluorescent sterol that is readily taken up by cultured cells and that

replaces as much as 90% of cholesterol in biological membranes without significantly

altering structure, lipid composition, or function of the membrane (reviewed in Hale

and Schroeder, 1982; Schroeder, 1984; McIntosh et al., 2003). Since the emission

spectral properties of crystalline dehydroergosterol diVer significantly from those of

monomeric dehydroergosterol, it is possible to distinguish the physical form of sterol

in lipid rafts/caveolae (McIntosh et al., 2003). Despite the high level of sterol in lipid

rafts/caveolae, the dehydroergosterol is primarily monomeric with only a small

amount (i.e., �0.3%) occurring in the crystalline phase in detergent-free lipid rafts/

caveolae (McIntosh et al., 2003). In fact, dehydroergosterol is localized in an environ-

ment significantly more fluid than that of the surrounding lipids. For example, the

fluorescence polarization of dehydroergosterol in lipid rafts/caveolae (P ¼ 0.3255 �
0.0022) is significantly lower (i.e., more fluid) than that of fluorescent phospholipid

analogues (DiI C18, P ¼ 0.3871 � 0.0031; DiI C1, P ¼ 0.3482 � 0.0013) and

fluorescent fatty acid analogues (cis-parinaric acid, P ¼ 0.3478 � 0.0021; NBD-stearic

acid, P ¼ 0.3299 � 0.0018) in lipid rafts/caveolae (Gallegos et al., 2004). Finally,

dehydroergosterol polarization in lipid rafts/caveolae is lower than that in the parent

plasma membrane, suggesting that cholesterol in lipid rafts/caveolae may be more

dynamic/mobile and available for transport than other lipids within the lipid rafts/

caveolae (Atshaves et al., 2003; Gallegos et al., 2004).

Since cholesterol is less ordered in lipid rafts/caveolae than in the parent plasma

membranes, cholesterol movement in and out of lipid rafts/caveolae may be faster than

from non-lipid raft domains or the parent plasma membranes. Indeed, spontaneous

sterol transfer from lipid rafts/caveolae is faster than that from the plasma membrane

(Gallegos et al., 2004) or from the non-lipid raft domains (Atshaves et al., 2003). The

initial rate and half-life of molecular sterol transfer from lipid rafts/caveolae is 7.7-fold

faster and 9.4-fold shorter, respectively, as compared to sterol transfer from non-lipid

rafts (Atshaves et al., 2003). Kinetic analysis of molecular sterol transfer shows that

lipid rafts/caveolae contain a substantial proportion of rapidly transferable sterol (i.e.,
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23%), while non-lipid raft domains contain very little rapidly exchangeable sterol pool

(Atshaves et al., 2003). These findings are consistent with the apparent higher fluidity

of the microenvironment wherein sterol was localized in the caveolae as compared to

the parent plasma membrane (Gallegos et al., 2004). The significance of spontaneous

sterol movement, i.e., simple diVusion, to sterol eZux via lipid rafts/caveolae must take

into consideration other factors. For example, the half-life of spontaneous sterol

transfer from isolated lipid rafts/caveolae (1.1–1.7 h) is faster than transfer from

plasma membranes (2.5 h) or non-lipid raft domains (10.8 h) (Atshaves et al., 2003;

Gallegos et al., 2004). Nevertheless, a half-life >1 h is still very slow as compared to

the very rapid (minutes) cholesterol uptake or eZux via the HDL receptor pathway

mediated by caveolae in intact cells (Smart and van der Westhuyzen, 1998; Atshaves

et al., 2000; Frolov et al., 2000). The slow half-life of spontaneous sterol transfer is not

limited by transbilayer migration of sterol, which is fast (min) across both model

membranes and plasma membranes (Schroeder et al., 1991b). Cholesterol-rich, sphin-

gomyelin-rich model membranes exhibit slow cholesterol dynamics similar to lipid

rafts/caveolae (reviewed in Schroeder et al., 1991a). Thus, it is likely that factors in

addition to spontaneous/diVusional transfer must contribute to mediating the very

rapid transfer of cholesterol out of lipid rafts/caveolae. In support of this possibility,

lipid rafts/caveolae are also enriched in P-glycoprotein (P-gp; Fig. 1), which translo-

cates cholesterol from cytofacial to exofacial leaflets to facilitate availability of choles-

terol for spontaneous/diVusional eZux to HDL- or SRB1-mediated sterol eZux at the

exofacial leaflet of the membrane (reviewed in Lavie and Liscovitch, 2000; Garrigues

et al., 2002). The presence of these lipid raft/caveolae proteins (i.e., caveolin, SRB1,

P-gp; Fig. 1) contributes significantly to spontaneous sterol transfer as shown by the

very slow sterol transfer from cholesterol-rich, sphingomyelin-rich model membranes

(Schroeder and Nemecz, 1989; Schroeder and Nemecz, 1990; Schroeder et al., 1991a).

Finally, spontaneous/diVusional sterol transfer between lipid rafts/caveolae and

non-lipid raft microdomains of the plasma membrane is up to 12-fold slower than

transfer between lipid rafts/caveolae (Atshaves et al., 2003; Gallegos et al., 2004).

These data indicate that cholesterol moving through the caveolae/lipid raft domain

slowly equilibrates with the non-lipid raft sterol domain. Consistent with this finding,

in intact cells lipid raft/caveolar cholesterol poorly equilibrates with bulk plasma

membrane cholesterol, except when the lipid rafts/caveolae are disrupted (reviewed

in Smart and van der Westhuyzen, 1998; Schroeder et al., 2001b).

VI. STEROL CARRIER PROTEIN-2 SELECTIVELY MODULATES

CHOLESTEROL DYNAMICS IN LIPID RAFTS/CAVEOLAE

Although the vesicular traYcking pathways that slowly move cholesterol to and

from the plasma membrane have been studied extensively, much less is known regard-

ing rapid, protein-mediated, non-vesicular cholesterol transfer within the cell and how

this is targeted to lipid rafts/caveolae (Fig. 1) (Smart and van der Westhuyzen, 1998;

Atshaves et al., 2000; Frolov et al., 2000). The importance of non-vesicular cholesterol
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transfer is underscored by a recent real-time fluorescence imaging study showing that

the majority of cholesterol in the living polarized hepatocytes traYcks from

the basolateral membrane by non-vesicular pathways to the bile canalicular region

(Wustner et al., 2002), consistent with earlier in vitro studies (Hafer et al., 2000; Fuchs

et al., 2001). Although several soluble cholesterol-binding proteins (caveolin, SCP-2,

L-FABP) contribute to nonvesicular cholesterol traYcking from plasma membrane

lipid rafts/caveolae (reviewed in Schroeder et al., 1998, 2001b; Sviridov, 1999), this

review focuses on recent advances in understanding the interactions of SCP-2 with lipid

rafts/caveolae and its role in modulating lipid raft/caveolae cholesterol traYcking.

SCP-2 is highly expressed in liver hepatic cells (reviewed in Gallegos et al., 2001b).

Moreover, SCP-2 has high aYnity (i.e., nanomolar Kds) for sterols (Colles et al., 1995;

Schroeder et al., 1998, 2000; Stolowich et al., 1999), stimulates the in vitro transfer of

sterol from plasma membranes (Frolov et al., 1996b,c), enhances sterol transfer from

the plasma membrane to the endoplasmic reticulum (ER) for esterification in intact

SCP-2 overexpressing cells (Moncecchi et al., 1996; Murphy and Schroeder, 1997), and

preferentially redistributes plasma membrane cholesterol to lipid droplets of living

cells (Atshaves et al., 2000; Gallegos et al., 2001a). Most recently, SCP-2 was shown to

selectively alter cholesterol dynamics from lipid rafts/caveolae, but not non-lipid raft

domains, isolated without the use of detergents (Atshaves et al., 2003; Gallegos et al.,

2004). SCP-2 selectively enhances sterol transfer from lipid rafts/caveolae isolated

without the use of detergents, increasing the initial rate of sterol transfer up to 5-fold,

decreasing the t1/2 of sterol transfer up to 2-fold, and increasing the size of the

exchangeable sterol pool up to 4.2-fold such that >98% of sterol becomes transferable.

In contrast, SCP-2 does not significantly alter the initial rate of sterol transfer, the

t1/2 of sterol transfer, or the size of the exchangeable sterol domain in non-raft

domains. Thus, non-detergent lipid rafts/caveolae display unique responsiveness to

SCP-2 as compared to the parent plasma membrane and non-raft domains. This

was not predicted based on model membrane lipid rafts/caveolae studies showing

that SCP-2 is essentially ineVective in transferring sterol from cholesterol-rich, sphin-

gomyelin-rich model membranes (Schroeder et al., 1991a). Likewise, SCP-2 also does

not enhance sterol transfer from biological membranes containing high levels of

sphingomyelin as well as cholesterol (Kavecansky et al., 1994).

Relatively little is known regarding the potential role of SCP-2 in regulating lipid

raft/caveolae cholesterol distribution and dynamics in intact cells. One recent study

utilized transfected cells overexpressing SCP-2 to show that SCP-2 expression signifi-

cantly alters the lipid and protein constituents of caveolae/lipid rafts of living cells such

that the initial rate, t1/2, and size of the exchangeable spontaneous/diVusional sterol
domain are reduced 2-fold, increased 1.8-fold, and decreased 2.1-fold, respectively, in

lipid rafts/caveolae isolated without detergents from the SCP-2 overexpressing cells

(Atshaves et al., 2003). Furthermore, the non-detergent lipid rafts/caveolae from SCP-

2 overexpressing cells are resistant to the direct action of additional SCP-2 added in vitro.

Interestingly, these findings were consistent with earlier studies that SCP-2 over-

expression in L-cells inhibits reverse cholesterol transport to HDL (Gallegos et al.,

2001b). The mechanism whereby this occurs indicates that SCP-2 plays a role in both
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protein-mediated and vesicular cholesterol transfer as follows (reviewed in Atshaves

et al., 2000): (i) HDL-mediated cholesterol eZux from intact L-cells is biexpo-

nential, with rapid (half-life of 1 min) and slow (half-life of 15 min) kinetic pools.

The kinetics of these pools are consistent with protein-mediated and vesicular

transfer of sterol, respectively. (ii) SCP-2 expression does not aVect the relative sterol
pool sizes, but accelerates the rate of cholesterol movement in the rapid, protein-

mediated sterol eZux pool. (iii) In contrast, SCP-2 expression decreases the rate of

movement of the slow vesicular pool. Since the majority (80–90%) of sterol transfer in

the cultured cells exhibits vesicular kinetics transfer, the net eVect of SCP-2 overexpres-
sion is to reduce cholesterol eZux (Atshaves et al., 2000). Taken together, these data

indicate that SCP-2 enhances molecular sterol transfer from lipid rafts/caveolae, but

not non-rafts, in vitro. This direct response to SCP-2 is significantly reduced in lipid

rafts/caveolae isolated from SCP-2-overexpressing cells. How SCP-2 inhibits vesicular

cholesterol transfer in intact cells is not yet clear, but there are several possibilities,

including the following: (i) altered lipid and protein distribution in lipid rafts/caveolae

(Atshaves et al., 2003); (ii) direct interaction of SCP-2 with caveolin to inhibit caveolin

action in sterol transfer (Schroeder et al., 2003); and (iii) SCP-2 binds and transfers

ligands (phosphatidylinositol [PI], polyphosphoinositides, fatty acyl-CoAs) known to

be involved in vesicle formation and budding (reviewed in Pfanner et al., 1989, 1990;

Frolov et al., 1996a; Cockcroft, 1998; Seedorf et al., 1998; Schroeder et al., 2003) and

stimulates phospholipase-mediated IP3 production (Schroeder et al., 2003).

VII. MULTIPHOTON IMAGING OF STEROL STRUCTURE AND

DISTRIBUTION IN LIPID RAFTS/CAVEOLAE OF LIVING CELLS

Although plasma membrane subfractionation by both non-detergent and deter-

gent methods suggests the presence of cholesterol-rich lipid rafts/caveolae in the

plasma membrane, there are still important questions regarding lipid rafts/caveolae

in living cells. For example, the question of whether such cholesterol-rich microdo-

mains actually exist in the cell surface plasma membrane of living cells remains

unanswered. While the existence of lipid rafts/caveolae in living cells has been demon-

strated on the basis of protein and non-sterol lipid markers, whether the distribution of

these markers coincides with that of cholesterol needs to be resolved. Another major

question is the size of lipid rafts/caveolae in living cells. A variety of morphological,

protein, and phospholipid markers have yielded widely divergent estimates. Depend-

ing on the specific marker and method used, the diameter of lipid rafts/caveolae is

reported as 26–330 nm when GPI-anchored proteins are used as markers for lipid rafts

(Sheets et al., 1997; Pralle et al., 2000), 500–2000 nm when MHC I molecules are used

as markers for lipid rafts (Edidin, 2001), 60–80 nm when flask-shaped morphology

electron microscopy is used as a marker for caveolae (Anderson, 1998; Smart et al.,

1999), 260–330 nm when ganglioside GM1 is used as a marker for caveolae (Sheets

et al., 1997), and 230 nm when phosphatidylethanolamine is used as a marker for

non-raft domains (Sheets et al., 1997; Atshaves et al., 2003). However, none of these
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early studies in intact cells utilized cholesterol as amarker for lipid rafts/caveolae. This is

especially surprising in view of the fact that cholesterol is highly enriched in both lipid

rafts and caveolae. Part of the diYculty has been the inability to directly visualize

cholesterol in the plasmamembrane of living cells. Recent studies from our laboratories

utilized dehydroergosterol, a naturally occurring fluorescent sterol, together with mul-

tiphoton microscopy to directly visualize sterol distribution in plasma membranes of

living cells (Schroeder et al., 1998; Frolov et al., 2000). Dehydroergosterol is readily

incorporated into plasma membranes (Hale and Schroeder, 1982; Atshaves et al., 2003)

and lipid rafts/caveolae (Atshaves et al., 2003) of cultured cells. These advances, togeth-

er with the use of membrane and lipid droplet markers, allow direct visualization of

dehydroergosterol in plasmamembranes and analysis of dehydroergosterol distribution

therein (Atshaves et al., 2003; Liu et al., 2004).

In order to examine the distribution of dehydroergosterol in the plasma mem-

brane of living cells, ECFP-Mem, a protein that targets the plasma membrane, was

overexpressed in L-cells. pECFP-Mem is a mammalian overexpression vector that

contains the enhanced cyan fluorescent protein (ECFP) variant of green fluorescent

protein (GFP) coupled to a plasma membrane targeting vector “Mem” to form

pECFP-Mem (Clontech, Palo Alto, CA). Mem encodes a protein containing the

N-terminal 20 amino acids derived from neuromodulin (GAP-43; 1) (targeting se-

quence for the plasma membrane) that is fused to the N terminus of ECFP. The

plasma membrane targeting is provided by the addition of a palmitoyl group to the

GAP-43 protein during posttranslational processing (Liu et al., 1994). Although

predominantly located on the inner surface of the plasma membrane, other intracellu-

lar membranes are also targeted. The fluorescence emission from this protein in

combination with Nile red staining was useful for demarcation of the plasma mem-

brane, since Nile red at low concentrations provides only weak staining of the plasma

membrane as compared to other intracellular features, while the ECFP-Mem brightly

labels the plasma membrane and, to a much lesser degree, some other intracellular

membranes. L-cells that were supplemented with dehydroergosterol as stated previ-

ously and stained with Nile red were imaged by multiphoton laser scanning microsco-

py. Multiphoton images of each fluorescent probe simultaneously visualized through

three external detectors are shown in Fig. 4. Nile red localized very intensely in bright

staining structures and less so throughout the cell in other lipid-containing structures

(Fig. 4A). Nile red is known to localize primarily in lipid droplets (Atshaves et al.,

2000). The dehydroergosterol localizes most intensely at the cell surface and less so in

intracellular membranes (Fig. 4B). The ECFP-Mem localizes most intensely at the

plasma membrane and less so within the cell interior (Fig. 4C). Superposition of the

three images reveals that dehydroergosterol and ECFP-Mem were highly colocalized

at the cell surface plasma membrane (Fig. 4D).

To remove all intracellular contributions of dehydroergosterol and image only

that occurring in the plasma membrane, a rank-statistic-based technique was used to

segment the plasma membrane and remove the intracellular portion of each cell (Liu

et al., 1994). In brief, the technique consisted of initial manual selection of a square

window of size k � k on a known plasma membrane area. Next, this window was used
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to search the image pixel by pixel with the pixel intensities of each two windows ranked

from smallest to largest. After computation of the total and mean rank, the Miller’s

rank statistic was calculated to determine if the pixel density distributions of the two

windows were diVerent. Parameters were changed in order to optimize the results. For

this analysis, two windows were selected on sections of plasma membranes on diVerent
cells with higher concentrations of (i) dehydroergosterol and (ii) ECFP-Mem. The

results of the rank-statistic technique based upon the two selected plasma membrane

Figure 4. Multiphoton laser scanning microscopy of fluorescent sterol (DHE), a plasma membrane marker

(ECFP-Mem), and a lipid marker (Nile red) in L-cell fibroblasts. The plasmid pECFP-Mem (Clontech) was

stably expressed in L-cells (L arpt�tk�) by transfection using Superfect (Qiagen) according to the manufac-

turer’s instructions. After G418 selection and PCR verification to select resistant clones, L-cells stably

expressing ECFP-Mem were cultured for 2 days on two-well Lab-Tek chambered coverglasses (VWR,

Sugarland, TX) with Higuchi medium containing 10% fetal bovine serum and supplemented with a total

concentration of 20 �g/ml of dehydroergosterol (DHE) in the form of large unilamellar vesicles. These vesicles

were prepared with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and dehydroergosterol (65:35

POPC:DHE), wherein DHE was almost completely monomeric (McIntosh et al., 2003). Cells were then

incubated with 100–400 nM Nile red (Molecular Probes, Eugene, OR) for approximately 30 min. Multipho-

ton laser scanning microscopy (MPLSM) was performed using a Bio-Rad MRC1024 MP system attached

Axiovert 135 (Zeiss Inc., New York, NY) microscope with a Zeiss 63 � Plan-Apochromat (1.4 N.A.) oil

immersion objective. All three fluorescent probes (DHE, Nile red, ECFP-Mem) were simultaneously excited

using multiphoton excitation at 920 nm with a femtosecond Coherent Mira 900 Ti:Sapphire laser pumped

with a Spectra-Physics Millenia X. Fluorescence emission was detected through an external three-channel

detector system provided by Dr. Warren Zipfel (Cornell University, Ithaca, NY). Emission of the three

fluorescent probes was individually selected by the INDO dichroic filter set provided by Dr. Warren Zipfel.

(A) Nile red emission detected at 525–650 nm. (B) Dehydroergosterol emission detected at 360–430 nm.

(C) ECFP-Mem emission detected at 485–515 nm. (D) Merged image with Nile red (red), dehydroergosterol

(green), and ECFP-Mem (blue). (See Color Insert.)
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regions were combined as shown (Fig. 5A). Some intracellular portions remained as

evidenced by the amount of Nile red. Further definition of the plasma membrane

occurred as a result of a binary mask created by subtraction of the green channel from

the red channel and changing all resulting pixel intensities greater than 0 to 1 and those

less than 0 to 0. This mask was applied to Fig. 5A and the result is shown in Fig. 5B.

A particular segment was chosen (outlined in white in Fig. 5B) and a blowup was

created (Fig. 5C).

Image thresholds were established by choosing the pixels containing dehydroer-

gosterol emission intensities above the 85th percentile, and a blowup of the selected

segment (Fig. 5D) and a spatial plot of the positional arrangement of these peak

dehydroergosterol intensities (Fig. 6A) were created. A complete spatial randomness

test was performed upon this dehydroergosterol peak data set by comparing the

proportion of nearest neighbor distances to that of a simulated homogeneous Poisson

process through Monte Carlo simulations. The graph showing the empirical distribu-

tion function from the data along with the Monte Carlo envelope is given in Fig. 6B.

Figure 5. Statistical segmentation of the plasma membrane of L-cells expressing ECFP-Mem (blue),

supplemented with dehydroergosterol (green), and subsequently stained with Nile red (red). (A) Initial

segmentation result from the rank-statistic technique produced by a combination of two windows chosen

from two diVerent plasma membrane sections. (B) Final segmentation result after binary masking was

applied to further remove remaining intracellular regions and enhancing definition of the plasma membrane.

A typical segment (circled in white) of the plasma membrane was chosen for statistical image analysis. (C) A

blowup of the selected segment (all three channels) showing the discontinuity of the dehydroergosterol along

the plasma membrane for the full data set. (D) A blowup of the selected segment (all three channels) after

85th percentile thresholding of the dehydroergosterol intensities (peak DHE intensities) along the plasma

membrane. (See Color Insert.)
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This graph illustrates that the nearest-neighbor distance proportions were larger than

the homogeneous Poisson process envelope for distances less than 3–4 pixels. Since the

smallest nearest distance between two pixels is 1, the curve below a distance of 1 was

neglected. This statistical analysis indicates that the dehydroergosterol pixels with

peak intensities above the 85th percentile exhibit strong statistical clustering patterns.

Multiphoton imaging of dehydroergosterol, extraction of plasma membrane de-

hydroergosterol independent of intracellular dehydroergosterol, and statistical analy-

sis indicates that plasma membranes of L-cell fibroblasts contain cholesterol-rich

domains. These dehydroergosterol-rich domains exhibit a strong tendency to distrib-

ute non-randomly and not interdisperse into either regular or random patterns.

Although the limit of resolution of optical microscopy is about 200 nm, multiphoton

imaging methods can resolve domains >200 nm in diameter. The size of the dehy-

droergosterol-rich domains in the plasma membranes of living L-cell fibroblasts is

estimated at 600–900 nm (data not shown), well within the range (260–2000 nm)

reported for larger sized lipid rafts determined using protein and other lipidic markers

(Sheets et al., 1997; Pralle et al., 2000; Edidin, 2001).

VIII. CAVEOLIN INTERACTS WITH SELECT LIPIDS IN CAVEOLAE

Caveolin has been reported to bind and facilitate transport of fatty acids (Trigatti

et al., 1999) and cholesterol (Murata et al., 1995; Monier et al., 1996; Uittenbogaard

et al., 1998; Uittenbogaard and Smart, 2000) across plasma membrane. PhotoaYnity

labeling reveals that caveolin interacts with photoactivatable fatty acid in the plasma

Figure 6. Statistical image analysis of plasma membrane segmented results. (A) Spatial plot of the location

of peak spots of dehydroergosterol along the plasma membrane of the chosen segment. (B) Plot of the

nearest neighbor empirical distribution function and Monte Carlo envelope (from 99 simulations) calculated

for the peak dehydroergosterol data set (85th percentile thresholding). This graph illustrates the strong

clustering properties of dehydroergosterol in the plasma membrane for nearest neighbor distances <3–4.
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membrane (Trigatti et al., 1991, 1999; Gerber et al., 1993). Caveolin is the primary

protein that interacts with a photoactivatable ganglioside GM1 in plasma membranes,

and it is the only protein with which the photoactivatable ganglioside GM1 interacts in

lipid rafts/caveolae isolated by a detergent-based method (Pitto et al., 2000). Finally,

caveolin also contributes to non-vesicular transport of molecular cholesterol and

cholesteryl ester within the cell cytosol as a caveolin–cholesterol–heat shock protein

chaperone complex (Uittenbogaard et al., 1998) and a caveolin–cholesteryl-ester–

annexin II complex (Uittenbogaard et al., 2002), respectively. These data indicate that

caveolin is highly associated with ganglioside GM1 in caveolae as well as binding fatty

acids and cholesterol therein.

IX. PEPTIDE–PROTEIN INTERACTIONS WITH MODEL

MEMBRANE LIPID RAFTS: SCP-2

It is well established that SCP-2 functions in the metabolism, transport, and/or

secretion of cholesterol and other lipids (glycerides, straight- and branched-chain

fatty acids, isoprenoids) (reviewed in Schroeder et al., 1998; Gallegos et al., 2001b;

Stolowich et al., 2002). Overexpression of SCP-2 in transfected cells enhances choles-

terol uptake (Moncecchi et al., 1996; Atshaves et al., 1999), transport of cholesterol to

and from the plasma membrane to the ER (Baum et al., 1997; Murphy and Schroeder,

1997), intracellular cholesterol esterification and triacylglycerol formation (Moncecchi

et al., 1996; Atshaves et al., 1999), mitochondrial cholesterol oxidation (Yamamoto

et al., 1991), and biliary cholesterol transport (Kawata et al., 1991; Ito et al., 1996;

Puglielli et al., 1996; Fuchs et al., 1997, 1998, 2001; Muench et al., 2000). Most studies

concur that SCP-2 binds cholesterol in solution (Schroeder et al., 1990a; Colles et al.,

1995; Stolowich et al., 1999, 2002) and that this binding is essential for sterol transfer

by SCP-2 (reviewed in Schroeder et al., 1991a, 1996, 2001b; Woodford et al., 1995;

Stolowich et al., 2002). Hence, SCP-2 apparently contains at least two important

structural and functional domains, one to bind the ligand and the other to bind

membranes. NMR structural analysis shows that the N-terminal region of SCP-2 con-

tains two amphipathic �-helices (residues 9–22 and 25–30) and a short helix

corresponding to amino acids 78–84 (Szyperski et al., 1993). The N-terminal helices

were postulated to function as the SCP-2 membrane-binding domain (Pastuszyn et al.,

1987; Szyperski et al., 1993). Early studies showed that SCP-2-mediated intermem-

brane sterol transfer was optimal when membranes contained anionic phospholipids,

suggesting that ionic interactions were involved in SCP-2 membrane binding (Butko

et al., 1990, 1992; Hapala et al., 1990, 1994; Gadella and Wirtz, 1994). Further,

membrane binding appeared to be a prerequisite for cholesterol transfer by SCP-2

(Woodford et al., 1995). Support of a critical membrane domain localized to the

N-terminal, helical region of SCP-2 came from a study of mutant SCP-2 molecules

in which specific N-terminal disruptions and/or deletions concurrently abolished lipid

transfer and reduced the �-helical content (Seedorf et al., 1994). The N-terminal
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membrane-binding function of SCP-2 was further supported using circular dichroism

(CD) and a direct binding assay with model membranes (Huang et al., 1999a,b, 2002).

In these studies, full-length SCP-2 and N-terminal synthetic peptides corresponding to

residues 1–32 (both N-terminal �-helices), 1–24 (first N-terminal �-helix), 10–32

(deletion of the non-helical residues), and 1-E20–32 (substitution of leucine 20 with

glutamic acid) were tested for binding to model membranes of diVerent curvature and
cholesterol and anionic phospholipid content. SCP-2 and peptides preferentially parti-

tioned to membranes of high curvature and those rich in cholesterol and anionic

phospholipids (Huang et al., 1999a,b, 2002). Direct binding with the diVerent mem-

brane preparations and SCP-2 and peptides revealed that the N-terminal helices of

SCP-2 comprised a membrane-binding domain. All of the SCP-2 peptides bound

anionic vesicles with greater aYnity than neutral zwitterionic lipids, indicating that

electrostatic interactions are important in the membrane binding. The single helix-

containing peptide (SCP-2 residues 1–24) had a weaker aYnity for lipids than that of

SCP-2 amino acids 1–32 containing both N-terminal helices; deletion of the second

helix did not influence the first helix formation (Huang et al., 1999a,b, 2002). In

contrast, substitution of glutamic acid for leucine significantly disrupted the helix

conformation and decreased the membrane interaction. Thus, the amphipathic char-

acter of the helix appears to be important to both structure and function. In addition to

charged phospholipids, the presence of cholesterol was required for optimal interaction

of SCP-2 and peptides with membranes, putatively through the formation of cholester-

ol-rich, lateral domains. This observation is in agreement with earlier data showing

that SCP-2 stimulates cholesterol transfer more eYciently from cholesterol-rich

membranes (reviewed in Schroeder et al., 1991a). Last, SCP-2 and peptides show a

preferential binding to membranes of high curvature. Taken together, the data

show that SCP-2 and peptides optimally partition with anionic, cholesterol-rich, highly

curved lipid vesicles (Huang et al., 1999a,b, 2002), indicating a preferential inter-

action with caveolae/rafts. Co-localization of SCP-2 with caveolin-1 in hepatic cells

(Schroeder et al., 2003) and demonstration of a direct interaction of SCP-2–caveolin-1

by yeast two-hybrid assay (unpublished data) strongly support the conclusion of a

caveolae–SCP-2 association (Zhou et al., 2004).

The high sensitivity of lipid raft/caveolae sterol to SCP-2-mediated transfer may

be due at least in part to factors such as caveolae curvature and distribution of anionic

phospholipids (phosphatidylinositol, polyphosphoinositides, phosphatidylserine)

(reviewed in Woodford et al., 1995; Huang et al., 1999a,b, 2002; Gallegos et al.,

2001b). Since direct binding of SCP-2 to anionic phospholipid-containing membranes

is required for eYcient sterol transfer (Woodford et al., 1995; Huang et al., 1999a,b,

2002), these data suggest that SCP-2 may target sterol transfer to lipid rafts/caveolae

by direct interaction with membrane lipids. Alternately, SCP-2 may directly bind

caveolin, as suggested by immunofluorescence studies showing that SCP-2 significantly

colocalizes with caveolin-1 at the plasma membrane (Schroeder et al., 2003). However,

the limit of resolution of colocalization by confocal microscopy is about 200 nm, too

large to directly demonstrate that SCP-2 binds caveolin-1.
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X. PEPTIDE–PROTEIN INTERACTIONSWITHMODELMEMBRANE LIPID

RAFTS: CHOLERA TOXIN AND ROTAVIRUS NSP4, AN ENTEROTOXIN

In addition to intracellular host cell proteins, plasma membrane caveolae/rafts

have been shown to be an important site of entry and exit, as well as function of a

number of pathogens (viruses, protozoa, bacteria). Many toxins are endocytosed and

transported to a specific site in the cell to exert their cytotoxic eVect(s), thus contribut-
ing to the pathogenesis of the organism that produces them. These toxins employ

cellular endocytotic mechanisms and membrane traYcking pathways for entry and

transport. The most studied example is cholera toxin (CT), which is encoded by Vibrio

cholerae and activates adenylate cyclase at basolateral membranes by catalyzing ADP-

ribosylation of the regulatory GTPase, Gs� (Oh and Schnitzer, 2001). The increased

intracellular cAMP promotes electrogenic chloride secretion as measured in Ussing

chambers, the hallmark of secretory diarrhea (Welsh et al., 1982; Morris and Frizzell,

1994). The bacterium does not invade the intestinal mucosa or aid in the delivery of

CT into the host intestinal cell (Lencer, 2001). Rather, CT invades the intestinal

epithelium as a fully folded holotoxin that subsequently moves retrograde through

the biosynthetic pathway through the Golgi cisternae to the ER, where the enzymatic

subunit is released and translocated to the basolateral membrane for disease induction

(Lencer et al., 1992, 1999; Orlandi, 1997; Wolf et al., 2002).

Because caveolin-1 is found in the intestine (Field et al., 1998) and CT has become

a common marker for caveolae entry (Gustin and Goodman, 1981; McIntosh and

Schnitzer, 1999; Matveev et al., 2001; Nichols, 2002), although CT internalization is

not exclusively caveolae mediated, it is reasonable to propose that caveolae have an

important role in the entry of biological toxins to the gut. This proposition can be

extended to other microbes that invade the gastrointestinal tract and other organs.

There has been a recent explosion of studies on caveolae endocytosis. Reports of

caveolae-bound molecules being delivered to the cytosol, to the endoplasmic reticulum

(ER), across the cell, and to caveolin-1-positive endosomes or “caveosomes,” as well as

documentation that caveolae deliver molecules to components of clathrin-mediated

endocytosis, illustrate some of these advances (Pelkmans et al., 2001; Schnitzer, 2001;

Pelkmans and Helenius, 2002; Stan, 2002). Vesicles rich in caveolin, GM1, and the

vesicle docking protein VAMP were shown to undergo induced caveolar fission in a

cell free system with the addition of cytosol and GTP hydrolysis (Schnitzer et al.,

1996). The large GTPase dynamin appears to form a structural collar around the neck

of invaginated caveolae, presumably to mediate caveolar fission to form free transport

vesicles (Deidre et al., 1998). Microinjection of dynamin-specific peptide antibodies

induces an accumulation of caveolae at the plasma membrane (Henley et al., 1998)

and blocks caveolae-mediated endocytosis of CT (Gallusser and Kirchhausen, 1993;

Henley et al., 1998). In addition, a resident population of protein kinase C (PKC�) is
needed for invagination of caveolae (Smart et al., 1995). Tyrosine kinases also function

in regulating caveolae-mediated endocytosis (Dangoria et al., 1996; Tiruppathi et al.,

1997; Minshall et al., 2000), whereby an antibody specific to phosphotyrosine at

position 14 of caveolin-1 results in accumulation of caveolin-1-positive vesicles (Aoki
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et al., 1999). Hence, there appears to be a correlation between caveolae internalization

and the activation of signaling molecules localized to caveolae. Many signaling mole-

cules directly bind caveolin (src tyrosine kinase, G� subunits, H-Ras, nitrous oxide

synthase, and EGF receptor tyrosine kinase) (Li et al., 1995; Song et al., 1996; Couett

et al., 1997; Okamoto et al., 1998).

A number of experimental studies linked caveolae/rafts to intracellular signal

transduction, cell adhesion, and regulation of polarized intracellular sorting (Stefanova

et al., 1991; Simons and Ikonen, 1997). Localization of G� isoforms and G� subunits in

the plasma membrane to caveolae and non-caveolar rafts illustrates diVerential target-
ing of G proteins to the membrane microdomains (Oh and Schnitzer, 2001); Gq

localizes to caveolae by interacting with caveolin, whereas Gi, Gs, and G� concentrate

within lipid rafts. However, in cells lacking caveolae, the three G proteins (Gi, Gs, Gq)

complex with G�� subunits and colocalize in rafts (Oh and Schnitzer, 2001). Similarly,

the insulin receptor normally localized to caveolae is sorted to lipid rafts in cells that

lack caveolae. Likewise, the kinase activity that is typically activated by caveolin

binding is modulated by raft lipids (Vainio et al., 2002).

In 1996, rotavirus nonstructural protein 4 (NSP4) was reported to be a viral

enterotoxin that induces diarrhea by a calcium-mediated signaling pathway (Ball

et al., 1996). Like CT, the net result of the induced signaling pathway is promotion

of chloride secretory currents as measured in Ussing chambers. NSP4 is an ER,

transmembrane glycoprotein with an extended cytoplasmic domain (amino acids 86–

175) that folds as a coiled coil (22% �-helical content by CD) (Taylor et al., 1996). The

tetrameric coiled-coil structure of NSP4 residues 95–137 has been confirmed by

crystallographic studies (Bowman et al., 2000). CD experiments also have been utilized

to evaluate the interaction(s) of intact NSP4 and NSP4-specific synthetic peptides with

model membranes of diVerent composition and size (Huang et al., 2001, 2004). CD

analysis of purified, full-length NSP4 in physiological buVer shows that NSP4 contains

33% helical structure with 31% �-strand and 12% �-turn, consistent with the 22%

helical content of residues 86–175. The enterotoxic peptide NSP4114–135 likewise

adopts a secondary structure with a high helical content in buVer calculated at 37%

(Huang et al., 2001). When placed in a hydrophobic solvent (50% trifluoroethanol),

the �-helical content of NSP4114–135 increases to 91%, indicating that the peptide may

favor the more hydrophobic environment of membranes to promote structural

changes. The isodichroic point at 205 nm suggests that the structural transformation

is from random coil to �-helix, similar to that seen with the SCP-2 peptides (Huang

et al., 1999a,b; Feron et al., 2001). These structural alterations were utilized to

determine if NSP4, NSP4114–135, or other NSP4 peptides bind lipid vesicles of diVerent
curvature and composition akin to the studies of SCP-2 and peptides described above.

CD analyses of NSP4 and NSP4114–135 with large unilamellar vesicles (LUV) of

100–120 nm and small unilamellar vesicles (SUV) of 20–30 nm of diVerent composi-

tions indicate a specific interaction of defined membranes (Huang et al., 2001, 2004).

Full-length NSP4 preferentially partitions with anionic SUVs (high membrane curva-

ture) containing 35% cholesterol as shown by significant conformational changes (43%

helical) elicited upon binding. Similarly, NSP4114–135 becomes more helical upon
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interacting with anionic SUVs with increasing cholesterol content. When compared to

the structure in aqueous buVer, the helical content of NSP4114–135 is 2-fold greater in

the presence of anionic SUVs with 50 mol% cholesterol; however, cholesterol in the

absence of negative phospholipids is insuYcient for the peptide interaction (Huang

et al., 2001). An independent filtration binding assay confirmed these results, demon-

strating that NSP4 and NSP4114–135 interact exclusively with lipids and preferentially

interact with vesicles that are highly curved, rich in anionic phospholipids and choles-

terol, and thus resemble caveolae microdomains (Anderson et al., 1992; Brown and

Rose, 1992; Rothberg et al., 1992; Anderson, 1998).

The structural basis of NSP4, SCP-2, and corresponding synthetic peptide inter-

actions with highly curved membranes likely includes the more mobile packing and

lower surface pressure of the phospholipids in the outer leaflet and the packing

constraint in the inner leaflet (Machida and Ohnishi, 1980; Talbot et al., 1997),

resulting in an exposed hydrophobic core that may facilitate hydrophobic interactions.

Highly curved membrane regions are prevalent in the intestinal microvillus (Lipka

et al., 1995; BoVelli et al., 1997), the site of NSP4 enterotoxic activity (Chan et al.,

1988). Additional NSP4 peptides, including NSP4120–147 and NSP4131K, a mutant

114–135 peptide in which tyrosine (amino acid 131) is replaced with a positively

charged lysine, similarly interact with anionic and cholesterol-rich SUVs when ana-

lyzed by CD and filtration binding assays (Huang et al., 2004). These data correlate

with the finding that NSP4 is associated with rafts (Triton-X resistant membrane

fractions) in rotavirus-infected cells (Sapin et al., 2002) and likely traYc to the cell

surface in association with caveolae vesicles.

The membrane topology of caveolin-1 is unusual, with a central hydrophobic

domain (amino acids 102–134) that is predicted to form a hairpin-like structure within

the plasma membrane resulting in cytosolic N-(amino acids 1–101) and C-terminal

(135–178) domains (Anderson, 1993; Okamoto et al., 1998) such that caveolin-1 only

incorporates into one membrane leaflet and the lipophilic moiety incompletely spans

the bilayer. Robenek et al. (2004) evaluated whether caveolin-1 remains exclusively in

the cytoplasmic leaflet during intracellular transport. In contrast to the plasma mem-

brane, caveolin-1 was found on the exoplasmic leaflet of intracellular organelles,

including those of the ER and Golgi. These data will aid in dissecting the intracellular

transport of proteins associated with caveolae, such as SCP-2, CT, and NSP4.

XI. PROSPECTUS

In summary, more than 2000 publications over the past few years have focused on

a host of biological functions compartmentalized to plasma membrane microdo-

mains termed lipid rafts/caveolae. However, little more than a score of these reports

address the lipids and lipid protein interactions in lipid rafts/caveolae. Recent data

revealed the importance of both lipids and protein constituents of lipid rafts/caveolae

in cholesterol transport (reviewed in Brown and London, 1998a, 2000; Smart and van

der Westhuyzen, 1998; Anderson and Jacobson, 2002; Liu et al., 2002; Wood et al.,

Lipid Rafts and Caveolae Organization 27



2002), interactions with intracellular cholesterol transporters (reviewed in Smart and van

der Westhuyzen, 1998; Schroeder et al., 2001b, 2003), and entry pathways for viral

pathogens or toxins (Tian et al., 1996; Huang et al., 2001; Huang et al., 2004; Swaggerty

et al., 2004). However, many important questions remain about the structure, fluidity,

cholesterol dynamics, regulatory factors, and peptide–protein interactions in lipid rafts

separate from caveolar lipid rafts. With one exception (Atshaves et al., 2003), nothing is

known regarding these properties in non-raft domains. There is a need for newmethodol-

ogy to simultaneously separate lipid rafts, caveolar lipid rafts, and non-rafts for biochemi-

cal and biophysical characterization. There is uncertainty regarding the relative

proportionof lipid rafts, caveolae lipid rafts, andnon-raft domains inmembranes.Finally,

there is an almost complete absence of information regarding the structure, size, and

dynamicsof cholesterol-richdomains in living cells. The recent adventofnewmultiphoton

imaging microscopy techniques now provides the framework to begin to address these

and other (e.g., size of cholesterol-rich rafts) questions in real time in living cells.
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I. INTRODUCTION

Caveolae and lipid rafts are specialized domains of membranes found in the majority

of cells. These specialized domains play a central role in signal transduction, protein–

protein interactions, and dynamic traYcking in cells (Smart et al., 1999; Parton and

Richards, 2003). Caveolae were initially described by their EMmorphology as invagina-

tions in the plasma membrane with a unique flask-shaped structure associated with

transcytosis (Bruns and Palade, 1968a,b). Identification and cloning of a caveola coat-

associated protein, caveolin-1 (Glenney and Soppet, 1992;Rothberg et al., 1992), initiated

a new era of investigation of these structures that expanded over the next several years to

the identification of caveolae and/or lipid rafts in most cell types. Caveolae and lipid rafts

are defined as membrane domains enriched in cholesterol and sphingolipid. These were

formerly identified as liquid-ordered domains (Schroeder et al., 1996, 1998), but their

distribution in cells was thought to be quite limited, in comparison to current understand-

ing that lipid rafts and/or caveolae are present in most cells. In this chapter, lipid rafts are

referred to as regions of membranes enriched in cholesterol and sphingolipids, whether

these domains are localized in the plasma membrane or within intracellular membranes.

The term caveolae is used to refer to a specialized subset of lipid rafts identified by the

presence of themarker protein caveolin-1. This chapter examines the organization of lipid

rafts and caveolae and their associated traYcking pathways, and the role cholesterol plays

in modifying the distribution, stability, and functions of these domains.

II. ORGANIZATION

Lipid raft domains are heterogeneous in diVerent cell types and even within a

single cell type with respect to their stability, size, percentage area of the cell surface,

and functional roles (Smart et al., 1999; Fernandez et al., 2002) (Fig. 1). Additionally,

studies using polarized cells have shown that functionally distinct lipid raft domains

are present in apical and lateral or basolateral membranes (Parton et al., 1994;

Oliferenko et al., 1999; Smart et al., 1999; Parton and Richards, 2003) and that these

diVerent surface domains are linked to distinct vesicle traYcking pathways (Fig. 1).

Some domains appear to be static (Mundy et al., 2002), whereas other domains are

capable of disappearing from the cell surface and reforming in a very dynamic fashion

(Parton, 1994; Parton et al., 1994; Smart et al., 1994).

III. ENDOTHELIAL TRANSCYTOSIS

The earliest function associated with caveolae was transcytosis (Bruns and Palade,

1968a,b). As endothelial cells in culture reach confluence, caveolin becomes highly

enriched and cholesterol accumulates at lateral membranes (Corvera et al., 2000).

Caveolae have been identified as the site from which endosomes bud to form

the extensive vesiculo-vacuolar organelle (VVO) in the venular endothelium, which
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constitutes the major organelle regulating endothelial transcytosis (Fig. 2). The VVO is

localized to a region of the cytosol adjacent to the lateral membrane at cell–cell

junctions and occupies as much as 18% of the cytosol volume (Dvorak et al., 1996;

Dvorak and Feng, 2001; Feng et al., 2002). This network has been shown to form a

convoluted, connected passageway through which leukocytes may cross the endothe-

lial barrier during extravasation from the blood (Dvorak et al., 1996; Dvorak and

Feng, 2001; Feng et al., 2002). The formation of this network and its dual role in

transcytosis and extravasation suggest that caveolae are essential to one of the major

functions of the endothelium as a barrier between the blood and the interstitial space.

IV. PROTEINS ASSOCIATED WITH CAVEOLAE AND LIPID RAFTS

CONFER STABILITY

Many proteins that interact with lipid rafts increase the stability of lipid rafts. One

of the most common modifications found in proteins associated with lipid rafts is

acylation (Shaul et al., 1996; Uittenbogaard and Smart, 2000; McCabe and

Figure 1. Diversity of caveolae and lipid rafts traYcking pathways in cells. Caveolae and lipid rafts have

been shown to exist in small domains, large domains, and extensive aggregates within the plasma membrane,

and they are distributed in apical, lateral, and basolateral membranes. This figure shows the diversity of lipid

rafts (heavy grey line) and caveolae (heavy black line) in diVerent regions of the cell and some of the vesicle‐
traYcking pathways that have been associated with both lipid rafts and caveolae. Within the cell, the number

of intermediate traYcking steps in caveolae and lipid raft endocytosis and exocytosis has not been examined

in a comprehensive fashion.
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Berthiaume, 2001; Uittenbogaard et al., 2002). Caveolin-1 is acylated at three sites and

contains a 21-amino-acid hydrophobic domains that is thought to insert into the

membrane (Smart et al., 1999; Fernandez et al., 2002). Many proteins found in

caveolae also contain protein interaction domains (Smart et al., 1999; Fernandez

et al., 2002) or the presence of domains that allow formation of stable protein com-

plexes that form just beneath the membrane layer (Fig. 3). Actin has been found to be

associated with caveolae and lipid rafts in subcellular fractions (Chang et al., 1994;

Lisanti et al., 1994; Smart et al., 1999), and in studies employing electron microscopy,

it has been shown to form a plexus that may confer added stability or allow formation

of larger aggregates of lipid rafts (Kobayashi and Robinson, 1991; Kobayashi et al.,

1998; Robinson et al., 1999; Mundy et al., 2002; Parton and Richards, 2003).

V. ANNEXIN II IS A PROMINENT PROTEIN IN CAVEOLAE/LIPID

RAFTS AND LIPID RAFT VESICLES

Annexin II was initially identified as a protein associated with traYcking to the

plasma membrane (PM) in chromaYn cells, a model cell system used to investigate

exocytosis (Creutz et al., 1983, 1987). Annexin II, along with p11, an 11-kDa protein in

Figure 2. Association of endothelial transcytosis and leukocyte extravasation with an extensive tubular

vesicular network. On the left is a representation of the region where two endothelial cells are in contact. In

this region, an extensive tubular‐vesicular network develops that is enriched in caveolin‐1, annexin II,

cholesterol, and several raft-associated proteins, as described in the text. This structure, which has been

termed the vesicular vacuolar organelle (VVO), can regulate transcytosis and has been associated with

leukocyte extravasation. The inset on the right shows a region of human umbilical vein endothelial cells

cultured to confluence, immunostained with antibody against caveolin‐1, and examined by laser scanning

confocal microscopy. The arrowheads show a region of the lateral border where caveolin has developed into

a bright line of vesicles, corresponding to the arrangement of caveolin‐immunopositive vesicles and tubular

vesicular structures that comprise the VVO.
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the s100 family now classified as S100A10, was shown shortly after its discovery to

form bridges between vesicles and actin filaments and between vesicles and the fusion

domain in the plasma membrane (Gerke and Moss, 2002). One report showed that

annexin II can be released from chromaYn vesicles by addition of methyl-

beta-cyclodextrin, suggesting that these vesicle membranes also contain lipid raft

domains (Ayala-Sanmartin et al., 2001). This suggests that annexin II may play a

key in the regulation of lipid raft membrane transport to the cell surface. In addition,

annexin II may play a role in caveolae stability by providing a linkage between

lipid rafts and the actin cytoskeletal meshwork (Fig. 3). Annexin II was the most

abundant protein found in several tissues in which actin-binding proteins were purified

based on calcium-dependent association with actin filaments aggregated by addition of

excess calcium (Shadle et al., 1985). Intriguingly, annexin II has been identified in

most studies using subcellular fractionation (Chang et al., 1994; Lisanti et al.,

1994), including cells that lack caveolin-1 and thus only contain lipid rafts (Harder

and Gerke, 1994). Reports have shown that annexin II interacts with membranes

in either a calcium- or cholesterol-dependent fashion (Ayala-Sanmartin, 2001;

Ayala-Sanmartin et al., 2001; Zeuschner et al., 2001) and that annexin II/p11, caveo-

lin-1, and cholesterol accumulate together at lateral membranes as endothelial cells

become confluent (Corvera et al., 2000). The mechanistic basis on which annexin II

Figure 3. Proteins associated with caveolae confer stability. Left insert: Caveolin‐1 interacts with caveolae

by insertion of a hydrophobic domain into the membrane and insertion of three acyl chains bound to

cysteines. In addition, caveolin can form multimers and interact through several defined domains with other

caveolae‐associated proteins, which can generate signaling platforms. Right insert: Annexin II interacts with

p11/S100A10 to form a heterotetramer, which gives it bifunctional capability, allowing one of the monomer-

ic subunits of annexin II to interact with actin or phospholipid membranes in a calcium‐dependent fashion
and the other monomeric subunit to interact with membranes in a cholesterol‐ or calcium‐dependent
fashion. Annexin II can therefore bridge between vesicles and actin filaments in microfilament‐mediated

traYcking steps as shown. Annexin II also can form larger aggregates at the cell surface and bring stability to

caveolae and clusters of caveolae.
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shifts between a calcium-dependent interaction with phospholipids to a cholesterol-

dependent, calcium-independent interaction with lipid rafts has not yet been defined

mechanistically.

VI. FOCAL ADHESIONS ARE SPECIALIZED CAVEOLAE

Focal adhesions are cholesterol and sphingolipid rich, and contain caveolin

(Ushio-Fukai et al., 2001). Focal adhesions represent sites at which stress fibers com-

posed of actin attach indirectly to the inner leaflet, through the proteins vinculin,

paxillin, and talin. Cells attach to the extracellular matrix through heterodimers of

specific integrins (Giannone et al., 2003; Mostafavi-Pour et al., 2003). In smooth

muscle, angiotensin II stabilizes focal adhesions, through activation of src accompa-

nied by phosphorylation of caveolin-1 and paxillin in the focal adhesions (Ushio-Fukai

et al., 2001). Depletion of cholesterol disrupts the localization and phosphorylation of

both of these proteins in focal adhesions.

Caveolin-1 can form oligomers (Fernandez et al., 2002) and is able to interact with

a number of proteins to form a network of interacting proteins that confers stability to

caveolae (Fig. 3). Annexin II forms heterotetramers with p11/S100A10, which is

stabilized by formation of a cystine bond between the p11 subunits and can also form

a triskelion architecture on the cell surface in large aggregates (Gerke andMoss, 2002).

In its heterotetrameric form, one 36-kDa subunit can interact in a cholesterol-depen-

dent fashion with the membrane, while the other 36-kDa subunit interacts in a

calcium-dependent fashion with actin filaments. This bifunctional interaction between

actin filaments and membranes is important in the transport of vesicles along actin

filaments to the cell surface during exocytosis and in conferring stability to aggregates

of caveolae through interaction with the actin plexus that forms beneath the mem-

brane (Fig. 3). This interaction is quite evident in the pathophysiology of infection of

cells by enteropathogenic bacteria. As these bacteria, which do not invade cells, attach

to the cell surface, lipid rafts coalesce along with annexin II, and a large actin plexus

that confers stability to these structures forms (Zeuschner et al., 2001).

VII. CHOLESTEROL AND CAVEOLIN INTERNALIZATION

Alteration in cholesterol profoundly aVects caveolin and caveolae. Over a decade

ago, experiments with bacterial cholesterol oxidase uncovered the association of

caveolin with a rapid, dynamic traYcking pathway initiated from caveolae (Smart

et al., 1994; Fig. 4). In cultured human fibroblast cells, addition of bacterial cholesterol

oxidase induced a rapid translocation of caveolin-1 out of caveolae to vesicles in the

endoplasmic reticulum Golgi intermediate compartment (ER-GIC), a region between

the Golgi and the ER (Smart et al., 1994). Removal of cholesterol oxidase led to a loss

of the modified cholesterol and restoration of normal cholesterol amounts in caveolae

over a period of about 90 min. This was accompanied by a return of caveolin to
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caveolae. By a combination of temperature shifting and inhibitors, the sequential sites

to which caveolin translocate were revealed. Initially, caveolin-1 rapidly translocated

to the rough ER, then slowly, over 15–20 min, translocated to the ER-GIC, to the

Golgi, and then returned to surface caveolae. These studies were among the first to

reveal a caveolin-traYcking cycle between cell surface caveolae and the ER/Golgi

membranes, for transport of both caveolin and cholesterol.

VIII. CAVEOLIN CHAPERONE COMPLEXES, CHOLESTEROL

TRAFFICKING, AND CAVEOLAE ORGANIZATION

Caveolae traYcking was further expanded by the discovery of non-vesicle traYck-

ing pathways that transport cholesterol between caveolae and intracellular sites

(Fig. 5). These pathways link cholesterol transfer between lipoproteins and caveolae,

to specific receptors and to two diVerent chaperone complexes that ferry cholesterol

between the cell surface and intracellular organelles. The first chaperone complex that

was discovered ferries newly synthesized cholesterol from the ER through the cytosol

to the plasma membrane at caveolae (Uittenbogaard et al., 1998). This chaperone

complex was isolated from the cytosol, distinct from any caveola membrane, plasma

membrane, intracellular membrane, or vesicle fraction. The eZux chaperone complex

was shown to be composed of cholesterol, caveolin-1, and three additional proteins,

Figure 4. Cholesterol and caveolin traYcking in fibroblasts. Caveolin cycles through four traYcking steps

in response to alterations in caveolae cholesterol amounts. The four steps are (1) movement of caveolae to

the ER for internalization of caveolin‐1 and cholesterol, (2) transfer of caveolin/cholesterol between the ER

and the ER‐GIC, (3) movement of caveolin/cholesterol from the ER‐GIC to the Golgi, and (4) recycling of

caveolin/cholesterol from the Golgi to cell surface caveolae.
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cyclophilin A (cypA), cyclophilin 40 (cyp40), and heat shock protein 56 (hsp56). The

activity of this complex could be inhibited by compounds that interact with cyclophi-

lins (cyclosporin) or bind to and inhibit the function of hsp56 (rapamycin). Either of

these inhibitors prevented the formation of the chaperone complex and blocked

Figure 5. Caveolin chaperone complexes, scavenger receptors, caveolae‐cholesterol homeostasis, and eNOS

activation. In the traYcking steps defined in Figure 4, step 1 and step 4 have been demonstrated to be

regulated by two diVerent chaperone complexes. Chaperone complex I is responsible for transport of newly

synthesized cholesterol from the ER to surface caveolae. This complex consists of the four proteins shown,

CypA, caveolin‐1, Cyp40, and Hsp56. Chaperone complex II transports newly delivered cholesteryl ester

from cell surface caveolae to the ER. Chaperone complex II consists of CypA, caveolin‐1, Cyp40, and
annexin II. The amount of cholesterol in caveolae is critical for the maintenance of a caveolin activation

complex that links acetylcholine receptor to the enzyme endothelial nitric oxide synthase (eNOS). When

cholesterol homeostasis is maintained, acetylcholine binding to its receptor triggers changes that lead to a

localized calcium influx, binding of calmodulin (CAM) to eNOS, and translocation of active eNOS into the

cell. When cholesterol becomes depleted, both caveolin and eNOS internalize, while the acetylcholine

receptor moves out of caveolae and becomes dispersed throughout the plasma membrane. In this condition,

acetylcholine binding to its receptor does not trigger activation of eNOS. The cholesterol eZux pathway

links CD36 to oxLDL, whereas the cholesterol restoration pathway links SR‐BI to HDL, as described in the

text. The amount of cholesterol in caveolae necessary to keep the caveolin activation complex linked in

caveolae is determined by the balance between the eZux of cholesterol and the influx of cholesterol.
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cholesterol movement from the Golgi to PM caveolae. The delivery of cholesterol via

this complex allows cholesterol to eZux to oxidized low density lipoprotein (LDL) in a

CD36-dependent fashion, causing loss of caveolae cholesterol (Kincer et al., 2002).

This complex and the interaction of scavenger receptors with cholesterol eZux and

cholesterol homeostasis in caveolae have been shown to have an important role in

the regulation of caveolae function by an eVect on caveolae cholesterol homeostasis,

described in an earlier review article (Everson and Smart, 2001). A second chaperone

complex has been identified; it consists of four proteins, caveolin-1, cyclophilin A,

cyclophilin 40, and annexin II. High-density lipoprotein (HDL) can deliver cholesteryl

ester to caveolae via Scavenger receptor, class B, type I (SR-BI). Cholesteryl ester

is then transported via this complex into the cell, where it can be converted to

cholesterol and transported back to the cell surface to caveolae. These two com-

plexes regulate cholesterol uptake and delivery from caveolae in fibroblasts and other

caveolin-1-containing cells, but not in liver, which lacks caveolin-1.

IX. CAVEOLIN ACYLATION AND CHAPERONE COMPLEX-MEDIATED

CHOLESTEROL TRAFFICKING

Interestingly, diVerent sites and modifications of caveolin-1 are important in regu-

lation of the two chaperone complexes that control caveolae cholesterol homeostasis

(Everson and Smart, 2001). Caveolin is acylated at three cysteines, and site-directed

mutagenesis studies have revealed that two of the sites, Cys 143 and Cys 156, are

required for formation and activity of the chaperone complex that delivers cholesterol

from the Golgi to caveolae (Uittenbogaard and Smart, 2000). The third acylation, at

Cys 133, is essential for the formation and activity of the chaperone complex that

internalizes cholesterol ester into cells (Uittenbogaard et al., 2002). Although the role

of acylation sites in the chaperone complexes is clear, the role of these acylation sites in

vesicle traYcking is not fully understood. The mechanisms and roles of other site-

specific modifications that regulate these complex traYcking pathways and that may

relate to routing to specific intracellular domains within the ER or the Golgi are fruitful

areas for further exploration.

X. CHOLESTEROL TRANSPORT IN SPECIALIZED CELLS

Some cells have a major role in the overall regulation of systemic cholesterol

levels. One of the critical tissues in cholesterol homeostasis in the whole animal is

the intestine. A third chaperone complex that is involved in the net uptake and

transport of cholesterol in the intestine has been identified (Smart et al., 2004).

Annexin II and caveolin-1 form a chaperone complex that binds cholesterol in the

intestine. Ablation of either annexin II or caveolin-1 in the zebrafish leads to the loss of

the intestinal uptake of cholesterol. In the intestine of the zebrafish, caveolin and

annexin II do not resolve at their normal molecular weights, but resolve as a complex
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at 55–58 kDa on sodium dodecyl sulfate (SDS) gels. This band, after digestion and

analysis, yielded several peptides corresponding to regions of each individual protein,

and its size was consistent with that of a heterodimeric complex that is stable to heat,

SDS, and reducing agents. A band that corresponds to this heterodimer was also

found in the mouse intestine, but not in the aorta, though in the mouse, both annexin

II and caveolin-1 are present in monomeric forms as well. The drug ezetimibe has been

shown to aVect cholesterol levels in the circulation by disrupting intestinal cholesterol

transport. Surprisingly, ezetimibe disrupts this novel annexin II–caveolin-1 chaperone

complex.

XI. CAVEOLIN VESICLES CONNECT THE SURFACE TO A

NETWORK OF INTRACELLULAR TUBULES AND VESICLES

VIP21 was discovered as a protein associated with vesicles traYcking to the apical

membrane in epithelial cells (A431 and MDCK cells). Cells treated with antibody to

induce alkaline phosphatase clustering in caveolae caused VIP-21/caveolin-1 to inter-

nalize via tubular vesicles to a region adjacent to the nucleus (Parton et al., 1994). The

extent of loss from the surface and translocation of caveolin-1 into cells was acceler-

ated by addition of okadaic acid, an inhibitor of protein phosphatases, or by addition

of hypertonic media. A combination of both okadaic acid with hypertonic media led to

almost complete internalization of caveolin-1. The vesicles were found in large clusters

near the nucleus but distinct from the Golgi and ER. Internalized caveolin-1 was

found to be associated with numerous types of intracellular structures, including

tubules, vesicles, and aggregates of tubular-vesicular structures in a peri-nuclear region

of the cytosol.

Many additional studies have shown that lipid rafts or caveolae can rapidly

redistribute between the surface and the interior of the cell in similar tubular vesicular

structures. For example, a study by Kobayashi et al. (Kobayashi et al., 1998) showed

that alkaline phosphatase, a glycosylphosphatidylinositol (GPI) anchored protein and

thus a marker of lipid rafts, and superoxide were activated and co-localized within a

complex network of tubular vesicular structures that developed in response to activa-

tion of neutrophils by phorbol ester. This also revealed that lipid rafts move rapidly

from intracellular vesicles to the surface and from the surface to intracellular tubules

and to lipid droplets in response to diVerent stimuli.

XII. ANNEXIN II AND LIPID RAFT ENDOCYTOSIS AND EXOCYTOSIS

Annexin II in conjunction with p11 has been associated with endocytosis

and exocytosis for over two decades (Gerke and Moss, 2002). Annexin II was shown

to regulate the non-ATP-dependent fusion of vesicles to target membranes during

endocytosis (Mayorga et al., 1994). Annexin II and p11 have also been shown to

associate with the CD44 receptor, which has been localized to lipid rafts distinct from
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caveolae in the basolateral membrane (Oliferenko et al., 1999) (Fig. 6). Antibody

clustering of CD44 induces clustering of annexin II and formation of an actin plexus,

mediated by annexin II (Oliferenko et al., 1999). Disruption of cholesterol caused both

CD44 and annexin II to dissociate and disperse uniformly throughout the membrane.

Disturbance of the normal distribution of annexin II and p11 by a mutant that causes

it to aggregate was accompanied by redistribution to the aggregate of both CD44

and actin. Thus, annexin II and p11 are implicated in the localization of CD44 to

lipid rafts.

As noted above, very early studies in the field showed that annexin II is associated

with caveolae, and much of the work on the role of annexin II in endocytosis and

exocytosis in the decade preceding the discovery of caveolin-1 takes on new meaning

when considering its prominent association with caveolae and lipid rafts. Many

aspects of its mechanistic association with signal transduction and traYcking are

becoming clear as its role as an endocytic traYcking protein involved in the regulation

of lipid raft signaling and traYcking is considered. Several other annexins co-purify in

lipid rafts by subcellular fractionation, and most of the mammalian annexins were

found to associate with chromaYn granules in a calcium-dependent fashion (Creutz

Figure 6. Annexin II and p11 interact to stabilize CD44 in lipid rafts. CD44 is a transmembrane receptor

found in lipid rafts. This receptor has been shown to be stabilized by interaction of annexin II/p11 with lipid

rafts and further stabilized as annexin II/p11 forms interactions with an actin filament plexus that forms as

CD44 clusters. The inset shows the arrangement of CD44 in isolated rafts and the development of a more

stable structure as these rafts cluster, and annexin II/p11 forms aggregates on the membrane and provides a

bifunctional linkage to the underlying cytoskeleton.
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et al., 1983, 1987). These other annexins may act synergistically or independently to

contribute to the stability of lipid rafts, to serve roles in the organization of signaling

molecules at the membrane, to aid in signal propagation, or to regulate lipid raft

vesicle traYcking.

XIII. PM CHOLESTEROL CONTENT ALTERS CAVEOLA

VESICLE INTERNALIZATION

Cholera toxin, which binds to ganglioside M1 (GM1), a membrane component of

caveolae/lipid rafts (Dupree et al., 1993), has been used extensively to examine the

endocytosis of caveolae or lipid raft components. For example, Orlandin and Fishman

examined the role of cholesterol in caveolae/lipid raft-mediated uptake of cholera

toxin (Orlandi and Fishman, 1998). They showed that in both cells that contain

caveolae and cells lacking caveolin-1 but containing lipid rafts, cholera toxin was

taken up via caveolin-1-positive and GM1-positive lipid raft vesicles, respectively,

and transported to the ER. This traYcking pathway could be inhibited by removal

of cholesterol from surface caveolae or lipid rafts by the addition of filipin. A study

using green fluorescent protein (GFP) constructs of several diVerent glycosyl phos-
phatidylinositol (GPI)-anchored proteins revealed that these lipid raft-associated pro-

teins cycle back and forth between the PM and the Golgi (Nichols et al., 2001) in a

cholesterol-dependent fashion. By the use of photobleaching, several diVerent lipid
raft localized receptors were shown to rapidly cycle between the PM and the Golgi.

However, the intracellular distribution diVered, with some traYcking through endo-

somes containing transferrin and others traYcking to the Golgi in endosomes that are

independent of the clathrin-associated endocytic pathways.

XIV. MICROFILAMENTS AND MICROTUBULES REGULATE DISTINCT

STEPS IN THE CAVEOLAE TRAFFICKING

Microtubules and microfilaments serve as the “railways” for communication and

vesicle transport in distinct segments of the overall traYcking cycles. Nocodazole, an

inhibitor of microtubule formation, caused a block in Golgi to PM caveolin-vesicle

traYcking (Conrad et al., 1995). When cholesterol oxidase was added in the presence

of nocodazole, caveolin internalized to the ER but did not move in the segment

between the ER and the Golgi. When nocodazole was added after cholesterol oxidase

had caused caveolin to accumulate in the Golgi, it did not disrupt movement from the

Golgi to the PM. Thus, the segment between the ER and the Golgi was shown to

depend on microtubules. Studies with caveolin fused to GFP have shown that

both actin filaments and microtubules are important in the organization and distribu-

tion of caveolin among the surface, intracellular vesicles, and intracellular sites

(Mundy et al., 2002).
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XV. UPTAKE OF SV40 AND TRAFFICKING TO THE CAVEOSOME

AND SMOOTH ER

An elegant study by Pelkmans et al. examined the uptake of SV40 (Pelkmans

et al., 2001). In this study, a vesicle-mediated pathway between the cell surface and the

ER was defined (Fig. 7). SV40 is a virus that requires endocytosis within the mamma-

lian cell to replicate and returns to the surface for release and infection of surrounding

cells. SV40-GFP was taken up into clusters of vesicles that formed stable structures,

termed caveosomes, and then was slowly transported to the smooth ER. These clusters

of vesicles were not limited to a perinuclear region but were distributed throughout the

cytosol. Intriguingly, these caveosomes remained stable for several hours, and from

them, nocodazole-sensitive vesicles formed, which transited to the smooth ER where

SV40 accumulated.

XVI. AUTOCRINE MOTILITY FACTOR TRAFFICKS VIA CAVEOLA

VESICLES TO TWO REGIONS OF THE ER

Upon binding of autocrine motility factor (AMF) to its receptor, which is loca-

lized in caveolae (Benlimame et al., 1998), the receptor internalizes via a vesicle

pathway to the smooth ER. Within the ER, AMF-R localizes to a region contiguous

Figure 7. SV40and traYcking to the caveosomeand smoothER.Thisfigure shows the vesicle‐mediatedpathway

by which SV40 is taken up from caveolae to the caveosome and smooth ER, as discussed in the text. The steps

in SV40 traYcking are (1) uptake via caveolae vesicles to the caveosome, (2) budding of vesicles that transport

SV40 to the smooth ER, and (3) return of SV40 and release at the surface for invasion of surrounding cells.
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with membranes of the mitochondrial reticulum (Wang et al., 2000). This region of

these two organelles is critical in the coordinate response of the ER and the mitochon-

dria to calcium fluxes. A follow-up study on AMF-R endocytosis compared to cholera

toxin (CTX) endocytosis revealed the existence of two vesicle pathways to the ER that

are distinct from the caveosome pathway. CTX connects to the ER via retrograde

traYcking in caveola vesicles to the Golgi, whereas AMF-R traYcks via caveola

vesicles to an endosome that is distinct from the caveosome in two respects: it is not

inhibited by nocodazole, and the net transport to the smooth ER occurs within 5 min

(Wang et al., 2000).

XVII. ORIENTATION OF CHOLESTEROL AND PROTEINS IN

THE LIPID RAFT BILAYER

An important aspect of caveolae structure and cholesterol traYcking is the orien-

tation of lipid components and proteins in the membrane. EYcient cholesterol uptake

and eZux require several steps that are not well understood. Uptake of cholesteryl

ester from HDL requires the following: (1) binding of a lipoprotein to a specific

receptor, (2) transfer of cholesteryl ester from the lipoprotein into the outer leaflet,

(3) transfer from the outer leaflet to the inner leaflet, (4) transfer of cholesteryl ester

from the inner leaflet to the chaperone complex, (5) transport of the chaperone

complex to the ER, (6) delivery of cholesteryl ester to the ER cytosol membrane,

and (7) transfer of cholesteryl ester from the cytosol membrane of the ER to the

lumenal membrane. One of the most intriguing findings in the initial studies on

caveolin-1-mediated cholesterol traYcking was the observation, based on immunogold

localization in EM studies, that caveolin-1 flipped across the membrane to the interior

of the ER and the inner membrane of the Golgi (Smart et al., 1994; Conrad et al.,

1995). This event requires that cholesterol and caveolin associate with the cytosolic

face of the membrane at the cell surface, but upon reaching the Golgi or ER mem-

brane, both caveolin-1 and cholesterol were found localized to the intralumenal

membrane, indicating they had both flipped across the membrane. Upon removal of

cholesterol oxidase, caveolin expression and cholesterol content of caveolae

returned to normal. During transport to cell surface caveolae, reorientation to the

proper leaflet requires that caveolin-1 flips back across the membrane to the inner

cytosol leaflet. For this to occur, another series of transfers across the membrane is

required. It appears that as caveolin and cholesterol are transported to the surface,

both caveolin and cholesterol flip across the membrane, which requires the presence of

a mechanism to allow caveolin-1 to once again flip across the membrane, as it is found

localized almost entirely associated with the inner leaflet. A recent report has shown

that caveolin-1 is tightly associated with cholesterol during cholesterol transfer from

the outer to the inner leaflet of the plasma membrane, suggesting that caveolin might

be responsible for this event (Robenek et al., 2003). These aspects of caveolin-1 and

cholesterol traYcking within the membrane are intriguing and have yet to be fully

explored.
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XVIII. CHOLESTEROL TRAFFICKING AND CAVEOLAE PHYSIOLOGY:

eNOS SIGNALING IN VASODILATION

The maintenance of caveolae cholesterol homeostasis by the activity of two

chaperone complexes described above has been shown to be critical in the physiologi-

cal regulation of vasodilation and hypertension (Kincer et al., 2002). In cell culture

models, the interaction between HDL and LDL and the role of SR-BI and CD36 have

been clearly established. Oxidized LDL interacts with CD36 to cause cholesterol eZux

from caveolae, and HDL binding to SR-BI allows uptake of cholesteryl ester and

repletion of caveolae cholesterol. The coupling of endothelial nitric oxide synthase

(eNOS) to the acetylcholine receptor in caveolae allows acetylcholine to induce eNOS

activity leading to vasodilation, but when cholesterol is depleted, eNOS uncouples

from the caveolae activation complex and acetylcholine does not activate eNOS or

cause vasodilation (Everson and Smart, 2001) (Fig. 5). The relevance of this set of

pathways to eNOS activation in vivo has recently been demonstrated by studies using

apoE and CD36-deficient mice fed either a chow diet or a high-fat diet (Kincer et al.,

2002). ApoE null mice fed a high-fat diet became hypercholesteremic and did not

respond to acetylcholine with a decrease in blood pressure, in contrast to apoE null

mice fed a normal diet, which did not become hypercholesteremic. Caveolae isolated

from in vivo vessels did not contain eNOS and were depleted of cholesterol, indicating

that hypercholesteremia had caused cholesterol eZux from caveolae accompanied by

disruption of the caveolae activation complex to eNOS. Age-matched apoE/CD36 null

mice fed a chow or high-fat diet responded to acetylcholine with a decrease in blood

pressure, indicating that loss of CD36 prevented depletion of caveolae cholesterol.

Further analysis demonstrated that the plasma low-density lipoprotein fraction was

responsible for the depletion of cholesterol and loss of eNOS-mediated, acetylcholine-

induced decrease in blood pressure. In mice with both apoE and CD36 ablated, the

endothelial cells lacking CD36 did not transfer cholesterol out of caveolae; thus even

under conditions of hypercholesteremia, there was no loss of coupling of the caveolin

receptor complex to eNOS, vasodilation in response to acetylcholine was maintained,

and the mice did not become hypertensive (Kincer et al., 2002).

XIX. “LIQUID ORDERED DOMAIN” FLUIDITY AND eNOS SIGNALING

In addition to proteins that control caveolae organization and signaling by reg-

ulating the content of cholesterol, signaling can be activated or inhibited by changing

the stability of the lipid components alone. There are hydrophobic interactions that

confer stability to the membrane component of lipid rafts, e.g., to these “liquid

ordered domains.” By use of fluorescent tagged lipids that intercalate into

liquid ordered domains, the stability of these domains has been measured and shown

to respond to compounds such as ethanol and estrogen (Wood and Schroeder, 1988;

Wood et al., 1989; Wang et al., 2004) that interact directly with these lipid structures.

Changes in the stability are referred to as increases or decreases in membrane fluidity,
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reflecting the ability of molecules to move more or less freely within these domains

(Wood and Schroeder, 1988; Wood et al., 1989). Changes in the fluidity can alter the

activity of proteins that depend on protein–lipid interactions, such as the activity of

transmembrane channels, or the coupling or inhibition of activities that are dependent

on protein–protein interactions, such as the caveolin activation complex that controls

acetylcholine-mediated vasodilation.

Ethanol has a quite dramatic eVect on the membrane fluidity of liquid ordered

domains (lipid rafts) at physiological concentrations (Wood and Schroeder, 1988;

Wood et al., 1989). Ethanol activates eNOS at physiological concentrations in

cultured endothelial cells and in the peripheral circulation in vivo (Davda et al.,

1993; Greenberg et al., 1993), suggesting that a portion of its eVect may be mediated

by the direct biophysical eVect it has on membrane fluidity. Estrogen induces a rapid,

non-genomic activation of eNOS in cells in culture and in blood vessels, both in situ

and in vivo (Van Buren et al., 1992; Caulin-Glaser et al., 1997; Lang et al., 1997; Gong

et al., 2003). We have recently shown that estrogen is one of the active components in

HDL that is transferred into caveolae in response to HDL binding to SR-BI (Gong

et al., 2003). In these studies, estrogen was shown to transfer in a saturable fashion,

consistent with movement from HDL and rapid chemical partitioning into caveolae.

Estrogen alters the stability of synthetic lipid rafts at physiological concentrations

(Wang et al., 2004), suggesting that some of the rapid, non-genomic eVects of estrogen
may be mediated by its direct eVects on the lipid components as it partitions into them.

XX. CONCLUSION

The diversity of traYcking pathways that initiate at caveolae and lipid rafts, as

well as the variety of vesicle and non-vesicle pathways that provide transport and

communications between these cell surface domains and multiple intracellular sites,

indicates that there is no single prototypical pathway or cell type that represents all

caveolae/lipid rafts. It is becoming apparent that the structure and organization of

lipid rafts in cells are as diverse and varied as the many functions that have been

associated with these structures. The cell requires a multiplicity of communication

pathways in order to integrate its many responses to the wide variety of hormones,

nutrients, and circulating factors that activate signal propagation and traYcking

within the cell. Caveolae and lipid rafts have emerged over the last decade as the

dominant structures in which proteins that regulate the response of cells to external

factors are localized and organized. Several important questions remain to be an-

swered, particularly with respect to the regulation and interactions between the chap-

erone complex-mediated transport of cholesterol and the many vesicle-mediated

traYcking pathways. The variety of linkages between the cell surface and distinct

intracellular organelles, or even regions of organelles, that have emerged define a

highly diversified network of communication pathways between the cell surface and

the interior that allow the cell to integrate responses to extracellular signals

and nutrients. Further studies with tissue-specific changes in expression of genes and
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mutants will help clarify the functional roles of lipid rafts of diVerent types and

localization in individual cells, tissues, and organs.
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I. INTRODUCTION: CAVEOLAE AS ENDOCYTIC ORGANELLES

Caveolae are generally regarded as immobile plasma membrane micro-

domains (Thomsen et al., 2002) associated with the structural proteins caveolin-1

and caveolin-2. Under certain conditions these flask-shaped organelles have the ca-

pacity to release from the plasma membrane as endocytic vesicles subsequent to the

sequestration of a variety of agents and ligands. Some substrates internalized by

caveolae include infectious agents such as SV40 and EV1 viruses (Anderson et al.,

1996; Marjomaki et al., 2002), toxins such as cholera toxin (Parton et al., 1994), and

some receptors including autocrine motility factor receptor (Benlimame et al., 1998)

and the albumin receptor (Tiruppathi et al., 1997). Understanding this internalization

process is key to defining the entry of many important infectious or trophic factors

into mammalian cells. As caveolae have also been associated with cell signaling events

through interactions with a variety of signaling molecules including receptor tyrosine

kinases (RTKs) (Sargiacomo et al., 1993), these structures are implicated in cell growth

cascades and neoplasia (Galbiati et al., 1998). Whether caveolae scission and internal-

ization alters these signaling cascades is unclear. This chapter does not attempt to

describe all aspects of caveolae function, but focuses on the structural and enzymatic
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mechanisms by which these important structures form and are released from the

plasma membrane into the cell interior.

II. CAVEOLIN RECRUITMENT TO THE PLASMA MEMBRANE

Caveolin represents the major structural protein component of caveolae. Three

caveolin isoforms have been identified in mammals: caveolin-1 (Cav-1), caveolin-

2 (Cav-2), and caveolin-3 (Cav-3). Cav-1 and Cav-2 are represented by long (�) and
short (�) variants resulting from alternative initiation of translation (Scherer et al.,

1995). All caveolin isoforms contain a scaVolding domain suYcient for membrane

targeting (Schlegel et al., 1999). The scaVolding sequence is a part of the longer

oligomerization domain needed for protein homo- and hetero-oligomerization and

caveolae formation (Monier et al., 1995). Expression of a caveolin mutant with a

truncation of the N-terminal part of the oligomerization domain (deletion of residues

1–53 in human caveolin) (Cav-3 DGV) results in disappearance of caveolae in Madin-

Darby canine kidney (MDCK) cells (Lahtinen et al., 2003).

The N terminus of the caveolins contains several tyrosine residues. Tyrosine 14 in

Cav-1 and tyrosine 19 in Cav-2 were found to be major phosphorylation sites for Src

family tyrosine kinases (Li et al., 1996; Lee et al., 2002b). Caveolin-1 can also undergo

phosphorylation at serine 80 that results in its intracellular retention and a subsequent

co-sequestration of caveolin-2. As expected, the intracellular sequestration of both

caveolar proteins away from the cell surface prevents the formation of caveolae

(Schlegel et al., 2001). A study has demonstrated that a critical concentration of the

caveolins at the plasma membrane is required for caveolar assembly. It was found that

more than 30% of total cellular caveolins residing within a floating fraction of sucrose

gradient correlated with caveolae assembly in Caco-2 cells (Breuza et al., 2002). This

suggested that the enrichment of caveolin molecules into lipid rafts at the plasma

membrane created a microenvironment that favored the association of these proteins

into a coat and thus into the formation of invaginated caveolae.

Although Cav-1 is required for caveolae formation, some data have suggested that

expression of caveolin-2 might aVect caveolae biogenesis in MDCK, Chinese hampster

ovary (CHO), and HepG2 cells (Fujimoto et al., 2000; Lahtinen et al., 2003). The

ability of Cav-2 to modulate caveolae assembly, shape, and size was found to rely on

Cav-2 phosphorylation status (Sowa et al., 2003). Mutations of the primary phosphor-

ylation sites of caveolin-2 on serine 23 and 36 reduced the number of plasmalemma-

attached caveolae without aVecting its interaction with caveolin-1 or its biochemical

properties (Sowa et al., 2003). Lee et al. showed that Src-induced phosphorylation of

caveolin-2 on tyrosine 19 might contribute to caveolae disassembly through diVeren-
tial interaction of c-Src, Ras-GTPase activating protein (Ras-GAP), and Nck with

caveolin-2 (Lee et al., 2002b).

Caveolae are cholesterol- and glycosphingolipid (GSL)-rich smooth invaginations of

the plasma membrane that partition into raft fractions. Chang et al. found that the

presence of cholesterol is required for caveolae invagination (Chang et al., 1992).
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Cholesterol-binding drugs are among the inhibitors of caveolae formation (Schnitzer

et al., 1994; Anderson et al., 1996; Kiss andGeuze, 1997). Several studies have found that

specific local lipid composition is necessary for caveolae assembly and plasma membrane

invagination (Meyer et al., 1998) as well as for activation of caveolae internalization

(Sharma et al., 2004). Recently, Sharma et al. have demonstrated that elevation in

cellular cholesterol level, or treatment of the cells with exogenous natural or synthetic

glycosphingolipids, selectively stimulates caveolar endocytosis (Sharma et al., 2004).

In addition to GSL-stimulated internalization, caveolae internalization can be

induced through experimental manipulation such as antibody cross-linking of proteins

in caveolae membrane domains, inhibition of tyrosine phosphatases, or addition

of hypertonic medium (Parton et al., 1994; Aoki et al., 1999; Kang et al., 2000;

Richterova et al., 2001).

III. CAVEOLAR SCISSION

A. Structural Components

1. The Large GTPase Dynamin as a Central Player in Caveolar Scission

Dynamin is a 96-kDa GTPase shown to be essential for many cellular processes,

including budding of endocytic (Herskovits et al., 1993) and secretory (Cao et al.,

2000) transport vesicles, podosome formation (McNiven et al., 2004), actin rearrange-

ments (Lee and De Camilli, 2002; Schafer et al., 2002), and cytokinesis (Thompson

et al., 2002). Its importance in vesicle budding and endocytosis was first discovered

through the identification of the temperature-sensitive mutant shibire, characterized by

a paralytic phenotype in the fruit fly Drosophila melanogaster (van der Bliek and

Meyerowitz, 1991). The fly exhibited a rapid paralysis at the non-permissive tempera-

ture that was reversible upon shifting to the permissive temperature. The biological

defect was identified as a block in synaptic vesicle scission and recycling from the

presynaptic plasma membrane. The enzyme currently has five identifiable domains

(Fig. 1). At the N-terminal end is a highly conserved GTP-binding motif (G1–G3,

residues 1–299) needed for GTP binding and hydrolysis. This nucleotide hydrolysis

cycle leads to a substantial conformational change contributing to membrane constric-

tion and vesicle fission (Carr and Hinshaw, 1997). A lysine 44 to alanine substitution

in the first GTP-binding motif yields a dominant-negative mutant dynamin protein

(K44A), which displays impaired GTPase activity as a result of a greatly reduced

GTP-binding aYnity (Damke et al., 1994). Mutations of the third GTP-binding motif

(substitution lysine 206 to aspartate) (K206E) or removal of three GTP-binding

motifs (amino acids 1–272) (�N272) drastically reduces vesicle fission from cellular

membranes (Herskovits et al., 1993). The GTPase domain is followed by a middle

domain (residues 300–520) required for self-assembly and oligomerization (Zhang

and Hinshaw, 2001). Self-oligomerization supports dynamin’s ability to wrap around

the neck of budding vesicles (Carr and Hinshaw, 1997; Okamoto et al., 1999b).
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A pleckstrin homology domain (PH, residues 521–622) is implicated in phosphatidy-

linositol 4,5-biphosphate (PI(4,5)P2) binding, which is believed to target dynamin to

the plasma membrane and also greatly increase GTPase activity (Barylko et al., 1998;

Lee et al., 1999). Indeed, expression of a dynamin PH domain mutant (K535M), which

does not exhibit PI(4,5)P2 binding or membrane-stimulated GTPase activity, leads to

an eVective block of transferrin receptor internalization (Lee et al., 1999). Dynamin

also contains a coiled-coil GTPase eVector domain (GED; residues 623–745). Interac-

tions between the GTPase domain, the middle domain, and the GED can also

stimulate the GTPase catalytic activity of dynamin (Muhlberg et al., 1997). Finally,

a C-terminal proline-arginine-rich domain (PRD) (residues 746–864) containing sev-

eral SH3-binding sites facilitates recruitment of several accessory proteins necessary to

stimulate GTPase activity, to target dynamin to specific membrane domains (Hill

et al., 2001; Szaszak et al., 2002), or to support dynamin function in membrane

constriction (Hill et al., 2001).

Three dynamin isoforms have been identified in vertebrates. Dynamin 1 (Dyn1) is

predominantly expressed in neuronal tissue (Scaife and Margolis, 1990) and is con-

centrated in the presynapse (Powell and Robinson, 1995). Dynamin 2 (Dyn2) is

ubiquitously expressed (Cook et al., 1994), while dynamin 3 (Dyn3) is expressed in

lung, brain, and testis (Cook et al., 1996; Kamitani et al., 2002). Lower organisms such

Figure 1. Multiple structural proteins interact with the caveolins to mediate caveolae formation and fusion.

Arrows point to diVerent caveolin‐associated proteins and corresponding domains for which direct interac-

tions have been documented. EH, Eps15 homology domain; CC, coiled‐coil domain; SH2, SH3, Src

homology 2, 3 domains; G1‐3, GTPase domains 1‐3; Middle, middle domain; PH, pleckstrin homology

domain; GED, GTPase eVector domain; PRD, proline‐rich domain; SCD, scaVolding domain; MS,

membrane‐spanning domain; Kinase, Src kinase catalytic domain; RD, Src kinase regulatory domain;

BAR, Bin/Amphiphysin/Rvs domain; ABD, actin‐binding domain; RD1‐2, rod domain 1, 2; HD1‐2, hinge
domain 1, 2; OD, oligomerization domain. (See Color Insert.)
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as Drosophila melanogaster and Caenorhabditis elegans contain a single dynamin

isoform that exhibits significant alternative splicing and is assumed to perform the

multiple functions of the distinct dynamin forms found in mammalian cells (Clark

et al., 1997; Staples and Ramaswami, 1999). The C-terminal PRD domain is the most

divergent among the dynamin family members (Smirnova et al., 1999), which sug-

gests that diVerent isoforms of dynamin may interact with various binding partners

for recruitment to distinct cytoplasmic organelles. Additional diversity from each

dynamin member is also provided by alternative splicing (Cao et al., 1998).

How does dynamin mediate caveolae scission? Early studies of this process were

accomplished using a reconstituted in vitro model of caveolae fission from lung endo-

thelial plasma membranes by Schnitzer and colleagues (Schnitzer et al., 1996). This

work provided important insights into the role of GTP hydrolysis during this process.

In permeabilized endothelial cells, the non-hydrolysable GTP analog GTP�S prevented
caveolae budding and endocytosis of cholera toxin B to endosomes, whereas GTP

stimulated internalization. Shortly after, two independent groups showed that dynamin

function is required for caveolae-dependent endocytosis in vivo (Henley et al., 1998; Oh

et al., 1998). In cultured bovine lung microvascular endothelial cells (BLMEC)

(Oh et al., 1998), expression of a rat dominant-negative K44E dynamin mutant lacking

GTPase activity (Dyn1K44E) prevented internalization of cholera toxin B via caveolae.

Further, a role of Dyn2 in caveolae fission was also demonstrated in vitro, using a

purified rat lung plasma membrane caveolae preparation. In this assay, scission was

markedly inhibited through the addition of cytosol derived from HeLa cells that over-

expressed human dominant-negative Dyn2baK44A. Similar eVects of inhibition of

caveolae-dependent endocytosis of cholera toxin B were achieved in mouse hepatocytes

via the injection of Dyn2 antibodies (Henley et al., 1998). Consistent with this block

was a marked accumulation of large numbers of toxin-positive caveolae at the plasma

membrane, many forming long continuous chains of linked caveolae (Fig. 2c).

Since these seminal studies, the participation of the large GTPase dynamin in

caveolae-dependent endocytosis has been demonstrated for a variety of ligands and

receptors (Table I), including albumin in rat lung microvessel endothelial (RLMVEC)

cells (John et al., 2003; Shajahan et al., 2004), G-protein-coupled receptors (GPCR)

including M2 muscarinic acetylcholine receptor (M2 mAchR) in rat ventricular myo-

cytes and COS-7 cells (Dessy et al., 2000), nonmammalian gonadotropin-releasing

hormone receptor (GnRH-R) in COS-7 and human embryonic kidney (HEK) 293 cells

(Pawson et al., 2003), and autocrine motility factor receptor (AMF-R) in transformed

NIH-3T3 fibroblasts (Le et al., 2002). Recent studies suggested that the GTP hydrolysis

by dynamin is an obligatory requirement even for the processes of constitutive caveo-

lae-dependent internalization. For example, constitutive endocytosis via caveolae of

the transforming growth factor-� receptor (TGF-� RII) in mink lung epithelial Mv1Lu

cells (Di Guglielmo et al., 2003) and membrane type 1 matrix metalloproteinase (MT1-

MMP) in transfected human fibrosarcoma bbHT1080 cells (Remacle et al., 2003) have

all been shown to be inhibited by mutant dynamin expression.

As described above, inhibiting the GTPase activity of dynamin has profound

inhibitory eVects on the caveolae-based internalization of a variety of toxins and
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Figure 2. Dynamin and intersectin in caveolae membrane dynamics. (a, a0) Dynamin localizes to caveolae

in cultured hepatocytes. Fluorescence micrographs representing laser scanning confocal microscopy of

cultured hepatocytes that were double‐labeled with a monoclonal anti‐caveolin antibody (a) and the

polyclonal anti‐Pan61 antibody (a0) to label endogenous dynamin. A significant number of vesicular

structures are labeled with both antibodies (arrows and outlined areas), indicating a colocalization of

dynamin and caveolin. Scale bars, 8.0 �m. (b–b00) Subcellular distribution of intersectin by double immuno-

fluorescence in cultured endothelial cells (ECs). Intersectin displays a punctate staining pattern both at the

plasma membrane and throughout the cytoplasm (b). Caveolin immunostaining in cultured ECs (b0). The
merged image (b00) reflects extensive colocalization for both intersectin and caveolin (panel b00 and inset b00).
Scale bars, (b–b00) 10 �m; (insets) 5 �m. (c) Accumulation of surface-attached caveolae in cultured hepato-

cytes injected with anti‐dynamin antibodies. Electron micrographs of dynamin antibody‐injected cells that

were fixed and stained with ruthenium red. Dark vesicles reveal both surface (small arrows) and deeper (large

arrows) membrane invaginations that are continuous with the plasma membrane. Scale bars, 0.15 �m. (d)

Caveolae proliferation in ECs overexpressing wt intersectin. Electron micrographs show large numbers

of caveolae forming along the cell border. Note the caveolar profiles displaying staining dense rings (arrow-

heads). Scale bars, 50 nm. (e, e0) Immuno‐EM localization of dynamin (e) and intersectin (e0) to the necks of

formed caveolae in cultured ECs. Immunogold labeling shows gold particles (6 nm) that are preferentially

associated with the neck region of caveolae open to the EC surface (e, v1). Frequently, more than two gold

particles labeled a caveolar profile or its neck. Scale bar, (e, e0) 50 nm. (a, a0), and (c) reprinted with

permission from Henley et al., 1998. (b–b00) and (d–e0) reprinted with permission from Predescu et al.,

2003. (See Color Insert.)
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receptor systems. Additional interesting insights have been obtained by the expression

of dynamin mutants with alterations in phosphorylation sites. Caveolae are enriched

in non-receptor tyrosine kinases, including Src (Sargiacomo et al., 1993). The impor-

tance of the Src kinase activity in caveolae-dependent internalization was demon-

strated in endothelial RLMVEC cells (Shajahan et al., 2004). Treatment of the cells

with Src kinase inhibitor PP2 abolished the phosphorylation and blocked albumin

uptake via caveolae, while overexpression of dominant-negative K295M/Y527F Src

inhibited 45% of albumin uptake compared to cells expressing wild-type Src (Shajahan

et al., 2004). The study also highlighted the importance of c-Src-based phosphoryla-

tion of dynamin in caveolae internalization (Shajahan et al., 2004). c-Src has been

shown to bind to Dyn1 (Foster-Barber and Bishop, 1998), resulting in phosphoryla-

tion at several specific tyrosine residues, including Y231 in the GTPase domain and

Y597 within the PH domain (Ahn et al., 1999; Shajahan et al., 2004). Shajahan et al.

Table I

Dynamin-Based Studies on Caveolar-Mediated Ligand Internalization. Scission / Internalization

Dynamin

isoforms/

mutants

Receptors/

ligands

Cell line/

tissue

Inhibition/

% vs wta References

RDyn1K44E Cholera toxin BLMEC Yes/71% Oh et al., 1998

HDyn2baK44A In vitro fission Rat lung/Hela

extract

Yes/80% Oh et al., 1998

HDyn1aaK44A AMF-R NIH-3T3 (ras,

abl)

Yes Le et al., 2002

Cholera toxin NIH-3T3 Yes/80% Le and Nabi,

2003

RDyn2aaK44A Albumin RLMVEC Yes/60% Shajahan et al.,

2004

Cholera toxin Yes/80%

SV40 CV-1 Yes/85% Pelkmans et al.,

2002

HDyn1K44A M2 mAchR Rat ventricular

myocytes

Yes/70% Dessy et al., 2000

COS-7 Yes/70% Dessy et al., 2000

RDyn1K44A GnRH-R COS-7 Yes/70% Pawson et al., 2003

HEK 293 ND?

RDyn1K44A B2R HEK 293 No/22% Lamb et al., 2001

DynK44A TGF-� RII Mv1Lu Yes Di Guglielmo

et al., 2003

DynK44A TGF-� 293 No Zwaagstra et al.,

2001

RDyn2aaK44A MTI-MMP HT1080 Yes Remacle et al.,

2003

RDyn2aaY231F/

Y597F

Albumin,

Cholera toxin

RLMVEC Yes/45% Shajahan et al.,

2004

aIf not specified by authors, % of internalized ligand / receptor calculated from corresponding columns in references.

R, rat; H, human.

The Caveolae Internalization Machinery 65



have demonstrated that expression of rat Y231F/Y597F Dyn2aa mutants in

RLMVEC cells impaired albumin and cholera toxin uptake and reduced transen-

dothelial albumin transport.

As intermolecular interactions between the GTPase and adjacent GED, PH, and

middle domains have been reported to regulate the GTPase activity of the enzyme

(Muhlberg et al., 1997), it is tempting to speculate that phosphorylation of Tyr231

might regulate the GTPase activity of dynamin by controlling these interactions.

Phosphorylation of Tyr597 might also alter the ability of dynamin to interact with

PI(4,5)P2 and/or eVector proteins, with or without modulation of dynamin GTPase

activity. Shajahan et al. found that Src-induced phosphorylation of dynamin promot-

ed dynamin translocation to the plasma membrane and its association with caveolin-1

in endothelial RLMVEC cells (Shajahan et al., 2004). Consistent with this finding was

the discovery that overexpression of non-Src phosphorylatable dynamin Y231F/

Y597F reduced the binding of dynamin to caveolin. These results suggested that

phosphorylation of dynamin by Src might not alter dynamin GTPase activity, but

rather the eYcient recruitment of dynamin to the budding caveolae and subsequent

release of caveolae from the plasma membrane as endocytic vesicles.

2. Dynamin-Interacting Partners: Intersectin and Amphiphysin as

Regulators of Caveolae Fission

Intersectin is a multiple Eps15 homology (EH) and SH3-domain-containing

protein that is known to be an essential component of the endocytic machinery in

neuronal and non-neuronal cells (Yamabhai et al., 1998). It has two isoforms, “long”

and “short,” each of which has two diVerent splice variants (intersectin-1 and

intersectin-2) (Guipponi et al., 1998). The long intersectin-1 isoform is neuronal

specific, while the long intersectin-2 appears to be more widely expressed (Pucharcos

et al., 2001). The short isoforms show the highest expression in the nervous system and

contain two EH domains, a coiled-coil (CC) domain, and five SH3 domains (O’Bryan

et al., 2001) (Fig. 1). EH domains promote association of intersectins with endocytic

accessory proteins. The CC domain stimulates both homotypic and heterotypic inter-

actions with other CC-containing proteins. As these proteins have multiple SH3

domains, it has been demonstrated that dynamin binds to intersectin, which together

mediate the formation of clathrin-coated pits (Okamoto et al., 1999a).

It was recently found that short intersectin-1 also associates with caveolae (Fig. 2b)

and mediates caveolae scission. In this study, immunoelectron microscopy (immuno-

EM) images showed that intersectin-1 associated preferentially with the caveolar neck in

rat lung endothelial cells (Predescu et al., 2003) (Fig. 2e0), both before and after scission

from the plasma membrane. In support of these morphological observations, a cell-free

system depleted of intersectin failed to support caveolae fission from the plasma mem-

brane. Interestingly, overexpression of wild-type short intersectin-1 also impaired ca-

veolae internalization and enhanced accumulation of caveolar vesicles at the membrane
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(Fig. 2d). Further, this study suggested that the intersectin–dynamin complexes are

important in regulating the fission and internalization of budding vesicles (Predescu

et al., 2003), as both immunoprecipitation and blot overlay indicated that intersectin

recruited dynamin to the neck of the vesicles by the SH3A domain. Endothelial

cells overexpressing the SH3 domain of intersectin showed large caveolae clusters

accumulated under the plasma membrane, unable to move through the cell cortex

into the cytosol. In addition to recruitment, intersectin might also regulate dynamin

GTPase activity and self-assembly, as it was shown that dynamin remained function-

ally impaired and caveolae fission did not occur as long as dynamin was bound to

intersectin (Predescu et al., 2003). These findings indicated an important regulatory role

of intersectin in caveolae release from the plasma membrane via its interaction with

dynamin.

Another dynamin-interacting partner shown to be important in caveolae dynam-

ics is amphiphysin. Amphiphysin is a Bin/amphiphysin/Rvs (BAR) domain and SH3

domain-containing protein that functions as an adaptor between the dynamins and the

plasma membrane (David et al., 1996) and has a putative role in membrane deforma-

tion at endocytic sites (Farsad et al., 2001). In vitro studies demonstrated that the N-

terminal BAR domain of amphiphysin binds and invaginates lipid membranes into

narrow tubules (Farsad et al., 2001) and a variable central region binds clathrin and

adapter proteins, while the C-terminal SH3 domain binds to dynamin (Ramjaun et al.,

1997). All of these properties reflect a role for amphiphysin in endocytosis. Two

amphiphysin isoforms have been identified. Amphiphysin-1 is ubiquitously expressed,

and amphiphysin-2 is predominantly found in neurons (N-amphiphysin-2) (Wigge and

McMahon, 1998). Muscle expresses a distinct spliced variant of amphiphysin, M-

amphiphysin-2 (Butler et al., 1997) (Fig. 1). Interestingly, the binding sites for clathrin

and AP-2 sites are not present in M-amphiphysin-2. Instead, muscle amphiphysin

contains a unique exon 10 that has a high basic amino acid content and has an overall

resemblance to PI(4,5)P2-binding sequences (Lee et al., 2002a).

A role of amphiphysin function in caveolae dynamics has been gathered from

studying tubular plasma membrane invaginations in striated muscles called transverse

tubules or T-tubules. T-tubules develop from plasma membrane curvatures that

resemble strings of caveolae (Ishikawa, 1968) (Fig. 3a). Moreover, a critical role for

caveolin-3 in T-tubule biogenesis has been indicated previously (Parton et al., 1997).

A recent study showed that both in vivo and in vitro M-amphiphysin-2 has an

important physiological function in membrane deformation (Lee et al., 2002a). When

expressed in cultured myoblasts, M-amphiphysin-2 induced deep, tubulove-

sicular plasma membrane invaginations (Fig. 3b). Double immunogold labeling of

diVerentiated myotubes with antibodies to M-amphiphysin-2 and Cav-3 revealed

intensive co-labeling of the tubular network (Fig. 3c). The expression of the mutant

M-amphiphysin-2 without an SH3 domain in CHO cells caused extended tubule

elongation unlike the expression of full-length M-amphiphysin-2. This suggests a

mechanism of how amphiphysin could recruit dynamin 2 via the SH3 domain during

T-tubule formation in muscle cells.
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3. Caveolin

The role of the caveolin proteins in caveolae fission was demonstrated in a study

carried out in knockout animals. Caveolin-deficient mice showed the impaired endo-

cytosis of albumin (Zhao et al., 2002). This phenotype could be reversed by expression

of caveolin-1 cDNA (Zhao et al., 2002). This observation was supported by studies in

which expression of a caveolin mutant with a truncation of the N-terminal part of the

Figure 3. Amphiphysin and caveolar fusion in muscle. (a–a00) EM of caveolar‐like structures displaying

various fusion intermediates during T‐tubule formation in cultured chick myoblasts. Fused caveolae‐like
reticulum maintains a continuous connection with the cell surface (circle). 76,000�. (b) EMs of diVerentiated

C2C12 myotubes after incubation with ruthenium red demonstrates the presence of deep, tubulovesicular

plasma membrane invaginations (arrow). Scale bar, 200 nm. (c, c0) Localization of amphiphysin 2 and

caveolin‐3 in diVerentiated C2C12 myotubes. Ultrathin frozen sections of myotubes show colocalization of

amphiphysin 2 (c) and caveolin‐3 (c0) as revealed by single immunogold labeling. Amphiphysin 2 and

caveolin‐3 are concentrated on the tubular and vesicular portion, respectively, of the HRP‐labeled network

(d, d0). Immunofluorescence confocal microscopy of diVerentiated C2C12 myotubes demonstrating localiza-

tion of endogenous amphiphysin 2 on tubular elements and partial overlap amphiphysin 2 (d) with caveolin‐
3 (d0). The insets of (d, d0) show that puncta of caveolin‐3 immunoreactivity are often aligned with

amphiphysin 2‐positive tubules. (a–a00) reprinted with permission from Ishikawa, 1968. (b–d0) reprinted with

permisson from Lee et al., 2002.
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oligomerization domain Cav-3 DGV eVectively inhibited EV1 and SV40 virus infection

via caveolae in human osteosarcoma (SAOS) and African green monkey (CV1) cells

(Roy et al., 1999; Marjomaki et al., 2002).

Caveolin protein participation in vesicle release has been thought to occur through

regulation of Src and dynamin activities (Minshall et al., 2003; Shajahan et al., 2004).

Kim and Bertics demonstrated that dynamin and caveolin form a complex and co-

immunoprecipitate in murine B82L fibroblasts (Kim and Bertics, 2002). In support

of this study, recent observations have found that the PRD of dynamin interacts

directly with residues 76–165 of caveolin-1 (Yao et al., 2005). Interestingly, co-

immunoprecipitation of dynamin and caveolin-1 was not aVected by phosphorylation

status, and caveolin-1 remained associated with dynamin up to 60 min after epidermal

growth factor (EGF) addition in B82L fibroblasts (Kim and Bertics, 2002). These

results are complemented by a study that found that Src-induced phosphorylation of

dynamin promoted dynamin association with caveolin-1 in endothelial RLMVEC cells

and that overexpression of non-Src phosphorylatable dynamin Y231F/Y597F re-

duced the binding of dynamin to caveolin (Shajahan et al., 2004). The apparent

diVerences could be attributed to the use of endothelial versus fibroblastic cell lines

and can be reconciled by the alternative signaling and recruitment of diVerent caveo-
lin-and/or dynamin-binding partners in response to EGF treatment in these cells,

which might aVect caveolin/dynamin-binding aYnity for each other. Nevertheless,

tyrosine kinase activation is necessary for induction of caveolae-dependent internali-

zation of various ligands and receptors (Minshall et al., 2003). Thus, it is plausible to

imply that tyrosine phosphorylation of caveolin and dynamin might be important for

caveolae fission from the plasma membrane. In combination, all of these findings

suggest that a caveolin–dynamin–intersectin complex, in close association with an

actin scaVold, could mediate ligand-stimulated caveolar scission.

4. Actin

The importance of the actin cytoskeleton in caveolae fission was first indicated in a

report showing that the internalization of caveolae could be blocked by treatment with

the actin-depolymerizing drug cytochalasin D (CytD) (Parton et al., 1994). The

phosphatase inhibitor okadaic acid (OA) was shown to specifically aVect caveolar

endocytosis rather than general plasma membrane internalization. Parton et al. moni-

tored the eVect of CytD on caveolar internalization induced by okadaic acid in A431

cells. When cells were treated with CytD, the okadaic acid-induced internalization of

alkaline phosphatase was blocked. This suggested that CytD prevented caveolae

endocytosis of alkaline phosphatase, and the protein remained on the cell surface.

CytD also blocked the okadaic acid-induced internalization of cholera toxin B without

aVecting caveolar morphology, when observed by electron microscope. Consistent

with these results, treatment of MDCK cells with okadaic acid caused redistribution

of caveolin-1 from the cell borders to the cytosol, implying caveolae internalization.
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The change in caveolin-1 distribution upon OA treatment was completely blocked by

CytD (Parton et al., 1994).

More recently, a graphic study by Pelkmans et al. using evanescent microscopy

demonstrated a sequential temporal recruitment of dynamin and actin to budding

caveolae containing SV40 virus (Fig. 4) (Pelkmans et al., 2002). Actin transiently

associated with SV40-containing caveolae within a time frame similar to that of

dynamin. The recruitment of dynamin and actin to the virus-containing caveolae

was dependent upon local tyrosine kinase activation, as this process was inhibited

by genistein, a tyrosine kinase inhibitor. It was suggested that actin was likely to

function in later stages of caveolae internalization, possibly during the fission process

(Engqvist-Goldstein and Drubin, 2003) (Fig. 4). These images provided provocative

information linking the association of dynamin, actin, and caveolin in the process of

caveolae scission. How such events are sequenced and mediated is currently undefined,

although dynamin has been shown to interact with a variety of diVerent actin-binding
proteins, such as syndapin (Qualmann et al., 1999), ABP1 (Kessels et al., 2001),

and cortactin. As both dynamin and cortactin bind to c-Src and are Src substrates

(Foster-Barber and Bishop, 1998; McNiven et al., 2000), this complex may have an

important role in caveolar scission. These proteins have been found to participate in

clathrin-based endocytosis (Cao et al., 2003), although no data has implicated these

actin-binding proteins in caveolae function. Recently, Predescu et al. showed that

caveolae internalization might be regulated by another component of the actin regu-

latory machinery, Wiskott-Aldrich syndrome protein (WASP), by direct interaction of

WASP with the SH3A domain of intersectin (Predescu et al., 2003).

An additional actin-binding/cross-linking protein, filamin, has been shown to bind

to Cav-1 directly via the C terminus (Stahlhut and van Deurs, 2000) (Fig. 1). In

support of these biochemical findings, immuno-EM of NIH 3T3 cells treated with

Rho-stimulating Escherichia coli cytotoxic necrotizing factor 1 (CNF-1) demonstrated

a close association of filamin on forming caveolae. How this association might aid in

caveolae formation and scission needs to be determined.

Figure 4. Dynamin is actively recruited to forming caveolae in SV40‐infected cells. Fluorescence images of

living cells expressing Dyn2‐GFP show that Dyn2 is recruited to caveolae‐bound AF‐SV40 viral particles.

Dyn2 recruitment (red circles) appears as “blinking” at the cell surface as actin and caveolin are recruited,

then disappear as caveolar scission occurs. Scale bars, 2.5 �m. Images reprinted with permission from

Helenius et al., 2002. (See Color Insert.)

70 L. S. Orlichenko and M. A. McNiven



B. Signaling Components

1. Src Kinase

The vast majority of data demonstrate that caveolae internalization in diVerent
cell types is regulated by tyrosine phosphorylation. Early studies on caveolar endocy-

tosis showed that OA, a general phosphatase inhibitor, could stimulate the internali-

zation of cross-linked alkaline phosphatase (AP) (Parton et al., 1994). An inhibitor

specific for tyrosine kinases, genistein, reversed this eVect. Later, several studies

demonstrated that Src family tyrosine kinases might regulate caveolar internalization

(Li et al., 2001). Expression of a catalytically inactive Src mutant prevented caveolar

vesicle fission and albumin endocytosis in endothelial cells and in human skin fibro-

blasts (Minshall et al., 2000; Shajahan et al., 2004; Sharma et al., 2004). These results

suggested an important role for Src family kinases in initiating the processes of

caveolae internalization.

2. PKC�

Caveolae fission appears to depend on the activity of protein kinase C� (PKC�) at
least in some cell types (Smart et al., 1995). A recent study has observed that cheler-

ytherine chloride and Go 6976, general and specific inhibitors of PKC, and expression

of a dominant-negative PKC� (DN-PKC�) inhibited albumin internalization and led

to a reduction in surface caveolae in human skin fibroblast (HSF) cells (Sharma et al.,

2004). Consistent with these results, EV1 virus entry via caveolae and infection of

SAOS cells was also inhibited by DN-PKC� (Upla et al., 2004). These eVects were

specific to the PKC� isoform. Expression of a dominant-negative PKCe used as a

negative control had no eVect on EV1 infection, while safingol, a selective inhibitor

for the � isoforms of PKC, reduced the number of EV1-infected cells to background

levels (Upla et al., 2004). As it was demonstrated that filamin is a target for phosphor-

ylation by PKC� (Tigges et al., 2003), the activation of PKC might alter caveolae

internalization through reorganization of actin filaments.

In contrast to the Upla and Sharma findings, Parton et al. observed that the

general PKC activator PMA did not significantly change the surface level of cross-

linked alkaline phosphatase in A431 cells, suggesting that caveolae internalization in

these cells is not mediated by PKC� (Parton et al., 1994). These data might indicate

that stimulation of PKC� alone is not suYcient to induce caveolae internalization and

that the process requires activation of additional proteins.

3. Phospholipases

A p122/RhoGAP is a phospholipase C� (PLC�)-interacting protein (Sekimata

et al., 1999) that possesses GTPase activating protein (GAP) activity for Rho and

enhances the enzymatic activity of PLC�1. It is localized to caveolae mainly via its GAP
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domain (Yamaga et al., 2004). Interestingly, transient expression of p122/RhoGAP

regulates caveolae internalization in fibroblastic baby hampster kidney (BHK) cells,

suggesting that p122/RhoGAP might aVect caveolae-dependent endocytosis through
reorganization of actin filaments (Yamaga et al., 2004).

The phospholipase A2 (PLA2) enzyme catalyzes the hydrolysis of glycerophos-

pholipids important in second messenger generation and membrane vesiculation.

Sphingomyelin (SM) inhibits PLA2 due to the binding of the enzyme to SM. Choles-

terol activates the enzyme by displacing SM from its association with PLA2. There-

fore, PLA2 activity diVers in various lipid microdomains that might regulate the

vesiculation of rafts, including caveolae. A potential role for PLA2 in caveolar vesicle

budding was found by Staneva et al., who showed that phospholipase alone can

promote raft budding and fission in vitro (Staneva et al., 2004). However, its putative

role in caveolar fission in vivo needs to be determined.

IV. PERSPECTIVES

Only recently has it been demonstrated that caveolae are not permanent fixtures

of the plasma membrane, but are dynamic vesicle carriers that may fuse, bud, detach,

and translocate to provide cells with valuable communication with the outside

milieu. We now know that caveolae may exist as both static and dynamic organelles

that release from the plasma membrane or that may fuse into tubular continuums

that bridge dorsal and ventral cell surfaces. The field has identified a limited number

of diVerent structural and enzymatic components that contribute to caveolar dynamics.

It is currently unclear how the diVerent caveolin gene products co-assemble into

functional flask-shaped containers and how these accessory proteins might contribute

to the assembly-scission process. Most intriguing is the fact that the caveolin proteins

may be highly localized and sequestered to specific cellular domains in cells but are

not assembled into caveolae. Other cellular regions may have many caveolae and

relatively modest levels of caveolin protein. What are the signals for caveolar assembly

and scission, and how are these processes compartmentalized? How are caveolae

transported into the cell interior, and how are interactionswith specificmolecularmotor

enzymes initiated? There is much to do toward understanding caveolar dynamics.
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I. INTRODUCTION

Many bacterial pathogens are known to enter into host cells, either as a means of

avoiding the host immune system or as an integral part of their replicative cycle. One

major hurdle intracellular pathogens must overcome is degradation in the classical

endosomal/lysosomal fusion pathway. Some pathogens avoid this by escaping from

their phagosomes before lysosomal fusion occurs, others actively modify their com-

partment to prevent lysosomal fusion, while still others have evolved defenses that

allow them to survive in the harsh lysosomal environment (Small et al., 1994). Recent

work has demonstrated that some pathogens have evolved a means of entering cells in

a way that completely sidesteps the endosomal/lysosomal pathway altogether by

utilizing discrete plasma membrane microdomains located on the host cell surface.

These microdomains, commonly referred to as caveolae or lipid rafts, are enriched in

cholesterol, glycosphingolipids, and glycosylphosphatidylinosotol (GPI)-anchored

molecules (Anderson, 1998; Kurzchalia and Parton, 1999). Caveolae were initially

described as cave-like invaginations of the plasma membrane, 50–100 nm in diameter,

which contained a distinctive protein, caveolin. Since the protein caveolin is not found

in all microdomains with the biochemical properties of caveolae, and not all domains

with these properties have the distinctive shape of caveolae, we will define caveolae as

pleomorphic lateral assemblies containing the protein caveolin-1 that are enriched

in cholesterol, glycosphingolipids, and GPI-anchored molecules and that have the

Advances in Molecular and Cell Biology, Vol. 36 79 ISBN: 0-444-51500-3

� 2005 Elsevier B.V. All rights reserved. DOI: 10.1016/S0079-6603(05)36004-1



distinct morphological appearance of cave-like invaginations by electron microscopy

(EM). Microdomains with the same biochemical properties that do not exhibit the

cave-like structure of caveolae will be referred to as lipid rafts, regardless of the

presence or absence of caveolin-1 within these microdomains (Harder and Simons,

1997; Simons and Ikonen, 1997; Kurzchalia and Parton, 1999). For ease of reading,

except when it is necessary to make a clear distinction between caveolae and lipid rafts,

the term lipid raft will be used.

Most of the microbes that are utilizing lipid rafts for entry into cells bind dis-

tinct receptors on the host cell surface, which could lead one to envision multiple

endocytic mechanisms for the various microbes. Another explanation for this con-

served mechanism of entry is that the various receptors can all lead to the same

endocytic pathway. This would imply that the various microbial receptors are located

within lipid rafts or move into lipid rafts after microbial contact, as has been found to

be the case for the receptors of many of the microbes and bacterial toxins that use lipid

rafts (Lencer et al., 1999; Shin et al., 2000; Duncan et al., 2004). Many diVerent
signaling molecules are concentrated within lipid rafts (Anderson, 1998; Okamoto

et al., 1998), including all the machinery necessary for vesicle budding, docking, and

fusion (Schnitzer et al., 1995), making this an ideal pathway for microbial entry. Lipid

rafts also seem to be linked to the actin cytoskeleton based on the localization of actin

mobilizing/modulating molecules to lipid rafts and the recent report that the F-actin

cross-linking protein filamin is a ligand for the protein caveolin-1 (Rozelle et al., 2000;

Stahlhut and van Deurs, 2000).

The idea that such vastly diVerent bacterial pathogens such as FimH-expressing

Escherichia coli (Baorto et al., 1997; Shin et al., 2000; Duncan et al., 2004), Salmonella

typhimurium (Catron et al., 2002; Garner et al., 2002), and Chlamydia trachomatis

(Norkin et al., 2001) can gain entry into host cells through a pathway involving lipid

rafts, or use these structures to aid in intracellular survival, could be thought to

indicate a high degree of similarity in their mechanism of entry. The fact that FimH-

expressing E. coli and the infectious form of C. trachomatis (the metabolically inert

elementary body) enter in a passive manner while S. typhimurium enters by actively

secreting eVector proteins into the cytoplasm of the host cell via a type III secretion

system, thereby inducing uptake (Collazo and Galan, 1997; Suarez and Russmann,

1998), indicates that, though similarities in their mechanism of entry exist, there are

distinct diVerences as well. Regardless, it is becoming clear that several pathogenic

bacteria have recognized the endocytic functions of lipid rafts as a means of gaining

entry into host cells in a manner that aids in the avoidance of lysosomal fusion and

have evolved to fully exploit this mechanism of entry.

II. LIPID RAFT-MEDIATED ENTRY OF BACTERIA INTO HOST CELLS

Typically, the major obstacle to a bacterial infection is the host’s immune system.

Many pathogenic bacteria have evolved mechanisms that allow avoidance of host

defenses, and one of the most studied is the entry of bacteria into host cells. In the
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intracellular environment, the bacteria are given protection from the humoral arm

of the immune system, giving them a somewhat sheltered niche in which to survive.

A simplified way to look at bacterial entry is to separate host cell entry into two

groups, active entry and passive entry. A paradigm of active entry is that of

S. typhimurium. The bacterium is known to actively secrete various eVector proteins
into the host cell cytoplasm through its type III secretion machinery and thereby

induce bacterial uptake (Collazo and Galan, 1997; Suarez and Russmann, 1998). An

example of passive bacterial entry is that of C. trachomatis, in which the infectious

chlamydial elementary body (EB) is metabolically inert and yet is able to gain entry

(Norkin et al., 2001).

Foremost among the dangers of the intracellular lifestyle are the potentially lethal

eVects of fusion of the bacteria-containing endosome with the lysosomal compart-

ment. Many bacteria have evolved mechanisms to avoid this fate. For example, S.

typhimurium actively modifies its compartment to avoid fusion with lysosomes (re-

ferred to as active persistence), while Listeria monocytogenes escapes from its phago-

some and survives in the host cell’s cytoplasm (Small et al., 1994). An additional,

newly discovered mechanism to avoid the endosomal/lysosomal compartment is to

gain entry via lipid rafts, which are believed to naturally avoid fusion with lysosomes

(Table I) (Fig. 1). As is discussed below, some bacteria may merge the active avoidance

of lysosomal fusion with entry through lipid rafts.

One of the best-characterized interactions between bacteria and lipid rafts is the

entry of the normally noninvasive type 1 fimbriated E. coli into murine bone marrow

derived mast cells (BMMCs) (Shin et al., 2000). The interaction is mediated by the type

1 fimbrial adhesin, FimH, and its cognate receptor on BMMCs, the GPI-anchored

protein CD48 (Malaviya et al., 1999). E. coli is taken up into BMMCs in a tight-fitting

compartment that is positive for various markers of lipid rafts such as cholesterol, the

ganglioside GM1, and the protein caveolin-1 (Shin et al., 2000). In a more definitive

experiment, FimH-mediated bacterial entry was found to be susceptible to the lipid

raft-disrupting agents filipin and methyl �-cyclodextrin, unlike opsonin-mediated

bacterial entry, which was not inhibitable by these substances. As a result of utilizing

the lipid raft pathway to gain entry, the bacteria were able to avoid the potent

bacteriocidal functions of the BMMCs and survive intracellularly. It is believed that

entry through lipid rafts is responsible for this avoidance of lysosomal fusion, as the

laboratory strain of E. coli used in these experiments is not thought to modify its

compartment after entry (referred to as passive persistence). Though a single caveolae

or lipid raft could be large enough to internalize a small viral particle, such as SV40

(Anderson et al., 1996; Stang et al., 1997), it would be far too small to encapsulate and

internalize a large bacterium. Therefore, it has been hypothesized that many plasma-

lemmal and vesicular lipid rafts are recruited to sites of bacterial attachment to form

large bacteria-encapsulating chambers (Shin et al., 2000; Shin and Abraham, 2001a,b).

FimH-expressing E. coli have also recently been shown to invade human and

mouse bladder epithelial cells (BECs) via a mechanism requiring lipid rafts (Duncan

et al., 2004), an event that is thought to play an important role in the pathogenesis of

urinary tract infections (UTIs) (Mulvey et al., 1998, 2000). In contrast to E. coli
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Table I

Characteristics of Bacterial Entry Through Lipid Rafts

Pathogen Site of entry

Nature of entry

and persistence Receptor References

FimH-expressing

E. coli

Caveolae/

Raft (caveolin-1

required for

BEC entry)

Passive entry and

passive persistence

CD48, Uroplakin Ia

(M�A/BMMC, BEC)

Baorto et al., 1997; Shin et al.,

2000; Duncan et al., 2004

C. trachomatis

(certain serovars)

Raft/Caveolae

(caveolin

not required)

Passive entry and

active persistence

Unknown Norkin et al., 2001; Stuart

et al., 2003

SbfI-expressing

S. pyogenes

Caveolae Passive entry and

unknown persistence

SbfI-fibronectin-�5�1

integrin interaction

Rohde et al., 2003

C. jejuni Lipid raft

(no caveolin

association)

Active entry and

active/passive

persistence

Unknown Wooldridge et al., 1996

Mycobacterium Lipid raft associated

with cholesterol

after entry

Passive entry and

active persistence

CR3 and an unknown

GPI anchored molecule

Gatfield and Pieters, 2000;

Peyron et al., 2000

Brucella spp. Lipid raft associated

with cholesterol and

GPI-anchored proteins

Active/passive entry

and active persistence

GPI-anchored protein? Naroeni and Porte, 2002;

Watarai et al., 2002

S. typhimurium Lipid raft associated with

cholesterol and

GPI-anchored proteins

Active entry and

active persistence

Unknown Catron et al., 2002; Garner

et al., 2002

S. flexneri Lipid raft associated with

cholesterol and

GPI-anchored proteins

Active entry and

active persistence

Unknown

CD44-IpaB interaction

may be required for

optimal binding and

invasion

Lafont et al., 2002



infecting BMMCs, E. coli infecting BECs induced the formation of flask-shaped

caveolae at the cell surface, which intimately associated with the bacteria and remained

associated with the bacteria after entry had occurred (Duncan et al., 2004). In addi-

tion, the in vivo host BEC receptor for FimH-expressing E. coli was shown to be

located in BEC lipid rafts, and methyl �-cyclodextrin treatment during infection in a

mouse model of UTI was shown to greatly inhibit E. coli invasion of BEC (Duncan

et al., 2004). Caveolar induction has also been observed on endothelial cells infected by

SfbI-expressing Streptococcus pyogenes (Rohde et al., 2003). This physical association

between flask-shaped caveolae and E. coli or S. pyogenes is reminiscent of the associa-

tion between various viruses (Simian virus 40, polyoma virus, Echovirus 1) and

caveolae on the cell surface (Stang et al., 1997; Richterova et al., 2001; Marjomaki

et al., 2002). The absolute requirement for caveolae formation in E. coli or S. pyogenes

invasion is not known, but the protein caveolin-1, which is required for caveolae

formation, was found to be necessary for optimal E. coli invasion of BEC (Vogel

et al., 1998; Razani et al., 2001; Rohde et al., 2003; Duncan et al., 2004).

Figure 1. Model depicting the major defining characteristics of entry of various bacteria into most cells via

lipid rafts. (See Color Insert.)
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Some serovars of C. trachomatis are also thought to exploit lipid rafts as a means

of entry into both phagocytic and nonphagocytic cells (Norkin et al., 2001; Jutras

et al., 2003; Stuart et al., 2003). Like the entry of E. coli into mast cells, C. trachomatis

entry is inhibited by lipid raft-disrupting agents, and the bacteria-containing compart-

ments react with antisera against the protein caveolin-1, though caveolin-1 is not

thought to be essential for entry to occur (Stuart et al., 2003). A significant diVerence
is that C. trachomatis plays a much more active role in avoiding lysosomal fusion at

later stages than E. coli, as the chlamydial vesicle traYcs to the Golgi region and

actively intercepts sphingolipid-, and presumably caveolin-1-containing vesicles

from the Golgi (Hackstadt et al., 1995, 1996), and some serovars of C. trachomatis

are believed to actively modify their compartment to avoid lysosomal fusion

(Scidmore et al., 1996). Not all serovars of C. trachomatis appear to utilize lipid rafts

for entry, and some may, in fact, utilize a clathrin-dependent mechanism of entry

(Hodinka et al., 1988; Wyrick et al., 1989; Stuart et al., 2003). Which pathway is

utilized could depend on the particular receptor(s) recognized by diVerent chlamydial

strains on the host cell surface (Stuart et al., 2003), where lipid raft-associated mole-

cules lead to lipid raft-mediated entry, and coated-pit-associated molecules direct entry

via clathrin-coated pits.

Other bacteria that have been linked to entry via lipid rafts include Campylobacter

jejuni (Wooldridge et al., 1996), Mycobacterium bovis and Mycobacterium kansasii

(Gatfield and Pieters, 2000; Peyron et al., 2000), Brucella suis and Brucella abortus

(Naroeni and Porte, 2002; Watarai et al., 2002), S. typhimurium (Catron et al., 2002;

Garner et al., 2002), and Shigella flexneri (Lafont et al., 2002). The entry of these

bacteria into various cell types has been shown to require cholesterol, and in the cases

of M. bovis, B. abortus, S. typhimurium, and S. flexneri, cholesterol has been seen to

accumulate at sites of bacterial entry. S. flexneri seems to utilize lipid rafts for

adherence to host cells as well as invasion, since host cell cholesterol depletion

inhibited both events (Lafont et al., 2002), unlike the interaction of type 1 fimbriated

E. coli with BEC, where lipid raft integrity was only required for entry (Duncan et al.,

2004). It is noteworthy that secreted eVector proteins of the type III secretion systems

of both S. typhimurium and S. flexneri associate with lipid rafts during host cell

infection (Lafont et al., 2002; Knodler et al., 2003). This points to a sophisticated

interaction between pathogen and host, in which the bacteria could actually be

“remodeling” host cell lipid rafts to initiate bacterial entry and survival. In addition,

both Mycobacteria and Salmonella are thought to also actively modulate their com-

partments to avoid lysosomal fusion, and lipid rafts may also play a role in these

remodeling events (Garcia-del Portillo, 1996; Ferrari et al., 1999; Knodler et al., 2003).

The diVerences that exist in the entry of various bacteria into host cells through

lipid rafts could be mediated by a number of factors. One possibility is the receptor(s)

on the host cells recognized by the bacteria, at least in cases where a specific receptor is

known to mediate entry. For example, type 1 fimbriated E. coli recognize uroplakin Ia

on BEC while M. bovis entry into macrophages has been shown to involve CR3 and

an, as yet, unknown GPI-anchored molecule (Peyron et al., 2000; Zhou et al., 2001;

Duncan et al., 2004). Another possibility is the extent to which the bacteria play an
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active role in their entry into host cells. The entry of E. coli into BEC is entirely

dependent on activity derived from the BEC, as even FimH-coated latex beads can

gain entry (Martinez et al., 2000), while S. typhimurium is known to secrete eVector
proteins directly into the host cytoplasm to induce bacterial uptake (Collazo and

Galan, 1997; Suarez and Russmann, 1998). The possibility arises that the specific

way in which bacteria interact with lipid rafts could lead to diVerent levels of depen-
dence upon these structures to gain entry into host cells, and could potentially aVect
the level to which the bacteria must actively resist lysosomal fusion.

III. CONCLUSION

Lipid rafts are an increasingly recognized portal of entry for a surprising variety of

pathogenic microorganisms. These structures have been linked to the entry and/or

intracellular survival of viruses, which have been associated with flask-shaped caveolae

(Stang et al., 1997; Richterova et al., 2001; Marjomaki et al., 2002), bacteria, whether

they gain entry and persist in a passive (E. coli) or active (S. typhimurium) manner, and

even large parasites (P. falciparum) (Lauer et al., 2000; Shin et al., 2000; Catron et al.,

2002; Garner et al., 2002; Duncan et al., 2004). Though these various microbes have all

co-opted lipid rafts, they seem to not interact with them in the same manner. TraYck-

ing after entry, and even the level to which the microbes depend on lipid rafts for entry

and persistence, may vary from microbe to microbe. These diVerences could be

mediated by the specific host cell receptor(s) each bacteria recognizes on the cell

surface, the type or shape of the microdomain involved in entry (lipid raft vs flask-

shaped caveolae), or the particular nature of entry/persistence (passive vs active) each

microbe expresses. Microbes are not the only organisms to utilize the flexibility of lipid

rafts for targeting and gaining entry into mammalian cells. This was demonstrated by

McIntosh et al., who used an antibody that specifically targets lung caveolae to achieve

specific delivery and transendothelial transport of the antibody to underlying tissue

cells (McIntosh et al., 2002). Indeed, further study of the nature of lipid rafts,

potentially using microbes as the tools of study, could allow new and exciting methods

of specifically delivering therapeutic agents to treat a variety of illnesses, including

microbial infections themselves.
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I. INTRODUCTION

Nitric oxide (NO) is an important signaling molecule involved in many biological

processes and is synthesized by a family of calmodulin-activated NO synthase (NOS).

The endothelial NOS (eNOS) is the NOS isoform responsible for cardiovascular

homeostasis, including regulation of blood pressure, permeability, and angiogenesis

but also anti-thrombotic activity, vessel remodeling, and cardiac contractility. Indeed,

eNOS is not only expressed in the vascular endothelium but also in platelets, smooth

muscle cells, and cardiac myocytes. Of the NOS isoforms, eNOS is unique in that it is

dually acylated by the fatty acids myristate and palmitate, thereby leading to the

membrane location of this enzyme. Since eNOS activity is acutely regulated by

multiple extracellular stimuli and the NO produced is a very labile messenger molecule

with primarily paracrine function, the site of NO synthesis has a major influence on

its biological activity. These diVerent observations (i.e., acylation, extracellular stimu-

lus sensing, paracrine influence) prompted the initial examinations of eNOS in
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caveolae (Garcia-Cardena et al., 1996b; Shaul et al., 1996). Accordingly, using

cultured endothelial cells, Shaul et al. showed that eNOS was preferentially located

in caveolae (versus the rest of the plasma membrane), with each acylation process

enhancing the caveolar enrichment by 10-fold (Shaul et al., 1996).

In addition to the requirement that NO be produced in a site adapted to its

gaseous nature and function, the cytotoxicity of high levels of NO implies a tight

regulation of its production. Accordingly, the discovery of the eNOS targeting to

plasmalemmal caveolae rapidly led to the identification of such a control mechanism

regulating NO release. Indeed, in 1996, we reported that in endothelial cells

and cardiac myocytes, eNOS was quantitatively associated with caveolin-1 and caveo-

lin-3, respectively (Feron et al., 1996). One year later, several independent groups

demonstrated that this interaction was inhibitory (Garcia-Cardena et al., 1997;

Ju et al., 1997; Michel et al., 1997a).

II. THE CAVEOLIN–eNOS INTERACTIONS

A. Molecular Determinants

Consecutively to the original observation of the caveolin interaction with eNOS,

several laboratories investigated the molecular determinants of the caveolin–

eNOS interaction using in vitro binding assay systems with glutathione S-transferase

(GST) fusion proteins (including deletion mutants) and in vivo yeast two-hybrid

system (Garcia-Cardena et al., 1997; Ju et al., 1997; Michel et al., 1997a,b; Feron

et al., 1998a,b). The major conclusions from these studies were that eNOS and

caveolin-1 interact directly rather than indirectly and that this interaction involves

multiple sites within both proteins (Fig. 1). Indeed, two cytoplasmic domains of

caveolin-1 were found to interact with eNOS: the N-terminal scaVolding and dimer-

ization domain (amino acids 61–101) and to a lesser extent the C-terminal tail (amino

acids 135–178). In the eNOS sequence, the sites of caveolin binding were localized both

in the oxygenase and reductase domains (Fig. 1).

As mentioned above, N-terminal myristoylation and thiopalmitoylation of the

eNOS participate in the targeting of the enzyme to caveolae (Feron et al., 1998a). By

exploring the diVerential eVects of detergents (CHAPS vs octyl glucoside), we have

shown that although eNOS palmitoylation is not absolutely required to induce the

formation of the caveolin–eNOS complex, acylation largely facilitates the interaction

between both proteins. Moreover, two groups of investigators, using either cell lines

expressing caveolin but lacking caveolae (Sowa et al., 2001) or siRNA to knock down

caveolin-1 in cells normally expressing caveolin (Gonzalez et al., 2004), reported

that caveolin-1 itself was not required for the targeting of eNOS to caveolae/lipid

rafts. Finally, tyrosine phosphorylation of eNOS was shown to parallel the enzyme

interaction with caveolin, but whether both phenomena were causally related is still an

open question (Garcia-Cardena et al., 1996a; Venema et al., 1997).
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B. Catalytic Regulation

Like all known nitric oxide synthases, eNOS enzyme activity is dependent on

calmodulin (CaM) binding, the activation of which requires an increase in intracellular

calcium (Michel and Feron, 1997). With the discovery of the caveolin–eNOS interac-

tion, it appeared that calmodulin acted, in fact, as a direct allosteric competitor

promoting the disruption of the heteromeric complex formed between eNOS and

caveolin in a Ca2þ-dependent fashion (Michel et al., 1997a,b). This inhibitory eVect
is mostly mediated by a specific region identified within the caveolin sequence (amino

acids 82–101), the so-called caveolin scaVolding domain (CSD) (Fig. 1). Peptides

corresponding to this domain interact directly with the enzyme and markedly inhibit

NOS activity in endothelial cells (Michel et al., 1997b).

The prototypical caveolin-binding motif (CBM) (e.g., a consensus sequence

�X�XXXX�XX�, where � is an aromatic residue (Trp, Phe, or Tyr) (Couet et al.,

1997)) was found within the eNOS sequence (i.e., FPAAPFSGW) (Fig. 1). Site-

directed mutagenesis of this predicted motif within eNOS sequence (amino acids

350–358) blocked the ability of caveolin-1 to suppress NO release in co-transfection

experiments (Garcia-Cardena et al., 1997). Furthermore, incubation of pure eNOS

Figure 1. Scheme of the caveolin–eNOS interactions. Both the oxygenase and the reductase domains of

eNOS interact with caveolin. The caveolin‐binding motif (CBM) corresponds to the consensus sequence

FPAAPFSGW that recognizes the caveolin scaVolding domain (CSD) within the caveolin sequence. At the

other side of the membrane‐spanning region of caveolin (MBSp), the 40 C‐terminal residues of caveolin

(involved in caveolin oligomer–oligomer interaction) also interact with the oxygenase domain of eNOS. Both

proteins are acylated, and in the case of eNOS, myristoylation on the glycine and palmitoylation on two

cysteines are key for facilitating the targeting of eNOS to lipid rafts/caveolae. Note that eNOS is active as a

dimer and that the size of the two proteins is not to scale (human sequences: eNOS, 1205 residues and

caveolin‐1, 179 residues). (See Color Insert.)
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with peptides derived from the scaVolding domains of caveolin-1 and -3, but not the

analogous regions from caveolin-2, resulted in inhibition of eNOS, inducible NOS

(iNOS), and neuronal NOS (nNOS) activities, suggesting a common mechanism and

site of inhibition for all the NOS isoforms.

eNOS is a two-domain enzyme consisting of a N-terminal oxygenase domain (amino

acids 1–491) that contains binding sites for heme, L-arginine (L-Arg), and tetrahydro-

biopterin (H4B) and a reductase domain (amino acids 492–1205) containing binding sites

for flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), nicotinamide

(NADPH), and CaM (Fig. 1). During NO synthesis, NADPH-derived electrons pass

into the reductase domain flavins and then must be transferred to the heme located in the

oxygenase domain so that the heme iron can bind O2 and catalyze stepwise NO synthesis

from L-Arg. CaM binding to its site (amino acids 493–512) activates NO synthesis by

enabling the reductase domain to transfer electrons to the eNOS oxygenase domain.

The cav-1 scaVolding domain peptide (amino acids 82–101) was reported to

inhibit NADPH oxidation in a manner reversible by CaM but did not aVect
NADPH-independent NO synthesis by full-length eNOS or its oxygenase domain,

indicating that inhibition required the reductase domain (Ghosh et al., 1998). Alto-

gether, these studies suggest a model according to which caveolin interaction with the

oxygenase domain only helps targeting the eNOS-caveolin complex to caveolae,

whereas caveolin interaction with the reductase domain is primarily responsible for

antagonizing CaM binding and for slowing electron transfer from the reductase, thus

inhibiting heme iron reduction and NO synthesis (Fig. 1).

Interestingly, the caveolin binding motif in eNOS lies between the heme and the

calmodulin-binding domains adjacent to a glutamate residue (Glu-361) necessary for

the binding of L-arginine, suggesting that caveolin may interfere with heme iron

reduction, similar to L-arginine-based NOS inhibitors.

III. CAVEOLIN, eNOS, AND CHOLESTEROL

The focus on the relationship between cholesterol and the caveolin–eNOS inter-

action naturally emerged from the observations by Fielding and colleagues (Bist et al.,

1997; Fielding et al., 1997) according to which in human fibroblasts, the level of

cellular free cholesterol (FC) regulates caveolin gene transcription. Because of the

inhibitory interaction between eNOS and caveolin, a hypothesis was formulated

stating that an increase in caveolin abundance in endothelial cells exposed to extracel-

lular cholesterol could account for the reduction in NO bioavailability usually re-

ported to be associated with hypercholesterolemia. Indeed, before the appearance of

any ultrastructural change in the vessel wall, chronic elevations in serum cholesterol

are usually associated with an impaired endothelium-dependent vasodilation due to a

defect in the L-arginine/NO pathway. This primitive hallmark of endothelial dysfunc-

tion is thought to lead to the unopposed influence of thrombogenic and proliferative

factors on the vessel wall and thereby to initiate the atherosclerotic process and lead to

coronary and peripheral ischemic diseases.
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As anticipated, exposure of endothelial cells to serum from hypercholesterolemic

patients led to the upregulation of caveolin abundance and was paralleled by an

increase in caveolin–eNOS complex formation (Feron et al., 1999) (Fig. 2). Endotheli-

al cell exposure to the low-density lipoprotein (LDL) fraction alone dose-dependently

reproduced the upregulation of caveolin expression and its heterocomplex formation

with eNOS. Importantly, both the basal NO release and agonist-stimulated NO

production were repressed by high LDL cholesterol levels. Together, these data

established a new mechanism that participates, through the modulation of caveolin

abundance, in the pathogenesis of endothelial dysfunction. This mechanism is revers-

ible, since treatment of endothelial cells with statins (HMGCoA reductase inhibitors)

was shown to reduce caveolin abundance and to restore the basal and agonist-stimu-

lated eNOS activity (Feron et al., 2001) (Fig. 2). This finding was further validated in

genetically dyslipidemic, apolipoprotein E (apoE)�/� mice, in which statins decreased

caveolin-1 expression and corrected the altered heart rate and blood pressure variabil-

ities, two parameters correlated with adverse prognosis in cardiovascular diseases

(Pelat et al., 2003).

Figure 2. Regulation of the caveolin–eNOS interaction by cholesterol levels. The presence of sterol

regulatory elements (SRE) and other regulatory sequences in the promoter of the caveolin gene accounts

for the stimulatory transcription of caveolin in the presence of excess cholesterol, as encountered when

endothelial cells are exposed to high levels of LDL cholesterol. The consecutive increase in caveolin blocks

the basal and agonist‐stimulated eNOS activity in endothelial cells. Statins, by inhibiting the endogenous

synthesis of cholesterol in (peripheral) endothelial cells (as well as indirectly by reducing circulatory LDL

cholesterol), negatively aVect caveolin expression. A reduction in caveolin abundance (or a restoration if first

exposed to high LDL levels) facilitates the calcium‐calmodulin‐mediated disruption of the caveolin–eNOS

complex (e.g., displaces the equilibrium toward the caveolin‐free eNOS state), thereby leading to NO release.

(See Color Insert.)
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Interestingly, we found that statins aVect caveolin abundance in endothelial cells

(EC) exposed to elevated but also normal amounts of LDL cholesterol. This finding

highlighted the therapeutic potential of the statins’ administration to decrease caveolin

abundance in endothelial cells and thereby to correct NO-dependent endothelial dysfunc-

tion secondary to diseases other than hypercholesterolemia, such as hypertension or heart

failure. Notably, changes in caveolin abundance also appeared to be suYcient to modify

the ability of eNOS to interact with other modulators such as the chaperone Hsp90,

resulting in substantial increases in eNOS activity (Feron et al., 2001).

In parallel to the above observations that cholesterol through the modulation of

caveolin gene transcription could aVect eNOS activity, another paradigm dealing with

the eNOS regulation by lipoproteins through the alteration of caveolae homeostasis

was reported by the groups of P. Shaul and E. Smart. Accordingly, in a first set of

studies, Blair et al. (1999) documented that oxidized low density lipoprotein (oxLDL)

caused the displacement of both eNOS and caveolin from caveolae to an internal

membrane fraction containing endoplasmic reticulum and Golgi apparatus (Fig. 3).

In fact, oxLDL was shown to act as acceptors of cholesterol, leading to marked

Figure 3. Regulation of the caveolin–eNOS interaction by oxLDL and HDL. The lipoprotein receptors

CD36 and scavenger receptor class B member 1 (SRB1) are both enriched in caveolae. Oxidized LDL binds

to CD36 and loads itself with cholesterol, leading to a marked depletion of caveolar cholesterol. Consecu-

tively, caveolin and eNOS are translocated to intracellular compartments wherein basal and agonist‐
stimulated NO productions are dramatically reduced. HDL binds to SRBI and provisions cholesterol esters

to the cell, thereby maintaining the integrity of caveolae and even reversing the deleterious eVects of oxLDL.

The normal subcellular location of caveolin and eNOS allows eNOS to be activated when needed and NO to

exert its major function of vascular homeostasis control. (See Color Insert.)
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depletion of caveolae cholesterol and consecutive redistribution of caveolin and eNOS

(but not of other caveolar proteins). Importantly, the intracellular eNOS translocation

led to the attenuation of eNOS activation upon exposure to acetylcholine, yielding a

shift in the dose–response curve to the right by 100-fold; this process was shown to be

independent of co- or posttranslational modifications of eNOS such as myristoylation,

palmitoylation, or phosphorylation.

Further experiments using antibody blockade revealed that these eVects were

mediated through the binding of oxLDL to the class B CD36 receptor (Uittenbogaard

et al., 2000) (see Fig. 3). Other authors further reported that although caveolae isolated

from apoE�/� mouse vessels do not contain eNOS and are not responsive to acetylcho-

line, the eNOS localization to caveolae and acetylcholine-evoked reduction in blood

pressure are conserved in apoE/CD36 double knockout mice (Kincer et al., 2002).

Because of the well-documented negative correlation between high-density lipo-

proteins (HDL) and the atherosclerosis risks induced by oxidative stress, the same

authors tested whether HDL could prevent the adverse eVects of oxLDL described

previously. Amazingly, they found that the addition of HDL to medium containing

oxLDL not only prevented the depletion of caveolar cholesterol and the eNOS

displacement from caveolae but also restored the Ach-induced activation of the

enzyme (Fig. 3). They further documented that the ability of HDL to maintain the

concentration of caveolae-associated cholesterol was due to the provision of choles-

terol esters and not to the inhibition of cholesterol transfer from caveolae to oxLDL

(Kincer et al., 2002). Interestingly, the scavenger receptor BI, the principal HDL

receptor, was found to be highly enriched in endothelial cell caveolae and the use of

SR-BI blocking antibody prevented the restoration of both the eNOS localization and

activation by HDL (Yuhanna et al., 2001) (see Fig. 3). Also, HDL was documented to

induce NO-dependent dilation and enhanced Ach-induced relaxation of aorta from

wild-type mice but not from SR-BI knockout mice. More recently, Mineo et al. (2003)

reported that HDL stimulates eNOS through common upstream, Src-mediated sig-

naling, which leads to parallel activation of Akt and mitogen-activated protein (MAP)

kinases and their resultant independent activation of eNOS.

IV. CAVEOLIN, eNOS, AND ANGIOGENESIS

Angiogenesis is a complex process that involves a series of discrete phases, includ-

ing endothelial cell migration, proliferation, and diVerentiation. In 1999, Liu et al.

documented that, consistently with previous evidence that caveolin-1 is a negative

regulator of cell proliferation, treatment of endothelial cells with a variety of growth

factors including vascular endothelial growth factor (VEGF) and basic fibroblast

growth factor (bFGF) resulted in the downregulation of caveolin-1 and disappearance

of caveolae from cell surface. In good agreement with this study, GriVoni et al. (2000)
reported that active (but not the scrambled) caveolin antisense oligodeoxynucleotides

dramatically reduced vessel formation in the chorio-allantoic membrane assay. More

recently, Liu and colleagues, by using superconfluent endothelial cells, showed that
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caveolin-1 levels were actually transiently upregulated during the endothelial cell diVer-
entiation process (e.g., just prior to endothelial tube formation) (Liu et al., 2002). After

these first studies, the temptation was great for many investigators to explore how nitric

oxide, a key angiogenic mediator acting downstream of VEGF, was related to these

changes in caveolin abundance considering the exquisite regulation of eNOS activity by

the scaVold protein.

Evidence of this link came from a study using statins or HMGCoA reductase

inhibitors. As mentioned above, these drugs exert direct beneficial eVects on the

endothelium through an increase in eNOS activity partly mediated by a decrease in

caveolin abundance (Feron et al., 2001), thereby eventually correcting the deleterious

eVects of an increased caveolin expression triggered by high LDL-cholesterol levels

(Feron et al., 1999). Brouet et al. (2001b) found that statins could stimulate tube or

precapillary formation from endothelial cells cultured on reconstituted basement

membrane matrix (Matrigel). Interestingly, while in macrovascular endothelial cells

the pro-angiogenic eVects of statins could be attributed to a decrease in caveolin

abundance (e.g., in its inhibitory interaction with eNOS) (see Fig. 4), the role of

caveolin was diVerent in microvascular endothelial cells. In these cells, statins did

not influence the abundance of caveolin protein. More exactly, the much larger pool of

caveolin in microvascular endothelial cells (e.g., up to 10-fold higher than that of

macrovascular endothelial cells) was not significantly reduced by the statin treatment

to aVect the regulation of eNOS activity. In fact, in microvascular endothelial cells,

statins stimulated eNOS activity and angiogenesis through the recruitment of the

chaperone protein hsp90 and consecutively of Akt that phosphorylates eNOS on

Serine 1177. Still, Brouet et al. (2001b) showed that in the presence of an excess of

the caveolin scaVolding domain-derived peptide, statins failed to induce the formation

of the eNOS/Hsp90/Akt multicomplex and the associated endothelial tube formation

on Matrigel. The calcium chelator BAPTA exerted similar blocking eVects, indicating
that statins first need to disrupt the caveolin–eNOS interaction by the classical increase

in calcium–calmodulin complex to be active and stimulate angiogenesis. In a parallel

study Brouet and colleagues documented that this sequence of events leading to eNOS

activation was also true for VEGF signaling, making caveolin an important control

point for angiogenesis regulation (Brouet et al., 2001a).

Very recently, several groups of investigators directly explored this latter concept

in in vivo experiments. Accordingly, the role of caveolin in tumor angiogenesis was

examined. Gratton et al. (2003) reported that the caveolin scaVolding domain-derived

peptide was able to block the NO-dependent increase in vascular permeability in

tumors and thereby to block endothelial cell migration and exert anti-angiogenic

eVects by preventing the formation of a provisional matrix from the extravasated

plasma protein (see below). In the same framework, Sonveaux et al. (2002) showed

that the exposure of endothelial cells to ionizing radiations, as those administered

during cancer radiotherapy, led to a decrease in caveolin abundance. This event,

together with a direct increase in eNOS abundance, accounted for an increase in NO

production, mediating stimulation of endothelial cell migration and re-organization in

tubes (Sonveaux et al., 2003). This study indicates that irradiation may be endowed
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with collateral eVects conferring resistance to tumors through the induction of angio-

genesis that may participate in tumor regrowth after treatment.

Paradoxically, we and others found that angiogenesis was defective in mice

deficient for caveolin (Cav�/�). Accordingly, Woodman et al. (2003) reported that in

Cav�/� mice, implanted Matrigel plugs and subcutaneously injected melanoma re-

sulted in a dramatic reduction in both vessel infiltration and density, as compared with

wild-type Cavþ/þ control mice. We reached similar conclusions by examining the

impact of caveolae suppression in a model of adaptive angiogenesis obtained after

femoral artery resection (Sonveaux et al., 2004). Evaluation of the ischemic tissue

perfusion and histochemical analyses revealed that contrary to Cavþ/þ mice, Cav�/�

and Cavþ/� mice failed to recover a functional vasculature and actually lost part of the

ligated limbs, thereby recapitulating the eVects of the NOS inhibitor L-NAME admi-

nistered to operated Cavþ/þ mice. Isolation of endothelial cells from Cav�/� aorta

Figure 4. Model of the apparent paradoxical regulation of NO‐mediated angiogenesis by caveolin. This

three‐panel scheme represents the relationship between the abundance of caveolin and the NO‐mediated

angiogenesis. Middle panel: the VEGF binding to the VEGFR‐2 receptor leads to the activation of eNOS

through the local increase in intracellular calcium (the endoplasmic reticulum has been located near to

caveolae) and the activation of the PI3K/Akt pathway leading to the phosphorylation of eNOS on Serine

1177. Activation of ERK is also induced upon VEGF exposure and, together with the increase in NO, leads

to endothelial cell migration, proliferation, and reorganization in a new vascular network. Left panel: when

caveolin is increased in the cells, such as after exposure to high levels of LDL cholesterol or expression of

recombinant caveolin, eNOS and ERK are maintained inactivated, preventing full activation on VEGF

exposure and leading to a defect in angiogenesis. Such a negative eVect may be desired to inhibit tumor

neovascularization and thereby block tumor growth. Right panel: in the absence of caveolin, as encountered

in mice deficient for the caveolin gene, the compartmentation of the diVerent actors of the VEGF/NO

signaling cascade is lacking and leads to a decrease in the eYcacy of VEGF to stimulate angiogenesis. (See

Color Insert.)
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allowed them to document that upon VEGF stimulation, NO production and endo-

thelial tube formation were dramatically abrogated when compared with Cavþ/þ

endothelial cells; the presence of a single allele of caveolin (Cavþ/�) was also insuY-
cient to restore normal eNOS activation. The Ser1177 eNOS phosphorylation

and Thr495 dephosphorylation but also the ERK phosphorylation were similarly

altered in VEGF-treated Cav�/� endothelial cells. Caveolin transfection in Cav�/�

endothelial cells redirected the VEGFR-2 in caveolar membranes and restored the

VEGF-induced extracellular signal-regulated kinase (ERK) and eNOS activation (Fig.

4). However, when high levels of recombinant caveolin were reached, VEGF exposure

failed to activate ERK and eNOS, thereby emphasizing the critical role of caveolae in

ensuring the coupling between VEGFR-2 stimulation and downstream mediators of

angiogenesis (Fig. 4).

More generally, these studies emphasize the complexity of the regulation of the

multiple pathways supported by NO production in endothelial cells. Although endo-

thelial cells completely deprived of caveolae is an extreme condition very unlikely to be

reached in any cardiovascular diseases, the 50% reduction in caveolin and the still-

associated functional alterations as observed in Cavþ/� animals make these finding

particularly relevant in the context of cardiovascular diseases. Indeed, important

changes in the absolute or subcellular expression levels of caveolin-1 and -3 have been

reported in hypertension (Piech et al., 2003), hypercholesterolemia (Blair et al., 1999;

Feron et al., 1999; Pelat et al., 2003; Zhu et al., 2003), and cardiomyopathies (Hare

et al., 2000; Piech et al., 2002; Ratajczak et al., 2003; Uray et al., 2003). In all these

disease states, both the “inhibitory” hypothesis (e.g., inhibition proportional to

caveolin levels) and the “compartmentalizing” eVect of caveolin (e.g., receptor/eVector
coupling is either prevented or promoted when/where caveolin is down- or upregu-

lated) need to be integrated to determine the resulting eVects of changes in caveolin

abundance.

V. CAVEOLIN, eNOS, AND ENDOTHELIAL PERMEABILITY

Evidence of a direct link between NO, caveolin, and permeability was reported by

Caldwell and colleagues. In the first of two papers, Feng et al. (1999a) reported that

VEGF-R2 and eNOS colocalize with caveolin-1 in plasma membrane caveolae in

retinal microvascular and aortic endothelial cells and that VEGF increases endothelial

cell permeability by an eNOS-dependent mechanism of transcytosis in caveolae. In a

second paper, Feng et al. (1999b) showed by using confocal microscopy that VEGF

stimulated the translocation of eNOS, caveolin-1, and the VEGF receptor into the

nucleus. They further confirmed by cell fractionation studies that levels of all three

proteins within the caveolar compartment declined in a time-dependent fashion fol-

lowing VEGF treatment. This first set of studies suggested a double role for caveolae

in the context of endothelial permeability: a direct structural implication in transcy-

tosis but also the regulation through caveolin and NO of the transcription of genes

potentially involved in the associated signaling process.
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More recently, Chen et al. (2001) transfected endothelial cells with a green fluo-

rescent protein (GFP)-caveolin vector to enable intravital microscopy of the dynamics

of VEGF-induced caveolin-mediated increase in permeability. The most striking

finding from this study was that upon VEGF exposure, caveolin appeared organized

into elongated cell-spanning structures in endothelial cells. Electron microscopic stud-

ies further illustrated that this transcytotic pathway resulted from an enrichment in

caveolae structures followed by their fission and finally their fusion (see Fig. 5). These

authors also reported that diaphragmned fenestrae were also observed at later time

points after the application of VEGF. Similarly, Yokomori and colleagues had previ-

ously documented by electron microscopy the presence of eNOS and caveolin-1 on the

plasma membrane of sinusoidal endothelial fenestrae in liver tissue as well as in

isolated sinusoidal endothelial cells (Yokomori et al., 2001). These observations sup-

port the idea that fusion of caveolae eventually leads to the biogenesis of fenestrae or

at least to clusters of vesicles allowing direct communication between opposite poles of

endothelial cells. This later paradigm has been extensively described by Dvorak and

Figure 5. Implication of caveolin and eNOS in endothelial cell permeability. NO is known to regulate the

paracellular permeability (e.g., the transport through the intercellular junctions), but the location of eNOS in

caveolae makes the role of NO more complex. Indeed, the other major mode of permeability, transcytosis

either through the fission of caveolae and transport from one pole of the cell to the other or through fusion of

several caveolae to form vesicular‐vacuolar organelles (VVO) or channels connecting each pole of the cell,

requires caveolae and caveolin. It is therefore likely that alteration in transcytotic permeability will aVect

caveolin function and thereby the eNOS locale and regulation. In the bottom of the figure, the phenotypes

observed in mice deficient for eNOS or caveolin gene are illustrated. In eNOS�/� mice, transcytosis is the

major mode of permeability in endothelial cells, whereas in Cav�/� mice, paracellular transport is mostly

involved in macromolecules transport and becomes exquisitely sensitive to the NOS inhibitor L‐NAME. The

eYcacy of this pathway is even increased when compared to wild‐type mice (in order to compensate for the

lack of caveolae). (See Color Insert.)
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Feng (2001) in venules in which cytoplasmic vesicles (caveolae) and vacuoles are

proposed to organize into prominent clusters called vesiculo-vacuolar organelles

(VVOs) (see Fig. 5). Whether fenestration results from the fusion of caveolae is,

however, still under debate (Esser et al., 1998; Vasile et al., 1999), but recent studies

have shown that at least for glomerular endothelial cells, fenestrae are still formed in

caveolin-1-deficient mice (Sorensson et al., 2002).

A series of studies either dealing with caveolin-derived peptides or using caveolin-

deficient mice followed these initial reports and allowed the better understanding of

the multiple roles of caveolae in the regulation of NO-mediated increase in endothelial

cell permeability in physiological conditions but also, interestingly, in the context of

inflammation and tumor angiogenesis. Bucci et al. (2000) examined the eVects of the
caveolin scaVolding domain in two experimental inflammatory models: subplantar

administration of carrageenan and ear application of mustard oil. The caveolin-1

scaVolding domain peptide fused with a cellular internalization sequence (derived

from the Antennapedia homeodomain) was systemically administered and led to the

suppression of acute inflammation and vascular leak to the same extent as the NOS

inhibitor L-NAME. More recently, Gratton et al. (2003) showed that the same fusion

peptide derived from caveolin-1 inhibited eNOS-dependent vascular leakage in estab-

lished tumors and consecutively delayed tumor progression in mice. The tumor vessel

hyperpermeability is, indeed, thought to contribute to the extravasation of plasma

proteins that provide a provisional matrix for the migration of endothelial cells in

order to initiate the new vascular network formation. Through the inhibition of NO-

dependent permeability, the caveolin-derived peptide was therefore proposed to block

angiogenesis. These data emphasize the key role of caveolin and caveolae in regulating

endothelial permeability. Surprisingly, with the dosage regimen that suppressed edema

formation and tumor growth, the caveolin fusion peptide did not influence systemic

blood pressure, administered intraperitoneally but also intravenously. This observa-

tion suggests that the peptide may preferentially inhibit eNOS in the endothelium of

inflamed tissues or tumors (although hemodynamic experiments on non-anesthetized

animals are awaiting).

Caveolin-deficient mice (Cav�/�) also contributed to the understanding of the

permeability process in the endothelium. Amazingly, the development of a compensa-

tory mechanism to palliate the lack of caveolin and caveolae led the group of

M. Lisanti to very informative insights on the relationship between the paracellular

and transcellular modes of permeability (see Fig. 5, lower panel). In a first study,

Schubert et al. reported that both fibroblasts and endothelial cells derived from

caveolin-deficient mice were incapable of endocytosing albumin, a protein normally

transported via transcytosis (Schubert et al., 2001). In a consecutive paper, the same

authors showed that despite the absence of caveolae, caveolin-deficient mice exhibited

an important increase in microvascular permeability (Schubert et al., 2002). In this

study, injected radio-iodinated albumin was cleared from the circulation in Cav�/�

mice at a faster rate than in control mice. Defects in tight junction morphology and in

attachment to the basement membranes led the authors to conclude that the para-

cellular movement of macromolecules was increased in Cav�/� mice. Interestingly,
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they further showed that the use of the NOS-inhibitor L-NAME reversed the micro-

vascular permeability phenotype of Cav�/� mice (Fig. 5). Some questions, however,

about the level of implication of NO remain: did a constitutive activation of eNOS due

to the lack of caveolin directly contribute to the observed alterations in capillaries’

morphology or was the sensitivity to L-NAME in Cav�/� mice observed because of the

compensatory development of the paracellular permeability that is intrinsically more

NO dependent than the transcytotic pathway?

More work is needed, but from the studies described above, it is clear that both

transcytosis (because of the implication of caveolae to form channels or act as

shuttling vesicles) and paracellular permeability (because of the NO dependence of

the phenomenon) can be influenced by the abundance of caveolin and the extent of its

inhibitory interaction with eNOS. Finally, it should be kept in mind that although NO

is usually described as a mediator of increased permeability in endothelial cells, there

are reports claiming that the use of NOS inhibitor increases extravasation of albumin

and macromolecules (Draijer et al., 1995; Kurose et al., 1995). A consensual view

would be that basal NO generation by endothelial cells is necessary for the mainte-

nance of the barrier functions of these cells, whereas high levels of NO stimulate

vascular permeability. From animals deficient in the eNOS gene, it is however clear

that the VEGF-induced increase in vascular permeability is blunted in these mice

(Fukumura et al., 2001).

VI. CAVEOLIN, eNOS, AND VASODILATION

It has been known for a long time that acute changes in pressure or shear stress

induce the rapid release of NO from the vascular endothelium, resulting in vasodila-

tion. Rizzo et al. (1998) reported that increasing vascular flow and pressure in situ

rapidly activate caveolar eNOS with apparent eNOS dissociation from caveolin and

association with calmodulin. Similarly, Omura et al. (2001) documented that eicosa-

pentaenoic acid stimulated NO production in endothelial cells in situ and induced

endothelium-dependent relaxation of precontracted coronary arteries by inducing the

dissociation of eNOS from caveolin.

The paradigm of the caveolin abundance being critical to account for the dilatory

capacity of vessels is also illustrated in pathological models. In a model of portal

hypertension, Shah et al. (2001) found that caveolin protein levels from detergent-

soluble liver lysates are significantly increased within sinusoids and venules and are

associated with a significant reduction in NOS catalytic activity. Also, Pelligrino et al.

(2000), by comparing ovariectomized rats and ovariectomized rats treated with

17beta-estradiol for 2 weeks, found that in vivo acetylcholine-induced vasodilation of

the pial artery was absent in the former and restored in the latter. They further

documented that these results were in part due to the estradiol-associated diminution

in endothelial caveolin-1 (CAV-1) expression.

Using isolated tumor arterioles mounted on a pressure myograph, Sonveaux et al.

(2002) documented that local tumor irradiation induced NO-mediated vasorelaxation

The Caveolin Interaction with Endothelial Nitric Oxide Synthase (eNOS) 103



through an increase in the abundance of the endothelial NO synthase but also a

dramatic decrease in caveolin-1 abundance. The potentiation of the NO-dependent

pathway was further shown to induce a marked increase in tumor blood flow and

oxygenation as well as the delivery of drugs into the tumor.

In the two original papers reporting the phenotype of caveolin-deficient mice by the

groups of T. Kurzchalia and M. Lisanti, the role of caveolae in endothelium-dependent

andNO-mediated vascular relaxationwas studied in isolated aortic rings (Drab et al., 2001;

Razani et al., 2001). For this purpose, they employed phenylephrine (an �1-adrenergic

receptor agonist) as a vasoconstrictor and acetylcholine (Ach) to induce NO-dependent

relaxation. Upon achieving a contractile tone with phenylephrine (that was oscillating and

less important in Cav�/� mice), relaxation was induced by adding Ach in gradually

increasing doses. A significantly greater relaxation was observed in Cav-1 null aortic rings

at all acetylcholine concentrations examined. The two groups used diVerent approaches to
clarify whether this diVerence was dependent on the NO pathway. Drab and colleagues

directly measured eNOS activity in primary cell culture of aortic vascular smooth muscle

cells (Drab et al., 2001). Accordingly, the basal release of NO, as measured with a selective

microelectrode, was one-third higher than in wild-type cells, and the content of cyclic

guanosine monophosphate (cGMP, the major mediator of NO signaling) was about

threefold higher in knockout animals. Razani et al. (2001) chose to expose aorta rings to

the NOS inhibitor L-NAME and found that the increase in the contractile response

to phenylephrine was significantly greater for the Cav-1 null mice and reached a steady-

state indistinguishable from that observed in the wild-type mice. Thus, both studies led to

the conclusion that eNOS become hyperactivated in the absence of caveolin-1.

VII. CONCLUSION

Together with the other studies reviewed in this chapter and although caveolin-

deficient mice are viable, the above described dissection of the vascular phenotype of

the caveolin-1-deficient mice provides clear evidence that the structural protein caveo-

lin-1 and caveolae are essential for the control of NO production and the many

functions mediated by this signal-transducing molecule in the cardiovascular system.

More generally, among the responses to the many incoming pathways integrated in the

caveolar organelles, NO appears today as one of the major signal emanating from

these signaling platforms.
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I. INTRODUCTION

The hormone estrogen has both slow genomic actions and rapid nongenomic

actions in a variety of cell types. Recent work indicates that the rapid responses are

mediated by a subpopulation of plasma membrane-associated estrogen receptors

(ERs). The mechanisms of action of plasma membrane-associated ERs have been

elucidated in considerable detail in endothelial cells, in which estrogen causes rapid

stimulation of nitric oxide (NO) production by endothelial NO synthase (eNOS)

(Caulin-Glaser et al., 1997; Lantin-Hermoso et al., 1997; Chen et al., 1999). This

chapter reviews studies that localized eNOS activation by estrogen to the plasma

membrane of endothelial cells, and then addresses additional experiments that im-

plicated a subpopulation of plasma membrane-associated ER�. The further locali-

zation of ER�–eNOS coupling to endothelial cell caveolae is then discussed, followed

by a review of comparable localization and action of a subpopulation of caveolae-

associated ER� in endothelium. The role of G-proteins in ER� coupling to eNOS

is also considered. Last, additional intricacies about the identity of ERs in caveolae
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are addressed. The cumulative observations that will be reviewed oVer compelling

evidence that caveolae provide a signaling module in which plasmamembrane-initiated

ER signaling is organized.

II. ESTROGEN AND eNOS ACTIVATION

Estrogen has important atheroprotective properties that are at least partially

related to its capacity to enhance the bioavailability of NO (Farhat et al., 1996;

Mendelsohn and Karas, 1999; Miller, 1999). NO is a potent regulator of blood

pressure, platelet aggregation, leukocyte adhesion, and vascular smooth muscle mito-

genesis that is produced in the vascular wall primarily by eNOS upon the conversion of

the substrate L-arginine to L-citrulline (Moncada and Higgs, 1993). The function of

the L-arginine/eNOS system is altered in a variety of vascular disorders (Harrison,

1997).

Experiments in cultured endothelial cells directly demonstrated that estradiol (E2)

rapidly stimulates eNOS activity, that the response is attenuated by ER antagonism

but not by inhibiting gene transcription, and that ER� is expressed in endothelium

(Lantin-Hermoso et al., 1997; Chen et al., 1999). In addition, the overexpression of

ER� in endothelial cells causes enhancement of the acute response to E2 that is

blocked by ER antagonism, specific to E2 versus other agonists, and dependent on

the ER� hormone-binding domain. Furthermore, in COS-7 cells that do not constitu-

tively express ER or eNOS, the acute stimulation of eNOS by E2 can be demonstrated

in a reconstitution paradigm (Chen et al., 1999). There is evidence that the tyrosine

kinase-mitogen-activated protein (MAP) kinase signaling pathway is involved (Chen

et al., 1999) and that there is recruitment of the phosphatidylinositol 3 (PI3) kinase–

Akt pathway that may entail direct interaction between ER� and the p85 subunit of

PI3 kinase to ultimately cause Akt-mediated eNOS phosphorylation (Haynes et al.,

2000; Simoncini et al., 2000). Furthermore, the latter processes are mediated by Src

kinase (Haynes et al., 2003). Thus, the short-term eVects of estrogen on eNOS that are

central to cardiovascular physiology are mediated by ER� functioning in a novel,

nongenomic manner, and multiple signal transduction events are likely to participate.

III. LOCALIZATION OF eNOS ACTIVATION BY E2 TO

PLASMA MEMBRANE

Studies employing immunoidentification or conjugated estrogen have suggested

that a subpopulation of ER may be associated with the cell surface in certain cell types

(Watson and Gametchu, 1999; Russell et al., 2000). There is strong evidence that

eNOS is targeted to the endothelial plasma membrane, particularly to caveolae, which

are specialized, cholesterol-rich domains that compartmentalize signal transduction

(Garcia-Cardena et al., 1996; Shaul et al., 1996; Shaul and Anderson, 1998). To begin

to determine the subcellular site of interaction between ER� and eNOS, stimulation of
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the enzyme by E2 was evaluated in isolated plasma membranes from ovine endothelial

cells by measuring 3H-L-arginine conversion to 3H-L citrulline (Chambliss et al.,

2000). In the absence of added calcium, calmodulin, or cofactors, NOS activity was

detectable in quiescent membranes, yielding 2.4 � 0.1 pmol citrulline/mG-protein/min

(n ¼ 4). This basal level of NOS activity was inhibited by calcium chelation. In

the absence of added calcium, calmodulin, or cofactors, 10�8 M E2 (15 min) caused

a 92% increase in NOS activity compared to basal levels (Fig. 1A). In contrast to

17�-estradiol (E2), 17�-estradiol had no eVect on NOS activity (data not shown).

Figure 1. Activation of eNOS by ER in endothelial cell plasma membranes. (A) EVect of E2 on NOS

activity. 3H‐L‐arginine conversion to 3H‐L‐citrulline was measured in isolated plasma membranes in the

absence (basal) or presence of 10�8 M E2 and in the absence or presence of the exogenous eNOS cofactors,

Ca2þ and calmodulin (CM). (B) Time course of the eVect of E2 on NOS activity. Incubations were performed

without added cofactors, Ca2þ and CM, in the absence (basal) or presence of 10�8 M E2 for 15 to 60 min.

(C) EVect of ER antagonism on response to E2. NOS activation was measured without added cofactors,

Ca2þ or CM, in the absence (basal) or presence of 10�8 M E2, with or without 10�5 M ICI 182,780 added.

(D) EVect of ER� antibody on response to E2. Incubations were performed without added cofactors, Ca2þ

or CM, in the absence (basal) or presence of 10�8 M E2 with or without antibody to ER� (TE111) or

unrelated IgG added. Values are mean � SEM, n ¼ 4–6, �p < 0.05 vs basal, {p < 0.05 vs E2 alone. Reprinted

with permission from Chambliss et al. (2000).
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Maximal NOS activity was assessed by replacing E2 with a mixture of calcium,

calmodulin, and cofactors, yielding a 170% rise in activity compared to no additives;

E2 (10
�8 MÞ did not enhance this activity. These observations indicate that all of the

signal transduction machinery required for eNOS stimulation by E2 is associated with

the plasma membrane. Since E2 alone activates the enzyme to approximately half of

maximal levels, the response is quite robust. Time course experiments with E2 alone

revealed a progressive, linear increase in NOS activity during the first 30 min of

incubation, followed by a plateau (Fig. 1B). This contrasts with NOS activity

with added calcium, calmodulin, and cofactors, which displayed linearity with time

for at least 120 min (data not shown). As such, the availability of one or more of

these molecules may be limited in the isolated membranes. In intact cells there are

most likely mechanisms that replenish these factors in the locale of the plasma

membrane.

The role of ER in E2 activation of plasma membrane eNOS was examined using

the ER antagonist ICI 182,780 (Fig.1C). E2-stimulated NOS activity was prevented

by ICI 182,780. In addition, antibody to the ligand binding domain of ER� (TE111),

the first cloned ER subtype, blocked E2-stimulated NOS activation, whereas unre-

lated IgG had no eVect (Fig. 1D). These findings indicate that the response to E2 is

mediated by an ER or ER-like protein associated with the endothelial cell plasma

membrane.

IV. CHARACTERIZATION OF PLASMA MEMBRANE ER IN

ENDOTHELIAL CELLS

The plasma membrane-associated ER in endothelial cells was characterized in

immunoidentification experiments that compared the plasma membrane ER with

cytosolic and nuclear ER using antibodies directed against three diVerent ER� epi-

topes. Antibodies directed against amino acids 495–595 (AER320), 302–553 (TE111),

or 120–170 of human ER� (AER304) all detected a single 67-kDa protein species in

endothelial cell plasma membranes that was identical in size to the protein detected in

nuclear and cytosolic fractions (Fig. 2A). To confirm these observations, it was

determined that epitope-tagged ER� (ER�-myc) introduced into COS-7 cells is tar-

geted to plasma membrane (Fig. 2B). Whereas antibody to ER� revealed no signal in

sham-transfected cells, there was positive signal for ER� of comparable size in

nucleus, cytosol, and plasma membrane from cells transfected with ER�-myc. In

parallel, immunoblot analysis with antibody to the myc tag revealed no signal in

sham-transfected cells, but a similarly sized protein was detected in the nucleus,

cytosol, and plasma membranes of cells expressing the tagged receptor. These cumu-

lative findings indicate that E2-stimulated eNOS activity is mediated by a subpopula-

tion of ER� that is associated with the endothelial plasma membrane.

The importance of plasma membrane colocalization for ER�-stimulated eNOS

activity was evaluated in a reconstitution paradigm in COS-7 cells. Plasma membranes
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from cells expressing eNOS and ER� displayed rapid ER-mediated NOS stimulation,

whereas membranes from cells expressing eNOS alone or ER� plus myristoylation-

deficient mutant eNOS were insensitive. In fact, membranes from cells expressing

myristoylation-deficient mutant eNOS and ER� displayed a decline in NOS activity

with E2 that was partially reversed by ICI 182,780. Because myristoylation-deficient

mutant eNOS is minimally directed to the plasma membrane but is unaltered in

enzymatic activity (Shaul et al., 1996), these findings indicate that both normal plasma

membrane targeting of eNOS and localization of ER� to that site are required for

eNOS activation by E2 (Chambliss et al., 2000).

Figure 2. Characterization of plasma membrane‐associated ER in endothelium. (A) Immunoblot analysis

for ER� in endothelial cell nucleus (Nuc), cytosol (Cyt), and plasma membrane (PM). The monoclonal

antibodies employed were directed against amino acids 495–595 (AER320), 302–553 (TE111), or 120–170

(AER304) of human ER�. (B) Targeting of epitope‐tagged ER� to plasma membranes. Following transient

transfection of COS‐7 cells with myc‐tagged ER�, immunoblot analysis was performed for ER� and myc on

cell fractions. Whole cell lysate from a prior COS‐7 cell transfection was used as a positive control (Con).

Results are representative of three independent experiments. (C) Localization of ER�–eNOS interaction to

caveolae. Immunoblot analyses were performed for ER� and caveolin‐1 in noncaveolae membranes (NCM)

and caveolae membranes (CAV) obtained from endothelial cell whole plasma membranes. Results are

representative of three independent experiments. (D) E2‐mediated activation of eNOS in endothelial cell

caveolae membranes. 3H‐L‐arginine conversion to 3H‐L‐citrulline was measured in noncaveolae and caveo-

lae membranes obtained from endothelial cell plasma membranes. Membrane incubations were performed

without added eNOS cofactors, Ca2þ or calmodulin, in the absence (basal, B) or presence of 10�8 M E2 with

or without 10�5 M ICI 182,780 added. NOS activity was undetectable in noncaveolae fractions in all groups,

and it was also not detected in caveolae under basal conditions. Values are mean � SEM, n ¼ 4–6, �p < 0.05

vs basal, {p < 0.05 vs E2 alone. Reprinted with permission from Chambliss et al. (2000).
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V. LOCALIZATION OF ERa–eNOS COUPLING TO CAVEOLAE

Because plasma membrane eNOS is exclusively localized to caveolae (Shaul et al.,

1996), further experiments were done to determine whether ER� protein is also

associated with this subfraction of endothelial cell plasma membranes. Immunoblot

analysis for caveolin-1 confirmed separation of caveolae and noncaveolae fractions

(Fig. 2C). ER� protein was detected in caveolae, and it was also detected in the

noncaveolae fraction, but to a lesser extent.

Experiments were then performed to evaluate the capacity of E2 to activate eNOS

in isolated caveolae and noncaveolae fractions (Fig. 2D). In the absence of added

calcium, calmodulin, or cofactors, there was no measurable NOS activity in the

noncaveolae fraction under basal conditions or with E2 added. Basal NOS activity

was also below detection limits in caveolae membranes. However, 10�8 M E2 caused

robust activation of NOS in caveolae membranes, and this eVect was prevented by ICI

182,780. These data strongly indicate that ER� and all of the additional molecular

machinery requisite for E2-mediated activation of eNOS exist in a functional signaling

module in endothelial caveolae. Such a proposition is consistent with the known

clustering of several members of the MAP kinase pathway implicated in rapid estrogen

signaling, including Src and extracellular signal-regulated kinases (ERKs), in caveolae

(Okamoto et al., 1998). Since ER� was found in both caveolae and noncaveolae

fractions and eNOS is solely in caveolae (Shaul et al., 1996), the specificity of ER�
coupling to eNOS to caveolae is evidently due to the localization of the eVector, and
not the receptor, in the microdomain. Furthermore, the eVect of E2 on eNOS

in caveolae is prevented by calcium chelation (Chambliss et al., 2000), suggesting that

ER� activation in caveolae modifies the local calcium environment.

VI. COMPARABLE ROLE OF ERb IN ENDOTHELIAL CAVEOLAE

Following the demonstration of a subpopulation of ER� in endothelial caveolae,

the potential nongenomic actions of the other ER subtype, ER�, were investigated

after it was determined that the endothelium expresses both isoforms of the receptor

(Chambliss et al., 2002). In immunoblot analyses of endothelial subcellular fractions,

identically sized ER� protein was present in the nucleus, cytoplasm, and plasma

membrane as seen previously (Figs. 2A and 3A). Similarly, identically sized ER�
protein was detected in the nucleus, cytoplasm, and plasma membrane (Fig. 3A).

These observations were confirmed in evaluations of the subcellular localization of

transfected ER� and ER� in COS-7 cells (Fig. 3B). In experiments employing isolated

endothelial cell plasma membranes, the ER�-selective antagonist RR-tetrahydrechry-

sene (THC) blunted E2 activation of eNOS (Fig. 3C). In addition, ER� protein was

detected and THC attenuated E2 stimulation of eNOS in isolated endothelial caveolae

(Fig. 3D and E), and functional ER�–eNOS coupling was recapitulated in caveo-

lae from transfected COS-7 cells (Fig. 3F). These findings in the ER–eNOS paradigm
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Figure 3. ER� is localized and functional in endothelial cell caveolae. (A) Immunoblot analyses were

performed on equal amounts of endothelial cell nucleus (Nuc), cytoplasm (Cyt), and plasma membrane (PM)

using antibodies derived against amino acids 302–553 and 467–485, respectively, of ER� and ER�. (B)

Parallel studies were performed using subfractions of COS‐7 cells transfected with either ER� or ER�

cDNA. The findings shown in (A) and (B) are representative of three independent experiments. (C) EVect of

ICI 182,780 (10�5 M) and THC (10�7 M) on E2ð10�8 MÞ‐mediated eNOS activation in isolated endothelial

cell plasma membrane. 3H‐L‐arginine conversion to 3H‐L‐citrulline was measured over 60 min. Results are

expressed as percent of activity induced by E2. Values are mean � SEM, n ¼ 3, �p < 0.05 vs E2 alone. (D)

Immunoblot analysis for ER� and ER� in endothelial cell noncaveolae (NCM) and caveolae (CAV)

membrane fractions. Caveolin‐1 and RACK1 protein abundance were also determined to assess fraction

separation. Results shown are representative of three independent studies. (E) EVect of ICI 182,780 and

THC on E2‐mediated eNOS activation in isolated endothelial cell caveolae membranes. 3H‐L‐arginine
conversion to 3H‐L‐citrulline was measured over 60 min. Results are expressed as percent of activity

stimulated by E2. Values are mean � SEM, n ¼ 3, �p < 0.05 vs E2 alone. (F) E2‐stimulated eNOS activity in

noncaveolae and caveolae membranes from COS‐7 cells expressing ER� and eNOS. Experiments were

performed as described in (E). E2‐stimulated NOS activity was not detected in caveolae from cells expressing

eNOS alone (data not shown). Values are mean � SEM, n ¼ 3,�p < 0.05 vs noncaveolae. Reprinted with

permission from Chambliss et al. (2002).
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Figure 4. Role of G‐proteins in E2‐stimulated eNOS activity. (A) EVect of pertussis toxin (PT) on eNOS

stimulation in endothelial cells. Intact cells were pretreated with vehicle or 100 ng/ml PT, and 3H‐L‐arginine
conversion to 3H‐L‐citrulline was assessed under basal conditions (B) or in the presence of 10�5 M

acetylcholine (Ach) or 10�8 M E2 in the continued presence of vehicle or PT. (B) EVect of exogenous

GDP�S on eNOS stimulation in endothelial cell plasma membranes. The conversion of 3H‐L‐arginine to
3H‐L‐citrulline was measured in purified plasma membranes incubated under basal conditions (B) or in the

presence of 10�8 M E2, in buVer alone or buVer plus 2 mMGDPbS. (C) EVect of PT on eNOS stimulation in
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indicate that the capacity for nongenomic action in caveolae is not limited to ER� but

is instead also a characteristic of ER�.

VII. G-PROTEINS AND ER COUPLING TO eNOS

The basis by which signaling events are initiated by plasma membrane ER�
stimulation is poorly understood (Mendelsohn, 2000). The best-described agonists

for eNOS, acetylcholine and bradykinin, activate specific plasma membrane-

associated G-protein-coupled receptors (GPCR) (Liu et al., 1995; Vanhoutte, 1997).

G-proteins are heterotrimers of �, �, and � subunits (G���) that dissociate into G� and

G�� upon GPCR stimulation; activated G� and/or G�� then modulate the activity of

downstream eVectors. The � subunits are divided into four subfamilies: G�s, G�i, G�q,

and G�12/13 (Gilman, 1995; Wess, 1998). To better understand the mechanisms respon-

sible for plasma membrane-associated ER� action in the eNOS paradigm, the poten-

tial role of G-proteins was investigated (WyckoV et al., 2001). The first strategy was to

evaluate E2-stimulated eNOS activity in the absence or presence of pertussis toxin

treatment, which inhibits G� function by causing ADP ribosylation of a conserved

cysteine at the fourth position (Carty, 1994). Intact endothelial cells were pretreated

with vehicle or pertussis toxin and exposed to either the known GPCR agonist

acetylcholine (10�5 M) or E2ð10�8 MÞ for 15 min (Fig. 4A). In the absence of pertussis

toxin, acetylcholine and E2 caused comparable NOS stimulation. eNOS activation by

acetylcholine was fully blocked by pertussis toxin, and eNOS stimulation by E2 was

similarly aVected. The inhibition of ER-mediated eNOS activation by pertussis toxin

implicates G�i subfamily members only, of which G�i is expressed in endothelial cells,

whereas G�o is not (Carty, 1994; Gilman, 1995; Neer, 1995). In addition, exogenous

GDP�S attenuated eNOS stimulation by E2 in isolated endothelial cell plasma mem-

branes (Fig. 4B). The plasma membrane preparations presumably contained suYcient

endogenous GTP, the predominant guanine nucleotide in cells, to yield ER- and

G-protein-mediated eNOS activation. The role of G�i was further supported by the

finding that pertussis toxin blocked E2-stimulated NOS activity in COS-7 cells trans-

fected with eNOS and ER� (Fig. 4C). These cumulative data indicate that G�i

mediates estrogen stimulation of eNOS. Interestingly, pertussis toxin also prevents

E2-mediated phosphorylation of MAP kinase in endothelial cells (data not shown),

indicating that G-protein coupling occurs proximal to tyrosine kinase–MAP kinase

activation in the series of events leading to eNOS stimulation.

Potential interactions between plasma membrane ER� and G� proteins were then

evaluated in coimmunoprecipitation studies usingCOS-7 cells transfected with ER� and

G�i2, G�q, orG�s (Fig. 5A). Immunoprecipitation was performed 48 hr after transfection

COS‐7 cells. Cells were transfected with ER� and eNOS cDNA, and 48 hr later 3H‐L‐arginine conversion to
3H‐L‐citrulline was measured in intact cells under basal conditions (B) or in the presence of 10�8 M E2, with

or without PT pretreatment. Values are mean � SEM, n ¼ 3. �p < 0.05 vs basal, {p < 0.05 vs no PT or no

GDP�S. Reprinted with permission from WyckoV et al. (2001).
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with ER� antibody on plasma membranes from cells treated with vehicle or 10�8 M E2

for 20 min. Equivalent expression of transfected ER� and G� proteins between study

groups was confirmed by Western blot analysis of whole cell lysates. In plasma mem-

branes from quiescent cells, G�i, G�q, and G�s were minimally coimmunoprecipitated

with ER�. However, the association of G�i with ER� was markedly greater following

Figure 5. Interaction of plasma membrane ER� and G� proteins. (A) Coimmunoprecipitation of ER� and

G�i, G�q, or G�s in COS‐7 cell plasma membranes. Cells were transfected with ER� and G�i, G�q, or G�s

cDNAs, and 48 hr later cells were treated with vehicle or 10�8 M E2 for 20 min. Plasma membranes were

isolated and immunoprecipitation (IP) was done with ER� antibody. Western blot (WB) analyses were

performed on whole cell lysates and plasma membrane immunoprecipitates for ER� and G�i, G�q, or G�s.

The band below the ER� or G� plain band in the IP samples is IgG heavy chain. (B) Coimmunoprecipitation

of ER� and G�i in endothelial cell plasma membranes. Endothelial cells were treated with vehicle or

10�8 M E2 for 20 min, plasma membranes were isolated, and IP was done with ER� antibody. WB analyses

were performed on immunoprecipitates for ER� and G�i. Results shown are representative of three

independent experiments. Reprinted with permission from WyckoV et al. (2001).
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E2 stimulation. In contrast, the association of G�q and G�s with ER� remained

negligible after E2 treatment. In studies of comparable interactions between endogenous

ER� andG�i in endothelial cells, parallel observations were made (Fig. 5B). Thus, ER�
activation by agonist leads to interaction between the receptor and G�i.

Upon stimulation of classical GPCR, the activated G� or G�� subunit modulates

the activity of downstream eVectors (Neer, 1995). The potential roles of activated G�

or G�� in E2-induced activation of eNOS were distinguished by assessing the impact

of overexpression of G�i2 in COS-7 cells expressing ER� and eNOS. Whereas basal

eNOS activity was unchanged by cotransfection with G�i2, G�i2 overexpression aug-

mented E2-mediated eNOS stimulation threefold, and pertussis toxin completely

blocked the enhanced response (Fig. 6A). The role of activated endogenous G�i was

further substantiated in experiments assessing the eVect of overexpression of a protein

Figure 6. Activated G�i mediates downstream signaling leading to NOS stimulation. (A) EVect of G�i over-

expression on eNOS stimulation by E2 in COS‐7 cells. Cells were transfected with cDNAs for ER� and eNOS,

and either sham vector or G�i cDNA. 3H‐L‐arginine conversion to 3H‐L‐citrulline was assessed in intact cells

48 hr later under basal conditions (B) or in the presence of 10�8 M E2, with or without prior pertussis toxin

treatment (PT) and the continued presence of vehicle or PT. (B) EVect of RGS4 overexpression on eNOS

stimulation byE2 in COS‐7 cells. Cells were transfected with cDNAs for ER� and eNOS, and either sham vector

or RGS4 cDNA. The conversion of 3H‐L‐arginine to 3H‐L‐citrulline was measured in intact cells 48 hr later

under basal conditions (B) or in the presence of 10�8M E2. Values are mean� SEM, n¼ 3. �p< 0.05 vs basal,
{p < 0.05 vs no PT, § p < 0.05 vs sham. Reprinted with permission fromWyckoV et al. (2001).
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regulator of G-protein signaling (RGS), RGS4. RGS4 attenuates signaling by accel-

erating the GTPase activity of members of the G�i and G�q subfamilies, but not those

of G�s or G�12/13 (Huang et al., 1997). In COS-7 cells expressing ER� and eNOS that

were cotransfected with RGS4 cDNA, E2-mediated eNOS stimulation was decreased

by 90% compared to sham-transfected cells (Fig. 6B). These cumulative observations

indicate that activated G�i mediates the downstream signaling processes that ultimate-

ly couple ER to eNOS in caveolae. In addition to explaining the proximal events

underlying nongenomic eVects of estrogen in endothelial cells, these observations

provide further support for a role for caveolae-associated ER� and G-protein cou-

pling in nongenomic actions of estrogen in other cell types such as osteoblasts and

macrophages (LeMellay et al., 1997; Benten et al., 2001). It is proposed that the

processes by which plasma membrane ER� are localized to caveolae and coupled to

partner signaling molecules such as G�i constitute not only the basis of nongenomic

estrogen action in vascular and nonvascular cells, but also the means by which other

steroid hormones have important nonnuclear eVects.

VIII. ADDITIONAL INTRICACIES ABOUT ER IN CAVEOLAE

Although multiple approaches in endothelium suggest that the ERs in caveolae are

identical to the classical subtypes ER� and ER� known best for their nuclear actions,

other possibilities must be considered. Studies in an immortalized human endothelial

cell line, EA.hy926, indicate that a 46-kDa ER (ER46), which is an N-terminal

truncated product of full-length ER� (66–67 kDa), is localized to the plasma mem-

brane. Using flow cytometry and immunofluorescence, it has been shown that the C

terminus, and not theN terminus, of ER46 is antibody accessible on the plasma mem-

brane. In addition, there is evidence of estrogen-induced, palmitoylation-dependent

plasmamembrane recruitment of ER46with reorganization in caveolae (Li et al., 2003).

In a rat hypothalamic endothelial cell line (D12), both plasma membrane and nuclear

ER that display similar aYnities to E2 are expressed, but competition assays have

revealed diVering aYnities for certain ER ligands. Immunoblot analysis with antibodies

to ER� showed that the plasmamembrane-associated receptor is identical in molecular

mass to classical ER� and that the protein is enriched in caveolae. Thus, in D12 cells the

caveolae-associated ER appears to be similar to, but biochemically distinguishable

from, classical nuclear ER� (Deecher et al., 2003). In a non-endothelial cell paradigm,

namely, mouse neocortex, there is evidence of a novel caveolae-associated ER.

In neocortical explants both 17�-estradiol and 17�-estradiol cause rapid ERK activa-

tion, and a 62–63 kDa protein that is neither ER� nor ER� but immunoreactive for the

ligand-binding domain of ER� has been identified in caveolae. Contrasting with neo-

cortical ER�, which is developmentally regulated and intranuclear, and neocortical

ER�, which is expressed throughout life and intranuclear, the caveolae-associated ER is

found in postnatal but not adult wild-type and estrogen receptor knockout neocortical

and uterine plasma membranes (Toran-Allerand et al., 2002). As such, it should not be

assumed that caveolae-associated ERs are exclusively either classical ER� or classical
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ER�, and detailed studies are required to clearly identify the relevant receptor protein(s)
in diVerent model systems.

IX. SUMMARY AND FUTURE DIRECTIONS

It is now apparent that a subpopulation of ER� and ER�, or a closely related

receptor protein, is coupled to eNOS in caveolae (Fig. 7), thus providing a model

system for ER signaling in caveolae. In this specific setting, ligand binding to ER leads

to G�i activation, which mediates downstream events. These events include the activa-

tion of tyrosine kinase–MAP kinase signaling, PI3 kinase and Akt kinase activation

causing eNOS phosphorylation, and perturbation of the local calcium environment

that ultimately leads to calmodulin-dependent eNOS stimulation. The current and

future challenges to our understanding of ER signaling in caveolae are numerous.

Although immunocytochemical and immunofluorescence analyses suggest that the

ligand-binding domain of cell surface-associated ER may be extracellular (Razandi

et al., 1999; Li et al., 2003), the orientation of plasma membrane ER is yet to be

elucidated. The mechanisms by which ER is membrane associated and the processes

regulating the relative number of cell surface ERs are not well understood. The basis

Figure 7. ER signaling to eNOS in endothelial cell caveolae. eNOS is localized to cholesterol‐enriched
(orange circles) caveolae by myristoylation and palmitoylation. Both ER� and ER� have also been localized

to endothelial cell caveolae. Ligand binding to ER leads to G�i activation, which mediates downstream

events. ER interaction with G�i may be direct, or it may involve a classical G‐protein‐coupled receptor

(GPCR) or an alternative unknown protein intermediate. The downstream events include the activation of

Src tyrosine kinase, PI3 kinase‐Akt kinase signaling causing eNOS phosphorylation, and ERK activation

having an unknown impact on eNOS. In addition, there is perturbation of the local calcium environment,

involving either the release of intracellular stores, which are likely to be in close proximity to caveolae

membranes, or calcium influx, resulting in calmodulin (CM) binding to the enzyme. (See Color Insert.)
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for ER–G�i interaction, which may involve a classical GPCR or an alternative inter-

mediate protein, is also entirely unknown (Fig. 7). The proximal signal transduction

events following G�i activation warrant further study. As mentioned previously, in

certain systems the caveolae-associated ER may not be a classical ER but rather a

variant of classical ER or possibly an entirely new receptor, and considerable addi-

tional work is needed to identify the receptor protein(s). Perhaps most importantly, the

physiological and pathophysiological implications of ER localization and action in

caveolae, which are currently being defined in cell or organ culture, are yet to be

delineated in intact model systems. It is only through focused eVorts that deeper

understanding will be gained about ER localization and function in caveolae, thereby

unraveling the basis for nongenomic estrogen action.
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Nitric oxide (NO), a unique and multi-potent signaling gaseous molecule, is produced

by three independent isoforms of NO synthases (NOS) in a wide variety of mammalian

cellular systems. This chapter focuses on the regulatory mechanisms of endothelial

isoform of NOS (eNOS), especially on recent studies that explored how sphingolipids

modulate eNOS activity within vascular endothelial cells. The importance of plasma-

lemmal caveolae and the scaVolding protein caveolin, which enable endothelial signal-

ing machineries to eYciently communicate cell stimulation by sphingolipids to the

activation of eNOS, is also discussed.

I. eNOS AS A KEY VASCULAR ENZYME

The endothelial isoform of NO synthase (eNOS), or NOS III, produces NO within

vascular endothelial cells to modulate numerous essential vascular functions, including

regulation of blood pressure, inhibition of platelet aggregation, and inhibition of

leukocyte adhesion, among others (reviewed in Loscalzo and Welch, 1995). Addition-

ally, recent studies have documented the roles of eNOS to promote angiogenesis, or
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growth of new blood capillaries (for example, see Murohara et al., 1998). Because

angiogenesis plays key roles in the normal development as well as in the pathogenesis

of a wide array of common diseases (reviewed in Carmeliet, 2003), these novel aspects

of eNOS are no less important than its other classical functions. Since NO rapidly

diVuses to remote target cells including vascular smooth muscle cells as well as blood

platelets to exert its biological eVects, eNOS activity within endothelial cells must be

always governed by tight control mechanisms. eNOS activity increases in response to

the elevations of intracellular calcium concentration (i[Ca2þ]) following various stim-

ulation to endothelial cells. Increases in i[Ca2þ] enhance interaction of eNOS with

calmodulin, a ubiquitous calcium regulatory protein, which is essential for the NOS

catalytic reaction to produce NO. This dependence of eNOS on transient activation of

i[Ca2þ]/calmodulin stands in contrast to that of another NOS isoform, iNOS, or NOS

II, whose activity is principally modulated at its expression levels rather than by

changes in i[Ca2þ]/calmodulin. Physiologically relevant eNOS activators comprise a

very wide variety of endothelial stimuli, including hormones such as bradykinin

(Mombouli and Vanhoutte, 1995), growth factors such as vascular endothelial growth

factor (VEGF) (Ku et al., 1993), and mechanical stimulation (Kuchan and Frangos,

1994), among others. On the other hand, derangements in eNOS regulation and

resulting insuYciency of vascular NO bioavailability are associated with the patho-

genesis of various cardiovascular diseases, including atherosclerosis, hypertension, and

congestive heart failure (reviewed in Arnal et al., 1999), although elucidation of

detailed molecular mechanisms underlying eNOS dysregulation remains incomplete.

It is therefore key to more fully understand how eNOS is (dys)regulated within

vascular endothelial cells from the standpoint of molecular/cellular medicine.

II. eNOS ACYLATION, TARGETING TO CAVEOLAE, AND REGULATION

BY CAVEOLIN

eNOS represents a unique NOS isoform to be dually acylated at its N terminus by

saturated fatty acids myristate and palmitate (reviewed in Sase and Michel, 1997).

eNOS myristoylation occurs cotranslationally at its glycine 2 residue (Busconi and

Michel, 1993) and is irreversible, while eNOS palmitoylation occurs posttranslation-

ally at cysteine residues 15 and 26 and is reversible (Robinson and Michel, 1995; Yeh

et al., 1999). Precise mechanisms of how eNOS dual acylation takes place are not fully

understood. Because dual acylation by myristate and palmitate represents an impor-

tant feature of many caveolae-targeted signaling proteins (Lisanti et al., 1994), and

eNOS activity had been detected within endothelial plasma membrane in earlier

studies (Hecker et al., 1994), subcellular localization of eNOS was examined in detail.

A large body of biochemical as well as cell biological evidence has accumulated that

establishes that a major fraction of eNOS protein is specifically enriched in endothelial

caveolae, where the enzyme undergoes complex regulatory processes (reviewed in

Shaul, 2002). It should be also noted, however, that some eNOS protein has been also

detected in undefined intracellular locales (see Prabhakar et al., 1998, for example).
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Roles of eNOS protein residing in non-caveolae fractions, which may still be function-

al (Jobin et al., 2003), are currently less well appreciated.

eNOS interacts with a scaVolding protein of caveolae, caveolin. Among the three

isoforms of caveolin, caveolin-1 and caveolin-3 principally serve to interact with and

regulate eNOS within vascular endothelial cells and within cardiac myocytes, respec-

tively (Feron et al., 1996). Caveolin directly interacts with eNOS to tonically inhibit the

enzyme through its middle portion, termed the “scaVolding domain” (Michel et al.,

1997). Importantly, when endothelial cells are stimulated to elevate i[Ca2þ], calmodulin

replaces caveolin to increase NO production and eNOS dissociates from caveolae.

Once i[Ca2þ] returns to basal level, caveolin re-interacts with eNOS, which now re-

associates with caveolae. Thus, these regulatory processes, the so-called eNOS-caveolin

regulatory cycle (Michel and Feron, 1997), occurring at the plasmalemmal caveolae,

play key roles to determine eNOS activity, reciprocally controlled by caveolin versus

calcium/calmodulin.

III. SPHINGOSINE 1-PHOSPHATE AND REGULATION OF VASCULAR

ENDOTHELIAL CELLS

Sphingolipids are derivatives of sphingosine, the core structure of this family of

lipids. Caveolae are known to be specifically enriched in sphingolipids and cholesterol

(Brown and Rose, 1992). It was the unique lipid composition of these micro-organelles

in comparison with other plasma membrane fractions that initially prompted us to

explore the relationships of sphingolipids to the regulation of eNOS, a caveolae-

targeted enzyme. This unique lipid composition principally serves to create biophysical

properties of caveolae membranes, i.e., the liquid-ordered phase (Brown and London,

1998). In addition to these important structural roles, sphingolipids had also started

attracting much attention as signaling molecules. In the initial experiments, we tested

the roles of ceramide, an acylated derivative of sphingosine, which has been best

studied in relation to the regulation of apoptosis, or programmed cell death (reviewed

in Pettus et al., 2002). We found that exogenously added ceramide analogue is able to

activate eNOS in cultured endothelial cells in a procedure appearing to be independent

of the elevation of i[Ca2þ] (Igarashi et al., 1999). Although endogenous ceramide

generation following endothelial stimulation may also contribute to eNOS activation

at least in some experimental conditions ( Igarashi et al., 1999; Li et al., 2002; Florio

et al., 2003), molecular mechanisms whereby ceramide regulates eNOS remain rather

elusive. Notably, ceramide may also modulate functions of caveolin (Zundel et al.,

2000; Shack et al., 2003).

Other sphingolipids had started to be implicated in mammalian signal transduc-

tion, including sphingosine 1-phosphate (S1P). S1P is a phosphorylated derivative of

sphingosine by an action of the enzymes termed sphingosine kinase and is found in

normal human serum at the concentration ranges of several hundred nanomolars

(Yatomi et al., 1997a). S1P was initially supposed to exert its functions as an

intracellular second messenger, which mediates platelet-derived growth factor (PDGF)

eNOS Regulation by Sphingosine 1-Phosphate and Caveolin 127



stimulation to mobilization of calcium and activation of phospholipase D (Olivera and

Spiegel, 1993), although its precise intracellular target molecule(s) remained less well

identified. Instead, the activation of G-protein-coupled receptor pathways was impli-

cated in the actions of this sphingolipid, because glass beads-conjugated S1P was still

capable of exerting cellular activation (Yamamura et al., 1997), and pertussis-toxin,

which inhibits some of the heterotrimeric G-proteins, was found to markedly attenuate

the eVects of S1P (van Koppen et al., 1996).

Receptor revelation for S1P derived from a completely independent line of inves-

tigation. The endothelial transcripts termed EDG-1 were identified in 1990 as an

immediate early gene whose expression levels are markedly upregulated following

endothelial stimulation with phorbol-12-myristate-13-acetate (PMA) (Hla and

Maciag, 1990). Since treatment with PMA induces endothelial cells to diVerentiate
to “angiogenic” phenotypes, this gene was named endothelial diVerentiation gene-1.

Although EDG-1 was considered to belong to a member of the G-protein-coupled

receptor superfamily due to its sequence similarity, the ligand for this “orphan”

receptor remained unidentified for almost 10 years. It was 1998 when these two

independent lines of research dovetailed nicely to demonstrate that S1P acts as a

ligand for the EDG-1 receptors (Lee et al., 1998) to modulate many important

biological functions (see below). Five independent S1P receptor subtypes have since

been found, and G-protein-coupled receptors for structurally similar other lysophos-

pholipids were also identified (reviewed in Hla et al., 2001); EDG receptors for S1P

have recently been renamed S1P1–S1P5. It has now been established that most, if not

all, of S1P’s actions are mediated by its binding to and activating these S1P receptors

via heterotrimeric G-protein pathways (reviewed in Hla et al., 1999).

In vascular endothelial cells, receptor activation by S1P leads to a wide variety of

responses, such as angiogenic morphogenesis, inhibition of apoptosis, chemotactic

responses, and proliferation, among others (Hla, 2001). Many of these physiological

responses of vascular endothelial cells to S1P overlap those mediated by eNOS

(Loscalzo and Welch, 1995; Murohara et al., 1998), suggesting functional associations

of eNOS and S1P pathways. Enzyme activity of sphingosine kinase and amounts of

S1P had been found specifically enriched in blood platelets, which may acutely release

this lipid upon activation, possibly leading to high S1P concentrations within local

environments surrounding activated platelets (Yatomi et al., 1997b). Therefore, phys-

ical proximity of S1P with eNOS could be aVorded not only intracellularly by plas-

malemmal caveolae, but also extracellularly by platelet–endothelial interactions.

It appeared plausible to us that S1P might participate in eNOS regulation based on

these functional associations and potential physical proximity of two pathways.

IV. eNOS ACTIVATION BY S1P AND ENDOTHELIAL SIGNALING

This background led us to explore whether and how S1P regulates eNOS. In the

initial experiments, we exploited heterologous expression systems in COS-7 cells,

which had been known to lack endogenous expressions of both eNOS (Busconi and
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Michel, 1993) and S1P receptors (Zondag et al., 1998). When these cells are transiently

co-transfected with plasmids encoding eNOS and those for S1P1 (EDG-1) receptors,

S1P induced robust NO production (Igarashi and Michel, 2000). S1P does not activate

eNOS in the absence of co-transfected S1P1 receptors, indicating that this action of

S1P is mediated by S1P1 receptors rather than by its intracellular actions. In the

subsequent studies, we tested the eVects of S1P for NO production in native endothe-

lial cells. We made use of bovine aortic endothelial cells (BAEC), an archetypal

endothelial cell culture, as a model. S1P induces marked increases in NO production

in a dose-dependent manner with an EC50 value of approximately 10 nM (Igarashi

et al., 2001), which is in good agreement with many other endothelial responses to this

lipid (Hla, 2001). It is important to note that the degree of eNOS activation by S1P is

comparable to those attained by other classical eNOS agonists, including bradykinin

or VEGF, suggesting quantitative importance of eNOS activation by S1P (Igarashi

and Michel, 2001; Igarashi et al., 2001). S1P activates eNOS in other endothelial

cultures as well (Kimura et al., 2001; Morales-Ruiz et al., 2001). We then explored

proximal signaling pathways that connect S1P stimulation to eNOS activation. S1P

elevates i[Ca2þ] in BAEC (Lee et al., 2000), and conversely, chelation of intracellular

calcium abolishes eNOS activation (Igarashi and Michel, 2001; Igarashi et al., 2001),

indicating that eNOS regulation by S1P is essentially calcium dependent. Additionally,

we found that eNOS regulation by S1P involves another set of signaling pathways to

modulate the enzyme’s phosphorylation at the serine 1179 residue; this phosphoryla-

tion of eNOS at its C terminus “sensitizes” the enzyme to lower levels of calcium

in vitro (McCabe et al., 2000). We found that full activation of eNOS by S1P requires

a pathway comprising G-protein-coupled S1P receptors; pertussis toxin-sensitive

G-proteins, especially G-protein �� subunits; the �-isoform of phosphoinositide

3-kinase (PI3-K); and a protein kinase, Akt, which phosphorylates eNOS at the serine

1179 residue (Igarashi and Michel, 2001; Igarashi et al., 2001) (Fig. 1). These proximal

signals evoked by S1P receptor activation exhibit significant similarities and diVer-
ences in comparison with other eNOS activators (Igarashi and Michel, 2001), identify-

ing potentially important points of control in receptor-regulated eNOS activation

pathways. Although eNOS phosphorylation pathways also involve other protein

kinase/phosphatase pathways at additional serine/threonine residues (Fischer et al.,

2001; Michell et al., 2001; Boo et al., 2002; Greif et al., 2002; Kou et al., 2002), these

aspects of eNOS regulation by S1P remain to be explored.

V. ROLES OF CAVEOLAE FOR eNOS REGULATION BY S1P

Now that S1P is an eNOS activator; what are the roles of caveolae/caveolin for

this novel eNOS-activating pathway? To begin exploring the relationships of the S1P/

eNOS pathway with caveolae/caveolin, we tested whether S1P1 (EDG-1) receptors are

targeted to caveolae. We performed subcellular fractionation experiments in a deter-

gent-free preparation, in which proteins that are attached to caveolae-enriched plasma

membrane fractions are specifically recovered at the “light” fractions due to the
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relatively low density of caveolae-enriched membranes (Song et al., 1996). We

exploited the transient transfection strategy of epitope-tagged S1P1 (EDG-1) cDNA

construct to COS-7 cells. In the resting cells, approximately half of the S1P1 receptors

are recovered in the caveolae-enriched fractions; conversely, overexpressed S1P1 and

Figure 1. Signaling pathways whereby S1P mediates eNOS activation in vascular endothelial cells. Shown is

a schematic presentation of how stimulation of vascular endothelial cells with sphingosine 1‐phosphate (S1P)
leads to the activation of endothelial NO synthase (eNOS) to produce nitric oxide. The top part represents

blood lumen, at which activated blood platelets are supposed to acutely release S1P (Yatomi et al., 1997a,

2000). S1P binds to and activates S1P receptors expressed on endothelial plasma membrane, specifically

localized within the caveolae‐enriched fractions (Igarashi and Michel, 2000). S1P receptors belong to the

G‐protein‐coupled receptor superfamily with seven membrane‐spanning regions (Hla et al., 2001). Among

the five independent subtypes, S1P1 represents major receptors for S1P in vascular endothelial cells, coupled

to pertussis toxin‐sensitive G‐protein pathways (Lee et al., 1999; Morales‐Ruiz et al., 2001). S1P receptor

stimulation elevates intracellular calcium concentrations (i[Ca2þ]) (Lee et al., 2000; Muraki and Imaizumi,

2001), leading to the activation of eNOS in a classical manner that is dependent on calcium/calmodulin, a

ubiquitous calcium regulatory protein. eNOS activation by S1P also involves another set of signaling cascade

comprising the �‐isoform of phosphoinositide 3‐kinase (PI3‐K�) and a downstream protein kinase, Akt,

which in turn phosphorylates eNOS at its serine 1179 residue (Igarashi and Michel, 2001; Igarashi et al.,

2001) to sensitize the enzyme for calcium/calmodulin (McCabe et al., 2000). Among the pertussis toxin‐
sensitive G‐proteins, G‐protein �� subunits appear to play a major role in activating the lipid kinase PI3‐K�

(Igarashi and Michel, 2001). Full activation of eNOS by S1P requires Akt‐dependent phosphorylation at the

serine 1179 residue (Igarashi et al., 2001). As illustrated, calcium/calmodulin and PI3‐K�/Akt pathways act

synergistically to regulate eNOS following S1P receptor stimulation in vascular endothelial cells.
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endogenously expressed caveolin-1 of COS-7 cells are co-immunoprecipitated with

each other (Igarashi and Michel, 2000). These results establish that S1P1 (EDG-1)

receptors are targeted to caveolae-enriched fractions to interact with caveolin-1. S1P1

receptors undergo robust phosphorylation after S1P challenge (Lee et al., 1998), as is

the case with many other liganded G-protein-coupled receptors. Overexpression of

caveolin-1 along with S1P1 and eNOS in these cells leads to the attenuation of S1P-

induced S1P1 receptor phosphorylation as well as that of eNOS activation; treatment of

these cells with S1P also markedly promotes translocation of the receptors to caveolae-

enriched fractions (Igarashi and Michel, 2000). Since most of the signaling pathways

following receptor stimulation are tonically inhibited by caveolin (Liu et al., 2002),

translocation of liganded S1P1 receptors to caveolae fractions may represent a negative

feedback mechanism so that caveolin-1 can more fully inhibit S1P1 signaling. Translo-

cation to caveolae fractions following ligand stimulation has been reported in several

other G-protein-coupled receptors as well (de Weerd and Leeb-Lundberg, 1997; Feron

et al., 1997; Ishizaka et al., 1998). Recently, it was shown that acylation-deficient

mutants of eNOS, which have impaired targeting to caveolae, fail to undergo S1P-

mediated phosphorylation at the serine 1179 residue (Gonzalez et al., 2002). Together,

these results suggest that caveolae may serve to facilitate S1P receptors to eVectively
modulate eNOS within endothelial cells, although caveolin-1 may rather serve to

tonically attenuate “leakiness” of S1P1 signaling pathways unless receptors are stimu-

lated. Although protein kinase C pathways have been implicated in ligand-induced S1P1

phosphorylation (Watterson et al., 2002), regulatory roles of caveolin for specific

protein kinase(s) in the context of S1P1 phosphorylation remain unknown.

VI. eNOS REGULATION AND RECEPTOR CROSS-TALK

OF S1P SIGNALING

Recent studies revealed that some of the G-protein-coupled receptors may “trans-

activate” receptor tyrosine kinases, and vice versa; one of the best known examples is

epidermal growth factor receptor transactivation by �-adrenergic receptors in cardiac

myocytes (Maudsley et al., 2000), ultimately leading to hypertrophic responses of these

cells (Asakura et al., 2002). S1P was originally considered to act as a second messenger

of fibroblasts following PDGF stimulation that activates receptor tyrosine kinases

(Olivera and Spiegel, 1993); in a pathophysiological context, S1P works synergistically

with VEGF to promote angiogenesis in vivo (Lee et al., 1999), suggesting that S1P

receptors may also interact with receptor tyrosine kinase pathways in endothelial cells.

Since expression levels of S1P1 transcripts are subject to regulation (discussed above),

we sought to determine whether growth factors that modulate endothelial receptor

tyrosine kinases alter S1P1 receptor expressions. We found that in BAEC, VEGF, but

not several other polypeptide growth factors, acutely upregulate expression of S1P1

receptors at the levels of mRNA and protein, in a manner sensitive to pharmacological

inhibition of protein kinase C pathways (Igarashi et al., 2003). Increases in S1P1

expression levels are associated with enhanced eNOS phosphorylation/activation of
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cultured endothelial cells as well as those of isolated blood vessels to subsequent

stimulation with S1P, indicating that at least some of the newly synthesized S1P1

receptor molecules are functional. It remains to be elucidated, however, whether newly

produced receptors are readily targeted to plasmalemmal caveolae within such an

acute time frame (�60 min). PDGF stimulation of 3T3 fibroblasts has been shown

to activate sphingosine kinase within these cells, followed by a release of S1P into the

culture media to stimulate overexpressed S1P1 receptors, ultimately leading to the

augmentation of cellular motility (Hobson et al., 2001). Whether endothelial stimula-

tion with VEGF also leads to S1P1 stimulation in an autocrine/paracrine fashion

remains to be established, while sphingosine kinase activation by VEGF has been

recently documented (Shu et al., 2002). In HEK-293 cells, S1P receptors and PDGF

receptors have been found to form functional complexes to eVectively activate mito-

gen-activated protein kinase pathways (Alderton et al., 2001), making it possible that

S1P1 and VEGF receptors also physically interact with each other in endothelial cells.

Together, these studies suggest that S1P/S1P1 receptor pathways may act syner-

gistically with receptor tyrosine kinases such as VEGF pathways to mediate eNOS

responses in vascular endothelial cells.

VII. IMPLICATIONS FOR VASCULAR PHYSIOLOGY

Physiological implications of eNOS regulation by S1P have been explored in

several experimental systems. We have shown that S1P induces eNOS-dependent

vasorelaxation in rat mesenteric arterioles as well as in mouse thoracic arteries (Dantas

et al., 2003), helping to establish that treatment with S1P leads to physiologically

relevant amounts of NO production in intact vessel preparations. In some other vessel

preparations, however, S1Pmay induce vasoconstrictions (BischoV et al., 2000; Tosaka

et al., 2001); these diVerences of responses to S1P can possibly be attributed to the

diVerences of S1P receptor subtype expression patterns in various blood vessels. For

example, vascular smooth muscle cells predominantly express S1P2 (EDG-5) and S1P3

(EDG-3) subtypes that are coupled to pertussis toxin-insensitive G-protein pathways

(Kluk and Hla, 2001; Tamama et al., 2001), in contrast to endothelial cells that express

S1P1 as a major subtype coupled to pertussis toxin-sensitive pathways (Lee et al., 1999;

Morales-Ruiz et al., 2001). In addition to regulation of vascular tone, eNOS activation

by S1P also mediates endothelial signals leading to survival (Kwon et al., 2001),

proliferation, and migration (Rikitake et al., 2002). S1P is found enriched in serum

high-density lipoprotein (HDL) fractions (Murata et al., 2000); clinically, higher con-

centrations of HDL are associated with favorable outcomes in the patients of cardio-

vascular diseases. Other lysophospholipids such as lysophosphatidylcholine and

lysophosphatidic acid are higher in deleterious oxidized forms of low-density lipopro-

teins (Kume and Gimbrone, 1994; Maschberger et al., 2000), raising a possibility that

S1P and other lysophospholipids within various lipoprotein fractions may exert diVer-
ential actions on vascular cells. A recent study implicated S1P3 receptor subtype

for eNOS activation following vascular stimulation with HDL (Nofer et al., 2004),
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identifying a potentially important point of control whereby HDL may exert favorable

actions on blood vessels. Because even normal serum contains saturating amounts of

S1P, and subtype-specific agonists/antagonists for S1P receptors are not currently

available, specific roles of each S1P receptor subtype for eNOS activation remain to

be elucidated in more detail.

Angiogenic responses are the most prominent cardiovascular actions of S1P,

especially at a level where newly formed blood vessels are maturated (Lee et al.,

1999; Hla, 2001), mediated principally by S1P1 receptor subtype within endothelial

cells (Liu et al., 2000; Allende et al., 2003). It has been demonstrated with a Matrigel

plug assay in mice that eNOS mediates promotion of angiogenesis by S1P in vivo

(Rikitake et al., 2002), indicating that eNOS actually participates in S1P-promoted

angiogenesis. In addition to eNOS and S1P1 (discussed above), many of the endothe-

lial signaling molecules that regulate angiogenesis have been determined to be loca-

lized within caveolae fractions, including receptors such as KDR (or VEGF receptor

2) and eVectors such as a tyrosine kinase c-Src and several G-protein subunits

(reviewed in Liu et al., 2002). Downregulation of caveolin-1 has been documented to

induce angiogenic diVerentiation of cultured endothelial cells (Liu et al., 1999); the

expression levels of some of these signaling molecules residing in caveolae are modu-

lated by cell stimulation (Shen et al., 1998, 1999; Liu et al., 1999; Igarashi et al., 2003).

It is also noteworthy that overexpression of sphingosine kinase to endothelial cells

leads to augmented angiogenesis in response to fibroblast growth factor in association

with the extracellular export of sphingosine kinase itself (Ancellin et al., 2002).

It remains to be elucidated whether sphingosine kinase is enriched in endothelial

caveolae to produce S1P. If this were the case, it is likely that plasmalemmal caveolae

and caveolin coordinate endothelial signaling events leading to angiogenesis, commu-

nicating ligands/receptors S1P/S1P1 and VEGF/KDR to their downstream eVectors,
including sphingosine kinase, tyrosine kinases, G-proteins, as well as eNOS (Fig. 2).

VIII. POSSIBILITIES IN NONENDOTHELIAL CELLS

Cardiac myocytes represent one of the best-studied non-endothelial cellular sys-

tems that express eNOS. eNOS of cardiac myocytes has been implicated in the

regulation of contractile responses to cholinergic and adrenergic stimulation (reviewed

in Kelly et al., 1996). Cardiac myocytes express S1P receptors (Goetzl et al., 2000),

hence S1P is potentially capable of activating eNOS in these cells as well. In zebrafish,

mutation of the mil gene, which encodes the orthologue of mammalian S1P2/EDG-5

receptors, leads to derangements of cardiac morphogenesis during development

(Kupperman et al., 2000). It is therefore possible that S1P/eNOS signaling may play

a role in mammalian cardiac morphogenesis and/or hypertrophic responses in concert

with caveolin-3, a muscle-specific caveolin isoform that interacts with and regulates

cardiac eNOS (Feron et al., 1996). It should also be noted that in cardiac myocytes, the

�-isoform of PI3-K, rather than its �-isoform, has been shown to mediate PI3-K/Akt

activation following G-protein-coupled receptor activation (Naga Prasad et al., 2000,
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Figure 2. Possible mechanisms whereby caveolae/caveolin may coordinate cross‐talks of signaling path-

ways evoked by VEGF and S1P receptors to regulate eNOS. Shown is a schematic presentation of how

signaling pathways evoked by receptor stimulation might be coordinated within plasmalemmal caveolae by

the scaVolding protein caveolin to activate endothelial nitric oxide synthase (eNOS) in vascular endothelial

cells. Shown in the middle is an invagination structure representing a caveola of endothelial plasma

membrane, which is coated with homo‐oligomers of caveolin (illustrated as hairpin‐like structures). As is

eNOS, many of endothelial receptors that modulate eNOS activity are specifically enriched in caveolae (Liu

et al., 2002). In most cases, caveolin interacts with these signaling molecules serving to tonically inhibit

receptor signaling at multiple levels both at receptors such as S1P1 (Igarashi and Michel, 2000) as well as

eVectors such as eNOS (Feron et al., 1996). Receptor tyrosine kinase KDR (or VEGF receptor 2) and

G‐protein‐coupled receptor S1P1 for sphingosine 1‐phosphate (S1P) are capable of acting independently to

increase the activity of eNOS. However, VEGF stimulation to endothelial cells also leads to the upregulation

of S1P1 mRNA/protein expression levels via protein kinase C (PKC) pathways. This upregulation of S1P1

receptors is associated with enhanced responses to subsequent S1P stimulation (Igarashi et al., 2003),

indicating that these two pathways exhibit significant cross‐talks. Although S1P has been supposed to derive

from activated platelets, recent studies documented that VEGF stimulation augments the activity of

endothelial sphingosine kinase (SK) that produces S1P (Shu et al., 2002). Hence, it is possible that VEGF

stimulation leads to S1P release into extracellular space outside the caveolae, which in turn binds to and

activates S1P1 receptors whose expression levels have been elevated. NO production following S1P stimula-

tion contributes to promote not only vasorelaxation (Dantas et al., 2003) but also angiogenesis (Rikitake

et al., 2002); VEGF and S1P can act synergistically to modulate angiogenesis (Lee et al., 1999). It is therefore

plausible that caveolae and caveolin serve to coordinate these multiple layers of signaling pathways evoked

by VEGF/KDR and S1P/S1P1 to regulate downstream eVectors such as sphingosine kinase and eNOS,

which ultimately lead to important vascular responses including vasorelaxation and angiogenesis.
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2001; Bony et al., 2001). Thus, it is plausible that this isoform of PI3-K may mediate

eNOS phosphorylation/activation by S1P in the heart. Similarly, S1P might also

modulate eNOS in blood platelets, which express functional S1P receptors (Yatomi

et al., 1997a), PI3-K isoforms (Hirsch et al., 2001), Akt (Kim et al., 2004), as well as

eNOS (Sase and Michel, 1995). It is tempting to speculate that eNOS in platelets may

exert negative feedback mechanisms for S1P-mediated platelet aggregation.

IX. CONCLUDING REMARKS

Prompted initially by the subcellular localization of eNOS and sphingolipids to

the plasmalemmal caveolae, we and others have explored eNOS regulation by these

lipid species. Although these studies found that S1P does activate endothelial cells to

produce quantitatively relevant amounts of nitric oxide, many issues remain to be

elucidated to establish the physiological consequences of this novel signaling pathway.

I propose that a deeper understanding of eNOS regulation by sphingolipids, modu-

lated at the plasmalemmal caveolae by caveolin, may lead to the identification of

important points of control in mammalian cardiovascular systems.
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I. INSULIN ACTION

A. Insulin Signal Transduction

Insulin is the most important anabolic hormone and as such has a prime role in

directing nutrients to synthetic processes and storage after a meal. Although most cell

types express receptors for insulin, these are found in the highest concentrations in the

metabolic target cells of the hormone: skeletal and heart muscle, adipose tissue, and

liver. Insulin also has crucial actions on pancreatic islet �-cells that produce the

hormone and on cells in the hypothalamus that regulate feeding.

Circulating insulin can bind to and be detected by well-characterized trans-

membrane receptors exposed on the surface of target cells. The insulin receptor consists

of two membrane-spanning �-subunits and two extracellular hormone-binding �-
subunits. Insulin binding produces a conformational change, which activates the

protein kinase that is inherent in the intracellular domains of the �-subunits. The
receptor protein kinase is specific for phosphorylation of tyrosine residues. In a trans-

phosphorylation reaction the �-subunits phosphorylate each other. This autopho-

sphorylation allows the receptor to phosphorylate a number of downstream docking

proteins, such as the insulin receptor substrate (IRS) family of proteins, Cbl, GAB-1,

APS, and Shc. Once tyrosine is phosphorylated by the insulin receptor, such docking

proteins can bind and activate a number of diVerent signaling proteins with SH2

domains that recognize phosphotyrosine. Insulin control of intermediary metabolism

is heavily dependent on members of the IRS family, particularly IRS1 and IRS2. The

two proteins are highly homologous and apparently have both overlapping and specific

functions downstream of the insulin receptor. Both proteins can be phosphorylated on

multiple tyrosine residues by insulin, thus providing binding sites for downstream

signal-mediating proteins. Phosphatidylinositol 3-kinase (PI3-kinase) is such an SH2-

domain-containing enzyme that phosphorylates phosphoinositides at the 3 position of

the inositol ring to produce second messengers, particularly phosphatidylinositol-

(3,4,5)P3. Since these are amphiphilic lipids they remain in the membrane where they

provide specific binding sites for proteins with pleckstrin homology (PH) domains.

Thus, the phosphoinositide-dependent protein kinase (PDK1) is activated to phosphor-

ylate and activate the protein kinase B (PKB or Akt) and protein kinases C�/l. Other

players may contribute under special circumstances, but the described signal chain

appears to be central to insulin’s metabolic control in all its target tissues and, through

less-well-understood downstream signaling events, eventually leads to enhanced gly-

cogen, triacylglycerol, and protein synthesis and inhibition of the corresponding

catabolic pathways, as well as stimulation of glucose uptake via the insulin-regulated

glucose transporter GLUT4.

In addition to its acute metabolic eVects, insulin also controls DNA transcription

and specific protein synthesis. The hormone’s mitogenic and transcriptional control

is at least partly mediated by the ubiquitous MAP-kinase signaling pathway involving

activation of the small G-protein Ras and a protein kinase phosphorylation cascade

controlling the activity of extracellular signal-regulated kinases (ERK)1 and 2.
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Phosphorylated and activated ERK can then move into the nucleus to phosphorylate

transcription factors. That way insulin, which is a bona fide growth factor, can initiate

transcriptional programs controlling cell proliferation and diVerentiation.

B. Function of Insulin in Adipose Tissue

The main function of insulin in adipose tissue is to promote triacylglycerol

synthesis and inhibit lipolysis. In human beings, fatty acids are obtained from hydro-

lysis of circulating triacylglycerol in chylomicrons or very low-density lipoprotein

(VLDL) particles in the blood capillaries. By an unknown route, likely involving

caveolae in the adipocytes, liberated fatty acids can enter the adipocytes. The fatty

acids are rapidly re-esterified with glycerol 3-phosphate to triacylglycerol that is stored

in the adipocyte oil droplet. The glycerol 3-phosphate has to be generated from

glycolytic conversion of glucose or gluconeogenic synthesis from pyruvate, since

adipocytes lack glycerol kinase to phosphorylate glycerol. Stimulation of glucose

uptake is therefore a key function of insulin in adipocytes. Transgenic mice that

overexpress the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK)

in adipose tissue exhibit an increased triacylglycerol synthesis and adipose tissue mass

(Franckhauser et al., 2002). This indicates that the glycerol 3-phosphate supply can be

rate limiting for triacylglycerol synthesis. However, glucose is not utilized for fatty

acid synthesis in the adipose tissue of human beings (Goldrick, 1967), in contrast to,

e.g., rats and mice. The human adipose tissue therefore quantitatively contributes

to overall body glucose disposal in a minor but qualitatively critical way. Triacylgly-

cerol hydrolysis is stimulated by �-adrenergic generation of cyclic AMP, mainly

through sympathetic nerve release of noradrenalin, which mediates activation of

protein kinase A and phosphorylation of the hormone-sensitive lipase (Strålfors and

Belfrage, 1983; Strålfors et al., 1984) and the lipid droplet-associated protein perilipin

(Tansey et al., 2003). Insulin inhibits lipolysis largely by counteracting these processes,

reducing cyclic AMP concentration and dephosphorylating the hormone-sensitive

lipase (Strålfors et al., 1984; Strålfors and Honnor, 1989) and perilipin (Tansey

et al., 2003).

Failure of tissues and cells, particularly the adipose tissue, skeletal muscle, liver,

and pancreatic islet �-cells, to properly respond to insulin is a cause of diabetes

(reviewed in Saltiel and Kahn, 2001; White, 2002). The insulin resistance of the energy

metabolizing tissues results in postprandial hyperglycemia and hypertriglyceridemia.

It is initially compensated for by an increased insulin release from the �-cells, which
gives rise to hyperinsulinemia. When insulin production, because of �-cell failure, is no
longer suYcient to compensate for the insulin resistance, the patient presents with

clinically overt diabetes type 2. In spite of only extracting a minor part of the blood

glucose after a meal, the adipose tissue, in interplay with muscle tissues, has a central

role in development of insulin resistance and diabetes. There is evidence that elevated

blood levels of fatty acids, which result from insulin resistance in adipose tissue,

increase muscle and liver resistance to insulin. Moreover, the adipose tissue, as
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described below, produces several hormones that control energy metabolism, and

dysregulation of these has been described in insulin resistance. Tissue-specific knock-

out of the insulin receptor or insulin-regulated glucose transporter GLUT4 has

highlighted the extent and complexity of interplay between the adipose and other

tissues in maintaining energy homeostasis (reviewed in Charron et al., 1999;

Minokoshi et al., 2003).

Mice with a targeted deletion of the insulin receptor gene in skeletal and heart

muscle respond normally to glucose ingestion, due to adipose tissue hyperplasia and

thereby an ability to compensate for the muscle failure (Cariou et al., 2004). Mice

without the insulin receptor in adipose tissue have little adipose tissue mass and are

protected against age-related obesity and obesity-related insulin resistance (Bluher

et al., 2002). Deletion of the insulin-regulated glucose transporter (GLUT4�/� mice)

aVects glucose metabolism and shortens the life span, but does not cause diabetes,

while the heterozygous GLUT4þ/� mice develop diabetes at a high rate. Targeted

deletion of GLUT4 in skeletal muscle or in adipose tissue causes insulin resistance in

the animals, and some proceed to develop diabetes. However, adipose tissue glucose

uptake is also impaired in the muscle-GLUT4-KO mice, and in adipose tissue-

GLUT4-KO mice skeletal muscle glucose uptake and suppression of hepatic glucose

production by insulin are also impaired. Conversely, overexpression of GLUT4 in

adipose tissue apparently results in enhanced whole-body glucose tolerance (Shepherd

et al., 1993).

In human beings there is a very significant concordance between insulin resistance/

diabetes and obesity. More than 70% of patients with type 2 diabetes are obese.

Patients who lack adipose tissue are, however, also characterized by insulin resistance

and go on to develop diabetes eventually (Oral, 2003). A common denominator of this

apparent paradox is poor insulin response in the adipose tissue, because of insulin

resistance in the adipocytes, shortage of GLUT4, or shortage of the tissue. This in turn

could force a deposition of triacylglycerol in other tissues such as muscle and liver.

The examples serve to vividly illustrate the central role played by adipose tissue in the

regulation of whole-body energy homeostasis.

II. CAVEOLAE AND THE ADIPOCYTE

A. Adipocytes Are Highly Specialized Cells

Adipocytes are very large cells with a diameter that can exceed 100 �m, reflecting

one of their primary functions, storing energy in the form of triacylglycerol oil. A

single oil droplet occupies more than 95% of the huge cell volume (Fig. 1). Squeezed

between the oil and the plasma membrane is a film of cytosol <0.5 �m thick with the

whole setup of intracellular membranes and organelles. The nucleus forms a distinct

protrusion on the cell surface, reflecting the second primary aspect of adipocyte

function—producing and releasing hormones, or adipokines, as they are sometimes

referred to (Ahima and Flier, 2000; Kim and Moustaid-Moussa, 2000; Fruhbeck
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et al., 2001; Rajala and Scherer, 2003). These hormones are involved in a very tight

control of energy homeostasis and feeding behavior as exemplified by leptin, adipo-

nectin, and resistin. It is worth pondering the fact that the adipose tissue is the body’s

largest endocrine organ and that it can be regarded as two physically distinct organs in

one. Metabolic control, energy substrate transfer, conversion, and storage are confined

to the lipid droplet and the surrounding cytoplasm and plasma membrane. The

endocrine organ, on the other hand, should be concentrated to the nucleus, the

surrounding cytosol with rough endoplasmic reticulum and Golgi.

B. Structure of Caveolae in Primary Rat Adipocytes

Some of the crucial events in insulin action take place in the specialized domains of

the plasma membrane called caveolae. Caveolae are vesicular invaginations found

in the plasma membrane of most cell types, but are particularly abundant in the

plasma membrane of adipocytes (Fig. 1). During diVerentiation of 3T3-L1 fibroblasts

to adipocytes they dramatically increase their expression of caveolin (Scherer et al.,

1994), which appears to be the primary structural protein of caveolae. Caveolin-1 and

-2 of the caveolin protein family are both expressed in adipocytes, whereas caveolin-3

is restricted to muscle, as reviewed in Smart et al. (1999). In rat adipocytes under

Figure 1. Scanning electron microscopy reconstruction of an adipocyte. Images from scanning electron

microscopy of the surface of intact adipocytes and the inner surface of plasma membranes were used to

construct this image, to scale, of an adipocyte. The inner surface of the plasma membrane is seen to be

speckled with caveolae of varying size. (See Color Insert.)
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normal conditions about one-third of the plasma membrane constitutes caveolae

(Thorn et al., 2003) (Figs.1 and 2). Caveolae in primary rat adipocytes have been the

subjects of detailed structural examination by electron microscopy (Thorn et al., 2003)

and examination of their lipid composition (Örtegren et al., 2004). In primary adipo-

cytes caveolae range from about 25 to 150 nm in diameter. There are two classes of

caveolae. The first is a group of “ordinary” caveolae that are open to the extracellular

space, ranging from 50 to 150 nm in diameter and representing about half of the total

caveolae. The other half is a group of small caveolae with a diameter of less than 50 nm

that are closed without access to the cell surface (Thorn et al., 2003). This represents a

static view and we do not yet know how these two groups of caveolae interrelate, if at

all. They both, however, represent plasma membrane vesicles or invaginations that

contain the protein caveolin. Of particular interest is the fact that caveolin-1 and -2 to

a large extent are confined to the necks or the plasma membrane proximal regions of

the caveolae, with very few in the bulbs of caveolae invaginations (Thorn et al., 2003).

This has obvious implications for caveolin interaction with and regulation of other

caveolar proteins, such as the insulin receptor, as discussed below. By scanning

electron microscopy, caveolar openings of about 20 nm were demonstrated on the

surface of adipocytes (Thorn et al., 2003).

Caveolae in rat adipocytes have a threefold higher concentration of cholesterol

and twofold higher concentration of sphingomyelin compared to the surrounding

plasma membrane (Örtegren et al., 2004). Interestingly, the concentration of glycero-

phospholipids is more or less the same in the caveolae and in the surrounding plasma

membrane. This suggests that glycerophospholipids constitute a constant membrane

core, with variation in other lipids, particularly, high concentrations of cholesterol and

sphingomyelin giving rise to caveolae or rafts. Of the glycosphingolipids examined, the

ganglioside GM3 is found at the highest concentration in the plasma membrane and is

Figure 2. Scanning electron microscopy of adipocyte plasma membrane inner surface with an insulin

receptor model inserted to scale. From Luo et al. (1999); Thorn et al. (2003). (See Color Insert.)
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also to some extent enriched in caveolae. GD3, which is a metabolite of GM3, is highly

concentrated in caveolae. GM1 is also concentrated in caveolae.

C. Detergent-Proof Gateways for Fatty Acid Entry and Exit

During uptake and, especially, lipolytic release of fatty acids, the flow over the

plasma membrane can be massive (Thorn et al., 2003). Fatty acids are amphiphilic

molecules and thus in eVect behave as a powerful detergent. Fatty acids have to be

eYciently sequestered from the plasma membrane by conversion to triacylglycerol or

binding to serum albumin in the blood and transported away from the cells. If the

concentration is allowed to build up in the membrane, immediate cell lysis ensues

(Strålfors, 1990). In adipocytes fatty acids are taken up by a specific subclass of

caveolae and are converted to triacylglycerol in the caveolae (Öst et al., 2005). One

function of the large number of caveolae in adipocytes may be to increase the eYciency

of uptake by enlarging the plasma membrane surface area. It can be argued that fatty

acids are channeled through the detergent-resistant caveolae precisely because they are

relatively detergent resistant and can tolerate an otherwise lethal buildup of fatty acid

detergent. Moreover, caveolin has binding sites for fatty acids (Trigatti et al., 1999),

and another major constituent of the plasma membrane is the caveolae localized fatty

acid binding protein CD36 (Lisanti et al., 1994b; Dorahy et al., 1996; Ibrahimi and

Abumrad, 2002; Aboulaich et al., 2004). In situ, fatty acids inevitably have to pass the

endothelial cell membranes on their way in or out of the adipocytes. It is possible that

caveolae and caveolin provide a detergent-proof route for fatty acids in these cells.

III. INSULIN SIGNALING IN CAVEOLAE

A. Localization of the Insulin Receptor in Caveolae

Functional hormone signaling in cellular control hinges on the right protein at the

right place at the right time. One way of achieving this is through colocalization of

proteins that need to interact in a certain sequence, as in supramolecular structures

such as the pyruvate dehydrogenase complex, the glycogen particle, or the mitochon-

drial inner membrane and the electron transport chain. Insulin signal transduction,

especially to enhance glucose uptake, utilizes caveolae as scaVolds. The insulin recep-

tor is in adipocytes localized to the caveolae (Fig. 3). This localization is not unique for

the insulin receptor; to the contrary, localization to caveolae is the case for many

hormone and growth factor receptors (reviewed in Anderson, 1993; Lisanti et al.,

1994a; Shaul and Anderson, 1998; Simons and Toomre, 2000; Razani et al., 2002c);

including the tyrosine kinase receptors for insulin-like growth factor-1 (IGF1) (Huo

et al., 2003), epidermal growth factor (EGF) (Mineo et al., 1996), and platelet derived

growth factor (PDGF) (Liu et al., 1996). The insulin receptor in fat cells appears,

however, to be largely confined to caveolae, with few receptors identified outside of
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caveolae. There is no evidence for a regulated translocation of the insulin receptor in

or out of caveolae in the plasma membrane, as has been reported for some hormone

receptors in other cell types (Feron et al., 1997; Sabourin et al., 2002). However, in a

hepatoma cell line that does not express caveolin or caveolae, the insulin receptor was

reported to translocate into detergent-resistant rafts in response to insulin (Vainio

et al., 2002).

Evidence for the localization of the insulin receptor to caveolae in adipocytes

is based on immunogold electron microscopy, immunofluorescence microscopy

Figure 3. Immunogold electron microscopic localization of the insulin receptor in caveolae. Transmission

electron microscopic image of the inner surface of human adipocyte plasma membrane immunogold labeled

against the insulin receptor (large gold particles, arrowheads) and caveolin (small gold particles). Images

contrast inverted. From Karlsson et al. (2004).
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colocalization with caveolin, biochemical isolation of caveolae, co-immunoprecipita-

tion with caveolin, interaction with caveolin scaVolding domain-based peptides, and

functional assays (Strålfors, 1997; Wu et al., 1997; Yamamoto et al., 1998; Gustavsson

et al., 1999; Nystrom et al., 1999; Parpal et al., 2001; Karlsson et al., 2004). This has

been demonstrated for primary human and rat adipocytes and for 3T3-L1 adipocytes.

Few proteins have met such stringent experimental criteria for localization to caveolae

as has the insulin receptor. That the insulin receptor is a caveolar protein was

nevertheless a new concept not easily accepted, for several reasons. The insulin

receptor had earlier been found in clathrin-coated pits in diVerent cell types by electron
microscopy and autoradiography (Carpentier et al., 1981; Fan et al., 1982; Carpentier,

1989; Smith et al., 1991b). It is quite possible that the insulin receptor is localized to

both caveolae and clathrin-coated pits. Adipocytes have relatively few clathrin-coated

pits, however (membrane area occupied by clathrin-coated pits is <2% of caveolae

membrane area [Smith and Jarett, 1983]), whereas they are much more prevalent in,

e.g., hepatocytes. Targeting of the insulin receptor: to caveolae or clathrin-coated pits

may reflect two diVerent functions of the receptor, to bind insulin and transmit signals

or to bind insulin for lysosomal destruction, respectively (Gustavsson et al., 1999). The

first function is obviously of prime importance in adipocytes. The peripheral tissues

including muscle and adipose tissues are responsible for no more than 20% of total

insulin clearance from the blood; the rest is accounted for by kidney and liver

(Ferrannini and Cobelli, 1987). It is conceivable that a caveolar localization of the

receptor is mainly associated with signaling, whereas receptors in clathrin-coated pits

mainly function to sequester insulin from the circulation and target it for proteolytic

destruction in lysosomes.

Early studies found binding of insulin to pinocytotic vesicles in the plasma mem-

brane of glutaraldehyde fixed rat adipocytes by electron microscopy (Smith and Jarett,

1983). These vesicles almost certainly represent what we now call caveolae, although the

significance of the finding was not recognized at the time. It had also been reported that

the insulin receptor was not present in biochemically isolated caveolae (Corley Mastick

et al., 1995). However, that conclusion was singularly based on detergent solubilization

of adipocytes with the non-ionic detergent Triton X100 and collection of the detergent-

resistant low-density residue. It has subsequently been demonstrated that the insulin

receptor is completely solubilized by this treatment and that caveolae isolated without

detergent extraction have a high concentration of the receptor (Gustavsson et al., 1999).

Caveolae fractions from rat adipocytes, isolated either with or without utilization of

detergent, have been reported to contain only a minor fraction of the insulin receptor

(Muller et al., 2001). There is no obvious explanation for these conflicting results.

Lately, a small fraction of caveolae was isolated from rat adipocytes by immunoprecip-

itation from the microsomal fraction of cell homogenates using antibodies against

caveolin. Very few signaling proteins, including the insulin receptor, were detected

in that preparation (Souto et al., 2003). Suoto et al., however, also subjected the

microsomal fraction to density gradient centrifugation, and the small amount of

insulin receptor in their microsomal fraction did cofractionate with caveolae/caveolin.

When isolated from insulin-treated adipocytes, what most likely was endocytosed
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insulin receptor, which did not cofractionate with caveolae/caveolin, appeared in the

microsomal fraction (Souto et al., 2003). A recent thorough analysis of caveolae-

associated proteins in human adipocytes has revealed a very high preponderance of

signaling proteins (Aboulaich et al., 2004).

B. Insulin Receptor May Be Contained in a Subpopulation of Caveolae

A quantitative analysis of caveolae reveals an interesting aspect of insulin receptor

localization and signaling in caveolae. There are fewer insulin receptors in an adipocyte

than caveolae (Thorn et al., 2003). We have found a similar relationship for specific

gangliosides such as GD3 or GM1, which are concentrated in caveolae, but on average

there is no more than one molecule of GD3 or GM1 per caveola (Örtegren et al., 2004).

We often find that caveolae that are immunolabeled for insulin receptor are multiply

labeled (Smith and Jarett, 1983; Gustavsson et al., 1999; Karlsson et al., 2004), indicating

that there are several receptors per caveola in a subset of the adipocyte caveolae.

Likewise, it is likely that GD3 and other glycosphingolipids present in equimolar or

lower levels in caveolae are concentrated in subsets of caveolae. In fact, it is quite possible

to imagine diVerent subpopulations of caveolae, in a single cell, that host diVerent sets of
specific signaling protein and glycosphingolipid constituents and therefore serve diVerent
functions or constitute diVerent signaling platforms. We have recently found that exoge-

nous fatty acids are converted to triacylglycerol in a specific subclass of caveolae in the

plasmamembrane of adipocytes (Öst et al., 2005) and that a subclass of small caveolae in

the plasma membrane lack access to the cell surface (Thorn et al., 2003).

C. Insulin Signaling for Metabolic Control in Caveolae

It is well known that caveolae are dependent on cholesterol for their structural

integrity. Adipocyte caveolae have a threefold higher concentration of cholesterol and

twofold higher concentration of sphingomyelin than the surrounding plasma mem-

brane (Örtegren et al., 2004). We have shown by electron microscopy that lowering the

plasma membrane concentration of cholesterol, with �-cyclodextrin in rat or 3T3-L1

adipocytes, to half its normal level causes caveolae invaginations to flatten or disap-

pear (Gustavsson et al., 1999; Parpal et al., 2001; Thorn et al., 2003), There is good

reason for using the word flatten, because at least acutely after cholesterol extraction

with �-cyclodextrin, caveolin remains in the plasma membrane. The caveolin is not

randomly dispersed but rather remains clustered as if caveolae were not removed, just

flattened. Interestingly, flattening of caveolae coincides with a significant loss of insulin

control in the fat cells. The insulin receptor, however, remains in the plasma mem-

brane, binds insulin with unperturbed aYnity, and autophosphorylates similarly to the

way it does in normal cells (Parpal et al., 2001). Insulin signaling to enhance glucose

transport, however, including phosphorylation and activation of protein kinase B and

IRS1, is severed. Re-addition of cholesterol to the cells restores insulin signaling to

enhanced glucose transport (Gustavsson et al., 1999).
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Obesity is correlated to insulin resistance and hypertrophy of adipocytes. It has been

shown that large rat adipocytes have about twofold lower plasma membrane concentra-

tion of cholesterol than the small adipocytes from the same fat pad (Le Lay et al., 2001).

How this translates into diVerences in amount of caveolin, caveolae structure, or number

of caveolae was not examined. But a similar reduction of the plasma membrane choles-

terol level, by incubation of the cells with methyl-�-cyclodextrin, severely compromised

the response to insulin stimulation of glucose oxidation (Le Lay et al., 2001).

The inability of the insulin receptor to signal for enhanced glucose transport in

cholesterol-depleted rat adipocytes was narrowed down to an inability of the active

insulin receptor to bind and phosphorylate the immediate downstream eVector IRS1

(Parpal et al., 2001). The results suggest that caveolae may be needed for the active

insulin receptor to gain access to IRS1, which in rat epididymal adipocytes is an

intracellular protein (Anai et al., 1998). The insulin receptor is known to be inter-

nalized in conjunction with insulin binding and signaling (Klein et al., 1987). An

unresolved issue is whether internalization is part of the signaling (Khan et al., 1986;

Klein et al., 1987), perhaps a prerequisite, or whether it is just part of the machinery to

downregulate the insulin signal in response to insulin stimulation. If internalization

was part of insulin receptor signaling, caveolae internalization with the receptor would

provide such a mechanism. Indeed, cholesterol depletion from rat adipocytes blocks

the internalization of the insulin receptor (M. Karlsson and P. Strålfors, unpublished

observation). The kinin B(2) receptor is a hormone receptor that has been reported to

be internalized via caveolae (Marceau et al., 2002).

It is intriguing that, in contrast to rat adipocytes, human subcutaneous adipocytes

have a fraction of IRS1 bound to the plasma membrane and caveolae (Karlsson et al.,

2004). This is analogous to the situation with the �1-adrenergic receptor in rat

cardiomyocytes, which is colocalized with its downstream eVector adenylate cyclase

in caveolae (Rybin et al., 2000; Ostrom et al., 2001). This has been suggested to explain

the more eYcient cyclic AMP response to stimulation of the �1-compared to the

�2-adrenergic receptor, which moves out of caveolae upon agonist binding, or of �1-
and �2-adrenergic receptors compared with prostaglandin E2 receptor, which is not

found in caveolae (Ostrom et al., 2001). The sequel in human adipocytes is that caveolae

destruction by cholesterol depletion neither impairs insulin receptor phosphorylation of

IRS1 nor dissociates IRS1 from the plasmamembrane. Instead, downstream activation

of PI3-kinase or protein kinase B is impaired, which leads to poor stimulation of glucose

transport by insulin (Karlsson et al., 2004). It is possible that in human adipocytes

both the insulin receptor and IRS1 have to be internalized with caveolae in order to

transmit the downstream signal. This, however, has to be investigated.

D. Insulin Signaling for Mitogenic Control in Caveolae

In contrast to metabolic signaling, insulin control of mitogenic signaling for

control of MAP kinases ERK1 and 2 is not aVected by caveolae flattening/destruction

in rat adipocytes (Parpal et al., 2001). This indicates that IRS1 is not mediating this

eVect of insulin in these cells. Another candidate for this function was Shc, which in
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diVerent cell lines has been demonstrated to be activated by insulin. However, short-

term eVects of insulin do not include phosphorylation of Shc in rat adipocytes (Liu

et al., 2000; Parpal et al., 2001). The role of IRS proteins in insulin receptor signaling

for activation of MAPkinases in rat adipocytes remains to be demonstrated.

In human subcutaneous adipocytes, on the other hand, caveolae flattening/de-

struction impairs both metabolic and mitogenic signaling to ERK1/2 phosphorylation

by insulin (Karlsson et al., 2004). This of course is compatible with IRS1 mediating

only metabolic actions in the terminally diVerentiated adipocytes of rat and human

origin, but it is entirely possible that both actions are mediated by IRS1 in

human adipocytes. The findings that IRS1 is caveolar in human but not in rat

adipocytes and that caveolae integrity is necessary for insulin’s mitogenic control in

human but not in rat adipocytes are compelling reasons to be cautious in extrapolating

results from animals to human beings, and even more so from immortalized cell lines

to human cells.

IV. MECHANISMS FOR TARGETING THE INSULIN

RECEPTOR TO CAVEOLAE

A. Subcellular Targeting by Specific Protein or Lipid Interactions

A widely occurring mechanism for targeting proteins to a specific subcellular

localization utilizes specific interaction with targeting subunits or anchor proteins,

as first described for the targeting of the catalytic subunit of protein phosphatase 1

(PP1c) to the glycogen particles via a glycogen-bound subunit GM of the phosphatase

(Strålfors et al., 1985). The scope has since broadened to encompass all areas of

cellular regulation and signaling, and this mechanism is considered a central and

ubiquitous means for the regulated targeting to a subcellular locale by specific binding

to targeting proteins or scaVolding proteins, or to lipids (as reviewed in, e.g., Bayer

and Schulman, 2001; Feliciello et al., 2001; Hurley and Meyer, 2001; Cohen, 2002).

The mechanisms for the targeting of the insulin receptor to caveolae have not yet been

experimentally defined, however.

B. Fatty Acylation of the Insulin Receptor

A strong determinant for protein targeting to caveolae is the presence of saturated

fatty acids in the protein (Melkonian et al., 1999). Myristoylation or palmitoylation,

but preferentially tandem acylation by myristate and palmitate or dual palmitoyla-

tion, have proved to be the best defined targeting signals for localization of proteins to

a membrane domain in liquid-ordered phase (lo), which is characteristic of caveolae.

Interestingly, the insulin receptor in cultured human IM-9 lymphocytes has been

reported to be acylated by both myristate and palmitate (Hedo et al., 1987). Both

the �- and �-subunits of the receptor contained both fatty acids. Since the receptor
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consists of two �- and two �-subunits, a minimum of eight saturated fatty acids in the

receptor protein may provide a powerful signal for targeting to caveolae and an

explanation for the low level of insulin receptors found outside of caveolae. It should

be noted that this could provide the insulin receptor with fatty acyl anchoring in both

leaflets of the caveolae membrane. It will be important to examine insulin receptor

from adipocytes for the extent of fatty acylation and to identify the position of the

modified amino acid residues in the protein. Likewise, it should be very interesting

and informative to examine this question in the liver, which has few caveolae

(Calvo et al., 2001), a high density of clathrin-coated pits, and reported variances in

insulin receptor localization (Carpentier et al., 1985; Vainio et al., 2002). Moreover,

mutation of acylation sites should provide information on the importance of acylation

for the caveolar localization of the receptor and perhaps of caveolar localization in

insulin action.

C. Interaction between Insulin Receptor and Caveolin

The insulin receptor �-subunit carries an amino acid sequence—1220WSF

GVVIW1227 (numbered according to the human insulin proreceptor sequence)—that

can interact with the so-called caveolin-scaVolding domain of caveolin-1 and -3, but

not caveolin-2, through the aromatic amino acid residues at positions 1220, 1222, and

1227 (Couet et al., 1997a; Yamamoto et al., 1998). This interaction could provide a

mechanism for retaining the insulin receptor in caveolae. Precisely how this could

work to retain the receptor in caveolae, however, is not clear. Caveolin-1 and -2 appear

to be largely localized in the necks or in plasma membrane proximal regions of

caveolae (Thorn et al., 2003; Karlsson et al., 2004). If only for steric considerations

it can be diYcult to accommodate the insulin receptor or receptors in the neck of a

caveola (Fig. 2). Insulin stimulates the phosphorylation of caveolin-1 on tyrosine 14 by

the insulin receptor in the 3T3-L1 adipocyte cell line (Mastick and Saltiel, 1997; Lee

et al., 2000; Kimura et al., 2002). It was found that this tyrosine phosphorylation could

specifically confer binding of caveolin-1 to the SH2-domain-containing Grb7 in Cos-7

cells (Lee et al., 2000). How much of the caveolin in the cell that is phosphorylated in

response to insulin has not been reported (Kimura et al., 2002), but the phosphoryla-

tion of caveolin indicates that the mature insulin receptor can interact to some extent

with the caveolin in cells. Expression of caveolin-Y14F, with the insulin phosphory-

lated tyrosine residue swapped for the non-phosphorylatable phenylalanine, in 3T3-L1

adipocytes reportedly had no eVect on insulin signaling (Kimura et al., 2002). Because

no analysis was provided of the percentage of cells that were transfected with the

caveolin mutant, the significance of this finding cannot be assessed at present. It is

interesting that tyrosine phosphorylation of unidentified caveolar proteins was

found to trigger caveolae-mediated internalization of the SV40 virus in cells (Pelkmans

et al., 2002).

It may be that the caveola and the caveolar milieu as such and not just a specific

molecule, such as caveolin, function as the scaVold for targeting the insulin receptor to
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caveolae. It has been reported that critical sequences for localization of the EGF

receptor to caveolae are in the extracellular part of the receptor (Yamabhai and

Anderson, 2002), where interaction with the entirely intracellular caveolin is not

possible. The EGF receptors possess a caveolin scaVolding-domain-binding motif,

however (Couet et al., 1997b). It was recently found that a common structural

sphingolipid-binding motif in prion protein, Alzheimer �-amyloid peptide, and

HIV-1 gp120 glycoprotein is responsible for caveolae/raft localization of these proteins

(Mahfoud et al., 2002).

A further twist is added by the ability of caveolin-1 and -3 to potentiate the

activation of the insulin receptor by insulin when HEK293T cells, expressing low

levels of endogenous caveolin, were transfected to overexpress caveolin-1 or -3 and

the insulin-stimulated phosphorylation of IRS1 was assessed (Yamamoto et al., 1998).

Receptor autophosphorylation was not aVected, however. The binding and direct

activation of the intracellular portion of the receptor by caveolin-scaVolding do-

main-containing peptides were also demonstrated. This is a surprising result, since

caveolin and the scaVolding domain have repeatedly been shown to inhibit enzymatic

activities, including tyrosine-specific receptor protein kinases (reviewed in Razani

et al., 2002c). The physiological role for caveolin activation of the insulin receptor is

not clear, especially since we do not know how the receptor is aVected when localized

in caveolae, as this was not examined in the HEK293T cells. Nystrom et al. expressed

wild-type caveolin-1 and caveolin-1 with mutations in the scaVolding domain in Cos-7

cells or rat adipocytes, and examined the consequences on insulin signaling (Nystrom

et al., 1999). In Cos-7 cells, insulin-stimulated phosphorylation of the transcription

factor Elk-1 was enhanced by wild-type caveolin, with no eVect in the absence of

insulin. In contrast, insulin stimulation of ERK2 phosphorylation was blocked. The

scaVolding domain mutant of caveolin had, as expected, no eVect on insulin control of

Elk-1 or of ERK2. In primary rat adipocytes that express high levels of endogenous

caveolin and where the insulin receptor is properly located in caveolae, overexpression

of either wild-type or mutated caveolin impaired insulin stimulation of GLUT4

translocation from intracellular sites to the cell surface. Both wild-type and mutant

caveolins lowered the basal level of ERK2 phosphorylation, however, without aVect-
ing the insulin stimulation. The presence of high levels of endogenous caveolin-1 in the

adipocytes may have swamped eVects of transfected caveolin, and interpretation of

these findings is therefore diYcult.

In a diVerent approach to caveolae and insulin signaling, a synthetic caveolin-

binding domain-containing peptide was reported to act as an insulin receptor-

independent insulin mimetic by releasing pp59Lyn and pp125Fak from their inhibitory

caveolin tethers in rat adipocytes (Muller et al., 2001). Translocation out of caveolae

activated these non-receptor protein tyrosine kinases to induce tyrosine phosphoryla-

tion of IRS1, activation of PI3-kinase, and glucose uptake, without engaging the

insulin receptor. An excess of caveolin-scaVolding domain-containing peptide inhib-

ited the redistribution and activation of pp59Lyn and pp125Fak. The importance for

normal insulin signaling is not clear, but if corroborated this signaling pathway may be

useful for pharmacological intervention.
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A few patients with syndrome of extreme insulin resistance have been found to

have mutations of aromatic residues (W1220L, W1227S) in the caveolin-binding motif

of the insulin receptor, i.e., the receptor counterpart to the caveolin-scaVolding
domain (Moller et al., 1990, 1991; Iwanishi et al., 1993; Imamura et al., 1994, 1998;

Sawa et al., 1996). Transfection of cells with insulin receptor harboring the W1220L

mutation, but also with an E1206D mutation outside of the caveolin-binding motif,

caused receptor degradation and therefore a reduced amount of cell surface-expressed

receptor. The W1227S mutation, however, did not reduce the amount of surface-

expressed protein. The insulin receptor with these and the third aromatic amino acid

residue in this region mutated to non-aromatic residues (F1222G, W1227T, or the

combined W1220G/F1222G/W1227T mutations) have been expressed in Cos-7 cells

and compared to expression of wild-type receptor (Nystrom et al., 1999). All mutated

receptors were expressed at substantially reduced levels, without aVecting the amount

of 210-kDa insulin proreceptor. The receptor mutants discussed were autophosphor-

ylation defective, so their accelerated degradation was appropriate. Albeit with incon-

sistencies such as the fact that W1227S did not, but the conservative swap from serine

to threonine in W1227T did cause a reduced amount of receptor, the results suggest

that the caveolin-binding motif may be important for the formation of a mature and

active receptor, which otherwise is rapidly degraded.

Taken together, these findings suggest a role for caveolin/caveolae in folding the

receptor protein during maturation of the receptor or in protecting the mature recep-

tor from degradation, but they do not help us understand whether caveolin serves as

an insulin receptor controller, of activity or localization in caveolae of the plasma

membrane. It is possible that the caveolin-binding motif in the insulin receptor has a

propensity for interaction with caveolin but serves other functions when the receptor is

properly processed and targeted to caveolae. The interaction of caveolin with the

insulin receptor and the functional consequences thereof may also be specific for

diVerent cell types and species.

V. ADIPOSE TISSUE AND INSULIN SIGNALING IN

CAVEOLIN-1-DEFICIENT ANIMALS

Given the pervasive involvement of caveolae in insulin actions described here and,

indeed, their role in so many other cellular processes, it is surprising that caveolin

knockout mice are carried full term and survive (Drab et al., 2001; Galbiati et al., 2001;

Razani et al., 2001), albeit with a shortened life span (Park et al., 2003). The physiolo-

gy of these mice has been described in great detail (as reviewed in Drab et al., 2001;

Razani and Lisanti, 2001).

Adipocytes from caveolin-1�/� mice appear to lack caveolae altogether, but the

mice are not overtly diabetic. They exhibit peripheral insulin resistance and, after high-

fat feeding, also postprandial hyperinsulinemia (Cohen et al., 2003), indicative of a

malfunction in insulin response mechanisms. Lipid metabolism is deranged with very

markedly elevated concentrations of triacylglycerol and fatty acids in the blood after a
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meal. Isolated adipocytes respond poorly to insulin, with blunted eVects on insulin

receptor downstream signal-mediator proteins (protein kinase B and glycogen

synthase kinase-3� phosphorylation) (Cohen et al., 2003). Caveolin-2�/� mice, on

the other hand, did not display any of the abnormalities seen in energy metabolism

and adipose tissue of the caveolin-1�/� mouse (Razani et al., 2002b; Cohen et al.,

2003).

Resistance to diet-induced obesity of the caveolin-1�/� mice is conspicuous,

despite a tendency to hyperphagia (Razani et al., 2002a). Indeed, the mice present

with a general adipose tissue derangement and atrophy, which increases with age. The

fat cells are small and fail to accumulate triacylglycerol. The layer of hypodermal

adipose tissue is absent and subcutaneous, and visceral adipose tissue (with possible

exemption of the omental fat) is atrophied (Razani et al., 2002a). Further conse-

quences of a dysfunctional adipose tissue in the caveolin-1�/� mouse are reduced

plasma concentrations of both leptin and adiponectin (Cohen et al., 2003), which are

normally produced and secreted by the adipocytes (Zhang et al., 1994; Scherer et al.,

1995). The lack of caveolae in the caveolin-1�/� mice has obvious similarities with the

situation, in which caveolae are flattened by cholesterol depletion, which makes the

cells respond poorly to insulin. Lack of caveolin and caveolae thus compromises

insulin’s ability to properly control fatty acid levels, as indeed evidenced by very high

levels of circulating triacylglycerol-rich lipoproteins and free fatty acids in the caveo-

lin-1�/� mice (Cohen et al., 2003). The lack of caveolin and caveolae, moreover, may

deprive the cell membrane of its protection against fatty acid accumulation. As

discussed previously, fatty acids are toxic detergents that are fatal to cells if they

accumulate without proper control (Strålfors, 1990). Fatty acids are normally taken

up and reacylated to triacylglycerol in the caveolae (Öst et al., 2004). Insulin is a prime

controller to keep fatty acids at bay. First, insulin stimulates the rapid esterification of

fatty acids in the adipocytes during hydrolysis of ingested and liver-derived triacylgly-

cerol in the circulation. Second, insulin blocks the hydrolysis of endogenous triacyl-

glycerol by dephosphorylating the hormone-sensitive lipase. Moreover, caveolin-1

has the potential to inhibit protein kinase A-catalyzed phosphorylation and activation

of the hormone-sensitive lipase (Razani et al., 1999). Loss of caveolin-1/caveolae may

thus remove the fatty acid proof protection that caveolae provide, disturb fatty

acid reacylation to triacylglycerol, and remove insulin inhibition of lipolysis and

concomitantly release protein kinase A to activate lipolysis.

In line with the dependence on caveolin-1 for maturation of the insulin receptor

(described previously), the concentration of the insulin receptor is reduced by more

than 90% in adipocytes from caveolin-1�/� mice compared to wild-type mice (Cohen

et al., 2003). Transfection of embryonic fibroblasts from these animals with caveolin-1

partially restored the levels of receptor, while transfection with a scaVolding domain

deletion mutant of caveolin-1 (�61–100) failed to restore insulin receptor levels.

Significantly, the proteasome inhibitor MG132 partially restored the amount of insulin

receptor in the cells. However, the levels of the highly homologous IGF1 receptor

remained normal in the caveolin-1�/� mouse adipocytes (Cohen et al., 2003), in spite
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of the IGF1 receptor being equipped with the same caveolin-binding motif (residues

1196WSFGVVLW1203) as the insulin receptor. The IGF1 receptor has furthermore

been reported to be localized in caveolae (Huo et al., 2003) and to catalyze the

phosphorylation of caveolin-1 on Y14 (Maggi et al., 2002), similarly to the insulin

receptor. These findings thus show that in the absence of caveolin-1/caveolae, the

mature insulin receptor, or receptor that has failed to mature in the absence of

caveolin, is rapidly hydrolyzed by the proteasome complex. Why the same eVect
of caveolin deficiency does not arise with the IGF1 receptor in the same cells is not

clear, but it may suggest that the caveolar localization is important for insulin receptor

stability. Hence, in blocking insulin receptor degradation a role of caveolin may be to

form stable caveolae. It has indeed been demonstrated that caveolae actually form in

the absence of or at very low levels of caveolin, but are rapidly internalized by

endocytosis (Le et al., 2002). Caveolin acts to stabilize the caveolae invaginations at

the plasma membrane and substantially slow down endocytosis (Le et al., 2002;

Thomsen et al., 2002). It is therefore possible that insulin receptor endocytosis is

inhibited by caveolin and that lack of caveolin leads to a rapid internalization and

degradation of the receptor. At the same time, the lack of caveolin/caveolae deprives

the cell of its fatty acid protection, resulting in tissue degradation and malfunction. It

is illustrative that mice with targeted deletion of the insulin receptor in adipose tissue,

similarly to caveolin-1�/� mice, have a reduced adipose tissue mass and are protected

from obesity, but, in contrast to caveolin-1�/� mice, they are also protected from

glucose intolerance and insulin resistance (Bluher et al., 2002). Hence, the glucose and

lipid dysregulation seen in the caveolin-1�/� mice may result from the primary caveo-

lin-1/caveolae deficiency and the consequent adipose tissue degradation and malfunc-

tion, and less so from the secondary insulin receptor deficiency. As noted (Razani

et al., 2002a; Cohen et al., 2003), the phenotype and clinical manifestations of adipose

tissue atrophy exhibited by the caveolin-1�/� mice are reminiscent of diVerent forms of

lipoatrophic syndromes, aZicted persons of which present with insulin resistance

(Oral, 2003).

VI. INSULIN-STIMULATED GLUCOSE UPTAKE IN CAVEOLAE

A. Insulin Stimulates Glucose Uptake via the Insulin-Regulated Glucose

Transporter GLUT4

The metabolic target organs of insulin—adipose tissue, skeletal, and heart mus-

cles—very specifically express an insulin-regulated isoform of the glucose transporter

proteins: GLUT4. Fibroblasts and myoblasts express this protein only when diVer-
entiated to adipocytes and myotubes, respectively. Hepatocytes and pancreatic islet

�-cells express the low-aYnity GLUT2 isoform. Under basal conditions, in the ab-

sence of insulin, GLUT4 is mostly found in intracellular membrane compartments

(Cushman and Wardzala, 1980; Suzuki and Kono, 1980). Insulin receptor signaling
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releases these membrane vesicles from their intracellular tethering and translocates

them to the cell surface, where they, presumably, fuse with the plasma membrane to

productively insert the transporter protein in the membrane. Evidence cited below

demonstrates that GLUT4 mainly appears in caveolae of the plasma membrane and

that glucose uptake takes place in caveolae, at least in adipocytes. Adipose and muscle

tissues also express GLUT1 that is largely constitutively found in the plasma mem-

brane and appears to provide a basal uptake and supply of glucose for the cells.

However, some GLUT1 is also found intracellularly, but segregated from GLUT4-

containing vesicles, and to a small extent translocates to the cell surface in response to

insulin. Because the eVects on GLUT4 translocation and the consequent glucose

uptake by insulin are much stronger, much attention has been focused on GLUT4

and the mechanisms underlying regulated translocation of this isoform in response

to insulin.

B. Insulin-Stimulated Translocation of GLUT4 to Caveolae for Glucose Uptake

In contrast to the insulin receptor, GLUT4 has been obtained in a detergent-

resistant fraction of whole 3T3-L1 adipocytes (Scherer et al., 1994) or of the plasma

membrane from primary rat adipocytes (Gustavsson et al., 1996) after stimulation

with insulin. Immunogold electron microscopy examination of plasma membranes of

3T3-L1 adipocytes has confirmed that GLUT4 is localized to caveolae (Karlsson et al.,

2001; Ros-Baro et al., 2001). Interestingly, about 85% of GLUT4 in the plasma

membrane of 3T3-L1 adipocytes is in caveolae (Karlsson et al., 2001). Insulin increases

the total amount of GLUT4 in the plasma membrane and in caveolae but does not

aVect the percentage of GLUT4 in caveolae. The localization of GLUT4 in caveolae

has been verified in primary rat adipocytes by isolation of caveolae without using

detergent extraction (Karlsson et al., 2001).

The time course for insulin-induced translocation of GLUT4 to the plasma

membrane and to caveolae of primary rat adipocytes (Gustavsson et al., 1996) re-

vealed that GLUT4 accumulated with the plasma membrane fraction with a t1/2 of ca.

3 min (Fig. 4). GLUT4 appeared in caveolae, however, considerably later, with a t1/2
of ca. 7 min. Significantly, glucose uptake by the cells closely paralleled the accumula-

tion of GLUT4 in caveolae and not the total plasma membrane fraction. This suggests

that GLUT4 rapidly translocates to the plasma membrane and in a slower process

productively inserts in the caveolae membrane. This could be explained in two ways.

GLUT4-containing vesicles dock and fuse with the plasma membrane outside caveo-

lae, and then in a slower process GLUT4 moves laterally in the membrane into

caveolae. Alternatively, GLUT4 vesicles dock with the caveolae membrane and then

in a slower process fuse with the caveolae membrane. The fact that GLUT4 rapidly

associates with the plasma membrane in response to insulin stimulation, but only

becomes available for glucose transport and for labeling from the outside of intact cells

several minutes later (Joost et al., 1988; Smith et al., 1991a; Satoh et al., 1993;

Gustavsson et al., 1996), argues in favor of the latter explanation.
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C. Endocytosis of GLUT4 from Caveolae and the Plasma Membrane

On reversal of insulin stimulation in primary rat adipocytes, with isoproterenol

and adenosine deaminase, GLUT4 makes its sortie from caveolae and the total plasma

membrane in parallel, indicating that GLUT4 is internalized via caveolae (Gustavsson

Figure 4. Translocation of GLUT4 to caveolae and glucose transport in caveolae. Rat adipocytes were

incubated with insulin for the indicated time and subjected to subcellular fractionation. Caveolae were prepared

fromplasmamembranes by treatmentwith non‐ionic detergent and collecting the insoluble residue. The amount

of GLUT4 protein in the diVerent fractions was determined after SDS‐PAGE and immunoblotting. Glucose

uptake was measured from the same cell batches in parallel. From Gustavsson et al. (1996). (See Color Insert.)
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et al., 1996). This interpretation is reinforced by experiments demonstrating that in

3T3-L1 adipocytes, the cholesterol-binding and caveolae-disrupting agent nystatin

partially inhibits GLUT4 internalization after insulin removal (Ros-Baro et al.,

2001). Moreover, sphingomyelinase treatment of 3T3-L1 adipocytes, which reduces

the plasma membrane content of sphingomyelin and cholesterol, causes an increased

amount of GLUT4 in the plasma membrane on prolonged incubations (Liu et al.,

2004). Likewise, cholesterol depletion with methyl-�-cyclodextrin or a dominant-

negative mutant (S80E) of caveolin-1 causes an accumulation of GLUT4 at the plasma

membrane (Shigematsu et al., 2003). This makes sense in light of the fact that

cholesterol depletion of the plasma membrane compromises caveolae function and

endocytosis, thus retaining GLUT4, which through default translocation accumulates

at the plasma membrane.

D. Insulin Control of GLUT4 Insertion in the Caveolae Membrane

Further insight into GLUT4 traYcking to caveolae has lately been gained. Exo70,

a component of the exocyst complex that targets vesicles to specific sites of the plasma

membrane, was reported to translocate to the plasma membrane in response to insulin

(Inoue et al., 2003). Overexpression of an Exo70 mutant blocked the extracellular

exposure of GLUT4 but not the translocation to the plasma membrane, indicating

that Exo70 participates in insertion of GLUT4 in the plasma membrane. Insulin may

recruit Exo70 to the plasma membrane to form the exocyst complex by way of TC10,

a small G protein of the Rho family. Interestingly, TC10 appears to be localized in

caveolae in 3T3-L1 adipocytes (Watson et al., 2001), possibly by virtue of its double

palmitoylation (Michaelson et al., 2001). Exo70 was shown to interact with TC10 in a

GTP-dependent way. TC10 may therefore direct GLUT4 to be inserted in the caveolae

membrane by way of Exo70 and the exocyst complex.

Insulin was reported to activate TC10 via phosphorylation of the ubiquitin ligase

protein Cbl (Baumann et al., 2000) in the presence of the adapter protein APS (Ahmed

et al., 2000), which then, via the SoHo-domain-containing adapter protein CAP, can

interact with flotillin in the caveolae membrane and recruit the TC10 activating protein

complex C3G-CrkII to caveolae (Chiang et al., 2001). C3G is a guanine nucleotide

exchange factor acting on TC10. This signaling pathway for insertion of GLUT4 in

caveolae complements the insulin receptor signaling via IRS1, PI3-kinase, and protein

kinase B/protein kinase C�/l discussed previously. In rat skeletal muscle, insulin does

not induce phosphorylation of Cbl and association with CAP (Thirone et al., 2003),

which may mean that this pathway for insulin control of GLUT4 insertion in the

plasma membrane is not operative in tissues other than adipose tissue. It will be

interesting to see the central role of Cbl in transmitting this eVect of insulin tested in

Cbl knockout mice (Murphy et al., 1998; Naramura et al., 1998). If the model is

correct, then adipocytes from Cbl�/� mice will not respond to insulin with enhanced

glucose uptake. As a corollary, it will also be very interesting to see if these mice

develop insulin resistance and diabetes.
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GLUT4 translocation to caveolae in response to insulin obviously involves release

from intracellular readily mobilizable stores, transport to the plasma membrane, and,

finally, insertion in caveolae. Little further is known about how insulin accomplishes

control of the upstream parts of this process. Caveolae or caveolin does not seem to be

involved, though. It has been clearly demonstrated that in the intracellular membranes

of 3T3-L1 adipocytes and skeletal muscle, GLUT4 is not present in detergent-

insoluble membranes or in caveolin-containing membranes (Kandror et al., 1995;

Munoz et al., 1996).

E. GLUT4 Translocation to and from Caveolae Is Disputed

Convincing though the above explanation may seem for GLUT4 traYcking to

caveolae for glucose uptake, it has not gained universal acceptance, and there are

experimental findings challenging this view. In particular, GLUT4 has been detected

by electron microscopy in the following: in clathrin-coated pits, but caveolae were not

examined (Slot et al., 1991a,b); in clathrin-coated pits, but not in caveolae (Robinson

et al., 1992); and neither in caveolae nor in clathrin-coated pits (Voldstedlund et al.,

1993; Malide et al., 2000). These discrepancies are likely explained by methodological

diVerences (e.g., as discussed in Karlsson et al., 2001; Ros-Baro et al., 2001). Ros-Baro

et al. directly demonstrated that the bleaching protocol used in Robinson et al. (1992)

hindered detection of GLUT4 in caveolae (Ros-Baro et al., 2001). It is also worth

contemplating that in primary fat cells, which exhibit the most profound eVect on
GLUT4 translocation in response to insulin and insulin withdrawal, there are very few

clathrin-coated pits (Sheldon et al., 1962; Williamson, 1964; Smith and Jarett, 1983;

Thorn et al., 2003), making it unlikely that GLUT4 and glucose uptake take place

there or that GLUT4 is endocytosed via these structures. A reported failure to detect

GLUT4 in a detergent-insoluble fraction of the plasma membrane (Shigematsu et al.,

2003) could be explained by lack of attendance to the fact that the detergent insolubil-

ity of caveolae and rafts is not absolute. Addition of a relatively large volume of 1%

Triton X100 to sheets of plasma membrane from a few cells at the bottom of a plate

well is likely to solubilize most membranes. Indeed, in addition to GLUT4, much of

the caveolin was also solubilized by the detergent (Shigematsu et al., 2003).

VII. INSULIN SIGNALING AND CAVEOLAE IN OTHER TISSUES

The eVects on adipose tissue and the insulin receptor in the caveolin-1�/� mouse

were not mirrored in skeletal muscle or liver, tissues that normally do not express or,

compared to adipose tissue, express only little caveolin-1, respectively (Cohen et al.,

2003). A function for caveolae in insulin signaling in liver or in primary hepatocytes

has not been reported. Skeletal muscle expresses caveolin-3, though, and caveolae and

caveolin have been demonstrated to be involved in T-tubule formation (Parton
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et al., 1997). T-tubules and caveolae, which are prevalent in the sarcolemma, exhibit

high levels of caveolin-3 (Ralston and Plough, 1999). The insulin receptor is obviously

found in the sarcolemma of the muscle fiber, but nothing is known about the relation

of the insulin receptor to caveolae and caveolin-3 in skeletal muscle. It has been found

that GLUT4 translocates to both the sarcolemma and the T-tubules in response to

insulin (Plough et al., 1998). Considering the caveolar origin of the T-tubules, translo-

cation of GLUT4 to T-tubules therefore is reminiscent of the translocation to caveolae

in adipocytes. However, caveolin-3�/� mice did not show any signs of insulin resis-

tance or diabetes (Galbiati et al., 2001), although that was initially also the case with

the caveolin-1�/� mouse (Drab et al., 2001; Razani et al., 2001).

VIII. CONCLUSION

Insulin receptor localization in caveolae and its ability to interact with caveolin-1

have been demonstrated, both in vitro and in vivo. Likewise, GLUT4 translocation to

caveolae for glucose transport into the cells and the insulin signaling machinery for

insertion of GLUT4 in the caveolae membrane have been demonstrated. Moreover,

fatty acids are entering the fat cell via caveolae and are re-acylated to triacylglycerol in

caveolae. Dysfunction in this system causes impaired insulin signaling and thus insulin

resistance in isolated cells, animals, and human beings.
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Caveolin-3 (CAV3) is the muscle-specific protein product of the caveolin gene

family with a relative molecular weight of �22 kDa that is expressed in skeletal,

cardiac, and smooth muscle cells. About 14–16 CAV3 monomers homo-oligomerize

to form high (�300–350 kDa) molecular multimers that are the integral membrane

component of caveolae. Caveolae are small plasma membrane invaginations that

participate in membrane traYcking, transport, and signal transduction (Kurzchalia

and Parton, 1999; Razani and Lisanti, 2001). The expression of CAV3 is induced

during the diVerentiation of skeletal myoblasts. CAV3 is localized in the plasma

membrane, where it is associated with the dystrophin–glycoprotein complex. It has

been recognized that mutations in the CAV3 gene (CAV3) give rise to very diVe-
rent phenotypes. Four clinical subgroups with various degrees of skeletal muscle
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involvement have been identified. Patients at the severe end of the clinical spectrum

have symptoms of a progressive limb-girdle muscular dystrophy (LGMD). Patients

with a milder form of CAV3 deficiency either present with a distal myopathy or

manifest only an isolated elevation of the muscle-specific creatine kinase enzyme

(CK) activity in blood (hyperCKemia) without further neuromuscular symptoms.

CAV3 mutations can also cause nondystrophic rippling muscle disease (RMD); these

patients show symptoms of muscle hyperexcitability such as percussion-induced rapid

muscle contractions and stretch-induced rippling muscle contractions but typically no

muscle weakness or atrophy. In addition, CAV3 mutations can manifest with symp-

toms of a cardiomyopathy without evidence for skeletal muscle involvement. These

distinct clinical subtypes can occur among families with the same CAV3 mutation or

can overlap in patients with CAV3 deficiency, indicating that other genes or factors in

addition to CAV3 may be involved in the clinical expression. (See Fig. 1.)

I. CAVEOLIN-3 IN MUSCULAR DYSTROPHIES

A. Limb-Girdle Muscular Dystrophy (LGMD)

The term limb-girdle muscular dystrophy (LGMD) is used to describe a major

group of non-congenital autosomal muscular dystrophies diVerent from the X-linked

Duchenne-Becker muscular dystrophy and also distinct from the autosomal dominant

Figure 1. Schematic diagram of the diVerent clinical phenotypes associated in CAV3 deficiency.
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facioscapulohumeral forms. The LGMD group comprises clinical phenotypes with

face-sparing, progressive weakness, onset in the limb-girdles, and histopathological

evidence of a dystrophin-positive muscular dystrophy (muscle cell necrosis and regen-

eration, lipofibromatosis, variation of muscle fiber diameter, centrally located nuclei).

Major advances in the genetic understanding of LGMD have led to a genetically based

classification in which the autosomal dominant forms are designated as LGMD type 1

and the autosomal recessive forms as type 2. There are now six genes or gene loci that

correspond to LGMD 1 (LGMD 1A–1F) and 10 associated with LGMD 2 (LGMD

2A–2J). The LGMD 1 forms are relatively rare and represent less than 10% of all

LGMD.

Minetti et al. (1998) reported for the first time a muscle disorder associated with

CAV3 mutations. They described two Italian families with clinical features of a

mild–to-moderate LGMD that started in early childhood, mild dystrophic features

on muscle biopsies, and an almost complete loss of CAV3 immunostaining at the

sarcolemma. Mutation analysis of CAV3 identified distinct heterozygous mutations in

these two autosomal dominant LGMD families: a missense mutation P104L within the

membrane-spanning domain, and a nine base pair microdeletion that removes three

amino acids�TFT 63–65 within the scaVolding domain. Therefore, LGMD caused by

CAV3 mutations is designated as subtype LGMD 1C. Subsequent ultrastructural

studies in these LGMD 1C patients revealed an almost complete loss of caveolae in

the sarcolemma (Minetti et al., 2002). Moreover, changes in the T-tubule system were

evident in these LGMD 1C patients and in CAV3 knockout mice, suggesting that

dysregulation of muscle calcium homeostasis may be associated with loss of CAV3

(Galbiati et al., 2001; Minetti et al., 2002).

Herrmann et al. (2000) reported a 4-year-old girl suVering from myalgia and

muscle cramps. Her muscle biopsy showed dystrophic features and absence of CAV3

immunostaining at the sarcolemma. Mutational studies revealed a missense mutation

(A45T) in the N-terminal signature sequence of CAV3. Interestingly, a secondary

profound reduction of nNOS and of �-dystroglycan immunolabeling at the sarcolem-

ma was found.

Matsuda et al. (2001) described an early onset LGMD 1C patient from Japan

with a T63P missense mutation in CAV3. This patient had progressive proximal

muscle weakness, exercise-induced myalgia, mildly elevated CK activities, and dystro-

phic changes on muscle biopsy (fiber size variation, necrotic and regenerating fibers,

centrally located nuclei, fibromatosis). Immunohistochemistry revealed absence of

CAV3 and reduction of dysferlin immunolabeling at the sarcolemma. Western blotting

confirmed the reduction of CAV3, but the expression of dysferlin was normal.

In contrast to the LGMD 1C patients with an early onset of symptoms in

childhood, a late beginning LGMD 1C was reported in a 71-year old French woman

caused by a R26Q mutation in CAV3. She had mild dystrophic changes in her muscle

biopsy, a drastically reduced CAV3 and decreased dysferlin immunolabeling at the

sarcolemma. CAV3 was not detectable, but dysferlin expression was unaltered in

Western blotting. Electron microscopy demonstrated a lack of caveolae (Figarella-

Branger et al., 2003).
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It has been suggested that CAV3 mutations (G55S, C71W, R125H) might also

cause autosomal recessive LGMD (McNally et al., 1998). However, the presence of

these alterations in healthy controls and the normal CAV3 immunostaining in the

sarcolemma in patients with the G55S alteration indicate that these alterations may be

benign polymorphisms (DePaula et al., 2001).

B. Secondary Alteration of Caveolin-3 in Duchenne Muscular Dystrophy (DMD)

DMD is an X-linked recessive disorder caused by mutations in the dystrophin

gene. The primary deficiency of dystrophin leads to a concomitant reduction in the

expression of dystrophin-associated glycoproteins (e.g., sarcoglycans and dystrogly-

cans) and of nNOS. In contrast to the markedly reduced dystrophin–glycoprotein

complex, there are several observations that suggest a compensatory upregulation of

CAV3 in DMD. It has been shown that the amount of CAV3 protein is elevated and—

consistent with this—the ultrastructural studies revealed an increased number of

caveolae in DMD patients (Bonilla et al., 1981; Vaghy et al., 1998). Similar findings

were also demonstrated in the mdx mice, an animal model of DMD (Repetto et al.,

1999).

II. RIPPLING MUSCLE DISEASE (RMD)

A. Heterozygous RMD

Hereditary rippling muscle disease (RMD) is a rare autosomal dominant disorder

characterized by signs of increased muscle irritability such as percussion/pressure-

induced rapid muscle contractions (PIRC), painful localized mounding of muscle in-

duced by tapping, as well as rolling movements across a muscle group (“rippling”)

triggered by tapping or passive muscle stretch. Muscle weakness is not a prominent

feature in RMD. The main complaints of RMD patients include muscle stiVness,
exercise-induced muscle pain, and cramp-like sensations. In most patients these symp-

toms begin before the age of 20 years. RMD is a rather benign myopathy, usually not

progressive, is not accompanied by dystrophic changes, and has a normal life expec-

tancy. Some patients may need symptomatic therapy for muscle cramps and myalgia

that includes Ca2þ antagonists and/or benzodiazepines for muscle relaxation. Elderly

patients with a longer duration of the disease may develop some proximal muscle

weakness in addition to the RMD phenotype.

Torbergsen described RMD in a Norwegian family in 1975. Ricker et al. (1989)

reported on two German RMD families and coined the name “rippling muscle

disease.” A large American RMD family was investigated by Stephan et al. (1994).

Vorgerd et al. (1999) described two additional German RMD families, outlined

diagnostic criteria for RMD, and introduced “percussion-induced rapid muscle con-

tractions” (PIRC) as a clinical feature of RMD that is even more reliable than
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“rippling.” So et al. (2001) reported on clinical observations in another American

family and confirmed the diagnostic value of PIRC.

The first RMD locus was mapped to the long arm of chromosome 1 in a single

four-generation Oregon pedigree, but this locus has been excluded in all other infor-

mative RMD families described so far. In 2000, Betz et al. showed that RMD is linked

to chromosome 3p25 and associated with mutations in CAV3. They described five

families with autosomal-dominant RMD from two European countries (Germany and

Norway) caused by diVerent heterozygous CAV3 mutations (R26Q, A45T, A45V,

P104L), including the original Norwegian RMD pedigree. These CAV3 mutations

resulted in a reduced plasma membrane expression of CAV3 in stably transfected

C2C12 cells. Moreover, a significant increase in nitric oxidic production was shown

in mutant C2C12 myotubes, and it was speculated that increased inducibility of

neuronal nitric oxide synthase (nNOS) contributes to the mechanically induced muscle

contractions in RMD. This study demonstrated the allelism of dystrophic LGMD 1C

and nondystrophic RMD diseases. Thereafter, two additional autosomal dominant

RMD families from Japan and a sporadic German RMD patient were reported,

caused by the same R26Q mutation in CAV3 (Vorgerd et al., 2001; Yabe et al.,

2003). Clinical diagnosis was based on PIRC and rippling muscle along with elevations

of CK activity. Muscle biopsy studies showed unspecific myopathic changes (centrally

located nuclei, muscle fiber hypertrophy, but no dystrophic features such as necrosis,

regeneration, or lipofibromatosis) and an absent CAV3 immunostaining. A preserved

nNOS staining at the muscle fiber membrane was reported in the sporadic German

RMD patient.

Schara et al. (2002) presented a detailed study on seven children with RMD and

proven CAV3 mutations. They pointed out that initial symptoms of RMD include

inability to walk on heels, tiptoe walking with myalgia, and a warm-up phenomenon,

calf hypertrophy and elevated serum CK. All children had PIRC and CK elevation.

Painful muscle mounding on percussion and mechanically induced rippling muscle

contractions were less frequent, thus confirming that PIRC was a sensitive and reliable

sign for RMD even at the early stages of the disease. (See Fig. 2.)

B. Homozygous RMD

Recently, two unrelated patients with novel homozygous mutations (L86P and

A92T) in CAV3 were reported (Kubisch et al., 2003). Both presented with a more

severe clinical phenotype than usually seen in RMD. Immunohistochemical and

immunoblot analyses of muscle biopsies revealed a strong reduction of CAV3 in both

homozygous RMD patients, similar to the findings in heterozygous RMD. Electron

microscopy studies showed a nearly complete absence of caveolae in the sarcolemma.

Additional plasma membrane irregularities (small plasmalemmal discontinuities, sub-

sarcolemmal vacuoles, abnormal papillary projections) were more pronounced in

homozygous than in heterozygous RMD patients. Interestingly, these latter ultra-

structural changes looked similar to the earliest pathological alterations reported in
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dysferlinopathy (Selcen et al., 2001). Like in LGMD1C, dysferlin immunoreactivity

was reduced in RMD and more pronounced in the homozygous RMD patients.

This study further extended the phenotypic variability of muscle caveolinopathies by

identification of a severe form of RMD associated with homozygous CAV3mutations.

C. RMD of Unknown Etiology

Evidence of autosomal recessive inheritance of RMD has been reported in two

families from Oman who—in addition to PIRC and rippling muscle waves—showed

cardiac involvement, short stature, and a delayed bone age (Koul et al., 2001).

This phenotype clearly diVers from the hitherto reported RMD patients with CAV3

Figure 2. (A) Immunofluorescence and (B) immunoblot analysis of CAV3 and dysferlin on muscle biopsies

of two patients with homozgyous (L86P, A92T) and one heterozygous (A45T) RMD. In the RMD patients

there is a drastic reduction in the intensity of CAV3 immunostaining at the sarcolemma and in immunoblot-

ting. Dysferlin is reduced in RMD by immunohistochemistry, but normal in immunoblotting (Kubisch et al.,

2003). (See Color Insert.)
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mutations, in whom symptoms were restricted to the skeletal muscle. This family

remains to be further studied on the genetical level.

III. DISTAL MYOPATHY

Tateyama et al. (2002) reported a sporadic patient with distal myopathy restricted

to the intrinsic hand and feet muscle that was associated with the R26Q CAV3

mutation. Histopathological examination revealed unspecific myopathic features (var-

iation in fiber size, centrally located nuclei, type 1 fiber predominance), a drastically

reduced but not absent CAV3 and dysferlin immunostaining at the plasma membrane,

and absent CAV3, but normal dysferlin expression on Western blotting. This report

expanded the clinical spectrum of CAV3 deficiency by adding the distal myopathy

phenotype. It was emphasized that reduced dysferlin immunostaining on muscle

biopsy should be analyzed for a possible CAV3 mutations.

IV. HYPERCKEMIA

Elevated serum activity of CK without additional symptoms of a neuromuscular

disease is defined as hyperCKemia. Carbone et al. (2000) reported two unrelated

children with hyperCKemia and a greatly reduced CAV3 staining in the sarcolemma

without any other major alterations on muscle biopsies. They identified the R26Q

CAV3 mutation that occurred de novo in both patients. Merlini et al. (2002) described

a family with hyperCKemia and CAV3 deficiency on muscle biopsy associated with a

missense mutation (P28L). Therefore, CAV3 immunostaining should be part of

the routine diagnostic evaluation of muscle biopsies in patients with hyperCKemia,

although CAV3 mutations seem to be very rare in this situation (Capasso et al., 2003).

V. CARDIOMYOPATHY

Recently, Hayashi et al. (2004) described two Japanese siblings with juvenile

onset hypertrophic cardiomyopathy associated with a T63S CAV3 mutation who

had neither symptoms of skeletal muscle involvement nor CK elevation. Functional

studies of the T63S mutation in cultured cells showed decreased but detectable

immunolabeling of mutant CAV3 at the cell surface. CAV3 retention in the cytoplasm

was observed, and a mild reduction in the CAV3 expression was found by Western

blotting. Interestingly, these changes were milder than those found in T63P and�TFT

63–65 mutants. This indicated that the functional diVerences in the CAV3 distribution

and possibly the cardiac phenotype depend on the mutations themselves. This report

came to the conclusion that cardiomyopathy may be another phenotypic manifesta-

tion of CAV3 deficiency and further expands the already known clinical spectrum of

caveolinopathies.
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VI. INTRAFAMILIAL CLINICAL HETEROGENEITY IN CAV3 FAMILIES

A remarkable intrafamilial phenotypic heterogeneity was observed in two large

CAV3 families. Fischer et al. (2003) reported a German multigenerational family

associated with a D27E mutation in CAV3. Immunohistochemical and Western blot

analysis showed a profound reduction of CAV3 expression in skeletal muscle that was

attributed to a dominant-negative eVect of the CAV3mutation. Ultrastructural studies

revealed an abnormal folding of the plasma membrane and multiple vacuoles in the

subsarcolemmal region. Interestingly, signs of RMD were present either alone in some

aVected individuals or coexisting with distal myopathy or LGMD-like findings in the

other patients within this family. This study pointed out that the clinical phenotypes in

CAV3 deficiency may overlap very well and that the clinical spectrum may be contin-

uous rather than distinct. In one Italian family, a recently described�F96 mutation in

the transmembrane domain of CAV3 resulted in RMD, LGMD, or hyperCKemia in

all aVected family members. Analysis of skeletal muscle biopsies revealed a greatly

reduced expression of CAV3, normal expression of �-dystroglycan and nNOS, and

absent caveolae. In contrast, a myocardial biopsy from one patient with RMD

and pelvic-girdle weakness showed only a mild reduction in CAV3 immunostaining

andWestern blot. In addition, cardiac caveolae were preserved on electron microscopy

analysis. It was speculated that diVerential factors are possibly regulating the expres-

sion of CAV3 in skeletal muscle and myocardium (Cagliani et al., 2003). These

observations of intrafamilial phenotypic heterogeneity clearly confirm that other

hitherto unidentified modifying factors/genes are involved in the clinical outcome of

CAV3 mutations.

VII. PATHOGENESIS OF CAV3 DEFICIENCY

At present it is diYcult to see a common pathogenetic pathway of action in

primary CAV3 deficiency that leads to the distinct clinical phenotypes. Likewise, in

other muscle disorders substantially diVerent phenotypes even within the same family

and identical mutations are known. This is true for LGMD 2I caused by a defect in the

fukutin-related protein (FKRP) gene with a wide phenotypic spectrum of congenital

muscular dystrophy at the severe end, varying degrees of limb-girdle muscular dystro-

phy (LGMD 2I) with onset between early childhood and late adulthood, and even

asymptomatic FKRP homozygotes at the other end of the spectrum. Mutations in the

nuclear membrane protein lamin A/C also display striking variability causing skeletal

muscle disease (LGMD 1B, Emery-Dreifuss muscular dystrophy), cardiomyopathy

with AV-block, familial partial lipodystrophy (Dunnigan-type), axonal peripheral

neuropathy (Charcot-Marie-Tooth disease 2A), mandibulo-acral dysplasia, and mul-

tisystem Hutchinson–Gilford progeria syndrome (postnatal growth retardation, mid-

face hypoplasia, micrognathia, premature atherosclerosis, absence of subcutaneous

fat, alopecia, osterodysplasia). (See Fig. 3.)
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All CAV3 mutations reported so far are associated with a drastic reduction of

CAV3 immunostaining at the sarcolemma. The molecular mechanisms underlying this

sarcolemmal CAV3 deficiency have not yet been fully identified. One possible mecha-

nism is that heterozygous CAV3 mutations exert a dominant-negative eVect that

induces rapid degradation of both wild-type and mutant CAV3 proteins. This has

been shown in elegant heterologous expression studies in NIH 3T3 cells. P104L and

�TFT 63–65 mutants of CAV3 form unstable high-molecular-mass CAV3 aggregates

that are retained in the Golgi apparatus and are not targeted to the cell surface

(Galbiati et al., 1999). In addition, the P104L and �TFT 63–-65 CAV3 mutants

underwent ubiquitination and proteasomal degradation, further reducing the cell

surface expression of CAV3 (Galbiati et al., 2000). Another molecular explanation

was recently proposed for the R26Q mutation and may involve haplo-insuYciency

instead of the dominant-negative pathway. It has been shown that transfected cells

with R26Q mutant CAV3 form oligomers of a much larger size than wild-type CAV3

that are retained within the Golgi complex. When co-expressed with mutant CAV3,

however, the reduced level of wild-type CAV3 was insuYcient for an appropriate

CAV3 localization at the plasma membrane, although it was not disturbed by mutant

CAV3 protein (Sotgia et al., 2003).

In addition to the models of how diVerent CAV3 mutations may directly act on

the CAV3 protein turnover, alterations of the complex CAV3 network including the

nNOS pathway, the CAV3 interacting partner dysferlin, and the T-system may also be

relevant in the pathogenesis.

Figure 3. Schematic diagram of the CAV3 protein with the hitherto reported mutations associated with

RMD, LGMD 1C, distal myopathy, hyperCKemia, and cardiomyopathy.
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A. nNOS

CAV3 directly interacts with nNOS, the nitric oxide synthase isoform expressed in

skeletal muscle (Kusner and Kaminski, 1996). Interaction with CAV3 results in the

inhibition of nNOS catalytic activity (Michel and Feron, 1997; Stamler and Meissner,

2001).

It was shown that cytokine-stimulated NOS activity is increased in C2C12 myo-

tubes transfected with mutant CAV3 (Betz et al., 2001). Consistent with this observa-

tion, transgenic mice expressing the P104L CAV3 mutant in skeletal muscle revealed

an increase of nNOS activity in skeletal muscle (Sunada et al., 2001). Recently,

nicotinamide dinucleotide phosphate diaphorase (NDP) assays in RMD patients with

homozygous CAV3 mutations showed an increased sarcolemmal staining consistent

with increased nNOS activity (Kubisch et al., 2003). In contrast, a severe reduction of

nNOS expression was shown in LGMD1C (Herrmann et al., 2000) and in Duchenne

muscular dystrophy (Brenman et al., 1995). It has been speculated that increased

nNOS activity may contribute to a benign RMD phenotype without dystrophic

changes and signs of muscle hyperirritability, whereas the combined loss of CAV3

and nNOS may lead to a dystrophic LGMD phenotype (Betz et al., 2001; Kubisch

et al., 2003). Additional studies on the nNOS pathway are necessary to further

characterize its role and functional consequence in CAV3 deficiency.

B. Dysferlin

Dysferlin is a large sarcolemmal protein distinct from the dystrophin–glycoprotein

complex. It has a large intracellular domain with six C2 domains, contains multiple

CAV3-binding domains, and presumably is involved in calcium-dependent membrane

fusion and repair by regulating vesicle fusion with the plasma membrane (Davis et al.,

2002). Mutations in the human dysferlin gene cause a spectrum of diVerent clinical
presentations that include a limb-girdle muscular dystrophy phenotype (LGMD 2B), a

distal myopathy, or mixed presentations, even with identical mutations (Weiler et al.,

1999). Matsuda et al. (2001) showed by immunoprecipitation that dysferlin and CAV3

interact in skeletal muscle. They described a reduced dysferlin immunostaining

but normal dysferlin expression on Western blotting in muscle biopsies of CAV3

mutant (R26Q, T63P) LGMD 1C patients. This was confirmed in another LGMD

1C patient (R26Q), in distal myopathy with CAV3 mutation (R26Q), and also in

patients with RMD (Figarella-Branger et al., 2003; Kubisch et al., 2003) and can be

interpreted as secondary changes in the subcellular distribution of dysferlin in response

to the almost complete absence of CAV3. Vice versa, a secondary reduction of CAV3

but normal organization of caveolae was detected in a subset of patients with autoso-

mal recessive dysferlin deficiency (LGMD 2B) (Walter et al., 2003). Altogether, the

disturbed interaction between CAV3 and dysferlin may contribute to the pathogenesis

in caveolinopathies, but the functional relevance of these findings awaits further

elucidation.
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C. T-Tubule System

A transient association of CAV3 with transverse tubules (T-tubules) during diVer-
entiation of skeletal fibers was demonstrated, indicating a possible role of muscle cell

caveolae in the formation or organization of the T-tubule system (Parton et al., 1997).

Ultrastructural studies of skeletal muscle from patients with LGMD 1C and RMD

with proven CAV3 mutations showed vacuolar changes in the subsarcolemmal region

(Minetti et al., 2002; Fischer et al., 2003; Kubisch et al., 2003) that probably are caused

by a striking disorganization of the T-tubular system openings at the subsarcolemmal

region (Minetti et al., 2002). These findings are in agreement with T-system alterations

found in CAV3-null mice. Immunostaining with the T-tubule marker dihydropyridine

receptor-1� and ryanodine receptor showed diVuse and disorganized labeling. More-

over, ultrastructural studies revealed dilated and irregularly oriented T-tubules in

CAV3-null skeletal muscle (Galbiati et al., 2001). It is tempting to speculate that these

alterations in the T-tubular system trigger an inappropriate calcium release from the

sarcoplasmic reticulum that are related to the signs of muscular hyperirritability in

RMD.

VIII. SUMMARY

CAV3 mutations are associated with a wide spectrum of diVerent clinical pheno-
types. Most patients with CAV3 mutations reported so far present with RMD; some

patients develop LGMD 1C. More rarely, they have distal myopathy, hyperCKemia,

or cardiomyopathy. However, systematic genetical studies evaluating CAV3 muta-

tions among larger series of biopsy-proven LGMD patients or patients with only

unspecific changes on muscle biopsy are necessary to assess the exact prevalence of

caveolinopathies and the related phenotypes.

All patients have a profound reduction in CAV3 and caveolar disorganization

at the sarcolemma in common, irrespective of the clinical phenotype and type of CAV3

mutation. So far, there seems to be no clear correlation between the residual

CAV3 protein expression, CAV3 mutations, and the clinical phenotype. This suggests

that alterations in the expression of other muscle proteins (e.g., CAV3-related pro-

teins) and changes in the CAV3 network contribute to the pathogenesis and clinical

presentation of CAV3 deficiency.
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The vascular system transports blood through the body in hollow tubular struc-

tures called blood vessels. The blood vessel is a dynamic structure that provides

necessary “irrigation” to all the organs and tissues. The vessel wall is composed of

three inter-connected layers: the intima, the media, and the adventitia. The intima

contains a monolayer of endothelial cells (ECs) that is attached to a basement mem-

brane formed by extracellular matrix proteins. In contrast, the medial layer is com-

posed mainly of smooth muscle cells surrounded by extracellular matrix. Finally, the

adventitial layer consists of fibroblasts, collagen, and elastic fibers and is irrigated by

the vasa vasora in the case of larger vessels (Griendling et al., 2001).

This chapter focuses on the two main cell types in the vasculature: endothelia and

smooth muscle cells. These cell types are implicated in most homeostatic, as well as

pathological, conditions of the vascular system. The chapter also touches on the

importance of macrophages in this system.
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Recently, there has been a rapidly growing interest as to the function of caveolae

in the vascular system, including their role in angiogenesis, as well as vascular cell

diVerentiation and proliferation (Anderson, 1998; Razani et al., 2002). Caveolae are

50- to 80-nm flask-shaped invaginations of the plasma membrane, enriched in choles-

terol and sphingolipids. Their basic structural protein units are the caveolin gene

family, which encodes three isoforms. Caveolin-1 (Cav-1) and caveolin-2 (Cav-2) are

present in most cells, whereas caveolin-3 (Cav-3) is muscle specific (most strongly

expressed in striated muscle cells).

The caveolin molecules form oligomers in the plasma membrane and interact

directly with cholesterol, giving rise to the characteristic omega-like shape of caveolae.

Many classes of signaling molecules accumulate in caveolae and interact with caveolin

via its scaVolding domain. Notably, association with caveolin is inhibitory (in most

cases) and maintains various signaling molecules in an inactive state (Razani et al.,

2002). Once the proper ligand is available, a given signal transducer dissociates from

caveolin, becomes activated, and leaves the caveolae microenvironment—thereby

initiating a signaling cascade.

I. CAVEOLAE AND CAVEOLINS IN ENDOTHELIAL CELLS

The endothelium is a highly dynamic cell layer that is involved in a multitude of

physiological functions, including the control of vasomotor tone, traYcking of cells

and nutrients, maintenance of blood fluids, and the growth of new blood vessels. Over

the past decade, caveolae and the caveolin proteins have been recognized as major

players in various endothelial functions. The EC is one of the cell types that expresses

the highest levels of Cav-1 (Lisanti et al., 1994b; Frank et al., 2003). As a consequence,

these cells contain large numbers of caveolae. The generation of Cav-1-deficient mice

(Cav-1�/�) using standard homologous recombination techniques has allowed many

investigators to define the role of Cav-1 in caveolae formation, as well as other aspects

of caveolae function (Drab et al., 2001; Razani et al., 2001b). Caveolae are especially

abundant in wild-type aortic ECs. Interestingly, Cav-1-deficient ECs clearly lack any

recognizable caveolar structures (Fig. 1) (Frank et al., 2003).

Several functional roles have been attributed to caveolae in ECs. Caveolae and

their structural proteins, the caveolins, are implicated in many of their normal

physiological functions, as well as pathological states.

A. Trans-Endothelial Transport

Awidely accepted role for caveolae is their ability to promote the trans-endothelial

transport (transcytosis) of solutes, such as albumin, across vascular endothelia

(Simionescu et al., 2002). During transcytosis, caveolae bud-oV and detach from the

plasma membrane at one side of the cell and move into the cytoplasm as free vesicles
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that directionally fuse with the plasma membrane at the other side of the cell (van

Deurs et al., 2003). Caveolar channels have also been proposed as a transport mecha-

nism in arterial ECs, without the need for free caveolae vesicles (Ogawa et al., 2001).

This process is plausible since ECs are very flat; therefore, caveolae could form short-

lived vesicles or even transient channels across the cell (Simionescu et al., 2002; van

Deurs et al., 2003). Importantly, it was shown that endothelial cytosol and plasma-

lemmal vesicles (caveolae) contain the necessary proteins and lipids for fission, fusion,

and targeting, including molecules such as N-ethylmaleimide-sensitive factor (NSF),

NSF-attachment proteins and their soluble receptors, dynamin, and Rab 5 (Schnitzer

et al., 1995b; Oh et al., 1998; Predescu et al., 2001).

Figure 1. Caveolae in endothelial cells from aorta. Electron micrographs of wild‐type (WT) and Cav‐1�/�

aortas are shown. Wild‐type endothelial cells exhibit numerous caveolae at the cell surface (arrows) in

addition to detached plasmalemmal vesicles. These structures are clearly absent from caveolin‐1‐deficient
endothelial cells (A). Scale bar ¼ 500 nm. (B) shows a 1.5�‐magnified view of the boxed section presented in

(A). Modified from Frank et al. (2003).
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Albumin is one of the most studied proteins that is transferred across ECs

(Simionescu et al., 2002). Studies have provided clear molecular genetic evidence to

support a role for caveolae in the transcytosis of albumin (Schubert et al., 2001). Using

Cav-1�/� mice and perfusion with gold-labeled albumin, it was demonstrated that

Cav-1 expression is required for the trans-endothelial transport of albumin. Results

showed that ECs from Cav-1�/� mice failed to transport gold-labeled albumin, which

remained in the blood vessel lumen. On the other hand, ECs from wild-type mice

eYciently transported albumin to the sub-endothelial space via caveolae (Schubert

et al., 2001).

Many plasma proteins and molecules use the caveolar transcytotic pathway for

their transport to the sub-endothelial tissue space (Simionescu et al., 2002). These

molecules include albumin (Ghitescu et al., 1986; Schnitzer et al., 1994b,1995a;

Tiruppathi et al., 1997), insulin (Schnitzer et al., 1994a; Bendayan and Rasio, 1996),

ferritin (Schnitzer et al., 1995a), and native and modified low-density lipoproteins

(LDL) (Vasile et al., 1983; Kim et al., 1994; Dehouck et al., 1997). Transcytosis can

be constitutive (e.g., fluid-phase transport) and/or regulated (e.g., receptor mediated)

(Fig. 2). For instance, the trans-endothelial transport of albumin requires the interac-

tion of the albumin-docking protein, gp60, with caveolin and the subsequent activa-

tion of c-Src tyrosine kinase signaling (Tiruppathi et al., 1997; Minshall et al., 2000;

Minshall et al., 2002).

B. Vascular Permeability

The regulation of endothelial microvascular permeability is another important

and major role for caveolae/caveolins. The selective permeability of ECs to a specific

molecule may be controlled not only by the size of caveolar vesicles, but also by the

presence of specific receptors within caveolae. The presence of other caveolae-related

structures and their regulation might also be critical. For example, the clustering of

caveolae into structures termed vesico-vacuolar vesicles (VVOs) requires a specific

combination of surface matrix exposure and vascular endothelial growth factor

(VEGF) (Vasile et al., 1999). In addition, VEGF was found to induce caveolae

expression and their fission and fusion. It also stimulated the formation of elon-

gated caveolin-decorated structures and fenestrae, both responsible for the increase

in vascular permeability (Chen et al., 2002).

The overall vascular permeability appears to be controlled by two processes:

(1) the endothelial transcytosis pathway, in which molecules are taken up by caveolae

vesicles and transported across the cell, and (2) the paracellular pathway, whereby

transported molecules are transferred to the sub-endothelial space by passing between

ECs, across tight junctions (Majno and Palade, 1961; Predescu and Palade, 1993;

Schubert et al., 2002) (Fig. 2).

Schubert et al. have shown that even though Cav-1 deficiency inhibited gold-

labeled albumin transcytosis across the endothelium, it dramatically increased micro-

vascular permeability via increases in the para-cellular pathway (Schubert et al., 2002).
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Figure 2. Models of trans‐endothelial transport. (A and B) Caveolae‐mediated transcytosis. In this model,

LDL particles are transferred from the blood vessel lumen to the intima. Two possible pathways exist for this

endothelial transcellular transport. (A) An LDL particle may bind to a specific receptor found in endothelial

cell caveolae and induce the endocytosis/transcytosis of caveolae vesicle, and the particle is then transferred

to the subendothelial space (receptor‐mediated transcytosis). (B) Alternatively, an LDL particle can be

transported via a non‐specific, or fluid‐phase, form of caveolar transcytosis. (C) Para‐cellular transport of
LDL particles across the endothelial cell barrier. Under certain conditions, inter‐endothelial tight junctions
may be altered, increasing endothelium permeability. Modified from Frank and Lisanti (2004). (See Color

Insert.)
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In this study, Cav-1�/� mice cleared radiolabeled albumin from the circulation at a

faster rate than control wild-type mice, due to the induction of para-cellular transport

in these animals. In support of these findings, Schubert et al., using electron microsco-

py, also reported defects in tight junction morphology and abnormalities in lung

capillaries’ EC attachment to the basement membrane. This increase in microvascular

permeability was found to be nitric oxide (NO)-dependent, as it was reversed by the

nitric oxide synthase inhibitor L-NAME. In fact, the enzyme endothelial nitric oxide

synthase (eNOS) is constitutively activated in Cav-1�/� mice (Drab et al., 2001; Razani

et al., 2001b).

Therefore, in addition to playing a role in endothelial transcytosis, Cav-1 can

influence vascular permeability by aVecting the para-cellular transport pathway,

through its action on eNOS as well as on the organization of protein interactions

between cells and the extracellular matrix (Frank et al., 2003). Endothelial permeabili-

ty plays a major role in lesion formation and is increased in blood vessels with

atherosclerotic lesions. As a matter of fact, areas of the aorta that present with

increased permeability are more susceptible to atherosclerosis (McGill et al., 1957;

Packham et al., 1967; Somer and Schwartz, 1971; Fry et al., 1993). Therefore, the

regulation of vascular permeability is one mechanism through which caveolae and

caveolins may play a major role in influencing atherosclerotic lesion formation.

C. Caveolae/Caveolin and eNOS: Roles in Atherosclerosis

Atherosclerosis is the underlying cause of various types of arterial disease and

predisposes vessels toward vasospasm and/or thrombus formation (Fuster et al., 1992).

Atherosclerosis is known to be associated with EC injury or dysfunction, resulting in

lipid and leukocyte deposition in the arterial wall (Ross, 1993; Harrison and Ohara,

1995). ECs, as well as macrophages in the intimal layer, release growth factors, which

induce the migration of vascular smooth muscle cells (VSMCs) from the media to the

intima. These activated VSMCs then undergo proliferation. The accumulation of lipids,

foam cells, proliferating cells, and extracellular matrix proteins in the subendothelial

layer leads to the eventual formation of a fibrous cap lesion (Ross, 1999).

Endothelium-derived NO has a profound eVect on vessel tonicity and permeabili-

ty. Within the plasma membrane, the eNOS protein is highly enriched in caveolae,

where caveolin proteins are also localized. In addition, eNOS activity is found to be

nine- to tenfold more prevalent in the caveolae fraction as compared to whole plasma

membrane and undetectable in non-caveolar membranes (Shaul et al., 1996). More-

over, within an EC, eNOS was shown to target to lipid rafts/caveolae of the plasma

membrane and the Golgi apparatus, where its activity is inhibited by binding to Cav-1

(Garcia-Cardena et al., 1996; Michel et al., 1997). The interaction between Cav-1 and

eNOS has thoroughly been discussed in Chapter 5 of this volume. In brief, optimal

eNOS activity occurs when the interaction between eNOS and Cav-1 is competitively

disrupted by calcium/calmodulin binding to eNOS (Ju et al., 1997; Michel et al., 1997).
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Therefore, Cav-1 acts as a negative modulator of eNOS activity and, thus, is a

regulator of vascular tone and permeability.

The first direct in vivo evidence of a negative regulatory role for Cav-1 in tonically

inhibiting eNOS was provided by studies involving Cav-1�/� mice. Razani et al.

showed that Cav-1-deficient mice exhibited impaired phenylephrine-induced vasocon-

striction as well as a potentiated acetylcholine-induced relaxation (both NO-dependent

phenomena) due to increased eNOS activity in these mice (Razani et al., 2001b). In

addition, Drab et al. (2001) also showed similar abnormalities in the NO-dependent

pathways in their independently generated Cav-1�/� mice (Drab et al., 2001).

The reduced bioavailability of the endothelium-derived signaling molecule NO is

a key process in the early pathogenesis of hypercholesterolemia-induced vascular

disease and atherosclerosis (Vane et al., 1990). During the early stages of atheroscle-

rosis, eNOS was found to influence leukocyte adhesion to ECs, a process mediated by

adhesion molecules expressed at the surface of activated ECs. For instance, eNOS and

NO were shown to downregulate the level of the vascular cell adhesion molecule-1

(VCAM-1) expressed in ECs (Takahashi et al., 1996; Kawashima et al., 2001). In

accordance with this finding, VCAM-1 expression was shown to be decreased in

Cav-1�/� ApoE�/� mice, in which elevated NO levels and activity are observed (Frank

et al., 2004). In addition, the anti-atherogenic role of eNOS can also be explained by its

inhibitory action on SMCmigration and proliferation (Garg and Hassid, 1989; Kariya

et al., 1989). In accordance with these findings, atheroma formation was remarkably

less severe in Cav-1�/� ApoE�/� mice compared to ApoE�/� mice treated identically.

This eVect may be due, at least in part, to the increased eNOS activity observed in

these animals (Frank et al., 2004). The negative regulation of eNOS by Cav-1 provides

further evidence to support a role for the caveolin gene family in the pathogenesis of

atherosclerosis.

D. Cholesterol Transport and Homeostasis

Since caveolae have a high cholesterol content, they have also been functionally

implicated in cholesterol transport and homeostasis. The role of caveolae in cholester-

ol traYcking has been investigated in many cell types. Fielding and Fielding have

shown that while clathrin-coated pits mediate the transfer of free cholesterol from

LDL into the cell (Fielding and Fielding, 1996), caveolar microdomains may be the

sites of eZux of newly synthesized cholesterol as well as LDL-derived free cholesterol

(Fielding and Fielding, 1995). Moreover, Cav-1 was found to mediate the transport of

cholesterol from the endoplasmic reticulum (ER) to plasma membrane caveolar sites

(Smart et al., 1996). The interaction between cholesterol and caveolin is reciprocal.

An increase in cellular free cholesterol content upregulates Cav-1 mRNA via the

SREBP pathway (Bist et al., 1997). Moreover, Cav-1 translocation to the plasma

membrane is also enhanced by incubation of ECs with LDL. In this process, Ras,

an important signaling mediator, is activated in the presence of LDL and translocates

to caveolae, where it associates with Cav-1 (Zhu et al., 2000). These findings suggest
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that, in addition to its role in cellular cholesterol transport, Cav-1 is also involved in

the regulation of signaling pathways activated by LDL in ECs.

As a major player in the metabolism of lipoproteins, Cav-1 could shift the

distribution of lipoproteins toward a more atherogenic profile, as suggested by prelim-

inary studies in Cav-1-deficient mice (Razani et al., 2001a). Interestingly, Cav-1�/�

mice have normal plasma cholesterol levels but develop hypertriglyceridemia (with

elevated VLDL/chylomicrons). Triglyceride clearance is delayed in these mice, inde-

pendently of lipoprotein lipase activity, which was found to be unaltered from wild-

type animals. Therefore, Cav-1 deficiency may disturb the transport and/or storage of

fatty acids and triglycerides in adipocytes, leading to defects in lipid homeostasis

(Razani et al., 2001a).

Cav-1-mediated cholesterol traYcking may be one of the mechanisms by which

caveolae play a role in the initiation and/or progression of atherosclerosis. As a

consequence, the relationship between caveolins and the good cholesterol, transported

by high-density lipoprotein (HDL), has been thoroughly investigated. The importance

of HDL in cholesterol elimination has been suggested by several studies that showed

an inverse correlation between the development of atherosclerosis and HDL choles-

terol levels (Gordon et al., 1977; Miller et al., 1977; Gordon and Rifkind, 1989; Wilson

et al., 1994; Castelli, 1996). HDL particles function as extracellular acceptors for

cellular cholesterol. After cholesterol is transferred to HDL, it is esterified by the

enzyme lecithin:cholesterol acyltransferase (LCAT) and then transferred to apoB-

containing lipoproteins by cholesterol ester transfer protein (CETP) for elimination

by the liver and removal from the body.

While we have shown that transformed NIH/3T3 cells in which Cav-1 expression

is downregulated can transfer cholesterol to HDL more rapidly than the untrans-

formed parental cell line (Frank et al., 2001a), it appears that, in most cases, Cav-1 has

no or minimal eVect on HDL-mediated cellular cholesterol eZux from untransformed

cells (Matveev et al., 2001; Frank et al., 2002; Wang et al., 2003). However, further

studies are required to clarify the matter. HDL can, in turn, negatively regulate Cav-1,

at both the transcriptional and protein levels. We have shown that downregulation

of Cav-1 induced by chronic exposure to HDL can prevent the uptake of oxLDL by

ECs (Frank et al., 2001a). These results provide further evidence linking caveolae and

Cav-1 to oxLDL uptake by ECs and atherosclerosis. These findings also suggest a new

mechanism to explain the anti-atherogenic eVect of HDL: HDL could reduce the

uptake of oxLDLs by ECs and prevent their accumulation in the subendothelial

space—by downregulating the expression of Cav-1 and, thus, blocking caveolae

formation and LDL transcytosis (Frank et al., 2001a).

Further evidence for the relationship between HDL and Cav-1 was provided by

studies involving the HDL receptor [scavenger receptor class B type I (SR-BI)]. Inter-

estingly, SR-BI is associated with caveolae (Babitt et al., 1997). While the uptake of

LDL cholesterol occurs by internalization and degradation of the entire particle in the

cell, the uptake of esterified cholesterol fromHDL is more selective and involves SR-BI

(Graf et al., 1999). Recently, we and others have shown that SR-BI-mediated selective

HDL CE uptake into cells is inhibited by Cav-1. However, SR-BI-mediated cellular
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cholesterol eZux was not aVected by Cav-1 expression (Matveev et al., 2001; Frank

et al., 2002). These results identify SR-BI as a key receptor in the cellular uptake of

cholesterol via caveolae. We also showed that SR-BI stabilized Cav-1 and induced

significant clustering of the protein at the plasmamembrane level. Similarly, the cellular

free cholesterol content was found to stabilize Cav-1 (Frank et al., 2002), a finding

that is in accordance with our previous work in which a reciprocal relationship was

reported between Cav-1 expression and cellular cholesterol levels (Frank et al., 2001a).

These findings add to the importance of Cav-1 in regulating cellular cholesterol homeo-

stasis.

E. Relationships between Lipoproteins, eNOS, and Caveolins

Several lines of evidence have indicated that the specialized lipid environment

within caveolae influences the targeting and regulation of eNOS within this membrane

microdomain. Blair et al. have shown that Cav-1 and eNOS remained highly enriched

in caveolae membranes when cells are exposed to lipoprotein-deficient serum, HDL, or

native LDL (Blair et al., 1999). However, ECs exposed to oxLDL show the transloca-

tion of eNOS and Cav-1 from plasmalemmal caveolae to an internal membrane

fraction containing ER, the Golgi apparatus, mitochondria, and other intracellular

organelles (Blair et al., 1999). In addition to inducing the redistribution of eNOS in

ECs, oxLDL attenuated the activity of eNOS, as evaluated by acetylcholine-induced

eNOS activation (Blair et al., 1999).

OxLDL may cause a marked depletion of caveolae cholesterol by acting as an

acceptor of cholesterol, as determined by measuring the sterol content of caveolae

isolated from [3H]acetate-labeled ECs. This process was found to mediate eNOS

displacement, since the use of a cholesterol-chelating agent, namely, cyclodextrin,

produced similar results to oxLDL and caused the redistribution of eNOS and

Cav-1 from caveolae to the intracellular membrane fraction. Thus, oxLDL causes a

depletion of cholesterol from caveolae, resulting in the redistribution of eNOS and an

inhibition of acetylcholine-induced activation of the enzyme (Blair et al., 1999). This

process may be an important mechanism early in the pathogenesis of atherosclerosis.

In agreement with these findings, Feron et al. have shown that exposure of ECs to

serum from hypercholesterolemic patients impairs basal NO release. This eVect was
paralleled by the enhanced formation of the inhibitory Cav-1–eNOS complex (Feron

et al., 1999).

Since there is a strong negative correlation between HDL levels and the risk for

atherosclerosis (Gordon et al., 1977; Gordon and Rifkind, 1989; Assmann et al.,

1993), several studies have focused on the interaction between HDL, eNOS, and

caveolae. HDL was found to activate eNOS in cultured ECs and to enhance NO-

dependent relaxation in mouse aorta via SR-BI. Moreover, HDL was shown to

counteract the eVects of oxLDL on eNOS-Cav-1 redistribution and on eNOS activa-

tion (Uittenbogaard et al., 2000). The addition of HDL to medium containing oxLDL

prevented eNOS and Cav-1 displacement from caveolae and additionally restored
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Ach-induced stimulation of eNOS. Mechanistically, the eVects of HDL on eNOS

targeting were mediated by the function of HDL as a sterol donor to restore the

cholesterol content of caveolae membranes, which is normally removed by oxLDL

(Uittenbogaard et al., 2000; Shaul, 2003). CD36 was identified as the receptor respon-

sible for mediating oxLDL-induced depletion of cholesterol from caveolae. Reversion

of this process by HDL was mediated by SR-BI (Uittenbogaard et al., 2000; Shaul,

2003).

Therefore, the interactions between caveolae, eNOS, and lipoproteins play a key

role in vascular disease, particularly atherosclerosis. OxLDL, a major risk factor for

vascular disease, was shown to alter eNOS activation and, thus, NO production by

disrupting the caveolin activation complex. HDL, a cardioprotective lipoprotein,

prevents the disruption of the caveolin activation complex by oxLDL, by donating

cholesterol to cell surface caveolae or, alternatively, may protect caveolae cholesterol

from oxidation (Everson and Smart, 2001).

Direct in vivo evidence for the involvement of Cav-1 in the development of

atherosclerosis was recently provided using knockout mice. In brief, Cav-1�/�

ApoE�/� double-knockout (dKO) mice were obtained by interbreeding Cav-1�/� mice

with ApoE-null mice [ApoE�/�], an atherosclerosis-prone mouse strain. Interestingly,

genetic ablation of Cav-1 provides dramatic protection against atherosclerosis (Fig. 3).

We showed that these findings are likely due to the reduced expression of certain pro-

atherogenic molecules, such as CD36 and VCAM-1, in dKO mice. The increased

eNOS activity observed in the ApoE/Cav-1 dKO model could also account for the

reduced pathological appearance of these lesions (Frank et al., 2004). In addition,

the elimination of Cav-1 may also reduce the transcytosis of LDL across ECs and their

accumulation in the sub-endothelial space.

F. Caveolin-1 and Angiogenesis

During both tumor development and vascular diseases, the demand for an

increased blood supply drives the formation of new vessels. This process, termed

angiogenesis, involves the formation of new vasculature that is derived from pre-

existing blood vessels (Hanahan and Folkman, 1996). Angiogenesis is characterized

by the initial proliferation of ECs, their migration, and diVerentiation in their new

residence.

Since Cav-1 plays a role in cell multiplication and diVerentiation, it was therefore
not surprising to observe that Cav-1 expression was downregulated during EC migra-

tion but was upregulated during capillary tube formation (Liu et al., 2002). Studies

have now shown that Cav-1 downregulation significantly reduces capillary tube

formation (GriVoni et al., 2000; Brouet et al., 2001; Liu et al., 2002).

The exact role of Cav-1 has not yet been completely established, but it is definitely

a major regulator of angiogenesis. This function is also complicated by the fact that

caveolae contain several important molecules, which play a major role in this process

(Frank et al., 2003), including the VEGF receptor (VEGFR) (Stahl and Mueller, 1995;
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Labrecque et al., 2003) and the urokinase receptor (uPAR) (Stahl and Mueller, 1995).

Recently, metalloproteinases (MMPs), enzymes implicated in degradation of the

extracellular matrix and major factors involved in the initiation of angiogenesis, were

also found to be associated with caveolae. These microdomains were identified as the

endocytic pathway used by the membrane type 1 matrix metalloproteinase (MT1-

MMP) in ECs. MT1-MMP co-localized with Cav-1 and required caveolar traYcking

for its proper localization and function (Galvez et al., 2004).

On the other hand, caveolae and caveolins are associated with factors that

inhibit angiogenesis, such as eNOS (Brouet et al., 2001) and prostacyclin synthase

Figure 3. Caveolin‐1 deficiency reduces the extent of atheromatous lesions in ApoE�/� mice. (A) En face

visualization of aortas, which were harvested from ApoE�/�/Cav‐1þ/þ and ApoE�/� /Cav‐1�/� mice, fed

a normal chow diet. (B) Quantification of the total area occupied by atherosclerotic lesions per aorta. Note

that in animals fed a normal chow diet, a Cav‐1 deficiency leads to dramatic reductions (�70%) in the total

area occupied by these atherosclerotic lesions. An asterisk (�) indicates statistical significance (p < 0.05);

n ¼ 5 mice for each experimental group. Modified from Frank et al. (2004). (See Color Insert.)
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(Spisni et al., 2001). Sprouty-1 and -2, two negative regulators of angiogenesis, have

been localized to caveolae (Impagnatiello et al., 2001). Also, the naturally occurring

inhibitor of angiogenesis, endostatin, was found to localize to lipid rafts/caveolae

together with its integrin receptor and Cav-1. The lipid raft localization of endostatin

was shown to be essential for its downstream signaling, i.e., the Src-dependent disas-

sembly of the actin cytoskeleton (Wickstrom et al., 2002, 2003). An important aspect

concerning the role of caveolae/caveolin-1 was established using Cav-1�/� mice. In vivo

studies using Cav-1�/� mice implanted with Matrigel plugs [supplemented with the

basic fibroblast growth factor, bFGF] clearly show a positive role for Cav-1 in the

regulation of angiogenesis (Woodman et al., 2003). It was also shown that smaller

tumors were formed in these mice with the melanoma cell line B16-F10. Taken

together, these data suggest that Cav-1 deficiency reduces angiogenesis.

Overall, these findings suggest a complex role for Cav-1 in the regulation of

angiogenesis and demonstrate the need for future investigations into the role of

caveolins in angiogenesis-related disease states.

In conclusion, endothelial caveolae have been implicated in the following diverse

functions: (1) the transcytosis of molecules across ECs, (2) inactivation of eNOS,

(3) the control of cholesterol traYcking, and (4) cell diVerentiation and proliferation

(related to angiogenesis). As previously proposed, “Cav-1 and caveolae are required

for the proper organization of signaling pathways within ECs, allowing for a rapid,

eYcient, and regulated response to specific extracellular stimuli” (Lisanti et al., 1994a;

Frank et al., 2003). Disruption of this organization may lead to a variety of vascular

abnormalities, such as those observed in atherosclerosis, restenosis after angioplasty,

and hypertension.

II. CAVEOLIN-1 IN MACROPHAGES

The important role of macrophages in vascular disease, particularly atherosclero-

sis, cannot be overlooked. It has now been well established that macrophages indeed

express Cav-1 and Cav-2 (Baorto et al., 1997; Matveev et al., 1999; Gargalovic and

Dory, 2001), and studies have indicated that Cav-1 may play a role in regulating

cellular cholesterol metabolism in these cells. For example, Cav-1 is believed to be

involved in the selective uptake of cholesteryl esters from HDL. In J774 and RAW

macrophages, transfection of Cav-1 inhibited HDL-mediated cholesterol uptake

without aVecting the cholesterol eZux (Matveev et al., 2001). On the other hand,

the same group showed that Cav-1 expression, which was upregulated upon macro-

phage diVerentiation, correlated with increased selective uptake of HDL CE in

human THP-1 macrophages (Matveev et al., 1999). This discrepancy as to the role

of Cav-1 in cholesterol uptake in macrophages might be due to different levels of

CD36 and SR-BI, two members of the class B scavenger receptors known to selectively

bind HDL and transfer core cholesteryl esters to cells (Huh et al., 1996; Matveev

et al., 2001).
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In the plasma membrane, cholesterol localizes either within lipid rafts domains

(where it tightly binds sphingolipids) or within non-raft areas (where it associates with

phospholipids). However, non-raft domains may represent a more favorable site for

cholesterol eZux, because of their loosely packed structure as compared to lipid rafts.

In fact, ABCA1, a major protein implicated in the regulation of cellular cholesterol

eZux, is not associated with lipid raft domains (Mendez et al., 2001). However, Cav-1

may still play a role in cholesterol eZux by facilitating the transfer of newly synthe-

sized or exogenous cholesterol from the ER to the plasma membrane, where choles-

terol first associates with lipid rafts, and then diVuses to non-rafts areas—finally to be

eZuxed to cholesterol acceptors, such as HDL (Gargalovic and Dory, 2003a). In

addition, it was shown that SR-BI and increased cholesterol levels stabilize Cav-1

expression in HEK-293 cells (Frank et al., 2002). This finding further highlights the

importance of the Cav-1–cholesterol interaction, which might be of major significance

in cells at risk for cholesterol overload, such as macrophages.

Increased levels of Cav-1 are also associated with apoptosis in macrophages. In

one study, Cav-1 was found to co-localize with phosphatidylserine and to play a role in

the externalization of this phospholipid on the surface of apoptotic cells (Gargalovic

and Dory, 2003b). The role of caveolins in the apoptotic behavior of macrophages

could have important implications for the development of atherosclerosis and, in

particular, during plaque rupture.

In addition, Cav-1 expression may also play a role in the regulation of lipoprotein

uptake, especially modified LDL. This process may be regulated in a manner similar

to that observed in ECs (Frank et al., 2001b). Caveolae and Cav-1 may therefore have

a negative role in the regulation of foam cell formation. Finally, Cav-1 has been

shown to regulate several signaling proteins involved in atherosclerosis. This pathway

includes protein kinase A and protein kinase C (Smart et al., 1999), which have been

shown to play an important role in macrophage metabolism (Bernard et al., 1991;

Li et al., 1997).

The above-mentioned findings suggest an important regulatory role for Cav-1 in

cholesterol metabolism in macrophages, despite the discrepancies observed in some of

the reported results. Nevertheless, further examination of the role of caveolins in the

maintenance of cholesterol homeostasis and macrophages-foam cell formation should

be undertaken. Availability of Cav-1�/� mice provides a powerful tool for these future

studies.

III. CAVEOLAE AND CAVEOLINS IN VASCULAR SMOOTH

MUSCLE CELLS

Smooth muscle cells (SMCs) are the building blocks of the medial layer of the

arterial wall. Normally, SMCs are highly diVerentiated contractile cells that are involved

in the control of blood pressure and flow. Upon vascular injury, they undergo a

transition from a contractile phenotype (characterized by a high myofilament content)
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to a synthetic phenotype (a less diVerentiated state). In the synthetic state, they gain the

ability to migrate from the media to the intima, to undergo intimal proliferation, and to

secrete extracellular matrix components. These phenotypic changes highlight the partici-

pation of the SMCs in the pathogenesis of intimal thickening, e.g., during atherosclerosis

and restenosis after angioplasty (Ross, 1993; Lusis, 2000; Thyberg, 2003).

Arterial SMCs display abundant caveolae (Somlyo, 1980). Interestingly, they are

one of the only cell type that co-expresses all three caveolin family members (Cav-1,

Cav-2, and Cav-3) (Doyle et al., 2003; Woodman et al., 2004). However, prolonged

culture of primary arterial SMCs leads to the selective downregulation of Cav-3 expres-

sion (without aVecting the expression of Cav-1 or Cav-2). This is likely due to de-

diVerentiation, which may occur in culture (Doyle et al., 2003). Several studies have

investigated the role of caveolae and the caveolin proteins in various signaling pathways

in VSMCs—by following the Ca2þ response of SMCs to vasoactive substances and by

assessing contractile function, cell diVerentiation, and, last but not least, cell proliferation.

A. Vascular Contractility

Caveolae play an important regulatory role in maintaining vascular tone and

regulating smooth muscle contraction. Dreja et al. assessed arterial contractility in

vessels treated with a cholesterol-chelating agent, namely, methyl-�-cyclodextrin.
Cholesterol depletion disrupted caveolae and reduced the force responses to

5-hydroxytryptamine (5-HT), vasopressin, and endothelin. The increase in intracellu-

lar free Ca2þ concentration and Ca2þ waves activity in response to 5-HT were also

attenuated. These responses were reversed by addition of exogenous cholesterol,

restoring caveolae formation. These findings suggest that caveolae mediate part of

the signaling pathways implicated in smooth muscle contraction (Dreja et al., 2002).

Moreover, caveolar microdomains are involved in the initiation of Ca2þ sparks in

SMCs, regulating excitation-contraction coupling. Ca2þ sparks arise from the open-

ings of ryanodine receptor (RyR) channels and are generated by the precise delivery of

Ca2þ ions through Ca2þ channels to RyRs of the sarcoplasmic reticulum. A novel

signaling model defined by Lohn et al. suggests that transient elevations in Ca2þ at the

inner mouth of a single caveolar Ca2þ channel, usually an L-type Ca2þ channel,

induces simultaneous activation and the opening of several RyRs to generate a local

Ca2þ release event, that is, a Ca2þ spark (Lohn et al., 2000). These results are in

agreement with those of Isshiki et al. (Isshiki et al., 2002a,b).

In addition, Cav-1�/� mice show abnormalities in vascular tone and SMC con-

tractility (Drab et al., 2001; Razani et al., 2001b). Drab et al. described reduced

myogenic tone, a partially contracted state that is an important determinant of blood

pressure, as well as a weaker calcium-dependent contractile response to various known

vasoconstrictors in arteries isolated from Cav-1�/� mice (Drab et al., 2001).

Taken together, these findings suggest an important role for caveolae and caveo-

lins in regulating VSMC contractility and, therefore, in influencing the status of

vascular tone in both health and disease states.
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B. Mitogenic Signaling in VSMCs

In addition to regulating Ca2þ responses in vascular smooth muscle, several

studies have demonstrated that caveolae and caveolins play a prominent role in the

control of mitogenic signaling in SMCs. Evidence of such a role for caveolae was

provided by Thyberg et al. who demonstrated that the number of caveolae decreased

upon phenotypic alteration of smooth muscle cells from a contractile (diVerentiated)
to a synthetic (proliferative) state. This was accompanied by an internalization and

redistribution of caveolin to intracellular Golgi-associated vesicles (Thyberg et al.,

1997).

Serum-induced cell proliferation was found to be associated with the downregula-

tion of Cav-1 and Cav-2 protein levels in VSMCs in culture. This process was reversed

and the expression of caveolins was restored by heparin treatment, a known inhibitor of

VSMC proliferation (Peterson et al., 1999). These findings represent early observations

implicating caveolins in the control of VSMC proliferation.

Further studies highlighted the significance of caveolin and caveolae in the control

of mitogenic signaling in vascular SMCs. Peterson et al. investigated the interactions

between Cav-1 and the potent SMC mitogen platelet-derived growth factor (PDGF).

They reported that PDGF exposure of cultured VSMCs resulted in the downregula-

tion of Cav-1 protein expression, despite a marked increase in the Cav-1 mRNA levels,

owing to the lysosomal degradation of Cav-1 in these cells. An in vivo confirmation of

these findings was obtained in a rabbit arterial injury model. Neointimal SMCs

revealed reduced Cav-1 immunostaining, as compared with SMCs of the media

(Peterson et al., 2003).

These authors further evaluated how Cav-1 overexpression aVects SMCs using an

adenoviral vector approach. The proliferation response to PDGF and to normal

growth medium was inhibited in cells transduced with the Ad-Cav-1 vector.

In addition, Cav-1 was shown to block entrance into the G1 phase of the cell cycle

by preventing the upregulation of cyclin D1, a process normally observed during cell

cycle progression. Moreover, cells overexpressing Cav-1 showed increased apoptosis,

as �20% of the SMCs became apoptotic, and exhibited cleavage of caspase-9 and

poly-ADP ribose polymerase (Peterson et al., 2003).

Another study investigating the mitogenic signaling in VSMCs examined the role

of cholesterol-rich plasma membrane domains, such as caveolae, in the growth of

vascular SMCs in response to stretch. Vessel strips exposed to methyl-�-cyclodextrin,
the cholesterol-chelating agent, exhibited the expected decrease in the number of

SMC caveolae. Moreover, when caveolae were depleted of cholesterol, the

stretch-induced stimulation of protein and DNA synthesis was reduced in cultured

strips, as was the stretch-induced phosphorylation of the p42/44 MAP kinases (ERK-

1/2). It was also reported that cyclodextrin abolished ERK-1/2 phosphorylation in

response to endothelin-1 (ET-1), a possible endogenous mediator of the stretch eVect.
These results suggest that cholesterol-rich microdomains, such as caveolae, mediate

stretch-induced growth in VSMCs by a mechanism involving ET-1 signaling (Zeidan

et al., 2003).
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On the other hand, Kawabe et al. have shown that treatment of VSMCs with

cyclodextrin enhances ERK activation by decreasing the total amount of caveolae-

localized caveolin. In this study, the authors described a new model for ERK activa-

tion, involving caveolins at non-caveolar sites. They showed that stretch-induced stress

induces the translocation of the caveolin proteins to non-caveolar sites and their

association with a �1-integrin–Fyn–Shc complex, components that are required for

ERK activation (Kawabe et al., 2004). It was suggested that while caveolins residing in

caveolar microdomains work on inhibiting ERK activation, caveolins that have

translocated to non-caveolar sites could allow ERK activation and, thus, activate

the appropriate downstream pathways.

Increased mechanical stress is one of the major factors contributing to pathologi-

cal conditions of the vascular system such as hypertension, atherosclerosis, and

restenosis. The aforementioned findings identified caveolae and caveolins as important

mediators of the stretch-induced responses of VSMCs observed in vascular diseases.

Recently, we showed that Cav-1 is implicated in SMCs proliferation using Cav-1�/�

mice. We used a model developed by Kumar and Lindner (1997) whereby interruption

of blood flow by ligating the common carotid artery induces neointima formation. Our

results demonstrated more pronounced neointimal hyperplasia consisting mainly of

SMCs in Cav-1�/� mice compared to wild-type (Fig. 4). Interestingly, elevated expres-

sion levels of phospho-p42/44 MAP kinase (ERK-1/2), phospho-Rb, and cyclin D1

were observed in Cav-1�/� neointimal regions. This in vivo study is the first to show that

a genetic deficiency of Cav-1 in mice stimulates smooth muscle cell proliferation

(neointimal hyperplasia) (Hassan et al., 2004).

Neointimal hyperplasia is a signature feature of early atherosclerosis, restenosis

after angioplasty, and bypass graft failure. Therefore, we can conclude that caveolae,

and Cav-1 in particular, play an important role in diseases of the vascular system, not

only by influencing EC function but also by regulating the VSMC phenotype.

Caveolae and caveolin proteins control many cellular processes in VSMCs such as

the Ca2þ response, apoptosis, and proliferation. Nevertheless, the analysis of caveolin

and caveolae functions in SMC physiology and pathophysiology is still in its infancy.

Future work will facilitate the development of caveolin-based therapeutics for the

treatment of vascular disease.

IV. CONCLUSIONS

The vascular system is very dynamic—simple in its structure, yet complex in its

functions. Caveolar microdomains and their basic protein units, the caveolins, are

abundant in cells of the vasculature. ECs express exceptionally high levels of both Cav-

1 and Cav-2, while smooth muscle cells express all three caveolin isoforms (Cav-1,-2,

and-3). Caveolins (mainly Cav-1) play key regulatory roles in the normal physiology of

vascular cells. In this regard, Cav-1 acts as a negative regulator of proliferative

signaling pathways in the vascular system as well as a modulator of trans-endothelial

transport, microvascular permeability, angiogenesis, vascular relaxation/contraction,
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and cell diVerentiation. Thus, the study of both caveolae and caveolins has important

implications for understanding the pathogenesis of numerous human diseases, includ-

ing atherosclerosis, restenosis, and hypertension. Importantly, the findings discussed

in this chapter clearly identify caveolins and caveolae organelles as targets for future

drug development, toward the pharmacological prevention of atherosclerosis and

other related vascular diseases in humans.

Figure 4. Histological analysis of wild‐type (WT) and Cav‐1�/� carotid arteries, retrieved 4 weeks post‐
ligation. (A and B) H&E staining of control wild‐type (A) and control Cav‐1�/� (B) non‐ligated arteries.

Note that both WT and Cav‐1�/� carotid arteries appear normal, without any evidence of baseline SMC

hyperproliferation or migration. (C and D) H&E staining of ligated wild‐type (C) and ligated Cav‐1�/� (D)

arteries. Note that the carotids of Cav‐1�/� mice show significantly more intimal hyperplasia, with subtotal

luminal obstruction, as compared to WT mice. In (A)–(D), red arrows denote the internal elastic lamina and

black arrows denote the external elastic lamina. Modified from Hassan et al. (2004). (See Color Insert.)
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I. CAVEOLIN PROTEINS AND THE CARDIOPULMONARY SYSTEM

Three caveolin (Cav) isoforms have been identified in the heart. Cav-3 is found at

the myocyte sarcolemmal membrane and within intercalated disks, while Cav-1 and

Cav-2 are expressed in the vascular endothelium and cardiac fibroblasts (Feron et al.,

1996; Woodman et al., 2002; Cohen et al., 2003).

Caveolin proteins are also highly expressed in the lungs (Lisanti et al., 1994).

Although all three caveolin isoforms have been identified in the lungs (Kawabe et al.,

2001), Cav-1 still remains the most extensively studied isoform. Cav-1 is found

in many cell types of the lungs, such as endothelial cells, smooth muscle cells, fibro-

blasts, bronchial epithelial cells, and alveolar type I pneumocytes (Lisanti et al., 1994;

Newman et al., 1999; Racine et al., 1999). However, Cav-1 is poorly expressed in the

cuboidal alveolar type II cells (Newman et al., 1999). Interestingly, freshly isolated

alveolar type II cells lack Cav-1 expression but gradually express Cav-1 as they acquire

an alveolar type I-like cell phenotype (Campbell et al., 1999).
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A. Caveolins and Cardiopulmonary Development

Cav-1 might play an important role in the development of the lungs, as its alpha

isoform can be detected in primitive pulmonary blood vessels as early as the 10th

embryonic day (Ramirez et al., 2002). Two Cav-1 mRNAs, a full-length and a 50
variant, which translate into the alpha and beta isoforms, respectively, can also be

detected at embryonic day 12 (Ramirez et al., 2002). Cav-1 alpha has been proposed as

an early marker for lung vasculogenesis, as it is expressed in lung fetal endothelial cells

but not in lung fetal alveolar type I cells (Ramirez et al., 2002). Cell-type specific

expression of the two isoforms has recently been suggested, with Cav-1 alpha being

expressed in endothelial cells and Cav-1 beta being expressed in alveolar type I cells

(Kogo et al., 2004). However, the presence of Cav-1 alpha in adult alveolar type I

cells has previously been shown by other groups (Ramirez et al., 2002). These diVer-
ences in expression of Cav-1 alpha have recently been ascribed to diVerential tran-
scriptional regulation of Cav-1 in lung epithelial and endothelial cells (Kathuria et al.,

2004). Indeed, Cav-1 expression was shown to be regulated by an ETS cis-element in a

lung epithelial cell line, but not in a lung endothelial cell line (Kathuria et al., 2004).

Similarly, caveolin proteins have been implicated in the development of the heart,

as the Cav-3 mRNA was shown to be detectable in the wall of the bulbus cordis as early

as embryonic day 11 and in the entire myocardium at embryonic day 15 (Biederer

et al., 2000).

B. Cardiopulmonary Phenotypes of Caveolin-Deficient Mice

The generation of caveolin-deficient mice has provided dramatic support for the

hypothesis that caveolin proteins play an important role in the heart. For example,

Cav-3-deficient (Cav-3�/�) mice lack cardiomyocyte caveolae and develop a progres-

sive form of cardiomyopathy (Woodman et al., 2002). The hearts of Cav-3 null

mice showed eccentric hypertrophy of the left ventricle, a 20% decrease in frac-

tional shortening, myocyte hypertrophy, interstitial perivascular fibrosis, as well as

hyperactivation of the p42/44 MAP kinase cascade (Fig. 1) (Woodman et al., 2002).

Interestingly, Cav-1�/� mice also develop cardiac hypertrophy (Fig. 2) (Cohen

et al., 2003). Indeed, the hearts of Cav-1�/� mice showed right and left atrium

dilation, right ventricular dilation, concentric left ventricular hypertrophy, decreased

left ventricular fractional shortening, myocyte hypertrophy, and interstitial/

perivascular fibrosis, with hyperactivation of the p42/44 MAP kinase cascade (Cohen

et al., 2003).

As expected, mice deficient in both Cav-1 and Cav-3 develop a more severe

cardiomyopathic phenotype (Fig. 3) (Park et al., 2002). Indeed, hearts of Cav-1/3

double knockout mice lack all morphological identifiable caveolae and develop right

ventricular hypertrophy, concentric left ventricular hypertrophy, myocyte hypertro-

phy, and interstitial fibrosis, as early as 2 months of age (Park et al., 2002). The left
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ventricular hypertrophy observed in the Cav-1/3 double knockout mice was clearly

more pronounced than the one reported in age-matched Cav-1�/� or Cav-3�/� mice,

thus suggesting that the dual ablation of both Cav-1 and Cav-3 exerts synergistic

eVects (Park et al., 2002).

In contrast, the hearts of Cav-2�/� mice did not show any ventricular hypertro-

phy, interstitial fibrosis, or hyperactivation of the p42/44 MAP kinase pathway (Cohen

et al., 2003).

Figure 1. Cav‐3�/� mice exhibit left ventricular hypertrophy (lower panel), as compared to wild type mice

(upper panel). Modified from Woodman et al. (2002).
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Figure 2. Cav‐1�/� mice (B) exhibit right ventricular dilation and concentric left ventricular hypertrophy,

as compared to wild‐type mice (A). Modified from Cohen et al. (2003).

Figure 3. Cav‐1/3 dKO mice (B) exhibit right ventricular hypertrophy, as well as concentric left ventricular

hypertrophy, as compared to wild‐type mice (A). Modified from Park et al. (2002).
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Similarly, the generation of caveolin-deficient mice strongly supports the crucial

roles of caveolin proteins in the lungs. Examination of the lung parenchyma of Cav-1�/�

mice showed abnormalities in pulmonary structure and function, as demonstrated by

thickening of the alveolar septa, hypercellularity, increased cellular staining for Flk-1,

a marker of non-diVerentiated endothelial cells and hematopoietic progenitors, as well

as interstitial fibrosis (Fig. 4) (Drab et al., 2001; Razani et al., 2001). These pulmonary

abnormalities consequently resulted in markedly reduced exercise tolerance (Drab

et al., 2001; Razani et al., 2001). However, since Cav-1�/� mice also have a near-

complete ablation of Cav-2 expression, the functional implications of Cav-1 in those

mice remained unclear.

Interestingly, Cav-2�/� mice showed the same thickening of the alveolar septa,

hypercellularity, endothelial cell proliferation, and exercise intolerance as Cav-1�/�

mice (Fig. 4) (Razani et al., 2002). However, Cav-2�/� mice did not show any signifi-

cant decreases in Cav-1 expression, defects in caveolar formation, abnormal vascular

responses, or altered lipid homeostasis, suggesting a selective role for Cav-2 in lung

function (Razani et al., 2002).

Interestingly, it was recently shown that Cav-1�/� mice also develop pulmo-

nary hypertension (PH), with marked increases in pulmonary artery pressure and

lung weight, as well as the development of right ventricular hypertrophy (Zhao

et al., 2002). The role of Cav-2 in the development of PH is still unknown. Similarly,

the pulmonary phenotype of the Cav-3�/� mice still remains to be explored.

C. Caveolins and Cardiopulmonary Endocytosis, Vesicular TraYcking, and

Signal Transduction

The roles of caveolins in endocytosis, vesicular traYcking, and signal transduction

are described in detail elsewhere in this volume and, therefore, only information

relevant to the heart and lungs is discussed in the present chapter.

The isolation of caveolin-rich membrane domains from mouse lung tissue first

identified several known proteins as caveolar components, such as CD36 (a glycopro-

tein receptor for oxidized-LDL), RAGE (receptor for advanced glycosylation end-

products), glycosyl-phosphatidylinositol (GPI)-linked proteins, protein kinase C

(PKC)-alpha, extracellular signal-related kinase-2 (ERK-2), heterotrimeric G-protein

subunits, albumin, surfactant protein A, annexin II, myosin II, gelsolin, and actin

(Lisanti et al., 1994). These results suggest that lung caveolae may function in (1) the

transcytosis of macromolecules (albumin, low-density lipoprotein [LDL], oxidized-

LDL, advanced glycated end products [AGEs]), (2) the uptake of small molecules, (3)

the compartmentalization of several signaling molecules (G-protein subunits, PKC-

alpha, ERK-2), and (4) interactions with the actin-based cytoskeleton (annexin II,

gelsolin, myosin II) (Lisanti et al., 1994).
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Figure 4. Cav‐1�/� and Cav‐2�/� mice show lung abnormalities characterized by hypercellularity and

thickening of the alveolar septa, as compared to wild‐type and Cav‐1�/þ heterozygous mice. Modified from

Razani et al. (2002). (See Color Insert.)
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1. Caveolins in Endocytosis and Vesicular TraYcking

The identification of several proteins implicated in vesicle formation, docking, and

fusion in rat lung caveolae provides further concrete evidence of a role for caveolae in

endocytosis and transcytosis (Schnitzer et al., 1995a). These caveolae-associated pro-

teins included vesicle-associated membrane protein-2 (VAMP-2), the N-ethylmalei-

mide (NEM)-sensitive fusion protein (NSF), and the soluble NSF attachment protein

(SNAP).

Early studies showed that gold-conjugated albumin endocytosis was restricted to

uncoated pits and plasmalemmal vesicles (caveolae) in mouse lung (Ghitescu et al.,

1986). A 60-kDa albumin-binding protein (gp60) was later found to localize within the

caveolae of bovine pulmonary microvessel endothelial cells (Tiruppathi et al., 1997).

Activation of gp60 stimulated the phosphorylation of the Src-tyrosine kinase and

stimulated the transcytosis of albumin across endothelial cells (Tiruppathi et al.,

1997). The generation of Cav-1�/� mice directly demonstrated the importance of lung

caveolae in albumin endocytosis (Schubert et al., 2001). Indeed, lung endothelial

cells of Cav-1�/� mice showed dramatic defects in the uptake and transport of

gold-conjugated albumin (Schubert et al., 2001).

Cardiopulmonary caveolae have also been implicated in the transcapillary trans-

port of water (Schnitzer and Oh, 1996). Indeed, lung endothelial caveolae have been

shown to concentrate the mercury-sensitive transmembrane water channel aquaporin-1

(Schnitzer and Oh, 1996). Similarly, the presence of aquaporin-1 within caveolae

isolated from atrial and ventricular cardiomyocytes has subsequently been shown

(Page et al., 1998).

2. Caveolins in Signal Transduction

As mentioned above, caveolar domains can also play a role in signal transduc-

tion via the compartmentalization of several signaling molecules (Table I). DiVerent
heterotrimeric G-protein subunits were shown to target discrete cell surface

microdomains of mouse and rat lungs (Lisanti et al., 1994; Oh and Schnitzer, 2001).

As mentioned above, PKC was also reported to be localized within caveolin-rich

membrane domains isolated from mouse lung tissue (Lisanti et al., 1994). Moreover,

various PKC isoforms (alpha, delta, and epsilon) have been reported to translocate

into cardiomyocyte caveolae upon agonist stimulation (Rybin et al., 1999).

An association between the signal transducer and activator of transcription-3

(STAT3) and Cav-1 was shown in alveolar type II-like cells, human lung fibroblasts,

and bovine pulmonary endothelial cells (Shah et al., 2002). Interestingly, hyperactiva-

tion of the STAT3 signaling cascade in Cav-1�/� and Cav-2�/� mouse lungs recently

suggested that the caveolin proteins could act as negative regulators of STAT3 activity

(Jasmin et al., 2004).

The pulmonary lipid phosphate phosphohydrolase (LPP), which converts phos-

phatidic acid into diacylglycerol, was also shown to localize within the caveolae/lipid
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rafts of rat lung tissue, isolated rat alveolar type II cells, and mouse lung epithelial cell

lines (Nanjundan and Possmayer, 2001). The presence of the Ca2þ-ATPase and ino-

sitol triphosphate receptors in caveolae purified from rat lung endothelium also

supports the idea that caveolar membrane domains function in lung signal trans-

duction (Schnitzer et al., 1995b). Similarly, the Ca2þ-ATPase, the Naþ-Kþ-ATPase,

the Naþ-Ca2þ exchanger, and the voltage-gated Naþ channels have been colocalized

with Cav-3 in cardiomyocyte caveolae (Hammes et al., 1998; Bossuyt et al., 2002;

Yarbrough et al., 2002; Liu et al., 2003).

The caveolar compartmentalization of several receptors further supports the

hypothesis that caveolin proteins regulate cardiopulmonary signal transduction. For

instance, upon agonist stimulation, muscarinic acetylcholine receptors translocate into

caveolae, where they interact with Cav-3 in rat cardiomyocytes (Feron et al., 1997).

Conversely, the unstimulated adenosine receptor has been reported to be localized

within cardiomyocytes caveolae and to translocate out of caveolae upon agonist

stimulation (Lasley et al., 2000).

Beta-adrenergic receptors have been shown to be enriched within the caveolar

domains of neonatal rat ventricular myocytes (Ostrom et al., 2000). However, diVer-
ential targeting of cardiomyocyte beta-adrenergic receptor subtypes was subsequently

reported (Rybin et al., 2000; Xiang et al., 2002). Caveolae purified from rat ventricular

Table I

Receptors and Other Signaling Proteins Enriched in Cardiac and Pulmonary Caveolar Domains

Signaling proteins Tissue Reference

Adenosine receptors Heart Lasley et al., 2000

Atrial natriuretic peptide type B receptor Heart Doyle et al., 1997

Beta(2)-adrenergic receptors Heart Rybin et al., 2000; Xiang et al., 2002

Ca2þ-ATPase Heart and

lung

Hammes et al., 1998; Schnitzer et al.,

1995b

Caspase-3 Heart Oxhorn and Buxton, 2003

Epidermal growth factor receptor Heart Liu et al., 2003

eNOS Heart and

lung

Feron et al., 1996; Garcia-Cardena

et al., 1996a

Extracellular signal-related kinase-2 Lung Lisanti et al., 1994

Heterotrimeric G-protein subunits Lung Lisanti et al., 1994; Oh and Schnitzer,

2001

Inositol triphosphate receptors Lung Schnitzer et al., 1995b

Lipid phosphate phosphohydrolase Lung Nanjundan and Possmayer, 2001

Muscarinic receptors Heart Feron et al., 1997

Naþ-Ca2þ exchanger Heart Bossuyt et al., 2002

Naþ-Kþ-ATPase Heart Liu et al., 2003

Protein kinase C Heart and

lung

Lisanti et al., 1994; Rybin et al., 1999

Signal transducer and activator of

transcription-3

Lung Shah et al., 2002

Tissue factor pathway inhibitor Lung Lupu et al., 1997

Voltage-gated Naþ channels Heart Yarbrough et al., 2002
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cardiomyocytes were highly enriched in the beta-2 subtype, whereas the beta-1 subtype

was distributed between caveolae and the other cellular fractions (Rybin et al., 2000).

Furthermore, administration of filipin, a cholesterol-chelating reagent that disrupts

lipid rafts and caveolae structure, selectively aVected beta-2 subtype signaling in

neonatal murine cardiomyocytes (Xiang et al., 2002). Interestingly, caveolae appear

to negatively regulate the activity of the beta-2 adrenergic receptors (Xiang et al., 2002).

Indeed, filipin-treated myocytes showed a larger and more prolonged increase in their

contraction rate upon isoproterenol stimulation (Xiang et al., 2002). The atrial natri-

uretic peptide (ANP) and its type B receptor (ANP-RB) have been shown to co-localize

with Cav-3 in rat atrial myocytes (Doyle et al., 1997). Similarly, the epidermal growth

factor receptor (EGFR) is concentrated within rat cardiac caveolae (Liu et al., 2003).

Purification of lung endothelial caveolae demonstrated the presence of endothelial

nitric oxide synthase (eNOS), as well as its interactions with Cav-1 (Garcia-Cardena

et al., 1996a,b). Similarly, purification of caveolae from cardiac myocyte lysates

demonstrated the presence of eNOS and highlighted its interactions with Cav-3 (Feron

et al., 1996). The direct interaction of eNOS with either Cav-1 or Cav-3 was later

shown to inhibit eNOS activity (Garcia-Cardena et al., 1996a; Feron et al., 1998).

Experiments with Cav-1�/� mice dramatically support the idea that Cav-1 functions

as a natural endogenous inhibitor of eNOS activation (Drab et al., 2001; Razani

et al., 2001; Schubert et al., 2002). Indeed, Cav-1�/� mice show microvascular hyper-

permeability, with increased para-cellular transport and defects in tight junctions

morphology (Schubert et al., 2002). Interestingly, treatment of Cav-1 null mice with

nitro-L-arginine methyl ester (L-NAME), a NOS inhibitor, successfully reverses the

microvascular hyperpermeability phenotype (Schubert et al., 2002). Moreover, an

increase in vascular flow and pressure has been shown to rapidly activate lung caveolar

eNOS by releasing it from its inhibitory association with Cav-1, allowing it to associate

with calmodulin (Rizzo et al., 1998). Heat shock protein 90 (hsp90) was subsequently

shown to facilitate the dissociation of eNOS from Cav-1, allowing its activation

(Gratton et al., 2000).

Cardiopulmonary caveolae have been implicated in the regulation of the antico-

agulant properties of the endothelium, as well as the apoptotic process (Lupu et al.,

1997; Oxhorn and Buxton, 2003). Indeed, the tissue factor pathway inhibitor (TFPI),

the main regulator of the pro-coagulant activity of tissue factor VIIa complex, has

been shown to be enriched within rat lung caveolae (Lupu et al., 1997). Caspase-3, a

main apoptotic eVector, was reported to be enriched within the caveolar fractions

purified from cardiac endothelial cells (Oxhorn and Buxton, 2003).

D. Pathological Roles of Caveolins

The expression of caveolin proteins appears to be dysregulated in numerous cardiac

and lung disorders such as hypertrophic cardiomyopathy, ischemic cardiomyopa-

thy, dilated cardiomyopathy, lung fibrosis, pulmonary interstitial edema, pulmonary

hypertension, and several lung cancers.
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1. Caveolins in Hypertrophic Cardiomyopathy

Caveolin protein levels have been shown to be altered in diVerent models of

hypertrophic cardiomyopathy. More specifically, Cav-1 and Cav-3 expression levels

were decreased in hearts of dogs with peri-nephritic hypertension-induced hypertro-

phic cardiomyopathy (Piech et al., 2002). Similarly, Cav-1 and Cav-3 levels were

shown to be decreased in the hypertrophic left ventricles of spontaneously hyperten-

sive rats (SHR) (Fujita et al., 2001; Piech et al., 2003a). The decreased expression of

Cav-1 and Cav-3, together with increased expression of hsp90, may contribute to the

maintenance of NO production in the SHR hypertrophic hearts (Piech et al., 2003b).

The decrease in cardiac Cav-3 expression in SHR rats was conversely suggested to

contribute to the development of hypertrophy by lowering the inhibition of growth

factor signaling, such as via the alpha-1-adrenergic receptor, thus facilitating the

development of cardiac hypertrophy (Fujita et al., 2001). A decrease in cardiac

Cav-1 expression was also shown to occur in the angiotensin II-induced hypertensive

rat model (Kobayashi et al., 2001). Interestingly, administration of an angiotensin type

1 receptor antagonist significantly increased cardiac Cav-1 expression and decreased

the left ventricular weight in these hypertensive rats (Kobayashi et al., 2001).

However, the exact mechanism(s) leading to decreased caveolin proteins in cardiac

hypertrophy still remains to be elucidated. Elevated catecholamines could play an

important role in such a decrease, since they have been associated with the downregula-

tion of cardiac Cav-1 and Cav-3 (Oka et al., 1997). Indeed, chronic beta-adrenergic

receptor stimulation with isoproterenol reduces both Cav-1 and Cav-3 protein levels in

mouse hearts (Oka et al., 1997). Hypoxia may also regulate caveolin protein expression,

as demonstrated in rabbits raised in a hypoxic environment, which show lower cardiac

Cav-3 protein levels than the ones raised in a normoxic environment (Shi et al., 2000).

The generation of mice overexpressing the dominant-negative Cav-3 P104L mu-

tant strongly supports the importance of reduced Cav-3 in the development of hyper-

trophic cardiomyopathy (Ohsawa et al., 2004). These mice lack cardiomyocyte

caveolae and show thickening of the interventricular septum and the posterior wall

of the left ventricle, as well as myocyte hypertrophy (Ohsawa et al., 2004). Similarly,

adenovirus-mediated overexpression of mutant Cav-3 has been shown to increase the

hypertrophic response to endothelin-1, as well as the endothelin-induced phosphory-

lation of p42/44 MAP kinase in neonatal rat cardiomyocytes (Koga et al., 2003).

Accordingly, adenovirus-mediated overexpression of human wild-type Cav-3 has been

shown to prevent phenylephrine and endothelin-induced increases in cell size, leucine

incorporation, sarcomeric reorganization, re-expression of beta-myosin heavy chain,

as well as phosphorylation of p42/44 MAP kinase in neonatal rat cardiomyocytes

(Koga et al., 2003). Interestingly, a Cav-3 T63S mutation was recently identified in

patients with a form of familial hypertrophic cardiomyopathy, characterized by left

ventricular concentric hypertrophy and elevated left ventricular end-diastolic pressure

(Hayashi et al., 2004). Also, this mutation was shown to reduce the cell surface

expression of Cav-3 as well as to alter its biochemical targeting to “lipid raft/caveaole”

fractions (Hayashi et al., 2004).
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Interestingly, transgenic overexpression of Cav-3 in mouse heart also induces

a cardiomyopathic phenotype (Aravamudan et al., 2003). Indeed, hearts of 6- to

10-month-old Cav-3 transgenic mice show cardiac myocyte disorganization, chronic

inflammation, interstitial fibrosis, increased QRS duration, reduced NOS activity,

decreased dystrophin expression, and reduced fractional shortening (Aravamudan

et al., 2003). Thus, it appears that both decreased expression and overexpression

of Cav-3 can promote cardiomyopathy. However, the transgenic overexpression of

Cav-3 did not result in any cardiac hypertrophy (Aravamudan et al., 2003). Hence, the

cardiomyopathic phenotype observed in mice transgenically overexpressing Cav-3 was

suggested to be due, at least in part, to the disruption of the normal processing of the

dystrophin complex and to the reduction of NO levels caused by the Cav-3-dependent

inhibition of NOS activity (Aravamudan et al., 2003).

2. Caveolins in Ischemic and Dilated Cardiomyopathy

The regulation of caveolin proteins has also been investigated in animal models of

myocardial infarction (MI). Although the total protein expression remained un-

changed, the redistribution of Cav-1 and Cav-3 from caveolae to the cytosol was

shown to occur in rat hearts subjected to MI (Ratajczak et al., 2003). The amounts

of cytosolic Cav-1–eNOS complexes were also shown to be increased in MI rat hearts

(Ratajczak et al., 2003). This process was proposed as a mechanism leading to

decreased NO production in heart failure (Ratajczak et al., 2003). However, a discrep-

ancy between the decreased expression of eNOS and the maintenance of NOS activity

was later observed in hearts of MI rats (Damy et al., 2003). This discrepancy was

subsequently ascribed to the upregulation of nNOS expression within cardiomyocytes,

as well as its redistribution to the sarcolemma via its interaction with Cav-3 (Damy

et al., 2003).

Interestingly, increased expression of Cav-3 was reported in the failing hearts of

patients with ischemic cardiomyopathy (Uray et al., 2003). Furthermore, mechanical

unloading of those failing hearts resulted in the increased expression of all caveolin

isoforms (Uray et al., 2003). The induction of Cav-3 was suggested to increase the

inotropic properties of the failing hearts by reducing NO levels in cardiomyocytes,

while the induction of Cav-1 was suggested to increase endothelial NO release through

the inhibition of the PKC (Uray et al., 2003). Accordingly, perfusion of a Cav-1-

derived peptide in an experimental model of myocardial ischemia-reperfusion also

suggested that inhibition of the PKC could enhance endothelial NO release and, thus,

prevent polymorphonuclear neutrophil adherence to the endothelium (Young et al.,

2001). The increased expression of caveolin proteins in mechanical unloading has been

suggested to also improve beta-adrenergic responsiveness (Uray et al., 2003).

Similarly, despite the decreased expression of eNOS, hearts of patients with

idiopathic dilated cardiomyopathy show increased expression of nNOS and Cav-3 as

well as increased amounts of Cav-3–nNOS complex formation (Damy et al., 2004). An

increase in Cav-3 expression and caveolar abundance has been demonstrated in dog
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hearts with pacing-induced dilated cardiomyopathy (Hare et al., 2000). Interest-

ingly, despite decreased basal NOS activity, the increased abundance of Cav-3 and

caveolar domains was shown to be associated with increased inotropic responses to

NOS inhibition, thus suggesting a novel caveolae-regulated mechanism by which

agonist-stimulated NOS activity was increased in failing hearts (Hare et al., 2000).

3. Caveolins in Lung Fibrosis

A loss of Cav-1 expression in alveolar type I cells has been proposed as an indicator

of subcellular alterations during lung fibrogenesis (Kasper et al., 1998). Indeed, immu-

noblotting of lung homogenates from normal and irradiated rat lungs showed a

marked decrease in Cav-1 expression in fibrotic tissues (Kasper et al., 1998). Interest-

ingly, although immunofluorescence of those tissues demonstrated a striking decrease

in Cav-1 expression in alveolar type I cells, it conversely showed increased expression of

Cav-1 in endothelial cells, thus suggesting that diVerent mechanisms exist for regulat-

ing caveolin gene expression in distinct cell types (Kasper et al., 1998). The loss of

epithelial Cav-1 was suggested to impair metabolic function and to reduce the signal

transduction capacity of alveolar type I cells (Kasper et al., 1998). Conversely, upre-

gulation of endothelial Cav-1 might cause an increase in endothelial caveolar transcy-

tosis (Kasper et al., 1998). Accordingly, a decrease in the mRNA and protein levels of

both Cav-1 and Cav-2 has recently been shown in a rat alveolar type I cell line treated

with bleomycin (Koslowski et al., 2004). An increase in endothelial Cav-1 expression

has also been demonstrated in the CdCl2/TGF-beta1-induced lung fibrogenesis rat

model (Kasper et al., 2004).

4. Caveolins in Pulmonary Interstitial Edema

An increase in caveolar domains and Cav-1 expression has been shown in rabbit

lung tissues with pulmonary interstitial edema (Palestini et al., 2003). The recruitment

of caveolae and the increased expression of Cav-1 at the air-blood barrier plasma

membrane have been suggested to be secondary to increased hydraulic interstitial

pressure (Palestini et al., 2003). Chronic exposure to shear stress has subsequently

been shown to increase Cav-1 expression and caveolar domains at the luminal surface

of cultured endothelial cells (Rizzo et al., 2003). The pulmonary endothelial cells

could, thus, respond to flow increases by the recruitment of caveolae at the cell surface,

where they could mediate mechanotransduction responses.

5. Caveolins in Pulmonary Hypertension (PH)

DiVerent studies investigating alterations in NO signaling in PH showed

conflicting results concerning Cav-1 expression (Black et al., 2002; Murata et al.,

2002; Fike et al., 2004). A 30% decrease in Cav-1 protein levels was first shown in
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peripheral tissues of 8-week-old lambs subjected to fetal aortopulmonary vascular

graft placement (Black et al., 2002). However, Cav-1 expression was subsequently

found to be unchanged in pulmonary arteries of both rats and piglets subjected to

7 and 10 days of hypoxia, respectively (Murata et al., 2002; Fike et al., 2004).

In order to clarify this issue, we recently directly investigated the expression of

caveolin proteins in the lungs of rats with MI-induced secondary PH (Jasmin et al.,

2004). In this model of pulmonary venous hypertension, we showed marked decreases

in both Cav-1 and Cav-2 expression, while Cav-3 expression remained unchanged in

the lungs of rats subjected to an MI (Fig. 5) (Jasmin et al., 2004). This study also

demonstrated that reduced expression of Cav-1 and Cav-2 was associated with

increased tyrosine phosphorylation of STAT3 as well as the upregulation of cyclin

D1 and D3 protein expression (Jasmin et al., 2004). Thus, the downmodulation of

caveolin proteins expression in rats subjected to MI may represent an initiating

mechanism leading to the activation of the STAT3/cyclins pathway and, ultimately,

to the development of PH and lung remodeling.

However, the expression of caveolin proteins could be diVerentially regulated in

diVerent forms of PH. The pulmonary hypertension has recently been divided into five

main classes, consisting of (1) pulmonary arterial hypertension, (2) pulmonary venous

hypertension, (3) PH associated with disorders of the respiratory system and/or

hypoxemia, (4) PH due to chronic thrombotic and or embolic disease, and (5) PH

due to disorders aVecting the pulmonary vasculature (Nauser and Stites, 2001). Based

on the studies mentioned above, it seems that Cav-1 expression might be decreased in

pulmonary arterial hypertension (shunted lambs) and pulmonary venous hypertension

(MI rats), but unchanged in PH associated with hypoxemia.

6. Caveolins in Lung Cancer

Several lines of evidence have suggested a tumor suppressor role for Cav-1. For

instance, the Cav-1 gene has been localized to a suspected tumor suppressor locus on

human chromosome 7 (7q31.1/D7S522), which is deleted in several forms of cancer

(Engelman et al., 1998, 1999). Furthermore, targeted downregulation of Cav-1 in NIH

3T3 cells stimulates anchorage-independent growth, drives the formation of tumors

when these cell are injected into immunodeficient mice, and causes the hyperactivation

of the p42/44 MAP kinase cascade (Galbiati et al., 1998). Interestingly, the transfor-

mation phenotype induced by Cav-1 downregulation can be reversed when Cav-1

protein levels are restored to normal (Galbiati et al., 1998).

Cav-1 has also been shown to negatively regulate cell cycle progression, cyclin D1

gene transcription, and several pro-proliferative signaling molecules, such as Ha-Ras,

c-Src, platelet-derived growth factor receptor (PDGF-R), and phosphatidylinositol 3-

kinase (PI3-kinase) (Li et al., 1996; Song et al., 1996; Yamamoto et al., 1999; Hulit

et al., 2000; Zundel et al., 2000; Galbiati et al., 2001). Furthermore, loss of Cav-1 gene

expression in Cav-1�/� mice interbred with tumor-prone transgenic mice (MMTV-

PyMT) has been shown to accelerate the development of multifocal dysplastic
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mammary lesions and to upregulate cyclin D1 expression (Williams et al., 2003).

Accordingly, Cav-1 expression is reduced in a variety of human cancers, such as

human breast cancer cells, human colon tumors, human ovarian carcinomas, and

human sarcomas (Lee et al., 1998; Bender et al., 2000; Wiechen et al., 2001a,b).

Figure 5. Hematoxylin and eosin (H&E) staining of the lungs of control (A) and MI (B) rats shows lung

structural remodeling characterized by hypercellularity and thickened alveolar septa in the MI group. This

lung structural remodeling is associated with decreased expression of Cav‐1 and Cav‐2. (C) and (D) represent

immunostaining of Cav‐1 in lungs of control andMI rats, respectively. (E) and (F) represent immunostaining

of Cav‐2 in lungs of control and MI rats, respectively. Modified from Jasmin et al. (2004). (See Color Insert.)
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A reduction of Cav-1 expression was reported in lung carcinoma cell lines (Racine

et al., 1999). Indeed, with the exception of the Calu-1 cell line, a human squamous

cell lung tumor cell line, all mouse and human small cell lung carcinoma and adeno-

carcinoma cell lines showed decreases in both Cav-1 protein and mRNA levels

when compared to a normal bronchial epithelial cell line (Racine et al., 1999). The

utilization of a cDNA array technique subsequently revealed the downregulation of

the Cav-1 and Cav-2 gene transcriptional activity in human pulmonary adenocarcino-

ma (Wikman et al., 2002). Furthermore, methylation analysis recently suggested that

hypermethylation of the Cav-1 promoter could be implicated in the decreased expres-

sion of Cav-1 observed in small cell lung cancer cell lines (Sunaga et al., 2004).

Interestingly, although Cav-1 expression was shown to be decreased in 95% of

small cell lung cancer cell lines, 76% of non-small cell lung cancer cell lines were

conversely shown to retain Cav-1 expression, suggesting diVerent roles for Cav-1 in

the development of these two types of lung cancer (Sunaga et al., 2004).

Accordingly, a dual function for Cav-1, both as a tumor suppressor gene and as a

metastasis promoting gene, was proposed (Ho et al., 2002). Indeed, although Cav-1

expression was decreased in mildly invasive lung cancer cell lines, it was found to be

upregulated in lung adenocarcinoma cell lines with higher invasiveness properties (Ho

et al., 2002). It has even been demonstrated that introduction of Cav-1 into a mildly

invasive lung cancer cell line increases the cell invasiveness by at least 150% (Ho et al.,

2002). Furthermore, evaluation of paraYn-embedded specimens of human lung ade-

nocarcinoma showed increased Cav-1 expression in patients with ipsilateral hilar/

peribronchial lymph node metastasis (Ho et al., 2002).

The upregulation of Cav-1 expression has even been identified as an independent

prognosis factor in patients with advanced lung adenocarcinoma (Ho et al., 2002).

Similarly, increased expression of Cav-1 was shown to correlate with advanced stage

disease and to predict mortality in patients with pulmonary squamous cell carcinoma

(Yoo et al., 2003). The 5-year survival was significantly decreased, from 82.6% in

patients with Cav-1-negative carcinoma to only 58.5% in patients with Cav-1-positive

carcinoma (Yoo et al., 2003). Similarly, increased Cav-1 expression has been corre-

lated with tumor grade and metastasis and associated with poor prognosis in many

other cancers, such as esophageal squamous cell carcinoma, pancreatic ductal adeno-

carcinoma, prostate cancer, and clear cell renal cell carcinoma (Yang et al., 1999; Kato

et al., 2002; Suzuoki et al., 2002; Joo et al., 2004).

However, the detailed mechanisms underlying the metastasis-promoting role of

Cav-1 are still obscure. Inhibition of c-Myc-induced apoptosis by Cav-1 was proposed

to promote the progression of prostate cancer (Timme et al., 2000). The upregulation

of Cav-1 expression was subsequently proposed to be necessary to induce filopodia

formation in lung adenocarcinoma cell lines (Ho et al., 2002). However, overexpres-

sion of Cav-1 in MTLn3 cells, a metastatic rat mammary adenocarcinoma cell line, has

conversely been shown to inhibit EGF-stimulated lamellipod extension, cell migration,

and anchorage-independent growth (Zhang et al., 2000). The overexpression of Cav-1

also accelerates endothelial cell diVerentiation and capillary tubule formation (Liu

et al., 2002). Therefore, Cav-1-mediated angiogenesis could also play an important
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role in metastasis promotion. Furthermore, Cav-1 expression was recently shown to be

required for non-small cell lung cancer cell growth, through the activation of focal

adhesion kinase (FAK) (Sunaga et al., 2004).

Caveolin proteins have also been proposed to be implicated in the development of

multidrug resistance. Indeed, multidrug-resistant cancer cells express very high Cav-1

and Cav-2 protein levels and show increases in caveolar density (Lavie et al., 1998;

Yang et al., 1998). The upregulation of caveolins and caveolar domains in multidrug-

resistant cancer cells may accelerate the intracellular cholesterol eZux pathway, thus

increasing cytotoxic drug transport to membrane domains capable of clearance or

neutralization (Lavie et al., 2001).

A recent study showed that cytotoxic agents themselves were able to increase

caveolin expression in drug-sensitive lung cancer cells (Belanger et al., 2003). In fact,

application of doxorubicin, paclitaxel, or etoposide to lung adenocarcinoma and small

cell lung cancer cell lines upregulated Cav-1 mRNA as well as Cav-1 and Cav-2 protein

levels (Belanger et al., 2003). The activation of p53 and p38 MAP kinases by cytotoxic

drugs may be a possible mechanism for increased caveolin expression in lung cancer

cells (Belanger et al., 2003). Therefore, the increases in Cav-1 and Cav-2 levels reported

for several drug-resistant cell lines might simply reflect exposure to the cytotoxic drugs

themselves.

7. Caveolins and Other Lung-Related Disorders

The expression of caveolin proteins has also been shown to be dysregulated in the

lungs of diabetic rats (Pascariu et al., 2004). Indeed, the alveolar endothelial cells of

hyperglycemic rats were shown to contain more caveolae structures and to have

increased Cav-1 expression, which may contribute to the observed microvascular

hyperpermeability to plasma macromolecules (Pascariu et al., 2004).

E. Caveolins and Aging

Caveolin proteins also appear to be dysregulated during the aging process. Indeed,

late passage cells, such as human lung fibroblasts, were found to be enriched in

caveolar domains and caveolins (Cav-1 and Cav-2) and showed strong interactions

between Cav-1 and the EGF-R when compared to early passage cells (Park et al.,

2000). This interaction with Cav-1 was subsequently shown to attenuate the EGF-

induced activation of the p42/44 MAP kinase pathway (Park et al., 2000). Interesting-

ly, overexpression of Cav-1 in early passage cells suppressed the activation of p42/44

MAP kinase cascade upon EGF stimulation (Park et al., 2000). Furthermore, reduc-

tion of Cav-1 expression in senescent human fibroblasts, using antisense oligonucleo-

tides and small interfering RNA, resulted in the restoration of the normal growth

factor response (Cho et al., 2003). Accordingly, increases in Cav-1, Cav-2, and Cav-3
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protein levels were observed in the lung homogenates of old rats (27 months of age), as

compared to young rats (2 months of age) (Park et al., 2000).

In the heart, other studies showed conflicting results concerning the regulation of

the caveolin proteins during the aging process. Although one report showed an

increase in the total expression levels of Cav-1 and Cav-3 in the hearts of 27-month-

old Wistar rats, another report showed unchanged total expression, but a dissociation

of Cav-1 and Cav-3 from the caveolae to the cytosol in 27-month-old Sprague-Dawley

rats (Park et al., 2000; Ratajczak et al., 2003).

II. CONCLUSIONS

Caveolin proteins are key regulators of several physiological and pathological

processes in the cardiopulmonary system. As mentioned above, caveolins have been

implicated in heart and lung development, as well as in cardiopulmonary endocytosis,

vesicular traYcking, and signal transduction. Caveolin protein expression also appears

to be altered or dysregulated in several cardiopulmonary disorders. A loss of caveolin

has been implicated in the development of hypertrophic cardiomyopathy, lung fibro-

genesis, pulmonary hypertension, and lung cancer. Conversely, increased caveolin

expression has been associated with the development of ischemic and dilated cardio-

myopathy, pulmonary interstitial edema, and the appearance of metastasis. The

generation and characterization of caveolin-deficient mice strongly support the impor-

tant roles of the caveolin proteins in the cardiopulmonary system. Indeed, although

caveolin-deficient mice are viable, they show multiple cardiopulmonary abnormalities,

such as cardiac hypertrophy, pulmonary hypertension, and lung structural remodel-

ing. Thus, tight regulation of caveolin expression appears to be fundamental for

normal cardiopulmonary functioning.

Future studies should investigate the cardiopulmonary eVects of in vivo modula-

tion of caveolin protein expression. Interestingly, in vivo delivery of a Cav-1 scaVolding
domain peptide has previously been shown to reduce inflammation, block microvas-

cular hyperpermeability, and alter tumor progression in mice (Bucci et al., 2000;

Gratton et al., 2003). The perfusion of the Cav-1 scaVolding domain has also been

shown to exert cardio-protective eVects during myocardial ischemia-reperfusion by

reducing polymorphonuclear neutrophils adherence and infiltration (Young

et al., 2001).
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Abbreviations and Acronyms

AMF Autocrine motilitiy factor

APOE Apolipoprotein E

CaM Calmodulin

Cav-3 Caveolin-3

CBM Caveolin-binding motif

CD Circular dichroism

CK Creatine kinase

CSD Caveolin scaVolding domain

CT Cholera toxin

Cyp Cyclophilin

CytD Cytochalasin D

DHE Dihydroergosterol

DMD Duchenne muscular dystrophy

DPH Diphenylhexatriene

E2 Estradiol

ECFP-Mem Enhanced cyan fluorescent protein-Mem

EGFR Epidermal growth factor receptor

eNOS Endothelial nitric oxide synthase

ER Endoplasmic reticulum

ER Estrogen receptor

ER� Estrogen receptor �

ER�-myc Epitope-tagged ER�

ER� Estrogen receptor �

ERK Extracellular signal-related kinase

FAK Focal adhesion kinase

FKRP Fukutin-related protein

G�i G-protein �i

GAP GTPase activating protein

GFP Green fluorescent protein

GIC Golgi intermediate compartment

GLUT4 Glucose transporter 4

GM1 Ganglioside M1

GPCR G-protein-coupled receptor

GSL Glycosphingolipid

HDL High-density lipoprotein

Hsp56 Heat shock protein 56

IP Immunoprecipitation

IRS Insulin receptor substrate

LDL Low-density lipoprotein

LGMD Limb-girdle muscular dystrophy

MMP Metalloproteinases

NMR Nuclear magnetic resonance

nNOS Neuronal nitric oxide synthase

oxLDL Oxidized low-density lipoprotein

PC Phosphatidylcholine

PE Phosphatidylethanolamine
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PGDF Platelet-derived growth factor

P-gp P-glycoprotein

PH Pulmonary hypertension

PI Phosphatidylinositol

PI3 Phosphatidylinositol 3

PIRC Percussion/pressure-induced rapid muscle contractions

PKC Protein kinase C

PKC� Protein kinase C�

PLA2 Phospholipase A2

PM Plasma membrane

PT Pertussis toxin

RGS Regulator of G-protein signaling

RMD Rippling muscle disease

RTK Receptor tyrosine kinases

S1P Sphingosine-1-phosphate

SCP-2 Sterol carrier protein-2

SL Sphingolipids

SM Sphingomyelin

SMC Smooth muscle cells

SRB1 Scavenger receptor class B Type I

SRE Sterol regulatory element

STAT Signal tranducer/activator of transcription

SUV Small unilamellar vesicles

THC Tetrahydrechrysene

uPAR Urokinase receptor

VAMP Vesicle-associated membrane protein

VCAM Vascular cell adhesion molecule

VEGF Vascular endothelial growth factor

VSMC Vascular smooth muscle cells

VVO Vesiculo-vacuolar organelles
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Chapter 1, Figure 4. Multiphoton laser scanning microscopy of fluorescent sterol (DHE), a plasma mem-

brane marker (ECFP-Mem), and a lipid marker (Nile red) in L-cell fibroblasts. The plasmid pECFP-Mem

(Clontech) was stably expressed in L-cells (L arpt�tk�) by transfection using Superfect (Qiagen) according to

the manufacturer’s instructions. After G418 selection and PCR verification to select resistant clones, L-cells

stably expressing ECFP-Mem were cultured for 2 days on two-well Lab-Tek chambered coverglasses (VWR,

Sugarland, TX) with Higuchi medium containing 10% fetal bovine serum and supplemented with a total

concentration of 20 �g/ml of dehydroergosterol (DHE) in the form of large unilamellar vesicles. These vesicles

were prepared with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and dehydroergosterol (65:35

POPC:DHE), wherein DHE was almost completely monomeric (McIntosh et al., 2003). Cells were then

incubated with 100–400 nM Nile red (Molecular Probes, Eugene, OR) for approximately 30 min. Multipho-

ton laser scanning microscopy (MPLSM) was performed using a Bio-Rad MRC1024 MP system attached

Axiovert 135 (Zeiss Inc., New York, NY) microscope with a Zeiss 63 � Plan-Apochromat (1.4 N.A.) oil

immersion objective. All three fluorescent probes (DHE, Nile red, ECFP-Mem) were simultaneously excited

using multiphoton excitation at 920 nm with a femtosecond Coherent Mira 900 Ti:Sapphire laser pumped

with a Spectra-Physics Millenia X. Fluorescence emission was detected through an external three-channel

detector system provided by Dr. Warren Zipfel (Cornell University, Ithaca, NY). Emission of the three

fluorescent probes was individually selected by the INDO dichroic filter set provided by Dr. Warren Zipfel.

(A) Nile red emission detected at 525–650 nm. (B) Dehydroergosterol emission detected at 360–430 nm.

(C) ECFP-Mem emission detected at 485–515 nm. (D) Merged image with Nile red (red), dehydroergosterol

(green), and ECFP-Mem (blue).



Chapter 1, Figure 5. Statistical segmentation of the plasma membrane of L-cells expressing ECFP-Mem

(blue), supplemented with dehydroergosterol (green), and subsequently stained with Nile red (red). (A) Initial

segmentation result from the rank-statistic technique produced by a combination of two windows chosen

from two diVerent plasma membrane sections. (B) Final segmentation result after binary masking was

applied to further remove remaining intracellular regions and enhancing definition of the plasma membrane.

A typical segment (circled in white) of the plasma membrane was chosen for statistical image analysis. (C) A

blowup of the selected segment (all three channels) showing the discontinuity of the dehydroergosterol along

the plasma membrane for the full data set. (D) A blowup of the selected segment (all three channels) after

85th percentile thresholding of the dehydroergosterol intensities (peak DHE intensities) along the plasma

membrane.

Chapter 3, Figure 1. Multiple structural proteins interact with the caveolins to mediate caveolae formation

and fusion. Arrows point to diVerent caveolin‐associated proteins and corresponding domains for which

direct interactions have been documented. EH, Eps15 homology domain; CC, coiled‐coil domain; SH2, SH3,

Src homology 2, 3 domains; G1‐3, GTPase domains 1‐3; Middle, middle domain; PH, pleckstrin homology

domain; GED, GTPase eVector domain; PRD, proline‐rich domain; SCD, scaVolding domain; MS,

membrane‐spanning domain; Kinase, Src kinase catalytic domain; RD, Src kinase regulatory domain;

BAR, Bin/Amphiphysin/Rvs domain; ABD, actin‐binding domain; RD1‐2, rod domain 1, 2; HD1‐2, hinge
domain 1, 2; OD, oligomerization domain.



Chapter 3, Figure 2. Dynamin and intersectin in caveolae membrane dynamics. (a, a0) Dynamin localizes to

caveolae in cultured hepatocytes. Fluorescence micrographs representing laser scanning confocal microscopy

of cultured hepatocytes that were double‐labeled with a monoclonal anti‐caveolin antibody (a) and the

polyclonal anti‐Pan61 antibody (a0) to label endogenous dynamin. A significant number of vesicular

structures are labeled with both antibodies (arrows and outlined areas), indicating a colocalization of

dynamin and caveolin. Scale bars, 8.0 �m. (b–b00) Subcellular distribution of intersectin by double immuno-

fluorescence in cultured endothelial cells (ECs). Intersectin displays a punctate staining pattern both at the

plasma membrane and throughout the cytoplasm (b). Caveolin immunostaining in cultured ECs (b0). The
merged image (b00) reflects extensive colocalization for both intersectin and caveolin (panel b00 and inset b00).
Scale bars, (b–b00) 10 �m; (insets) 5 �m. (c) Accumulation of surface–attached caveolae in cultured hepato-

cytes injected with anti‐dynamin antibodies. Electron micrographs of dynamin antibody‐injected cells that

were fixed and stained with ruthenium red. Dark vesicles reveal both surface (small arrows) and deeper

(large arrows) membrane invaginations that are continuous with the plasma membrane. Scale bars, 0.15 �m.

(d) Caveolae proliferation in ECs overexpressing wt intersectin. Electron micrographs show large

numbers of caveolae forming along the cell border. Note the caveolar profiles displaying staining dense

rings (arrowheads). Scale bars, 50 nm. (e, e0) Immuno‐EM localization of dynamin (e) and intersectin (e0) to
the necks of formed caveolae in cultured ECs. Immunogold labeling shows gold particles (6 nm) that are

preferentially associated with the neck region of caveolae open to the EC surface (e, v1). Frequently,

more than two gold particles labeled a caveolar profile or its neck. Scale bar, (e, e0) 50 nm. (a, a0), and
(c) reprinted with permission from Henley et al., 1998. (b–b00) and (d–e0) reprinted with permission from

Predescu et al., 2003.

Chapter 3, Figure 4. Dynamin is actively recruited to forming caveolae in SV40‐infected cells. Fluorescence

images of living cells expressing Dyn2‐GFP show that Dyn2 is recruited to caveolae‐bound AF‐SV40 viral

particles. Dyn2 recruitment (red circles) appears as “blinking” at the cell surface as actin and caveolin are

recruited, then disappear as caveolar scission occurs. Scale bars, 2.5 �m. Images reprinted with permission

from Helenius et al., 2002.



Chapter 4, Figure 1. Model depicting the major defining characteristics of entry of various bacteria into

most cells via lipid rafts.

Chapter 5, Figure 1. Scheme of the caveolin–eNOS interactions. Both the oxygenase and the reductase

domains of eNOS interact with caveolin. The caveolin‐binding motif (CBM) corresponds to the consensus

sequence FPAAPFSGW that recognizes the caveolin scaVolding domain (CSD) within the caveolin se-

quence. At the other side of the membrane‐spanning region of caveolin (MBSp), the 40 C‐terminal residues

of caveolin (involved in caveolin oligomer–oligomer interaction) also interact with the oxygenase domain of

eNOS. Both proteins are acylated, and in the case of eNOS, myristoylation on the glycine and palmitoylation

on two cysteines are key for facilitating the targeting of eNOS to lipid rafts/caveolae. Note that eNOS is

active as a dimer and that the size of the two proteins is not to scale (human sequences: eNOS, 1205 residues

and caveolin‐1, 179 residues).



Chapter 5, Figure 2. Regulation of the caveolin–eNOS interaction by cholesterol levels. The presence of

sterol regulatory elements (SRE) and other regulatory sequences in the promoter of the caveolin gene

accounts for the stimulatory transcription of caveolin in the presence of excess cholesterol, as encountered

when endothelial cells are exposed to high levels of LDL cholesterol. The consecutive increase in caveolin

blocks the basal and agonist‐stimulated eNOS activity in endothelial cells. Statins, by inhibiting the

endogenous synthesis of cholesterol in (peripheral) endothelial cells (as well as indirectly by reducing

circulatory LDL cholesterol), negatively aVect caveolin expression. A reduction in caveolin abundance (or

a restoration if first exposed to high LDL levels) facilitates the calcium‐calmodulin‐mediated disruption of

the caveolin–eNOS complex (e.g., displaces the equilibrium toward the caveolin‐free eNOS state), thereby

leading to NO release.



Chapter 5, Figure 3. Regulation of the caveolin–eNOS interaction by oxLDL and HDL. The lipoprotein

receptors CD36 and scavenger receptor class B member 1 (SRBI) are both enriched in caveolae. Oxidized

LDL binds to CD36 and loads itself with cholesterol, leading to a marked depletion of caveolar cholesterol.

Consecutively, caveolin and eNOS are translocated to intracellular compartments wherein basal and

agonist‐stimulated NO productions are dramatically reduced. HDL binds to SRBI and provisions choles-

terol esters to the cell, thereby maintaining the integrity of caveolae and even reversing the deleterious eVects

of oxLDL. The normal subcellular location of caveolin and eNOS allows eNOS to be activated when needed

and NO to exert its major function of vascular homeostasis control.



Chapter 5, Figure 4. Model of the apparent paradoxical regulation of NO‐mediated angiogenesis by

caveolin. This three‐panel scheme represents the relationship between the abundance of caveolin and the

NO‐mediated angiogenesis. Middle panel: the VEGF binding to the VEGFR‐2 receptor leads to the

activation of eNOS through the local increase in intracellular calcium (the endoplasmic reticulum has been

located near to caveolae) and the activation of the PI3K/Akt pathway leading to the phosphorylation of

eNOS on Serine 1177. Activation of ERK is also induced upon VEGF exposure and, together with the

increase in NO, leads to endothelial cell migration, proliferation, and reorganization in a new vascular

network. Left panel: when caveolin is increased in the cells, such as after exposure to high levels of LDL

cholesterol or expression of recombinant caveolin, eNOS and ERK are maintained inactivated, preventing

full activation on VEGF exposure and leading to a defect in angiogenesis. Such a negative eVect may be

desired to inhibit tumor neovascularization and thereby block tumor growth. Right panel: in the absence of

caveolin, as encountered in mice deficient for the caveolin gene, the compartmentation of the diVerent actors

of the VEGF/NO signaling cascade is lacking and leads to a decrease in the eYcacy of VEGF to stimulate

angiogenesis.



Chapter 5, Figure 5. Implication of caveolin and eNOS in endothelial cell permeability. NO is known to

regulate the paracellular permeability (e.g., the transport through the intercellular junctions), but the

location of eNOS in caveolae makes the role of NO more complex. Indeed, the other major mode of

permeability, transcytosis either through the fission of caveolae and transport from one pole of the cell to

the other or through fusion of several caveolae to form vesicular‐vacuolar organelles (VVO) or channels

connecting each pole of the cell, requires caveolae and caveolin. It is therefore likely that alteration in

transcytotic permeability will aVect caveolin function and thereby the eNOS locale and regulation. In the

bottom of the figure, the phenotypes observed in mice deficient for eNOS or caveolin gene are illustrated. In

eNOS�/� mice, transcytosis is the major mode of permeability in endothelial cells, whereas in Cav�/� mice,

paracellular transport is mostly involved in macromolecules transport and becomes exquisitely sensitive to

the NOS inhibitor L‐NAME. The eYcacy of this pathway is even increased when compared to wild‐type
mice (in order to compensate for the lack of caveolae).

Chapter 6, Figure 7. ER signaling to eNOS in endothelial cell caveolae. eNOS is localized to cholesterol‐
enriched (orange circles) caveolae by myristoylation and palmitoylation. Both ER� and ER� have also been

localized to endothelial cell caveolae. Ligand binding to ER leads to G�i activation, which mediates

downstream events. ER interaction with G�i may be direct, or it may involve a classical G‐protein‐coupled
receptor (GPCR) or an alternative unknown protein intermediate. The downstream events include the

activation of Src tyrosine kinase, PI3 kinase‐Akt kinase signaling causing eNOS phosphorylation, and

ERK activation having an unknown impact on eNOS. In addition, there is perturbation of the local calcium

environment, involving either the release of intracellular stores, which are likely to be in close proximity to

caveolae membranes, or calcium influx, resulting in calmodulin (CM) binding to the enzyme.



Chapter 8, Figure 1. Scanning electron microscopy reconstruction of an adipocyte. Images from scanning

electron microscopy of the surface of intact adipocytes and the inner surface of plasma membranes were used

to construct this image, to scale, of an adipocyte. The inner surface of the plasma membrane is seen to be

speckled with caveolae of varying size.

Chapter 8, Figure 2. Scanning electron microscopy of adipocyte plasma membrane inner surface with an

insulin receptor model inserted to scale. From Luo et al. (1999); Thorn et al. (2003).



Chapter 8, Figure 4. Translocation of GLUT4 to caveolae and glucose transport in caveolae. Rat adipocytes

were incubated with insulin for the indicated time and subjected to subcellular fractionation. Caveolae were

prepared from plasma membranes by treatment with non‐ionic detergent and collecting the insoluble residue.

The amount ofGLUT4protein in the diVerent fractions was determined after SDS‐PAGEand immunoblotting.

Glucose uptake was measured from the same cell batches in parallel. From Gustavsson et al. (1996).



Chapter 9, Figure 2. (A) Immunofluorescence and (B) immunoblot analysis of CAV3 and dysferlin on

muscle biopsies of two patients with homozgyous (L86P, A92T) and one heterozygous (A45T) RMD. In the

RMD patients there is a drastic reduction in the intensity of CAV3 immunostaining at the sarcolemma and

in immunoblotting. Dysferlin is reduced in RMD by immunohistochemistry, but normal in immunoblotting

(Kubisch et al., 2003).



Chapter 10, Figure 2. Models of trans‐endothelial transport. (A and B) Caveolae‐mediated transcytosis. In

this model, LDL particles are transferred from the blood vessel lumen to the intima. Two possible pathways

exist for this endothelial transcellular transport. (A) An LDL particle may bind to a specific receptor found

in endothelial cell caveolae and induce the endocytosis/transcytosis of caveolae vesicle, and the particle is

then transferred to the subendothelial space (receptor‐mediated transcytosis). (B) Alternatively, an LDL

particle can be transported via a non‐specific, or fluid‐phase, form of caveolar transcytosis. (C) Para‐cellular
transport of LDL particles across the endothelial cell barrier. Under certain conditions, inter‐endothelial
tight junctions may be altered, increasing endothelium permeability. Modified from Frank and Lisanti

(2004).



Chapter 10, Figure 3. Caveolin‐1 deficiency reduces the extent of atheromatous lesions in ApoE�/� mice.

(A) En face visualization of aortas, which were harvested from ApoE�/�/Cav‐1þ/þ and ApoE�/� /Cav‐1�/�

mice, fed a normal chow diet. (B) Quantification of the total area occupied by atherosclerotic lesions per

aorta. Note that in animals fed a normal chow diet, a Cav‐1 deficiency leads to dramatic reductions (�70%)

in the total area occupied by these atherosclerotic lesions. An asterisk (*) indicates statistical significance

(p < 0.05); n ¼ 5 mice for each experimental group. Modified from Frank et al. (2004).



Chapter 10, Figure 4. Histological analysis of wild‐type (WT) and Cav‐1�/� carotid arteries, retrieved 4

weeks post‐ligation. (A and B) H&E staining of control wild‐type (A) and control Cav‐1�/� (B) non‐ligated
arteries. Note that both WT and Cav‐1�/� carotid arteries appear normal, without any evidence of baseline

SMC hyperproliferation or migration. (C and D) H&E staining of ligated wild‐type (C) and ligated Cav‐1�/�

(D) arteries. Note that the carotids of Cav‐1�/� mice show significantly more intimal hyperplasia, with

subtotal luminal obstruction, as compared to WT mice. In (A)–(D), red arrows denote the internal elastic

lamina and black arrows denote the external elastic lamina. Modified from Hassan et al. (2004).



Chapter 11, Figure 4. Cav‐1�/� and Cav‐2�/� mice show lung abnormalities characterized by hypercellu-

larity and thickening of the alveolar septa, as compared to wild‐type and Cav‐1�/þ heterozygous mice.

Modified from Razani et al. (2002).



Chapter 11, Figure 5. Hematoxylin and eosin (H&E) staining of the lungs of control (A) and MI (B) rats

shows lung structural remodeling characterized by hypercellularity and thickened alveolar septa in the MI

group. This lung structural remodeling is associated with decreased expression of Cav‐1 and Cav‐2. (C) and
(D) represent immunostaining of Cav‐1 in lungs of control and MI rats, respectively. (E) and (F) represent

immunostaining of Cav‐2 in lungs of control and MI rats, respectively. Modified from Jasmin et al. (2004).
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