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See reviews in the series by Feron and Balligand [15]
(pages 788-797), Maguy et al. [21] (pages 798—807), and
Hardin and Vallejo [24] (pages 808—815) in this issue and
by Mineo and Shaul [26] and Schwencke et al. [30] in
next month’s issue.

Original articles in the series are by Calaghan and
White [16] (pages 816-824) and Shaw et al. [25] (pages
825-835) in this issue.

Over the last two decades our view of the cell membrane
has progressed from that of a relatively homogenous protein-
containing lipid bilayer that simply separates the cytosol
from the extracellular milieu. We now know that the cell
membrane is composed of many and varied types of lipids
and that their properties largely determine protein local-
isation and thus protein—protein interactions and cellular
signalling. There has also been a veritable explosion of
knowledge regarding lipid membrane compartmentalisation,
and this Review Focus Series on “Caveolae in Cardiovas-
cular Signalling” provides a timely reminder of the impor-
tance of caveolae in the regulation of cardiac myocytes,
vascular smooth muscle, and endothelial cell function.

Caveolae were first described over 50 years ago using
electron microscopy as flask-like invaginated structures of
the plasma membrane [1]. These cellular micro-domains are
enriched in cholesterol and sphingolipids as well as in
specific proteins such as the scaffolding protein caveolin (for
recent comprehensive reviews see RefSs. [2-4]). Endothelial
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cells are one of the most abundant sources of caveolae, and
the plasma membrane surfaces of the endothelial cells that
face the blood contain numerous caveolae. These “little
caves” have been attributed several functions, and a series of
elegant electron microscopic studies provided the first hint
that caveolae act as trans-endothelial carriers by demonstrat-
ing the sequential movement of probes from one side of the
endothelial cell layer to the other in a process that seems to
involve the budding of caveolaec from one side of the
endothelial cells, transfer through the intracellular milieu,
and fusion with the opposite membrane [5,6]. While the
latter observations remain controversial [7-9], our knowl-
edge regarding the role played by caveolae and the caveolins
in the regulation of cell signalling has increased markedly
(see for example Refs. [10,11]). The list of proteins that can
be found in caveolae is still increasing as are the roles for the
marker protein caveolin. For example, caveolins (caveolin-1,
-2 and -3) play a role in maintaining the lipid composition of
caveolae, as well as their morphology, and the signals that
originate from these sites [4].

1. Caveolar signalling in the heart

2. Regulation of the endothelial nitric oxide synthase
(eNOS) in the heart by caveolins

In the mid-1990s, our concept regarding the regulation of
eNOS was revolutionised following reports that the enzyme
associates with caveolin-1 and caveolin-3 in endothelial
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cells and cardiac myocytes, respectively [12—14]. The
subsequent dissection of these interactions led to the
identification of multiple binding sites within both proteins
and the competitive displacement of caveolin and calmod-
ulin from eNOS by each other. Not only does the
association of eNOS with caveolin regulate enzymatic
activity, the localisation of the eNOS signalosome and its
individual constituents are also largely determined by
caveolin. The review by Feron and Balligand [15] in this
issue is a highly informative summary of the regulation of
eNOS by caveolin in the heart and the constituents of the
signalosome complex. Some of the most interesting work
on the regulation of eNOS by caveolins in the heart is
linked to signalling by the P, adrenoceptor. While Feron
and Balligand provide an overview of the state of the art,
an original communication by Calaghan and White [16]
reports that caveolac modulate excitation—contraction
coupling and P-adrenergic stimulation in adult rat cardiac
myocytes. The reason for studying adult cardiomyocytes
lies in the fact that these cells possess caveolae- and
caveolin-3-containing t-tubules [17], while neonatal cells,
which are more frequently studied, do not [18,19].
Moreover, t-tubule anomalies have been described in
caveolin-3-deficient mice [20]. Using methyl-p-cyclodex-
trin to deplete cells of membrane cholesterol, Calaghan
and White [16] were able to demonstrate a reduction in the
shortening of myocytes that correlated with an attenuation
of the Ca®"-induced Ca”" release. B-Adrenoceptor agonist
stimulation, on the other hand, was enhanced by the
detergent treatment, an effect that could be mimicked by
dialysing cells with an antibody to caveolin-3. Although it
is tempting to speculate that changes in caveolin expres-
sion in the adult heart with aging and disease will have
consequences for baseline cardiac function as well as
responsiveness to -adrenergic stimulation, additional
experimental work is required to clarify these points.

2.1. Ion channels

There is increasing evidence for significant ion channel
localization in lipid rafts, which are cholesterol- and
sphingolipid-rich microdomains in cell membranes, and in
caveolae. Potassium ion channel subunits known to govern
regional electrical activity and to localize in lipid rafts
include K* channels of the shab (Kv2), shaker (Kv1) and
shal (Kv4) families as well as inwardly-rectifying, ATP-
sensitive, and Ca® -activated K* channels. In addition to this
heterogeneous group of K channels, caveolae also contain
Na® channels and the Ca®" channels investigated by
Calaghan and White [16], as well as the hyperpolariza-
tion-activated, cyclic nucleotide-binding channels. The
article by Maguy et al. [21] provides a detailed and concise
review of current knowledge of the relationships between
cardiac lipid rafts, caveolae and ion channel function, and
the molecular mechanisms involved in channel activation.
Certain pathological conditions are associated with changes

in the cholesterol content of cells and with the structural
remodelling of caveolae. For example, in heart failure there
is a significant redistribution of caveolin-3 out of caveolae
[22], a finding that fits well with the reported gradual
development of cardiomyopathy in caveolin-3~'~ mice [23].

3. Caveolar signalling in vascular smooth muscle cells

Caveolae are also found in vascular smooth muscle cells,
and Hardin and Vallejo [24] have done an excellent job of
sorting through the literature relating specifically to caveolar
signalling in vascular smooth muscle cells. This review
highlights the differences in the functions attributed to
caveolae and caveolin between smooth muscle and other
cell types.

3.1. Caveolae and myogenic tone

In addition to the well-documented effects of caveolin-1
on eNOS function, which affects basal vascular tone as well
as the response to agonist stimulation, there is convincing
evidence indicating a role for smooth muscle caveolin-1 in
coordination of the signalling events leading to the regulation
of smooth muscle contractility. While this topic is compre-
hensively reviewed by Hardin and Vallejo [24], an original
communication by Shaw et al. [25] presents data supporting
the concept that the structural arrangement of caveolae in the
proximity of the peripheral sarcoplasmic reticulum in smooth
muscle cells from pressurised resistance arteries serves to
regulate Ca®" oscillations and contractile activity.

4. Caveolar signalling in disease

Early morphological studies showed that the membrane
associated with surface caveolaec has a distinct sterol
composition, and later studies showed that the caveolar
structure is particularly sensitive to cholesterol perturbation.
Such findings indicated that free cholesterol and caveolin
are closely linked, but the exact role of caveolin and
caveolae in cholesterol homeostasis still remains unclear
especially as no clear disruption of cholesterol regulation
has been reported in caveolin-deficient cells [3]. The
evidence indicating that alterations in cellular cholesterol
affect vascular cell signalling is more convincing, and the
review by Mineo and Shaul [26] in next month’s issue
highlights the link between alterations in the lipid compo-
sition of caveolae and cardiovascular diseases. These
authors have also made a significant contribution to this
field by showing that oxidized low density lipoprotein
displaces eNOS from plasmalemmal caveolae and impairs
its activation [27], while high density lipoprotein maintains
the lipid environment in caveolac [28]. Moreover, C-
reactive protein (CRP), an acute-phase reactant that is
positively correlated with cardiovascular disease risk and
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endothelial dysfunction, prevents endothelial NO synthase
(eNOS) activation by diverse agonists. The latter effect is
dependent on Fcy receptors [29].

The review by Schwencke et al. [30] in the April issue
concentrates on a larger spectrum of diseases, most notably
muscular dystrophy, vascular proliferative disease, cardiac
hypertrophy, heart failure, and cancer. Indeed, given that
caveolin-1 plays a role as an endogenous inhibitor of
numerous signalling proteins and the fact that it inhibits cell
proliferation [31-33], it is logical to suggest that a decrease
in caveolin levels would be associated with enhanced
cellular proliferation and eventually tumour formation.
However, much of the data indicating that caveolin-1 has
tumour suppressor properties obtained to date has been
based on in vitro studies and on data obtained using
genetically modified mice. The latter findings appear to
contrast with the fact that several human tumours have been
linked to increased caveolin levels, and a possible tumour-
promoting action of caveolin-1 has also been suggested
[30].

The importance of refocusing studies on caveolae and
caveolar proteins in native tissues cannot be stressed enough
as there are marked differences in the makeup of these
micro-domains in vivo and in vitro. This point was recently
highlighted by the report that more than 40% of the proteins
expressed in luminal endothelial cell plasma membranes in
vivo (rat lung) could not be detected in the same cells in
culture [34]. This heterogeneity is most probably also
regulated by the environment of a given tissue, which
means that caveolar signalling in one tissue is likely to differ
from that of another. It will be interesting to follow
developments in this field to determine the differential role
of caveolae in the pathogenesis of cardiovascular disease
and cancer.
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