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In the past several decades, the discovery and detailed
characterization of the various subcellular organelles
has revealed the intricate workings of the cell. It is of
great interest then, that one of the most prominent
structures at the plasma membrane, the caveola, has
remained the most enigmatic organelle found in cells.
Together with their marker proteins, the caveolins,
caveolae are present in large numbers in a variety of cell
types. Although they were initially proposed to act as
mere conduits for cellular uptake, akin to clathrin-
coated vesicles, it is now clear that caveolae and cave-
olins have pleiotropic functions that modulate numer-
ous cellular processes. Many proposed physiological
roles for caveolae are controversial, making a rigorous
analysis of their function imperative. A giant leap in
this regard is the recent series of reports on the pheno-
typic characterization of caveolin-deficient mice. As
loss of caveolin expression causes a concomitant loss in
morphologically identifiable caveolae, such animals
allow for the first definitive studies of the role of these
organelles in various cells in vivo. In this review, we will
discuss the known and proposed functions of caveolae
in the context of these caveolin-deficient animal mod-
els, give a synopsis of the rapidly emerging themes in
the field, and discuss the relevance of caveolae to the
understanding of human disease.

Caveolar structure

During the pioneering era of cellular ultrastructure, the
rapid discovery of various subcellular organelles led to
an explosion in many research areas that constitute
what is today known as modern cell biology. The dis-
covery of caveolae and the ensuing research on their
function were among the fruits of this endeavor.

SPOTLIGHT Critical review

Because of their resemblance to “little caves” on trans-
mission electron microscopy (TEM), Yamada first
coined the term caveolae intracellulare in 1955 to describe
conspicuous, 50-100 nm invaginations of the plasma
membrane found in gallbladder epithelial cells (1). A
few years earlier, Palade had also described the presence
of such structures in vascular endothelium, although
he favored the term plasmalemmal vesicles (2) to refer to
the newly discovered cellular organelle.

Caveolae occur both as invaginations of the plasma
membrane proper and as vesicles residing close to the
membrane. They are found in many cells types but are
notably abundant in fibroblasts, adipocytes, endothe-
lial cells, type I pneumocytes, epithelial cells, and
smooth and striated muscle cells. Caveolae are distinct
in morphology from the more electron-dense and
much larger (about 200-300 nm) clathrin-coated pits.
As both types of membrane invaginations are found
together in many cell types, caveolae likely serve other
functions beyond providing conduits for endocytosis.

Biochemically, caveolar microdomains are very spe-
cialized membrane entities. Research in the last decade
has provided strong evidence that membranes co-exist
in two predominant forms: i) the “liquid-disordered”
state — composed of loosely packed phospholipids
with relatively rapid lateral diffusion; and ii) the “lig-
uid-ordered” state — composed of an aggregation of
cholesterol and sphingolipids — where the bilayer is
more rigid and lipids are more confined in their move-
ments. Due to their non-conventional lipid composi-
tion, these “liquid-ordered” membranes, termed “lipid
rafts,” are biochemically distinct from the surrounding
phospholipid bilayer (3). Interestingly, caveolae show a
similar enrichment in cholesterol and sphingolipids
and have traditionally been considered a specialized
form of lipid raft (i.e., an invaginated/vesicular form).
What distinguishes caveolae as a subset of these spe-
cialized microdomains is the presence of a peculiar
family of membrane proteins known as the caveolins.

Caveolin-1 (Cav-1),a 21 to 24 kDa protein that deco-
rates the cytoplasmic surface of caveolae, was the origi-
nal member of this family and serves as the primary
structural component of caveolae (4). In fact, along with
cholesterol and sphingolipids, Cav-1 appears to play a
direct role in caveolar biogenesis. The two other mem-
bers of the caveolin family, caveolin-2 (Cav-2) and cave-
olin-3 (Cav-3), also target exclusively to caveolar
microdomains (5, 6). The expression levels of Cav-1, -2,
and -3 fully correlate with the presence of caveolae in
those tissues. Interestingly, the expression patterns of
Cav-1 and -2 are largely distinct from that of Cav-3;
whereas adipocytes, endothelial cells, pneumocytes, and
fibroblasts have the highest levels of Cav-1 and -2, Cav-
3 expression is limited to muscle cells of all types (car-
diac, skeletal, and smooth muscle cells) (6, 7). The three
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Table 1
Phenotypic analysis of caveolin-deficient mice

Cav-1 knock-out

Loss of caveolae
In fibroblasts, endothelia, and adipocytes
Near total deficiency of Cav-2
Rescued by Cav-1 expression
MEFs
Defects in caveolar endocytosis
Hyperproliferative phenotype
Decreases in Go/G1-phase
Increases in S-phase
Lung abnormalities
Hypercellularity
Thickened alveolar septa
Exercise intolerance
Decreased vascular tone
Secondary to eNOS activation
Clinical relevance
Restrictive lung diseases
Cancer
Dominant negative mutation
in human breast cancer
Cav-1 (P132L)
(sporadic)

Cav-3 knock-out

Loss of caveolae
In skeletal muscle fibers
Myopathic changes (mild-to-moderate)
Variability in muscle fiber size
Presence of necrotic fibers
Dystrophin-glycoprotein complex
Mislocalized
No longer targeted to rafts
T-tubule abnormalities
Mislocalization of T-tubule markers
Ryanodine receptor
DHPR-1ot
T-tubules (ferrocyanate staining)
Dilated/ swollen
Longitudinally oriented
Run in irregular directions
Clinical relevance
Muscular dystrophy
Dominant negative mutations
in LGMD-1C in humans
Cav-3 (P104L) and others
(autosomal dominant)

LGMD-1C, limb-girdle muscular dystrophy, type 1C; MEFs, mouse embryo fibroblasts.

fat (Figure la), firmly establishing
that Cav-1 is required for caveolar
invagination in these tissues. Prima-
ry cells derived from Cav-1-null mice
likewise lack caveolae (8, 9).
Although the mechanism of Cav-1’s
association with and transforma-
tion of the plasma membrane into
flask-shaped caveolae remains un-
known, the interaction of Cav-1
with lipids likely contributes to this
process. Cav-1 binds the two pri-
mary components of lipid rafts, cho-
lesterol and sphingolipids, both in
vitro and in vivo (10). Given the abil-
ity of cholesterol-binding agents
such as cyclodextrin and nystatin to
flatten caveolae and disassemble
their caveolin-enriched coats (4), the
association between cholesterol and
caveolins appears pivotal for vesicle
biogenesis and may be sufficient to
explain the cellular phenotype of
Cav-1-deficient animals. However,
studies to date have not examined
possible perturbations in the cho-
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proteins overlap in their expression in a few cell types,
including smooth muscle cells. Since their discovery, the
caveolins have been shown to be intimately involved in
all aspects of caveolar function.

Studies of Cav-1-deficient mice

We and others have recently reported the generation of
mice with a targeted disruption of the caveolin-1 (Cav1)
locus (8, 9). Here, we will consider several of the pivotal
observations made in these mice which have expanded
our understanding of caveolar function (see Table 1 for
a summary). Perhaps the biggest initial surprise in the
characterization of these mice was the realization that
loss of a major cellular organelle imparts no develop-
mental abnormality or lethality. In fact, cursory exami-
nation of the mice into adulthood and beyond reveals no
overt phenotypic abnormalities, except for a tendency to
remain smaller than their wild-type counterparts (8).

Cav-1 and caveolar biogenesis

The caveolins appear to mediate the formation of cave-
olae, as judged by the phenotype of cells in which the
expression of these proteins is altered experimentally.
In cells such as lymphocytes and transformed fibrob-
lasts, which do not express caveolins, and lack any iden-
tifiable caveolae, the de novo production of Cav-1 is
sufficient to drive the formation of 50-100 nm invagi-
nations (reviewed in ref. 10). Conversely, anti-
sense-mediated down regulation of Cav-1 causes a loss
of caveolae in fibroblasts (11). The availability of Cav-
1-null mice has recently allowed a rigorous test of this
model. These mice show a complete ablation of
mophologically identifiable caveolae in endothelia and

lesterol content of the plasma mem-
brane or lipid rafts in Cav-1-null tis-
sues. The absence of Cav-1 could
also indirectly lead to the loss of caveolae by destabi-
lizing the arrangement of cholesterol in lipid rafts.
Additionally, there is expanding literature on the
importance of Cav-1 for intracellular cholesterol trans-
port (reviewed in ref. 12). It will be interesting to know
whether a lack of Cav-1 imparts any deficiencies in the
ability of cells to maintain intracellular cholesterol
trafficking and homeostasis.

Interactions of Cav-1 with the other caveolins

Cav-1 is known to have very intricate interactions with
its closely related family member, Cav-2. All known
terminally differentiated tissues that express Cav-1
also express Cav-2. In addition, after its synthesis
in the endoplasmic reticulum (ER), Cav-1 has been
shown to either homo-oligomerize or hetero-oligo-
merize with Cav-2 into a unit of 14 to 16 individual
molecules (7, 10). Cav-2 localization is also highly
dependent on Cav-1; the Cav-2 protein is retained
intracellularly within the Golgi compartment in the
absence of Cav-1 expression (13, 14). Down-regulation
of Cav-1, however, does not appear to affect Cav-2 lev-
els, as reduction of Cav-1 levels observed in many
tumor cell-lines or elicited by anti-sense strategies has
no effect on Cav-2 expression (11, 15). Intriguingly,
however, in all Cav-1-null tissues examined, the
expression of Cav-2 is severely reduced (8, 9). The
reduction in Cav-2 levels is not transcriptional, as its
mRNA levels remain unperturbed.

Razani et al. went on to dissect these effects in primary
mouse embryonic fibroblasts (MEFs), finding that Cav-
2 isindeed trapped in the Golgi compartment and that
its expression can be rescued — and its localization
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returned to the plasma membrane — following re-intro-
duction of Cav-1 (8). Furthermore, proteasomal
inhibitors (but not lysosomal inhibitors) can restore the
expression of Cav-2 to nearly wild-type levels, indicating
that in the absence of Cav-1, Cav-2 is most likely mis-
folded during transport through the ER/Golgi and is
degraded by the proteasomal apparatus.

Cav-1 and cellular proliferation

Based on several lines of evidence, Cav-1 has been con-
sidered a candidate tumor suppressor (16). Cav-1
mRNA and protein levels are down-regulated during
cell transformation of cultured NIH-3T3 cells, in
transgenic mouse models of breast cancer, and in cell
lines derived from human tumors (reviewed in ref. 17).
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Some important phenotypes of Cav-1 and Cav-3-deficient mice. (a) A deficiency in Cav-1 is sufficient to completely disrupt caveolae formation. Tis-
sues thus far examined include endothelial cells (8, 9), adipocytes (Razani and Lisanti, unpublished observations), and mouse embryonic fibroblasts
(MEFs) (8). The transmission electron micrographs shown are from near-confluent MEFs (8). (b) Cav-1-deficient mice show lung abnormalities,
with constricted alveolar spaces, thickened septa, and hyper-cellularity. One-micron sections of lung parenchyma were cut, stained with Toluidine-
Blue, and images were acquired with a 60X objective. Left panel, wild-type mice (WT); Right panel, Cav-1-null mice (KO) (8). (c) Cav-1-deficient
mice show hyper-responsiveness to endothelium/nitric oxide (NO)-dependent vasodilation. Note that acetylcholine (Ach)-induced relaxation (a
NO-dependent phenomenon) of the Cav-1-null aortic rings was clearly potentiated by the loss of Cav-1 expression. Concentration-dependent relax-
ation induced by acetylcholine (Ach; expressed as log of molar concentration) in aortas pre-constricted with 10 UM phenylephrine (PE) from wild-
type (WT,; open squares) and Cav-1-null (KO; black squares) mice. ***P < 0.0001 vs. WT (8). (d) A deficiency in Cav-3 is sufficient to completely
disrupt the formation of sarcolemmal caveolae. The transmission electron micrographs shown are from hindlimb skeletal muscle fibers imaged at
25,000 magnification (32). (e) Cav-3-deficient mice show skeletal muscle abnormalities, with variability in muscle fiber size, the presence of some
necrotic fibers, and mononuclear infiltrates. Muscle tissue sections from wild-type (left panel) and Cav-3 KO mice (right panel) were cut and stained
with hematoxylin and eosin (H&E). (f) Cav-3 protein expression is required for the development of a mature and highly organized T-tubule system.
Cav-3 KO T-tubules are dilated and run in irregular directions. Skeletal muscle tissue samples from wild-type (left panel) and Cav-3 KO (right panel)
were subjected to T-tubule system staining using potassium ferrocyanate, which gives T-tubules an electron-dense (black) appearance (32).

The Journal of Clinical Investigation | December2001 | Volume 108 | Number 11 1555



1556

Recombinant expression of Cav-1 in transformed
NIH-3T3 cells or cell lines derived from human can-
cers suppresses their transformed phenotype, e.g.
anchorage-dependent growth in soft agar is abrogated
(17). Targeted downregulation of Cav-1 expression by
a vector-based antisense approach promotes anchor-
age-independent cell growth in soft agar, drives
tumorigenesis in nude mice, and hyper-activates the
p42/44 MAP kinase cascade in NIH-3T3 cells (11). An
analogous gene silencing approach in C. elegans, RNA
interference, also yields a phenotype highly reminis-
cent of hyperactivated Ras signaling (18).

Traditionally, characterization of mice with a target-
ed deletion of a candidate oncogene or tumor sup-
pressor requires an analysis of the growth properties
of primary mouse embryonic fibroblasts (MEFs).
Razani et al. therefore used this strategy to assess the
effects of Cav-1 on cellular proliferation and the cell
cycle (8). Consistent with a role for Cav-1 as a tumor
suppressor, Cav-1-null MEFs had more active cell cycle
profiles, with increases in the proportion of cells in the
S-phase. Phenotypically, this higher activity led to
increased cellular proliferation with a nearly 3-fold
increase in cell number over a 10-day period. These
Cav-1-null active cell cycle profiles could be rescued
via re-expression of Cav-1 in the knockout MEFs. In an
attempt to pinpoint the molecular components driv-
ing this proliferation, Razani et al. looked at the
p42/44 MAP kinase cascade, which they found, sur-
prisingly, to be unaffected in the knockout cells (8).
Therefore, in primary cells, the loss of Cav-1 predis-
poses cells to increased proliferation independent of
the major pathway previously thought to be affected
by Cav-1. Future studies will have to look at the expres-
sion of an array of cell cycle proteins and their relative
activity in the hope of elucidating the underlying basis
for the increased proliferation in Cav-1-null cells.

The altered cell cycle profiles observed in Cav-1-defi-
cient primary cells is important in light of the recent
discovery of mutations in the CAVI gene in a large pro-
portion of invasive human breast carcinomas (19).
Although Cav-1-deficient mice do not appear to devel-
op tumors even in old age, they will nonetheless be
extremely useful in assessing the exacerbation of can-
cer phenotypes in the large array of tumor-prone mice
currently available.

Cav-1 and endocytosis

Although endocytosis has traditionally been associated
with clathrin-coated vesicle transport (20), it has become
clear that certain endocytic events exclusively occur via
caveolae. Albumin, the cholera and tetanus toxins, cer-
tain GPI-anchored proteins, and even some viruses and
bacteria seem to target caveolae for internalization
(21-23). Razani et al. have tested this assertion by incu-
bating primary MEFs with fluorophore-conjugated
albumin. At all time-points tested, Cav-1-null MEFs
failed to show surface labeling or internalization of albu-
min, while transfection of Cav-1 into the null cells
restored this uptake (8). Conversely, the uptake of fluo-
rophore-conjugated transferrin, a clathrin-mediated
event, was unaffected in both wild-type and knockout

cells. These results provide clear evidence for the impor-
tance of the caveolae membrane system in at least some
endocytic events. As these studies were conducted in pri-
mary cultured cells, it will be important to test these
ideas in vivo as well.

In an attempt at in vivo analysis of endocytosis, Drab
et al. measured the albumin concentration in cere-
brospinal fluid (CSF), a condition that has been
thought to depend on caveola-mediated transport of
albumin from the blood, but found it to be normal (9).
Recently however, Lisanti and colleagues have reexam-
ined this question using more direct in vivo assays of
endocytosis (24). When Cav-1-null mice were perfused
with gold-conjugated albumin and their lungs imaged
by transmission electron microscopy, all labeled albu-
min remained in the blood vessel lumen, suggesting
that no endocytosis had occurred. In contrast, gold-
conjugated albumin was concentrated and internalized
by lung endothelial cell caveolae in wild-type mice.
Uptake of radio-iodinated albumin into aortic ring seg-
ments, a still more sensitive and quantitative measure,
was also undetectable in Cav-1-deficient tissue, where-
as wild-type ring segments showed robust uptake that
was time- and temperature-dependent and could be
competed by unlabeled “cold” albumin. Therefore, it
appears that caveolae can act as important portals for
the endocytosis of major proteins such as albumin.
However, the fact that Cav-1-null mice remain viable
suggests that other pathways must at least partially
compensate for the absence of caveolae in vivo.

Cav-1 in the lung
Because two of its major cellular constituents, endothe-
lial cells and type I pneumocyetes, are rich in Cav-1, the
lung possesses an extraordinary abundance of caveolae
(7, 25); so the finding of an overt histological abnor-
mality in Cav-1-null lungs is no surprise. Nevertheless,
the nature of the pulmonary phenotype of these ani-
mals was somewhat unexpected. In Cav-1-deficient
mice, the alveolar spaces appear significantly smaller or
constricted, with thickened alveolar septa and marked
hyper-cellularity (Figure 1b) (8, 9). Staining with the
endothelial marker VEGF-R (Flk-1) shows that endothe-
lial cells are significantly increased in number as com-
pared to wild-type animals. Complementary studies
with other cellular markers specific to Type I and II
pneumocytes, and alveolar macrophages have not yet
been reported. However, Razani et al. stained lung sec-
tions with Ki67, a marker of cellular proliferation, and
found dramatically increased staining in Cav-1-null
lungs (8). In light of the hyper-proliferation observed in
primary MEFs, these increases in cell number could be
due to an aberration in cell cycle checkpoints. However,
because no hypercellularity is observed in several other
Cav-1-null tissues, alternative explanations of this lung
phenotype should be considered. For example, ineffec-
tive lung function (due to faulty endothelial cells or
pneumocytes) could also impart higher levels of stress
to the Cav-1-null lung parenchyma and induce a com-
pensatory increase in cell number.

The histopathologic features of Cav-1-deficient mice
are highly reminiscent of a well-known array of disor-
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ders. In the so-called restrictive lung diseases, including
idiopathic pulmonary fibrosis and acute respiratory
distress syndrome, increases in cell number and thick-
ening of the alveolar septae cause dysfunctions of pul-
monary gas exchange and overall lung capacity. For
this reason, both Razani et al. and Drab et al. have also
assessed the lung function of these mice via a swim-
ming test. As expected for animals with a restrictive
type disorder, Cav-1-null mice are easily fatigued and
markedly exercise intolerant in swimming chambers (8,
9). A more rigorous assessment of lung physiology is
required, including an analysis of lung function via
whole-body plethysmography and measurements of
arterial blood gases.

The two reports also looked at the extracellular matrix
composition in Cav-1-null lungs. Although both
groups indicated increases in matrix deposition, they
did not agree on its composition. The study of Drab et
al. noted enhanced fibrosis (in the form of trichrome-
stainable collagen) (9), whereas Razani et al. noted
enhanced reticulin-staining (indicative of increased
basement membrane deposition) with little or no fibro-
sis (8). It is unlikely that this discrepancy is due to dif-
ferences in the strains of mice used by the two groups,
since both examined F1-generation C57BL/6-129/Svj
hybrids. Differences in the interpretation of histologi-
cal samples may explain the disagreement on this point.

The vascular physiology of Cav-1-deficient mice

A major proposed function of caveolae is the compart-
mentalization and regulation of signal transduction
(26). Biochemical and morphological experiments have
shown that a variety of signaling molecules are concen-
trated within these plasma membrane microdomains
and that Cav-1 plays a negative regulatory role in sig-
naling by functioning as a direct inhibitor of these sig-
naling molecules (reviewed in ref. 17). Indeed, there is
mounting evidence for the physiological significance of
one such functional interaction, that between endothe-
lial nitric oxide synthase (eNOS) and Cav-1. eNOS tar-
gets to caveolae (27, 28) in a palmitoylation-dependent
manner (28). Interestingly, although localization to
caveolae is required for maximal eNOS activity, Cav-1
can inhibit this activity by directly interacting with
eNOS (28, 29). Recently, Bucci et al. (30) showed that a
cell-permeable peptide harboring the scaffolding
domain of Cav-1, a region of the molecule implicated in
the inhibition of eNOS signaling, can abrogate nitric
oxide-mediated vascular permeability and vasodilatory
responses in vivo . These data provided the first func-
tional evidence of a role for Cav-1 in NO-dependent
processes and vascular responses.

Following up on this finding, Razani et al. and Drab
et al. measured the tension in isolated aortic rings in
response to vasoconstrictive and vasodilatory stimuli
(8, 9). Both groups found that Cav-1-null aortas
exhibit a blunted response to vasoconstrictive agents,
such as phenylephrine. More importantly, there was a
marked increase in acetylcholine (ACh)-induced
vasorelaxation even at extremely low concentrations of
ACh (Figure 1c). As ACh acts in the endothelium pri-
marily as an activator of eNOS, these results strongly

suggest that the absence of Cav-1 leads to constitutive
eNOS activity and to the rapid loss of vascular tone. To
further bolster the eNOS hypothesis, Razani et al. also
showed that addition of the potent eNOS inhibitor,
L-NAME, could restore the tension in Cav-1-null aor-
tic rings to wild-type levels (8). Drab et al., taking
another approach, assessed the functionality of the
nitric oxide pathway in primary cultured vascular
smooth muscle cells and demonstrated a several-fold
increase in NO and its downstream mediator, cGMP,
in the Cav-1-null cells (9). Extending their studies to
include an assessment of general vascular tone in Cav-
1-deficient mice, Drab et al. also measured the con-
tractility of isolated arteries in response to various
vasoconstrictive agents. As expected, they found a
blunted response in the Cav-1-null vessels (9). Taken
together, these results show an obvious role for Cav-1
and caveolae in normal vascular responses. In the
future it will be important to see if Cav-1-null mice
have altered blood pressures either at rest or under
stress. As much of this analysis has already been con-
ducted on eNOS transgenic and knockout mice, it will
be interesting to see how mice with a deficiency in a
modulator of eNOS will behave.

Studies of Cav-3-deficient mice

Cav-3 is most closely related to Cav-1 based on protein
sequence homology; Cav-1 and Cav-3 are about 65%
identical and about 85% similar. However, Cav-3
mRNA and protein are expressed predominantly in
muscle tissue types (heart, diaphragm, skeletal, and
smooth muscle) (31). The expression of Cav-3 is
induced during the differentiation of skeletal
myoblasts in culture and Cav-3 is localized to the mus-
cle cell plasma membrane (sarcolemma).

In order to study the function of Cav-3 in a whole ani-
mal model and gain insights into the molecular per-
turbations that occur in its absence, we and others have
recently generated Cav3-/~ mice using standard homol-
ogous recombination techniques (32, 33). As with Cav-
1-deficient mice, these mice are both viable and fertile,
with no overt abnormalities, although they lack caveo-
lae in cells that normally express this protein. Although
Cav-3 had been thought to be a major factor in caveo-
lar biogenesis, most of the evidence was indirect and
relied on structural comparisons with Cav-1. The
recent data confirm that a deficiency in Cav-3 protein
expression leads to a loss of sarcolemmal caveolae (Fig-
ure 1d) (32, 33) and indicate that this protein is
required for caveolar biogenesis in skeletal muscle cells
in vivo. Table 1 provides a summary of the features of
Cav3/- mice that offer insights into the roles of caveo-
lae in these and other cell types.

Cav-3 and muscular dystrophy

Based purely on its high homology with Cav-1 and spe-
cific localization to muscle caveolae, it is tempting to
think of Cav-3 simply as a specialized caveolin carrying
out the repertoire of Cav-1’s functions selectively in
muscle. To a certain extent this has been corroborated,
with numerous studies demonstrating the compart-
mentalization of signaling molecules in muscle caveo-

The Journal of Clinical Investigation |

December 2001

| Volume 108 | Number 11

1557



1558

lae and the ability of Cav-3 to modulate muscle cell
behavior (34). However, caveolae and Cav-3 seem to
also have specialized roles in muscle tissue, quite dis-
tinct from that of Cav-1. In particular, Cav-3 forms a
complex with dystrophin and its associated glycopro-
teins, cytoskeletal components of the caveola-rich mus-
cle cell plasma membrane (31).

A major advance in understanding the physiological
role of Cav-3 in muscle came when Minetti and col-
leagues identified a novel autosomal dominant form of
limb-girdle muscular dystrophy (LGMD-1C) caused by
mutations within the coding sequence of the human
CAV3 gene (3p25) (35). Patients with this disease show
several signs of muscle pathology: calf hypertrophy,
muscle cramps, and mild-to-moderate proximal mus-
cle weakness. However, histology reveals only moderate
myopathic changes. These mutations within the CAV3
gene are responsible for the generation of unstable
Cav-3 aggregates, which undergo ubiquitination and
proteosomal degradation (36). As such, LGMD-1C
mutations lead to a reduction of about 95% in Cav-3
protein expression. Since the initial description of
LGMD-1C, several other mutations leading to decreas-
es in Cav-3 levels have also been implicated in other
reported cases of muscular dystrophy (37, 38).

The generation of Cav-3-deficient mice marked a per-
fect opportunity to observe the recapitulation of this
type of muscular dystrophy in an animal model. Inter-
estingly, two groups found that the mice show no overt
clinical symptoms even into old age (32, 33). In light of
the fact that patients with LGMD-1C are mildly symp-
tomatic, this unexpected finding probably indicates
that the deleterious effects of human CAV3 dominant
negative mutations extend beyond the loss of Cav-3
function. Histological analysis of the skeletal muscle tis-
sue from Cav-3-null mice revealed mild myopathic
changes, with variability in the size of muscle fibers,
necrotic fibers, and some mononuclear cell infiltration
(Figure 1e) (32, 33). Hagiwara et al. (30) also found the
highest degree of muscle degeneration in the soleus and
gastrocnemius muscles, possibly explaining the calf
symptomatology seen in the LGMD-1C patients.

Very recently, Sunada et al. have reported the pheno-
type of a muscle-specific transgenic mouse expressing a
mutation (P104L) found in LGMD-1C patients (39). In
contrast to the mild myopathic phenotype observed in
the Cav-3-null mice and LGMD-1C patients, these
transgenic mice are severely affected both histologically
and clinically, and they show poor growth and hind limb
paralysis. The discrepancy between this phenotype and
the mild dystrophy seen in the knockout mice and in
LGMD-1C patients is probably explained by non-specif-
ic over-expression toxicity in the muscle tissue.

As several components of the dystrophin complex are
concentrated in caveolae and in complex with Cav-3,
the studies of Galbiati et al. and Hagiwara et al. also
examined possible perturbations in the localization or
expression of these proteins. Using immunohisto-
chemical staining of muscle sections, both groups
found similar sarcolemmal staining and expression for
an array of dystrophin and dystrophin-associated pro-
teins (32, 33). However, via biochemical fractionation

of the muscle cell plasma membrane, Galbiati et al.
found that dystrophin and several of its associated pro-
teins are excluded from lipid raft microdomains/cave-
olae in Cav-3-deficient mice (32). Thus, the caveolar
localization of the dystrophin complex is probably crit-
ical for the maintenance of skeletal muscle structural
integrity. In future studies, it will be important to dis-
sect the interactions between components of the dys-
trophin complex in Cav-3 null mice. In this way, it is
hoped that one can elucidate, at a molecular level, alter-
ations in the cytoskeletal architecture of muscle tissue
that are characteristic of muscular dystrophy.

Cav-3 and T-tubules

Although Cav-3 is localized to sarcolemmal caveolae
in the fully differentiated muscle, it has been shown to
be transiently associated with the developing T-tubule
system during skeletal muscle maturation (40). Addi-
tionally, antisense-mediated downregulation of Cav-3
in a skeletal myoblast cell-line, C2C12 cells, is suffi-
cient to abrogate myoblast fusion and myotube for-
mation (41). Galbiati et al. therefore tested the integri-
ty of the T-tubule system in Cav-3-null mice.
Immuno-staining with specific antibodies to two well-
characterized T-tubule markers, dihydropyridine
receptor-1o and ryanodine receptor, showed diffuse
and disorganized labeling, suggestive of abnormalities
in the T-tubule system (32). Furthermore, ultrastruc-
tural visualization of Cav-3-null skeletal muscle, via
ferrocyanate staining, showed dilated and irregularly-
oriented T-tubules (Figure 1f). In the future, analysis
of primary cultured muscle cells from the developing
embryo will be important in assessing the progress of
T-tubule formation in the absence of Cav-3. In this
way, it should be possible to assess the role of Cav-3 in
T-tubule maturation and myoblast differentiation.
Indeed, this work might have possible implications in
the pathogenesis LGMD-1C in humans. T-tubule
abnormalities have also recently been observed in
patients with this form of the disorder (42).

Caveolin mutations in human disease

LGMDs are a clinically and genetically heterogeneous
group of myopathies and include both autosomal dom-
inant and recessive forms. Because mutations in CAV3
underlie the autosomal dominant LGMD-1C (35), it is
interesting to consider the pathogenesis of this disor-
der in light of the genetic data on caveolins in mice and
other organisms. The two best studied human disease
mutations in CAV3 cause either a Pro—Leu substitu-
tion at amino acid position 104 (P104L) or a deletion of
three amino acids at positions 63-65 (ATFT) (35). In
each case, LGMD-1C patients have a reduction of about
95% in Cav-3 levels. It is now known that these mutants
act in a dominant-negative fashion by oligomerizing
with wild-type Cav-3 and directing their proteosomal
degradation (43). Recently, several reports have identi-
fied other dominant-negative mutations in the coding
sequence of CAV3 that lead to the protein’s displace-
ment from plasma membrane caveolae or to loss of its
expression in muscle tissue. Herrmann et al. identified
a missense mutation (A45T) as the culprit in a patient
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Figure 2

Dominant-negative disease-causing muta-
tions in the human caveolin genes (Cav-1
and Cav-3). Sequence alignment of all the
known caveolins indicates that most of the
disease-causing mutations found in human
caveolin-3 (R26Q, ATFT, and P104L;
LGMD-1C) and human caveolin-1 (P132L;
breast cancer) coincide with one of the
twelve residues (demarcated by boxes) that
are conserved in all caveolins from worms
(C. elegans) to humans. Interestingly, many
of these mutations seem to act in a domi-
nant-negative fashion by mis-localizing or
causing the degradation of the wild-type
caveolin proteins. Note that the mutations,
Cav-1 (P132L) and Cav-3 (P104L), are anal-
ogous (see asterisk). LGMD-1C, limb-girdle
muscular dystrophy, type 1c.
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with LGMD-1C (38). Carbone et al. identified a spo-
radic mutation in Cav-3 (R26Q) in two patients with
elevated creatinine kinase levels (hyperCKemia) that
leads to a decrease of about 65% in Cav-3 expression
(44). Betz et al. identified several of these mutations
(R26Q, A45T, P104L) in a group of families with Rip-
pling muscle disease, an autosomal dominant disorder
with hyper-irritable muscles (45). Taken together, these
finding clearly show that disease-causing mutations in
Cav-3 are for the most part in residues that cause a
dominant-negative phenotype, one in which the Cav-3
mutant disrupts the normal functioning of the wild-
type Cav-3 protein.

Interestingly, most of the disease-causing mutations
in CAV3 occur at one of the 12 residues that are con-
served over metazoans from worms to humans (Figure

2). One might therefore predict that corresponding
mutations in Cav-1 and -2 would have similarly delete-
rious effects. Indeed, a recent report indicates that the
CAV1 gene is mutated in up to 16% of human breast
cancer samples examined and that the CAVI mutation
P132L, which is analogous to the CAV3 P104L muta-
tion described above, occurs in these breast tumors
(Figure 2). Expression of recombinant Cav-1 harboring
the P132L mutation is sufficient to transform NIH-
3T3 cells (19). As similar results have been previously
obtained using an anti-sense approach to ablate Cav-1
expression (11), it appears that this mutation behaves
in a dominant-negative fashion. This first description
of a mutation in the CAV1I gene is sure to be followed
by the identification of many similar dominant-nega-
tive mutations in other human diseases.
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Future directions

The generation and characterization of Cav-1 and -3
deficient mice are important in many respects. At pres-
ent, we have learned much from these initial pheno-
typic analyses. These mice manifest some interesting
pathophysiological changes, with clearly abnormal
lungs and a hypotonic vasculature (in the case of a
Cav-1 deficiency) and mild-to-moderately dystrophic
muscle tissue (in the case of a Cav-3 deficiency). The
generation of these mice also marks the first time cave-
olar function can be directly assessed in vivo.

Due to the sheer volume of the relevant literature, not
all of their possible roles could be assessed in these ini-
tial studies. Still, it is intriguing that even in the
absence of these prominent membrane entities in such
critical sites as the lungs, the heart, and the skeletal
musculature, mutant animals can live and function rel-
atively normally. Moreover, some of the most widely
anticipated phenotypes in these mice were not imme-
diately realized. Thus, despite Cav-1’s intricate role in
cholesterol trafficking and homeostasis and its pro-
posed roles in atherosclerosis, Cav-1-null mice do not
appear to have altered serum cholesterol levels (9) (our
unpublished observations) or overt signs of athero-
sclerotic lesions/plaque formation (our unpublished
observations). Obviously, more rigorous analyses need
to be conducted, including lipid influx/efflux experi-
ments, placement of Cav-1-null mouse cohorts on
atherogenic diets, and crossing Cav-1-null mice with
hyper-cholestrolemic mouse models. In addition,
although Cav-1 suppresses several oncogenic pathways
and is clearly down-regulated in numerous tumors,
Cav-1-null mice do not present with a higher incidence
of carcinomas (8). However, they do show dramatic
signs of hyper-proliferation both in vitro and in vivo
(8,9), indicating that full onset tumorigenesis might
require the synergistic targeting of Cav-1 and other
classically known tumor-suppressors. In this regard,
treatment of these mice with carcinogens and/or cross-
ing Cav-1-null mice with certain tumor-prone mice
will be an important next step.

In 1994, Lisanti and colleagues proposed that the cave-
olar compartmentalization of signaling molecules has
distinct advantages as it provides a mechanism for the
regulation of subsequent signaling events and explains
cross-talk between different signaling pathways, an idea
known as the “caveolae signaling hypothesis” (26). In
direct support of this notion, Cav-1-null mice clearly
show hyper-activation of eNOS signaling, as indicated
by hypotonic vessel responses (8, 9). This finding pro-
vides direct verification of only one of a series of signal-
ing pathways proposed to be regulated by Cav-1 (10).
Assessments of the rates, efficiency, and functionality of
these and other signaling pathways in the caveolin-null
setting will be essential in further establishing the broad
physiological relevance of this hypothesis.

It should also be noted that the generation of Cav-1
and Cav-3-null mice does not indicate an absolute defi-
ciency in caveolar formation. In Cav-1-null mice, skele-
tal and cardiac muscle cells still form caveolae due to
unperturbed Cav-3 expression (our unpublished obser-
vations); conversely, in Cav-3-null mice, numerous

non-muscle tissues and cell types, including endothe-
lial cells, still form caveolae due to unperturbed Cav-1
expression (32). Although there is no known compen-
satory upregulation by any of the caveolins in these
mutant mice, whole-organism ablation of caveolae will
come only by inter-crossing Cav-1 and -3-null mice, to
generate Cav-1/Cav-3 double knock-out mice. Such a
dual-deficiency will also be important in the study of
smooth muscle cells and other cell types that co-express
Cav-1 and Cav-3. In their initial characterization of
Cav-1-null mice, Drab et al. noted that smooth muscle
cells totally lacked caveolae (as data not shown) and
showed abnormal calcium and eNOS signaling. This
finding is difficult to reconcile, given the fact that
Cav-3 should still be expressed in this cell type. Perhaps
Cav-1 and Cav-3 serve different functions in caveolar
biogenesis in smooth muscle cells. Thus, the dual abla-
tion of both genes will be needed to gain a complete
understanding of caveolar function in smooth muscle
cells and whole animals.

Clearly, the recent reports described above mark the
beginning of a renaissance in caveolae research. The thor-
ough characterization of caveolin-deficient mouse mod-
els will be extremely important in understanding the
molecular mechanisms of certain human diseases. Based
on the growing list of phenotypes in these mice, they pro-
vide the best available organismal model for the study of
caveolar function in relation to human pathophysiology.
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