
Caveolins are the structural proteins of invaginated plasma mem-
brane domains termed caveolae, which function in signal transduc-
tion, lipid regulation and mechanosensing [1]. Three members of
the caveolin gene family have been identified, caveolins-1 and -2,
which are highly expressed in non-muscle cells such as endothelial
cells and fibroblasts, and caveolin-3, which is muscle specific.
Mutations in the caveolin-3 gene in human beings have been identi-
fied in disorders both of skeletal muscle (e.g. limb girdle muscular
dystrophy and rippling muscle disease) and of the heart as a form of
familial hypertrophic cardiomyopathy [2, 3]. Knockout of the cave-
olin-3 gene in mice correspondingly results in hypertrophic
 cardiomyopathy [4]. Intriguingly, however, the phenotype of the
caveolin-1 knockout also includes hypertrophic cardiomyopathy and
heart failure, despite the widely held view that caveolin-1 is not
expressed in cardiomyocytes [5–7]. Thus, current explanations for
caveolin-1 ablation-induced cardiomyopathy invoke mechanisms
that involve non-myocyte types in the heart, in particular activation
of the Ras-p42/44 Mitogen-Activated-Protein (MAP) kinase cascade
in fibroblasts and of nitric oxide synthase in endothelial cells [6, 7].

The widely held assumption that caveolin-1 is not expressed in
cardiomyocytes comes from biochemical analysis of tissue lysates

and imaging of tissue sections by immunofluorescence light
microscopy. The former technique provides averaged data for all
the cell types within a tissue, which in the heart will include car-
diomyocytes, endothelial cells, fibroblasts, pericytes, smooth mus-
cle cells and neurons. Although immunofluorescence microscopy
does permit discrimination between cell types, unequivocal con-
clusions are often hindered by its relatively low resolution, which
may make it difficult to ascribe label between closely apposed cells,
and by the technical vagaries of applying immunofluorescence
labelling techniques to chemically fixed samples.

Here, we report the localization of caveolin-1 in human car-
diomyocyte plasma membranes using the high-resolution imaging
technique of freeze-fracture electron microscopy combined with
immunogold labelling. This technique involves splitting mem-
branes at low temperature to give extensive planar views of the
membrane interior, replicating the membrane’s structural detail by
vacuum deposition of platinum and carbon, and then, after remov-
ing all but a molecular layer of the tissue, applying antibody
labelling techniques with minute electron-dense gold particles to
localize caveolin molecules. Because the heart tissue is stabilized
by a purely physical means (i.e. rapid freezing), chemical fixation,
with its attendant adverse effect on epitope preservation and abil-
ity to label caveolins, is avoided. Full descriptions of the method-
ology have been reported elsewhere [8].

Figure 1 shows the localization of caveolin-3 by this technique.
The curving grey expanse in the top half of the image shows an en
face view of the plasma membrane of a cardiomyocyte. This view
(termed a ‘P face’) is of the half-membrane leaflet of the plasma
membrane that remains attached to the protoplasm of the cell after
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freeze fracture, the membrane half in which caveolins reside. The
abundant small black dots are the gold label marking sites at
which caveolin-3 is detected. Beneath the cardiomyocyte, the
fracture plane has crossed the extracellular space and through a
capillary endothelial cell, revealing views of its plasma mem-
brane on the tissue front and luminal side. The endothelial mem-
branes show no caveolin-3 labelling above background level. The
differential patterns of labelling for caveolin-3 between the
myocyte and the endothelial cell are thus precisely as predicted
from existing studies.

Fig. 1 Image of a cardiomyocyte plasma membrane and an adjacent capil-
lary endothelial cell prepared by freeze-fracture electron microscopy with
immunogold labelling for caveolin-3. In freeze fracture, membranes are
split along the centre of the lipid bilayer to give two half-membrane leaflets
which are viewed en face. The half-membrane leaflet left attached to the
protoplasm of the cell is termed the P half; that left attached to the extra-
cellular space is termed the E half. The images of these two leaflets viewed
in the electron microscope are termed the P face and E face, respectively.
The expanse of curving plasma membrane in the top half of the picture is a
P-face view of a cardiomyocyte plasma membrane. This essentially means
that the observer is looking down on the cell, at its plasma membrane, after
the outermost half membrane leaflet (E half) has been fractured away. The
protoplasm of the cell lies immediately beneath the membrane leaflet
viewed. The numerous black dots are the caveolin-3 label. Beneath the car-
diomyocyte, the fracture plane crosses the extracellular space to reveal a
capillary endothelial cell in the lower half of the image. After splitting the
endothelial plasma membrane on the tissue front (seen in E-face view), the
fracture crosses the cytoplasm of the endothelial cell to reveal an expanse
of luminal plasma membrane in P-face view. There is negligible label for
caveoilin-3 in the endothelial plasma membranes. This example comes
from rat left ventricle; similar results are found for human ventricular
myocytes. The antibody used here was a mouse monoclonal anti-caveolin-
3 (BD Transduction Laboratories; #610420, Heidelberg, Germany), detected
with goat antimouse 18-nm gold complexes. Scale Bar: 0.5 µm.

Fig. 2 Image of a human cardiomyocyte plasma membrane prepared by
freeze-fracture electron microscopy with immunogold labelling for cave-
olin-1. Extensive caveolin-1 label is seen covering the plasma membrane
(P face). To the right, the fracture has penetrated into the cell’s cytoplasm
revealing bundles of myofilaments, confirming the identity of the cell as a
cardiomyocyte. Inset shows at higher magnification that the caveolin-1
label occurs as rings at the necks of caveolae, as well as in intervening
areas. The caveolae appear as circular indentations in the membrane
because the fracture path skips across the caveolar necks where the
membrane curves downwards to form the flask-shaped invagination.
From human left ventricular myocardium using mouse monoclonal anti-
caveolin-1 (BD Transduction Laboratories; catalogue #610406, clone #
2297) detected with goat antimouse 18-nm gold complexes. The speci-
ficity of the primary antibody for caveolin-1 and its lack of cross reactiv-
ity with caveolin-3 have previously been documented [15]. Sample from
the ventricular apex of a patient with dilated cardiomyopathy given a left
ventricular assist device. Scale bar main image: 0.5 µm; inset 0.2 µm.
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With caveolin-1, however, not only does the endothelial cell
plasma membrane show an abundance of label in keeping with the
established findings (not shown) but label is also consistently and
reproducibly visualized on the human cardiomyocyte plasma mem-
brane, as illustrated in Fig. 2. The cardiomyocyte plasma mem-
branes are readily identified in these examples because the fracture
plane, after exposing expanses of the P face, cross fractures into the
adjacent cytoplasm, revealing characteristic myofilament arrays.
The label for caveolin-1 is abundantly distributed in the membrane,
and often aggregated at the rims of caveolae (Fig. 2 inset).

This high-resolution imaging technique has never been applied
previously to the detection and localization of caveolins in non-
chemically fixed human cardiac muscle. Our findings stand in
marked contrast to explicit statements that caveolin-1 in not
expressed in muscle cells [5, 6, 9], though it should be noted that
some authors are more circumspect, implying without explicitly
stating that muscle cells lack caveolin-1 [1, 10, 11], and a few
studies, in keeping with the results presented here, have con-
cluded that caveolin-1 may in fact be co-expressed with caveolin-

3, at least in some types of myocyte of some species [12–14]. In
all immunolabelling studies, an awareness of the possibility of
cross-reactivity of antibodies to closely related proteins is essen-
tial, and the conflicting data on caveolin-1 localization would ben-
efit from re-appraisal with this in mind. Nevertheless, the present
findings raise the possibility that the mechanisms by which car-
diomyopathies may arise from mutations in or ablation of the cave-
olin-1 gene could reside, at least in some instances, in direct dis-
ruption of function in the myocyte itself, rather than indirectly via
other cells types as previously supposed [6, 7].
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