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Caveolae in smooth muscles: nanocontacts
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Abstract

Smooth muscle cell (SMC) caveolae have been investigated by quantitative and qualitative analysis of transmission
electron microscopy (TEM) images of rat stomach, bladder and myometrium, guinea pig taenia coli, human ileum, and
rat aortic SMCs. Ultrathin (below 30 nm) serial sections were used for examination of caveolar morphology and their
connections with SMC organelles. Average caveolar diameter was smaller in vascular SMCs (70 nm, n=50) than in
visceral SMCs (77 nm, n=100), but with the same morphology. Most of the caveolag, featured as flask-shaped plasma
membrane (PM) invaginations, opened to the extracellular space through a 20 nm stoma (21 £ 3nm) having a 7 nm
thick diaphragm. A small percentage of caveolae (3%), gathered as grape-like clusters, did not open directly to the
extracellular space, but to irregular PM pockets having a 20-30 nm opening to the extracellular space. In viscera
SMCs, caveolae were disposed in 4 - 6 rows, parallel to myofilaments, whilst aortic SM Cs caveol ae were arranged as
clusters. This caveolar organization in rows or clusters minimizes the occupied volume, providing more space for the
contractile machinery. The morphometric analysis of relative volumes (% of cell volume) showed that caveolae were
more conspicuous in visceral than in vascular SMCs (myometrium - 2.40%; bladder - 3.66%, stomach - 2.61%, aorta
- 1.43%). We a so observed a higher number of caveolae per length unit of cell membrane in most visceral SMCs com-
pared to vascular SMCs (myometrium - 1.06/um, bladder - 0.74/um, aorta - 0.57/um, stomach - 0.48/um). Caveolae
increase the cellular perimeter up to 15% and enlarge the surface area of the plasma membrane about 80% in SMCs.
Three-dimensional reconstructions (15u3) showed that most caveolae, in both visceral and vascular SMCs, have
nanocontacts with SR (87%), or with mitochondria (10%), and only 3%, apparently, have no contact with these
organelles. Usually, 15 nm wide junctional spaces exist between caveolae and SR, some of them with nanostructural
links between each other or with mitochondria: direct contacts (space < 2 nm or none) and molecular links, so called
‘feet’ (about 12 nm electron dense structures between organellar membranes). Direct contacts possibly alow molecu-
lar translocation between the two membranes. Electron-dense ‘feet’ -like structures suggest a molecular link between
these organelles responsible for intracellular Ca2* homeostasis (excitation-contraction coupling or pharmaco-mechan-
ical coupling). Close appositions (~15 nm) have also been observed between caveolae and perinuclear SR cisterna,
suggesting that caveolae might be directly implicated in excitation-transcription coupling.

Keywor ds: caveolae = smooth muscle cells « sarcoplasmic reticulum = mitochondria = nanocontacts =
Ca2* homeostasis- excitation-contraction coupling = excitation-transcription coupling = 3D reconstruction = nuclear envelope

I ntroduction

One of the most striking ultrastructural features of  of caveolae on their surface. Caveolae are flask- or
the smooth muscle cells (SMC) isthe ordered strands  Q-shaped (Fig. 1) plasmalemmal nanodomains and
their structural identity was discovered 50 years ago
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that caveolae are specidized lipid rafts (e.g. [15,
16]), but the existence of lipid rafts seems elusive or
even illusive [17]. Caveolar structural assembly
depends on cholesterol, sphingolipids and afamily of
integral membrane proteins named caveolins [18].
SMC caveolae could be involved in alarge number
of physiological events, such as. potocytosis [19],
endocytosis [20], signal transduction [10, 11, 13, 14,
21], mechanotransduction [22, 23], cholesteral traf-
ficking [24, 25], control of cellular growth and pro-
liferation [26] etc. However, SMC caveolae seem
essentially implicated in calcium handling: excita-
tion-contraction coupling, pharmaco-mechanical
coupling, excitation-transcription coupling [4, 11,
13, 14, 21, 27-35].

In the postgenomic era, much interest isfocused on
the spatial relationships between organelles, including
membrane microdomains, as well as macromolecular
pathways followed by signaling ions and molecules.
Obvioudy, the ultrastructural and nanostructural rela-
tionships between SMC caveolae and organelles are
not yet fully acknowledged. Although this interaction
was supposed and partialy documented by classical
electronmicroscopy and ultrastructural cytochemistry
[21, 27-29, 36, 37], the only recent attractive finding
seemsto bethe existence of the so-called ' Ca2* release
units' suggested by Franzini-Armstrong's group [38],
by analogy with skeletal and cardiac muscles [39].
Indeed, we identified such ‘Ca2* release units in
human myometrium [40] and falopian tube [41]
smooth muscle.

We previoudy reported that strategic nanoscale
assemblies formed by caveolae-SR or caveolae-mito-
chondriaexist in the cortical cytoplasm of SMC [35].
These complexes could be responsible for a vectorial
control of free Ca2+ cytoplasmic concentrationsin def-
inite nanospaces and for selective activation of specif-
ic Ca* signdling pathways.

Theam of thisstudy isto present quantitative data
about caveolae of visceral and vascular SMC, particu-
larly the connections and nanocontacts with SR and
mitochondria, but also with the nuclear envelope.

Material and methods
Material

Female Wistar rats and guinea pigs were used for ultra-
structural study of visceral and vascular smooth mus-
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Fig. 1. TEM negative images emphasize the emblemat-
ic flask-shape (A) or Q - shape (B) of the caveolae (c).
SMC of rat bladder. Scale bar, 100nm.

cle cells. Rats of 200g body weight had free access to
food and water and were maintained in temperature-
controlled rooms with a 12h light/dark cycle. All ani-
mal experiments were carried out in accordance with
the international Guidelines for Animal Experi-
mentation. All procedures were performed under anes-
thesia with sodium pentobarbital (100 mg/kg body
weight). The smooth muscles were taken from
myometrium, bladder, stomach, taenia coli and aorta
for the study of caveolag, SR, and mitochondria
Fixation was performed by perfusion through the heart
with a mixture of 4% paraformaldehyde and 1% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.4).
Smooth muscle fragments from normal portion of
human ileum (surgically removed for a tumoral pro-
cess) were also used.
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Transmission electron microscopy (TEM)

Tissue samples of about 1mm3 were supplementary fixed
by immersion in 4% glutaraldehyde in 0.1M cacodylate
buffer, pH 7.4 at 4°C, for 4h. Samples were post-fixed in
1%0s0, and 1.5% K 4Fe(CN)g (potassium ferrocyanide-
reduced osmium), in 0.1M cacodylate buffer at room
temperature for 1h. This method was used because cave-
olae and SR are not easily visible at relatively low mag-
nifications, by using only OsO, postfixation (Fig. 2).
Samples were further dehydrated in increased graded
ethanols followed by propylene oxide and were embed-
ded in Epon 812 at 60°C, for 48h.

Thin sections were stained with 1% uranyl acetate
and Reynolds's lead citrate. Usually the ultrathin sec-
tions were cut at 60-80 nm but for short series (<10 sec-
tions) the ultrathin sections were cut at 35 or 30 nm
thickness setting on the ultramicrotome stage. The exam-
ination has been performed with a Philips 301 or CM 12
Philips transmission electron microscope at 60kV.

The few ultrastructural images of the subcellular
localization of Ca2*-storage/release sites in smooth mus-
cles (SR, mitochondria, nuclear envelope) presented
here, were obtained by precipitation with oxalate, as
described previously [27, 28], and such preparations
were not stained (contrasted).

3D reconstruction

Three-dimensional (3D) spatial relationships between
caveolae and organelles were studied for Jum3 volume
stomach SMC reconstruction, 10 um3 volume in urinary
bladder SMC and 2.5 um3 volume in myometrium. Serial
electron photomicrographs (negatives) were digitized at
1200 dpi by scanning. The images were imported as tiff
documents on the ‘Reconstruct’ software (Reconstruct
1078, 1996-2006 John C. Fiala; http://synapses.bu.edu)
[42]. The images were calibrated by drawing traces on an
image of a known size scale. Section thickness was set at
0.035 um for reconstruction in stomach and bladder and at
0.030 um for reconstruction in myometrium and human
ileum. The Reconstruct software was used for alignment
of images with the respect to the specific structures of
interest: caveolae, peripheral sarcoplasmic reticulum, and
peripheral mitochondria. The 3D reconstructions and mea-
surements were performed on the outlines drawn contours
on the specific cellular structures. Contours of the same
structure from different serial sections were arranged into
object using the Reconstruct software.
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Serial ultrathin aligned sections and computer—aided
tracing of profiles on sections were followed by automat-
ic 3D surface generation and rendering. For the cell
membranes we selected reconstruction as traces, and for
the mitochondria and SR 3D representation we chose a
Boissonnat surface. For caveolar 3D representation we
used 3D substitution as a sphere of the contours traced
only in a single section of 30 nm thicknesses. Some
caveolae could be seen in two serial sections but were
traced only on the section in which they had the largest
diameter. All reconstructed images presented in this
paper were saved from the 3D scene.

Quantitative analysis
Organelle relative volumes were obtained using a point-

counting morphometric approach [43]. Low magnifica-
tions (9,100x) were used for evaluation of the cell, extra-

Fig 2. The sarcolemma of SMC possesses specialized
nanodomains - caveolae. More than 20 caveolae (*) and
peripheral SR cisternae (arrow) are barely visible in the
crowded cytoplasm of the SMC in routine TEM speci-
mens (OsO, only). Dense bodies - arrowheads. Two
SMC from taenia coli. NC-nucleus. Scale bar = 0.5 um.
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Fig. 3. Low-magnification electron micrographs of cross-sectioned smooth muscle cells from the rat myometrum

J. Cell. Mol. Med. Vol 10, No 4, 2006

(A), bladder (B), stomach muscularis mucosae (C) and aorta (D) showing that peripheral SR and mitochondria are
exclusively located in the caveolar domains. Caveolae visibly opened to the extracellular space - arrows, M - mito-
chondria, NC - nucleus. En block staining tissues with potassium ferrocyanide-reduced osmium tetroxide made eas-
ier visible the sarcoplasmic reticulum elements and caveolae. ME x19,000.

cellular space and mitochondria and higher magnifica-
tions (38,000x) for the contribution of mitochondria,
caveolae, and endoplasmic reticulum. The volume frac-
tions of the cell organelles were calculated from the
ratios of caveolag/mitochondria, central SR/mitochon-
dria and peripheral SR/mitochondria as well as mito-
chondria/cell, after subtraction of the extracellular space.
Relative volumes were also calculated for complexes
formed by caveolae + periphera SR, and complexes
formed by caveolae, peripheral SR + mitochondria as
complex/cell ratio. Mitochondria and smooth endoplas-
mic reticulum (SR) were considered peripheral if their
membranes were located |ess than 150 nm distance from
the sarcolemma. Data represent mean + SD. The areas
occupied by clusters of caveolae or SR + mitochondria
were measured using the National Institutes of Health

Image) software. The distances between different
organelles or electron-dense structures were also mea-
sured with NIH ImagelJ. The number of caveolae/um was
measured with a chartometer on images at 30,400x mag-
nification.

Results and discussion

M acrodomains of smooth muscle cells

The plasma membrane of smooth muscle cells has
two structural macrodomains: a caveolae-rich

domain and an electron-dense caveolae-free
domain (the so called ‘dense plaques’, anchoring
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cSR, central sarcoplasmic reticulum, DB, dense bodies,
M, mitochondria, mF, myofilaments, mT, microtubules,
NC, nucleus, pSR, peripheral sarcoplasmic reticulum

sites for myofilaments, composed of a complex of
proteins like: vinculin, paxillin, talin...) (Fig. 3-6).
The electron-dense bands alternate with bands of
PM containing caveolae. Both of them are 0.3-0.5
pum equally wide and run parallel with the long axis
of the SMC (Fig. 4, 5A).

The morphometric analysis revealed different
relative volumes occupied by caveolae in different
types of SMC (Table 1). The relative volumes
showed that caveolae are most conspicuous in vis-
cera SMC than in vascular SMC (myometrium -
2.40%; bladder - 3.66%, stomach - 2.61% and aorta
- 1.43%). Thisisin full agreement with the data we
previously reported [27], for SMC of guinea pig
taenia coli: 3.5+0.3%, and about 3% for intestina
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¥ Fig. 4 A. Schematic 3D
image (low magnification)
of smooth muscle cells ultra-
structure: caveolae rich-
domains alternate with elec-
tron-dense (caveolae-free)
domains. B. High magnifica-
tion of the corresponding
caveolar and dense domains.

smooth muscle [21]. The number of caveolae per
length of cell membrane was also different (Table
2). A higher number of caveolae per length unit was
found in visceral compared to vascular SMC
(myometrium - 1.06/um, bladder - 0.74/um, aorta -
0.57/um) except the SMC from muscularis
mucosae of stomach (0.48/um). Usually, caveolae
appear in groups of 2-5 but sometimes more that 30
caveolae could be seen in onerow in visceral SMC
(Fig. 3, 5).

Distribution of caveolae

In TEM sections parallel to the plasma membrane,
caveolae appear as groups of 4-6 linear rows, ori-
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Table 1. Average relative volumes (% of cellular volume) of organelles in smooth muscle cells of Wistar rat *.

CELLULAR
SMC CEEI)_(HEAR
central peripheral . Dense SR-CAV  SR-CAV-MITO
G eilisi WL HER SR SR Chly bodies Ea complexes  complexes
stomach 203%  147% 728% 28% 0.1% 05% 50% 003% 24% 26% 3.1% 3.2%
bladder 8.4% 9.8% 78.0% 26% 04% 02% 40% 0.02% 33% 37% 4.2% 3.7%
myometrium 128%  251% 749% 5.6% 12% 16% 21% 010% 24% 24% 1.8% 1.9%
aorta 17.4%  292% 583% 28% 05% 1.0% 58% 020% 12% 14% 2.0% 1.3%

CAV-caveolae, S-sarcoplasmic reticulum, rE-rough endoplasmic reticulum, MITO-mitochondria, NC-nucleus.

* We reported previously [27], in an almost complete morphometric study of SMC from guinea pig taenia coli the following average vol-
umes: nucleus, 12.9+1.1; perinuclear cisterna - 0.3+0.05%; mitochondria 4.7+0.4%; SR - 2.4+0.2%.

Table 2. Average number of caveolae per length unit of membrane in smooth muscle cells of Wistar rat.

Wistar rat tissue

stomach muscularis mucosa

[115 caveolae /237 um] Ut
bladder

[368 caveolae /498 um] LT
myometrium 106
[210 caveolae /197 pm] '
aorta

[170 caveolae /296 pum] 057

caveolae/ pm

estimated nr. of
caveolae/ pm3

estimated nr. of
caveolae/ pm2

0.69 13.88
041 8.35
0.70 14

0.39 7.87

ented along the axis of the muscle fiber. This distri-
bution is noticeable in the stretched SMC (Fig. 5A).
Generaly, SMC have a more irregular shape in
aorta and caveolae seem to be disposed in clusters
(Fig. 3D). The caveolae appear to have an ordered
position in rows (Fig. 5A). Moreover, we observed
(on tangentia sections) that the centers of adjacent
caveolae are situated at the shorter possible distance
(Fig. 7-9). Therefore, we assume that caveolae
adopt this spatial assembly in order to offer alarger
space to the contractile machinery in SMC (Fig. 6).
The distances among caveolae were from 2 to 20

nm, possibly dependening on contraction or relax-
ation state of the SMC (Fig. 8, 9), and, eventually,
the type of contraction: isotonic or isometric.

Ultrastructure of caveolae

Caveolae have been described as flask-shaped or
Q -shaped plasma membrane (in)foldings (Fig. 1).
Caveolae of viscera SMC had an average diameter
of 77 nm (100 caveolae measured: 77.67 + 12.3 nm)
but most of them fluctuate between 65 and 75 nm
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Fig. 5A. TEM image just beneath plasma membrane shows characteristic domains of the SMC. Caveolar domains
aternate with dense plaques domains and run parallel with long axis of SMC. Caveolae are organized in linear arrays.
SMC from rat bladder. mT - microtubule; mf - myofilaments; gly - glycogen. Scale bar = 0.5 um. B. Caveolar
domains facing each other in two neighboring SMC from rat myometrum. Caveolae (*; red linein SMC2) arein close
proximity with tubules of the peripheral sarcoplasmic reticulum (SR; yellow linesin SMC2). Scale bar = 100nm.
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Fig. 6 Longitudinaly sectioned SMC from rat stomach muscularis mucosae. The entire cell is reconstructed from adja-
cent images. The organelles are outlined and measured using Reconstruct software. 34.7 um long smooth muscle cell
has 4 um in diameter. Fragments from adjacent SMC appear above or on the left and right sides, not marked by colors.
Cellular area= 69.81 um2. Organelles areas: nucleus- 23.78%; red - mitochondria- 5.27%; caveolae- 0.37%; periph-
erd SR - 0.49%; central SR - 0.33%; rER - 0.91%.

86 caveolae enhance the cellular perimeter (96.79 um) with 15% (17.05 um). Small blue dots are caveolae; yellow -
peripheral SR; orange - rER; brown - mitochondria.
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Table 3. Caveolar diameter distribution in visceral and
vascular smooth muscle cells.

% of caveolae % of caveolae

gi'::ﬁg,:g: in visceral SMC in aortic SMC
(n=100) (n=50)

60 - 65 nm 15 16
66 - 70 nm 22 21
71-75nm 24 25
76 - 80 nm 5 22
81-85nm 8 11
86 - 90 nm 8 3
91-95nm 9 2
96 - 100 nm 8 0

>100 nm 1 0

(Table 3). Caveolae showed mainly around — oval
shape (Fig. 10) with a78 + 9 nm long diameter (min
=61 nm; max = 108 nm) and a61 + 7 nm transverse
diameter (min = 60 nm; max = 71 nm). The caveo-
lar diameter in vascular SMCs (Table 3) was about
70 nm (50 caveolae measured: 70.41 + 8.89 nm;
min = 60; max=95).

Fig. 1 (TEM negative images of caveolae)
shows, at high magnification, a series of globular or
irregular-shaped particles suggesting that these
could be protein particles of the so-called caveolar
membrane scaffold. Naturally, our images (Fig. 1)
do not hint what type of protein(s) they represent
(e.g. cavealins) and high-resolution immunoelec-
tron microscopy would be required, side by side
with molecular biochemistry. Much interest is now
focused on caveolae proteomics [44, 51] and more

Guinea
p1Ig _
taenia coli

Fig. 7 Tangential ultrathin sections. A. Tubules of SR (arrows) can be observed among clusters of cross-sectioned
caveolae. B. SR tubules showing calcium accumulation (black precipitates inside SR); potassium-oxalate method
for in situ calcium precipitation, according to the methods of Popescu and Diculescu [28]; Ca concentration in the
peripheral SR was estimated by el ectron-probe microanalysis - signal for Ca at 3.6keV [53].
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Fig. 8 TEM tangent sections
under plasma membrane of
SMC from rat myometrium
(A) and bladder (B).

Rows of cross-sectioned
caveolae and tubules of SR
can be observed. Mitochon-
dria (M) are disposed in the
periphery of the caveolar
domain. Caveolae seem to
have an ordered spatial
arrangement in order to
acquire the shortest center to
center (*) distances. Flask
shape of the caveolae main
body and zigzag caveolar
assemblage in the caveolar
domains minimize the cyto-
plasmic volume unavailable
for contractile apparatus.
Scale bar = 100nm.
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extracellular space

Cytoplasm

Fig 9. Rat myometrium smooth muscle cell. A, B - 3D reconstruction from 9 serial TEM sections of the caveolar
domain shows the close spatial arrangement of caveolae. Sixty-two caveolae increase plasma membrane area with
59.7%. B - lateral view. Inset - TEM image of the corresponding portion of the plasmamembrane with awavy appear-
ance. Section no. 3 from 9 serial sections. Color code: caveolae - blue spheres; 1um?2 plasma membrane - white traces.
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than 60 types of proteins were found in caveolar
membranes [52]. In any case, these electron dense
particles, visible in caveolar membrane (Fig. 1)
seem more spatiated than in the vicinal non-caveo-
lated plasmalemma.

Usually, individual caveolae open into the extra-
cellular space (Fig. 10A, B) through a constricted
neck with a21 + 3 nm mean aperture (min = 18 nm;
max = 28 nm). A small percent of caveolae 3%
(12/330) were clustered around a membrane pocket
with a small opening, 20-30 nm wide, toward the
extracellular space (Figs. 11-14).

The 3D reconstructed caveolar domainsin SMC
from rat stomach muscularis mucosae, bladder [35]
and human ileum (Fig. 12-14) showed plasma
membrane finger-like invaginations bearing caveo-
lae that extend into the cytoplasm and generate
grape-like clusters. These plasmalemal invagina-
tionsare quiteirregular in shape (Fig. 14) and could
generate the false image of free intracellular cave-
olae near the cellular membrane on single section
(Fig. 13). Only one grape-like cluster (1/7) without
any contact with SR or mitochondria has been seen
(Fig. 12). More than half of these caveolar clusters
(4/7) pass through SR sheets and establish close
contacts with mitochondria (Fig. 14).

In some very thin TEM sections (less than 30 nm
thick; guinea pig taenia coli) we found a diaphragm,
of about 7 nm thick, at the level of caveolar stoma
(Fig. 10AB). Anyway, the diaphragm that we
observed lacks a central density or knob, as described
for endothelia cells[12]. But, Fig. 10C showsthat in
the case of ‘enough lucky’ usual TEM sections, areal
digphragm appears as barrier between the proper
extracellular space and the interior of caveolae.
Finding of SMC caveolar digphragms in very thin
ultrasections, favors the in situ existence of caveolar
diaphragms, rather than being an artefactua interpre-
tation of TEM images. Naturaly, it is more comfort-
able to disclaim, in some form or another, the pres-
ence of diaphragms at the neck (stoma) of the smooth
muscle caveolae. However, this may smplify too
much the presumptive biologica redlity.

Caveolar domain — cortical space of SMC
The recongtitution from agdjoining images of a com-

plete longitudinaly sectioned SMC showed that the
caveolae increase the cellular perimeter up to 15%
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Fig. 10 Guinea pig taenia coli. Individual caveolae open
into the extracellular space through a neck. A diaphragm
(arrow) could be seen at the caveolar stoma (arrowhead).
Caveolae (*) have mainly around appearance (A) but few
of them could be oval (B). Sarcoplasmic reticulum - SR.
A. B. - 30 nm ultrathin sections. C. - 60 nm thin section;
additiona prefixation with tannic acid.



Fig. 11. TEM oblique sections in SMC from rat bladder (A), stomach (B), myometrium (C). Groups of caveolae

J. Cell. Mol. Med. Vol 10, No 4, 2006

AR

which do not open directly at the cell surface, but communicate with invaginations of plasma membrane (blue A).
These grape-like clusters show more that 2 caveolae (numbers) which open into the plasma membrane pockets. The
invaginations of plasma membrane have a 20-30 small aperture toward extracellular space (arrow). In the area of
myofilaments, SR tubules or mitochondria are not visible. Sarcoplasmic reticulum - SR; mitochondria - M.

(Fig. 6). However, the 3D reconstructions of the cave-
olar domains showed that caveolae enlarge the sur-
face area of the plasma membrane over 80% (Fig. 9,
12) and that the peripheral SR and mitochondria are
located in the caveolar domains of visceral and vas-
cular SMC (Fig. 3-6, 15-18).

Noteworthy, the 3D reconstructions of 15u3 SMC
volumesindicated that 87% of caveolaewerein close
apposition with SR, 10% had close contacts with
mitochondria and 3% apparently have no contacts
with these organelles. This small fraction of the cave-
olar population appears in direct vicinity with actin
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Fig 12. 3D reconstruction of the caveolar
domain from 6 serial sections (inset) of
SMC from human ileum.

Arrows point plasma membrane invagina
tions bearing caveolae into the cytoplasm.
Plasmamembrane surface area - 1.34 um2,
caveolae surface area - 1.11 um2. Color
code: caveolae - blue; SR - yellow; mito-
chondria - red, plasma membrane - white
lines; plasma membrane pockets - translu-
cent white.
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Fig. 13 A—F. Serial sections (less than 35 nm thick) through a grape-like structure with 11 caveolae (numbers).
A 22 nm wide opening (arrow) of the membrane pocket (blue A) could be seen only in one section (B).
Plasmalemmal invagination brings caveolae toward mitochondria (M). SMC from human ileum. Scale bar = 100nm.
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Fig. 14 A. 3D reconstructed volume of the grape-like
caveolar cluster from TEM sections in Fig. 10.
Plasmalemmal invagination (arrow) has an irregular
shape and carries caveolae deeply into the cytoplasm
towards mitochondria. B. Exclusion of the mitochon-
dria from the reconstructed volume shows that this
membranar pocket splits apart the SR sheets (arrow-
head) in order to have a direct contact with the mito-
chondria. Color code: caveolae - blue; SR - yellow;
mitochondria - red, plasma membrane - white lines;
plasma membrane pockets - translucent white. SMC
from human ileum.
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bundles (Fig. 15, 16). Remarkably, it was recently
demonstrated by electron tomography that spatialy
restricted signals could redistribute receptorsto alim-
ited subset of caveolae, and in addition actin filaments
could recruit nearby caveolae at specific Sitesto influ-
ence signding [54].

In the 3D reconstructed volumes from serial sec-
tions, the caveolae without close contacts with SR or
mitochondria were very few (Fig. 12) but a single
section, apparently, isolated caveolae could be seen
(Fig. 15, 16), leading to the erroneous conclusion that
they are numerous. We areinclined to believe that iso-
lated caveolae, without apposition of peripheral SR
and mitochondria, are an exception rather than a
rule.

Organelles nanocontacts

Our images show that caveolae establish contacts
(nanocontacts), directly or mediated by molecular
complexes (nanostructures), with SR (Fig. 5, 7, 8,
12, 15-22), mitochondria (Fig. 13, 14, 18, 22, 23),
myofilaments (Fig. 15, 16) and perinuclear cister-
na of the nuclear envelope (Fig. 24) in the viscer-
al and vascular SMC.

Usually, about 15 nm wide electron-transpar-
ent junctional spaces (Table 4) exist between
caveolae and SR [35]. We have also identified
nanostructural links between caveolae and SR,
mitochondria or perinuclear cisterna, which is
supposed to communicate with SR (Table 4). Two
types of nanostructural links have been identified
between caveolae and SR or mitochondria: direct
contacts between membranes (gap/space < 2 nm
or none) (Fig. 19, 20) and electron-dense struc-
tures between membranes about 12 nm wide (Fig.
19-22).

A special relationship (nanocontacts) was
observed between caveolae and the perinuclear
cisterna, a particular domain of the smooth endo-
plasmic reticulum (mainly sarcoplasmic reticu-
lum) (Fig. 24A,C). Of course, such nanocontacts
appear in the lateral perinuclear space. Our pre-
vious works [27, 29] have clearly shown that per-
inuclear cisterna is a calcium storage site. Fig.
25A B provides new additional support. Thus, a
possible paradigm of excitation-transcription cou-
pling in smooth muscle arises [55].
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Table 4. Caveolar nanocontacts in visceral and vascular smooth muscle cells.

Caveolae-SR Caveolae-mitochondria Caveolae-perinuclear cisterna
(n=50) (n=25) (n=10)
mean distance between organelles  15.47 + 4.91 nm 15.69 + 7.39 nm 14.97 + 3.5 nm
mean dimension of feet-fike 11.84 + 2.41 nm 12.32 + 4.56 nm 10.27 + 2 nm

structures

Fig. 15 SMC sectioned beneath plasma membrane. Most of caveolae are cross-sectioned and a labyrinthic system
of sarcoplasmic reticulum (SR) is spread around them. Few caveolae directly face the cytoplasm having contacts
with myofilaments (arrows). Grape-like caveolar structure - blue A. Bladder. Scale bar = 0.5 um.
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Fig. 16 Contracted SMC haveirregular folds on its surface giving awavy appearance. Rough ER (rER) could be seen
in the caveolar domain. Grape-like caveolar clusters (blue A). Some myofilaments seem very near to caveolae (arrows)
in caveolar domains without visible interpolation of SR (arrowhead). SMC from human ileum. Scale bar = 0.5 um.
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Fig. 17 A. An oblique section through rat myometrum SMC showing one long mitochondrion (M) parallel with
myofilaments and establishing contacts with two areas of the caveolar domain. SR tubules surround caveol ae (round
mark). Scale bar = 0.5 um. B. A comparable mitochondrion showing calcium oxal ate precipitates (black dots) after
in situ calcium precipitation, according to the potassium-oxalate method described in [27].
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Fig. 18 Caveolar domain (cell 1) opposite to non-caveolar domain (cell 2) in SMC from myometrium. Almost all
caveolae have close contacts with SR. Junctional spaces could be seen between caveolae and SR (*). Few caveolae
have adirect contact (arrowhead) with mitochondria (M). Sometimes mitochondria could have close apposition with
more than 10 caveolae. Scale bar = 0.5 um. Inset - SMC from guinea pig taenia coli, fixed under ismoetric condi-
tions; nanocontacts of a long peripheral mitochondrion with at least 25 caveolag).
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Fig. 19 Caveolae-SR nanocontacts.
Electron dense structures between caveo-
lae and SR (red arrowhead). Yellow
arrows show direct contact points between
caveolae and SR. Inset - a higher magni-
fication of the caveolae in square mark
pointing out feet-like structures (arrow-
head). Rat bladder. Scale bar = 100 nm.
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Fig. 20 A,B. Caveolae-SR nanocontacts. Types of the
structural links occur between the caveol ae and the SR:
a. electron-dense feet-like structures (red arrowhead),
b. direct contacts - yellow arrows; junctional space -
clear space around caveolae enclosed by SR (*).
Electron dense structures between plasma membrane
and SR (double arrows). SMC from human ileum.
Scale bar = 100 nm.
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Fig. 21 A,B. Caveolae-SR nanocontacts. Electron dense
structures (arrowhead) and direct contact (arrow)
between caveolae and SR. SMC from human ileum.
Scale bar = 50 nm.

The mean distance between caveolae and per-
inuclear cisterna was about 15 nm, but 10 nm
‘feet’-like nanostructures were also observed
(Fig. 24C inset). In addition, the plasma mem-
brane invaginations bearing caveolae have been
seen in the neighborhood of the nucleus (Fig.
24B).
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Concluding remarks

Our results sustain the existence of complex con-
nections of caveolae with peripheral sarcoplasmic
reticulum, mitochondria and perinuclear cisterna
of the nuclear envelope. This study presents
unequivocal ultrastructural evidence for direct
physical (morphological) interactions of SMC
caveolae with peripheral (subplasmalemmal)
organelles. Our conclusions are based on high res-
olution electron microscopy, ultrathin serial sec-
tions and computer aided 3D reconstructions.

a. The main interaction occurs between
caveolae and peripheral SR. Our previous ultra-
cytochemical works [21, 27-29, 53, 56] (see also
Fig. 7, p. 971, this study) revealed SR, particular-
ly peripheral SR as the main Ca accumulating and
releasing intracellular organelle, implicated in
contraction-relaxation cycle. Anyway the current
literature is abundant in this respect (e.g.
[57-63]).

We were particularly encouraged to believe that the
range of Ca concentration measured by electron probe
X-ray microanalysis in SMC-SR in situ (on thin
unstained sections), ~100 mmol/kg dry wt. [53], is not
an instrumental artifact, because independent atomic
absorption measurements of the endogenous Ca con-
tent in isolated microsomal fraction (representative for
SR, and maybe for caveolae) indicated 122+26 mmol
Calkg dry wt. Moreover, the reported Ca concentra-
tions measured by X-ray microanalysis in the terminal
cisternae of SR from skeletal muscle were (mmol/kg
dry wt.): 97+21 [53] or 117+48 [57].

We describe here two types of nanocontacts

caveolae-peripheral SR:

1. Direct contact, without feet-like structures,
the free space between the two membranes
being less than 2nm (Fig. 19, 20);

2. Mediated contact, with linking feet-like
structures (Fig. 19-21). We can not estab-
lish at this moment whether such linking
nanostructures (‘ nano-rods’) involve or not
RyR, as those described by others [38, 39].

Anyway, it has to be mentioned that we con-

firm contacts of peripheral SR (junctional SR),
which are established with a cytoplasmic side of
plasmalemma (Fig. 19, 20). Such contacts were
long time ago supposed to exist [37] and unequiv-
ocally shown by ultrathin serial sections [35] and
this study.
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Fig. 22. Caveolae-SR and caveolae - mitochondria
nanocontacts. Structural links between caveolae and SR
(arrowhead), between caveolae and mitochondria (dou-
ble arrow) and between mitochondria and SR (arrows).
SMC from rat myometrum (A - C), bladder (D) and
stomach (E, F). Scale bar = 100 nm.
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Fig. 23. Caveolae - mitochon-
dria nanocontacts.

Close apposition between
caveolae (*) and mitochondria
(M) in SMC from stomach (A),
myometrium (B) and bladder
(C). Plasma membrane invagi-
nation (blue A) with caveolae.
rSR - rough sarcoplamsic retic-
ulum.

Scale bar = 0.2 um.
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Fig. 24 Caveolae - perinuclear cisterna of SR
nanocontacts.

A. Close apposition between caveolae (c) and
perinuclear cisterna of SR (arrow). Inset - higher
magnification of the caveolae in white sguare
mark. Direct conctacs (arrowhead). Rat
myometrium. B. Plasmalemmal invaginations
(blue A) carry caveolae (*) toward the perinucle-
ar SR (whitearrow). Rat bladder. C. Close appo-
sition between caveolae (arrow) and perinuclear
cisternain SMC from rat aorta. Inset - electrone-

+ dense structure in between (arrowhead).

NC- nucleus, nSR - perinuclear cisterna, mvb -
multivesicular body, M - mitochondria.
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Fig. 25 A. Calcium localization
in SMC under isotonic contrac-
tion; note the indentations of the
nuclear envelope, which are = \

characteristic for this situation,
corresponding to the classical TN
‘corkscrew’ described by light Ny .

microscopists. Abundant black : Nucleus
precipitates of calcium oxaate e} /
fill the space of the perinuclear = = {
cisterna which surrounds the "==ee. . 4

nucleus. Inset: a mitochondrion ' 4

in contact with the perinuclear L 0 :
cigerna and an eement of SR, 7 e
emerging from the nuclear enve- ! ol
lope. Potassium-oxalate method, s
according to Popescu et al. [27]. u*y‘“-"‘-'-'-...-;;h. ;
Pig coronary artery. Unstained.
ES, extracellular space. B. SMC ‘-f'\

of taenia coli, fixed under relax-

ation. Calcium oxalate precipi- R
tates mark clearly the perinucle- /
ar cisterna. Ultracytochemical £re
method described in ref. [28]. Tt
Lead citrate staining only.

Last but not least, as concerns the caveolae-SR
interactions, we would like to emphasize that the
frequency of the so-called ‘Ca2* release units [38]
in smooth muscle is much higher than once
believed. For instance, in one of our recent articles
[35], at least 17 (1) such calcium release units can be
counted, in only one image (Fig. 1B, p. 521 [35]).

b. Interaction of caveolae with mitochondria.
Two types of nanocontacts were found at high mag-
nification in SMC:

1. Direct contact, without the interposition
of feet-like structures (Fig. 18), or

2. Mediated contact, via feet-like structures
(Fig. 22).

Although the possible role of mitochondriain
the regulation of contraction-relaxation cycle,
particularly in the excitation-contraction cou-
pling, was denied about 20 years ago, nowadays
the role of mitochondria in the intracellular Ca2*
homeostasis is again considered (e.g. [26,
64—-66]). Moreover, we found in SMC relatively
frequent contacts between mitochondria and SR
(Fig. 18, 19, 22, 23), and some sort of threads as
linkage between endoplasmic reticulum and mito-
chondria was described [67].



For the moment, the molecular exchanges
between SR and mitochondriain situ remain in the
field of speculations. As concerns the nanocontacts
caveolae-mitochondria, some possible candidates
for molecular translocations (besides ions) seemsto
be cholesterol or other lipids (see [24, 25]).

A simple additional explanation of nanocontacts
might be to keep the organelles in close proximity
in avery dynamic interior of SMC.

c. Nanocontacts between caveolae and peri-
nuclear cisterna suggest the possible implication
of nuclear envelope in signaling, directly from out-
side the cell, bypassing the cytoplasm (Fig. 24, 25).
In this way, caveolae could be implicated in excita-
tion-transcription coupling [55].

d. Our results, particularly the 3D reconstructions
from seria ultrathin sections (Fig. 12-14) highlight
the idea that caveolae, SR and mitochondria form
an unique, peripheral (cortical) continuum
compartment in SMC. In fact, this subplas-
malemmal compartment could be regarded as
a ‘super-Ca2* release/storage unit’.

Finally, we propose, extrapolating concepts
from developmental embryology [68], that
SMC caveolae might be ‘carriers of positional
information.
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