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ABSTRACT Ca®"' release from internal stores (sarcoplasmic reticulum or SR) in smooth muscles is initiated either via
pharmaco-mechanical coupling due to the action of an agonist and involving IP3 receptors, or via excitation-contraction
coupling, mostly involving L-type calcium channels in the plasmalemma (DHPRs), and ryanodine receptors (RyRs), or Ca®"
release channels of the SR. This work focuses attention on the structural basis for the coupling between DHPRs and RyRs in
phasic smooth muscle cells of the guinea-pig urinary bladder. Immunolabeling shows that two proteins of the SR: calsequestrin
and the RyR, and one protein the plasmalemma, the L-type channel or DHPR, are colocalized with each other within numerous,
peripherally located sites located within the caveolar domains. Electron microscopy images from thin sections and freeze-
fracture replicas identify feet in small peripherally located SR vesicles containing calsequestrin and distinctive large particles
clustered within small membrane areas. Both feet and particle clusters are located within caveolar domains. Correspondence
between the location of feet and particle clusters and of RyR- and DHPR-positive foci allows the conclusion that calsequestrin,
RyRs, and L-type Ca®* channels are associated with peripheral couplings, or Ca®" release units, constituting the key
machinery involved in excitation-contraction coupling. Structural analogies between smooth and cardiac muscle excitation-

contraction coupling complexes suggest a common basic mechanism of action.

INTRODUCTION

Activation of muscle contraction requires a cytoplasmic
calcium transient. In smooth muscle this can be initiated by
two different mechanisms, both involving release of Ca®"
from an internal store, the sarcoplasmic reticulum (SR), that
are appropriately termed pharmaco-mechanical coupling and
excitation-contraction (e-c) coupling (Bozler, 1969; Somlyo
and Somlyo, 1970, 1994; Somlyo et al., 1971; Bolton et al.,
1999). Pharmaco-mechanical coupling does not require
surface membrane depolarization. The IP3 receptor, which
is relatively abundant in smooth muscle, is the final target of
the cascade of events initiated by an agonist and leading to
internal Ca®" release (Somlyo et al., 1988). E-c coupling
instead involves voltage-dependent L-type calcium channels
(DHPRs) which mediate Ca®>" entry and whose activity
results in Ca*" release via ryanodine receptors (RyRs; Xu
et al.,, 1994) or SR calcium release channels. Recently,
depolarization-induced Ca®" release from internal stores in
the absence of extracellular calcium has been demonstrated in
asmooth muscle (del Valle-Rodriguez et al., 2003). This latter
phenomenon raises the further intriguing possibility that some
component of voltage-dependent Ca*>* release in smooth
muscle may involve the successive activity of the two types of
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release channels IP3s (via a G-protein) and RyRs (del Valle-
Rodriguez et al., 2003) in a manner independent of Ca’*
permeation.

Smooth muscles occur in a variety of functional types and
vary greatly in the relative proportions of IP3- and RyR-
mediated stores, in the detailed mechanism of activation and
in the amount and intracellular localization the SR (Nixon
et al., 1994; Bolton et al., 1999). Nonetheless, it is to be ex-
pected that a certain commonality in the arrangement of Ca* " -
signaling system components and in their mode of action
should exist. This article focuses on the structures that are at
the basis of the depolarization-dependent calcium release
requiring activity of DHPRs and RyRs. In the guinea-
pig urinary bladder, DHPRs are responsible for an inward
current of ~10 ,uA/cm2 (Klockner and Isenberg, 1985a,b,
1991, 1994; Ganitkevich and Isenberg, 1990) and Ca%*
transients generated by Ca®>* currents are amplified by Ca>*
release through peripherally located RyRs (Ganitkevich and
Isenberg, 1992). In this as in other smooth muscles,
spontaneous and/or induced Ca’" release events (sparks)
are either directly observed in a peripheral location or de-
termined to be peripheral by their immediate effect on the
Ca®"-activated K™ channels (Fay, 1995; Nelson et al., 1995;
Mironneau et al., 1996; Gordienko et al., 1998, 2001; ZhuGe
et al., 1998, 2002; Bolton et al., 1999; Pérez et al., 1999;
Jaggar et al., 2000; Herrera et al., 2001; Kirber et al., 2001;
Ohi et al., 2003). Calcium release has also been directly
detected in subplasmalemmal location (Bond et al., 1984).
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A relationship between spark and RyR sites has been
demonstrated (Herrera et al., 2001; Ohi et al., 2003).

The preferred location of spark sites suggests aggregations
of RyRs in clusters. By electron microscopy, components of
the SR located in proximity to the plasmalemma have been
detected in several smooth muscles (Gabella 1971, 1972;
Somlyo et al., 1971). Small clusters of ‘‘feet’” connect these
peripheral SR vesicles to the plasmalemma (Somlyo et al.,
1971; Devine et al., 1972; Somlyo and Franzini-Armstrong,
1985). By comparison with skeletal and cardiac muscle and
on the basis of the spark location, it is likely that these feet
represent RyRs. Smooth muscle also contains calsequestrin,
in an isoform that is either the same or closely related to the
cardiac type (Wuytack et al., 1987). Calsequestrin of smooth
muscle has been identified by immunolabeling in small
peripherally and internally located foci (Etter et al., 1993;
Villa et al., 1993) and by electron microscopy in the small
peripheral SR cisternae associated with the plasmalemma and
bearing feet (Somlyo and Franzini-Armstrong, 1985).

We have analyzed the distribution of e-c coupling-related
proteins in smooth muscle cells of the guinea pig bladder
using 3D-immunofluorescence, freeze fracture and thin
section electron microscopy. The results show that DHPRs,
RyRs, and calsequestrin are located in close proximity to each
other, forming a complex analogous to that found in calcium
release units (CRUs) of striated muscles (see Sutko and Airey,
1996; Franzini-Armstrong and Protasi, 1997 for reviews). We
propose that these complexes are not only the sites of
spontaneous calcium sparks, but also provide the structural
basis for an interaction between DHPRs and RyRs, and thus
for e-c coupling-related Ca’" release. As previously shown
(Somlyo et al., 1971, see Bolton et al, 1999), the e-c coupling
related complexes are located in caveolar domains of the
smooth muscle cell membrane. We however note that in most
cases caveolae and the SR-surface complexes are not directly
associated.

This work does not address the question of pharmaco-
mechanical coupling, even though this alternative Ca?"
release mechanism is well represented in the guinea pig
detrusor muscle.

MATERIALS AND METHODS

Guinea pigs of either sex (~300g) were killed by cervical dislocation
followed by bleeding.

Western blotting

A crude membrane preparation was obtained from a homogenate of whole
guinea pig bladders by pelleting at 30,000 X g the supernatant from an initial
14,000 X g centrifugation. Membranes from a high KCL extraction of rabbit
skeletal muscle and from rabbit neonate urinary bladder and stomach
preparations were used as controls. 50 ug of the skeletal muscle membranes
and 150 pg of various bladder fractions were separated on SDSPAGE and
stained with Amido-black stain, after transfer to PVDF solid support. The blot
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was probed with Sheep6 Anti-DHPR 1:500 (Pragnell et al., 1991; Arikkath
et al., 2003) and a rabbit anti-sheep IgG peroxidase at 1:5000 dilution as
secondary antibody.

3-D immunofluorescence

The urinary bladder was removed and cut into chunks of ~1 mm? and the cells
were enzymatic isolated according to Klockner and Isenberg (1985a). The
isolated cells were fixed in 2% paraformaldehyde, permeabilized by 0.1%
tritonX 100, blocked, and incubated with primary and secondary antibodies
essentially as described (Scriven et al., 2000). Primary antibodies were:
antivinculin, a mouse monoclonal directed against chicken gizzard vinculin,
clone Vin 11-5 from Sigma; C3-C33, a mouse monoclonal directed against
canine cardiac (type 2) ryanodine receptors, which also recognizes amphibian
RyR homologous to mammalian RyR3, a gift of Dr. Gerhard Meissner,
University of North Carolina (Lai et al., 1992); anticalsequestrin, an affinity
purified rabbit polyclonal directed against canine cardiac calsequestrin, gift of
Dr. Larry Jones, Indiana University (Mahony and Jones, 1986); Sheep 6, an
affinity-purified sheep polyclonal antibody, which reacted with al and
B-subunits of the mammalian skeletal DHPR, gift of Dr. Kevin P. Campbell,
University of lowa (Pragnell et al., 1991); and 77-9, a polyclonal antibody that
recognizes the Na™/Ca®" exchanger of toad stomach smooth muscle (Moore
etal., 1993), a gift of Dr. Kenneth D. Philipson. Fluorescently labeled second-
ary antibodies (either FITC or Texas Red) were obtained from Jackson
Immunobiologicals. The cover slips were mounted onto glass slides in a
medium composed of 90% glycerol, 10% 10X PBS, 2.5% w/v triethylendi-
amine, and 0.02% NaN3 and containing small beads (180 nm diameter,
Molecular Probes, Eugene, OR) that have broad excitation and emission
spectra and acted as fiduciary markers to align the three-dimensional image
sets.

Images were acquired, deconvolved, processed, and analyzed as described
in great detail in Moore et al. (1993). Briefly, the voxels are 122 nm in x and y;
z-planes were acquired at 250 nm intervals; 3040 planes were acquired for
each cell. For statistical analysis, the null hypothesis is that the proteins are
distributed randomly and independently of each other. The mean of a binomial
distribution can then be defined as (Np), and its variance as Np(1—p), where N
is the number of voxels on the membrane and p is the probability that a voxel
contains both proteins. The null hypothesis is accepted if the observed overlap
falls within the mean = 1 SD. If the observed overlap is significantly less, then
the proteins are distributed in different regions of the membrane. If the
observed overlap is significantly greater, then the proteins are codistributed.
As a final step, and only for visualization, the z axis is interpolated to produce
cubic voxels.

Electron microscopy

The urinary bladders were fixed in situ, while expanded by an injection of
4% glutaraldehyde in 0.1M Na-Cacodylate buffer into the lumen. For thin
sectioning, strips from the fixed bladder walls were postfixed in 2% OsO4
for 2 h at room temperature and then contrasted in saturated uranyl acetate
for 4 h at 60°C. Some muscles were treated for 36 h in 0.1% tannic acid at
room temperature before the osmium fixation. The samples were embedded
in Epon 812, and the sections stained in uranyl acetate and lead (Sato, 1968)
for ~8 min each. For freeze fracture, thin strips from the fixed bladder walls
were infiltrated with 30% glycerol, frozen in liquid nitrogen-cooled propane,
and fractured. The fractured surfaces were shadowed with platinum either at
45° unidirectionally or at 25° while rotating and then replicated with carbon
in a freeze fracture apparatus (Balzers, model BFA 400; Balzers S.p.A.,
Milan, Italy). Sections and replicas were photographed in an EM 410
(Philips Electron Optics, Mahwah, NJ). The dimensions of intramembranous
particles were measured in freeze-fracture from one bladder. The width was
measured in a direction perpendicular to the direction of shadowing and the
height was determined from the length of the platinum free ‘‘shadow,””
which is (approximately) equal to the height, given an ~45° angle of
platinum deposition.
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SR volumes were obtained using a point-counting morphometric approach
(Weibel, 1979) from eight guinea-pig urinary bladders, three tissue-blocks
per animal, with three sections per block and seven photographs per section.
Low magnifications were used for cell, extracellular space and mitochondria
and higher magnifications (25,000) for the contribution of mitochondria,
caveolae, and SR. The volume fractions of the cell organelles were calculated
from the ratios of caveolae/mitochondria, central SR/mitochondria and
peripheral SR/mitochondria as well as mitochondria /cell, after subtraction of
the extracellular space. SR was considered peripheral if its membranes were
located within a distance <80 nm from the sarcolemma. In tangential sections
of the cell membrane, where clusters of caveolae were recognizable, SR was
considered peripheral when located within the clusters of caveolae. Data
represent mean *+ SE of the 8 bladders. The area of plasmalemma occupied by
clusters of large particles was measured using the National Institutes of Health
Image program.

RESULTS
Western blotting for DHPR in the urinary bladder

The -subunit is an integral component of the DHPR (Leung
et al., 1988). In skeletal muscle, the B-subunit is targeted to
CRUs together with the channel forming al subunit
(Neuhuber et al., 1998; Gerster et al., 1999) and is important
in excitation-contraction coupling (Gregg et al., 1996). Either
the B2 or the B3 isoforms are usually present in smooth
muscle (Hohaus et al., 2000; Reimer et al., 2000). The Sheep 6
polyclonal antibody used for detecting the L-type Ca®"
channel reacted with both the a1 and B-subunits of rabbit
skeletal muscle (Fig. 1, lane I; Pragnell et al., 1991; Arikkath
et al., 2003). Reactivity of the antibody in the urinary bladder
smooth muscle was tested by Western blotting of whole
homogenates and soluble and crude membrane fractions from
two guinea pig urinary bladders. The antibody detected
a prominent 70-kDa band in the crude membrane fraction
(Fig. 1, lanes 2-5) and this is the only band that is detected in
the purified membrane fraction (lane 5). This molecular
weight is appropriate for the 82 subunit, although slightly
higher than the skeletal ~60 kDa band. The antibody does not
recognize the a1 subunit of smooth muscle L-type channels.
Given the fact that by far the predominant Ca®" channels in
the guinea pig urinary bladder are L-type (Schneider et al.,
1991), labeling by the anti B-subunit antibody is expected to
reliably detect the position of these channels.

The nonspecific reaction at high molecular weights in lane
1 for the rabbit fraction is due to the use of crude sheep antisera
made against a rabbit skeletal muscle preparation enriched in
DHPR, in combination with a rabbit anti-sheep secondary
antibody, on rabbit skeletal muscle membranes. This non-
specific reaction is not observed with the guinea pig prepa-
ration. Other nonspecific bands are described in the figure
legend.

Immunofluorescence

3-D image restoration was used to locate the position of
fluorescently labeled secondary antibodies in the isolated
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Sheep6 Anti-DHPR (1:500)

FIGURE 1 Western blot of a membrane preparation from rabbit skeletal
muscle (/) and of several fractions from a crude preparation of membranes
from the guinea pig urinary bladder (2-5). The sheep6 anti-DHPR (L-type
Ca channel) serum that was used in the immunolabeling recognizes two
bands at ~100 and 60 kDa in the rabbit SR (Pragnell et al., 1991; Arikkath
et al., 2003), corresponding to a1 and B-subunits and a band at ~70 kDa in
the smooth muscle crude membranes, which is about the size of the 32
subunit. The crude sheep antisera made against a rabbit skeletal muscle
preparation combined with a rabbit anti-sheep secondary antibody results in
a nonspecific reaction against high molecular weight components the rabbit
membranes (lane I). Other nonspecific bands (e.g., the ~27 kDa band in
lane 4, which may be the light chain of the antibody being picked up by the
secondary are absent from the purified membrane fraction, lane 5). (Lane 1)
Membrane fraction from rabbit skeletal muscle; (Lane 2) guinea pig urinary
bladder homogenate; (Lane 3) 14,000 X g pellet; (Lane 4) 30,000 X g pellet;
and (Lane 5) final membrane fraction.

smooth muscle cells. Fig. 2 illustrates the position of vinculin,
a marker for the sites of dense plaque adhesion, where the
contractile material transmits tension to the sarcolemma
(North et al., 1993). The reconstructed images (left) show
fluorescent pixels that are distributed like strings of pearls
along stripes running at a shallow angle relative to the long
axis of the cell, separated by nonfluorescent intervals. The XZ
section (right), acquired from the positions indicated by the
dashed lines, shows the pixels of vinculin fluorescence only at
the cell periphery, forming a ring that encloses the cytoplasm
of the cell. The Na*/Ca®" exchanger; calsequestrin; the
ryanodine receptor; and the B-subunit of the L-type Ca’*
channel are all located in small discrete spots either at the
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Xz projections
336 nminy

Xy projections

FIGURE 2 Fluorescent images of a single enzymatically dissociated
smooth muscle cell from the guinea pig urinary bladder immunolabeled with
an antibody against vinculin. These images have been deconvolved and
thresholded; no other image processing steps were performed. The two
images on the left are xy projections in which the cells were bisected (along
the xy plane) to prevent superposition of the front and back surfaces. The
images on the right are xz projections of the same cells, but after having been
rotated 90° round the x axis; the images are 336 nm deep in y and were
acquired from the locations indicated by the dashed lines. The images show
that vinculin is clearly located at the cell surface, where it is distributed in
longitudinal stripes. The scale bar is 5 um.

plasmalemma or very close to it (not shown). Thus, despite the
fact that the SR is distributed in the interior of the cell as well
as at its periphery, both calsequestrin and the ryanodine
receptor are mostly distributed at discrete sites along the
periphery of the cell in these smooth muscle cells.

Double immunolabeling was used to define the spatial
relationships between the peripherally located proteins at the
cell surface. Since dense bodies and caveolae occupy distinct
domains of the surface membrane (Gabella, 1971), vinculin
was used as a positive marker for the dense bodies domains
and a negative marker for the caveolar domains. Fig. 3 A
shows double labeling for calsequestrin (green) and vinculin
(red). Both proteins are disposed as strings of beads arranged
along long pitch longitudinal helices, but the strings of beads
for the two proteins are on separate stripes of membrane. Thus
the great majority of the green calsequestrin pixels fall apart
from the red vinculin pixels in the superimposed image
(right). Statistical evaluation suggests that the probability of
coincidence of the two proteins is significantly less than that
expected from a random distribution (p < 0.001, see Table 1).
That is, the distribution of the two proteins is not random and
is mutually exclusive, indicating that the SR vesicles
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containing calsequestrin are located in correspondence of
the plasmalemma’s caveolar domains, which exclude vincu-
lin-containing dense bodies.

The positions of calsequestrin, RyRs, and DHPRs relative
to each other are shown in Fig. 3, B and C. Both calsequestrin
(Fig. 3 B, green) and Ca** channels (Fig. 3 C, green) are
colocalized with RyRs (Fig. 3, B and C, red). The number of
coincident voxels (shown in white) is highly significant, and
much greater than predicted by a random distribution (see
Table 1). This indicates that peripherally located SR vesicles
contain both calsequestrin and ryanodine receptors and that
they are in close proximity to patches of plasmalemma con-
taining DHPRs. A rough count indicates that the number of
discrete sites positive for the three proteins is between 100 and
200 on each cell surface.

By comparison, the distribution of Na*/Ca>* exchanger
molecules is distinctly different from that of the three
components above. The foci positive for the Na*/Ca**
exchanger are few, small, and randomly disposed over the
whole cell (Fig. 3 D, exchanger, green; vinculin, red). There is
no tendency toward alignment in longitudinally oriented lines,
and no exclusion from the vinculin-labeled stripes. However,
even though vinculin and the exchanger are present within
the same general areas of membrane, visual inspection, and
statistical analysis (Table 1) indicates that vinculin and the
exchanger are not colocalized. The conclusion is that the ex-
changer is excluded from the sites of adhesion plaques
(containing vinculin), but is distributed both within and
between the caveolae-containing stripes and thus has a loca-
tion different from that of the RyR-DHPR channel clusters.

Electron microscopy

Thin sections

Cross sections of the smooth muscle cells show two struc-
turally different regions that alternate with each other along
the cell periphery (Fig. 4 A). In one region, the plasmalemma
is associated with peripheral dense bodies, which appear con-
tinuous with the myofibrils. These correspond to the vinculin
positive sites seen by immunolabeling and are characterized
by a dense subplasmalemmal matrix. In the second region,
the subplasmalemmal area is free of visible subsurface
cytoskeletal components, but numerous caveolae invaginate
from the surface membrane (Fig. 4 A, between arrowheads,
some caveolae are marked by asterisks. See also Gabella,
1971, 1972; Somlyo et al., 1971; Devine et al., 1972).
Vesicular and tubular SR vesicles are located at the cell
periphery within the caveolar domains and are excluded
from the dense bodies’ domains (Fig. 4 A, small arrow). In
general these peripheral SR profiles are less frequent than the
caveolae, but being larger and more convoluted in shape,
they occupy a percentage of the cell volume (2.8%) approx-
imately equal to that of caveolae (2.7%). In addition to the
peripheral SR, the bladder smooth muscle contains less
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Ryanodine
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Calsequestrin Vinculin

Na'/Ca2*
exchanger
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Dihydropyridine Ryanodine

Vinculin Both

receptor receptor

FIGURE 3 Double immunofluorescence images comparing the distribution of vinculin, calsequestrin, ryanodine receptor, L-type Ca channel (8-subunit)
and the Na*/Ca”>" exchanger in single dissociated cells from the guinea-pig bladder. As in Fig. 2, one-half of the cell is displayed. For each of the image pairs,
one image has been pseudocolored red and the other green. In the overlapped images, the voxels are colored white if they have identical three-dimensional
coordinates for the two single images; otherwise, the voxel remain green or red. Since intensity information cannot be converted into number of protein copies
in a given voxel, the intensity information has been removed from the data. Voxel that were above threshold are either green or red, and overlapped voxels are
pure white. (A) Calsequestrin (green) and vinculin (red) are located at foci that occupy separate longitudinal stripes of membrane. (B and C) Foci of
calsequestrin (green) and ryanodine receptor (red) and foci of Ca channels (green, labeled by the 8-subunit) and ryanodine receptor (red) occupy the same
membrane stripes and show considerable overlap. (D) Differently from the jSR components, the Na*/Ca®>" exchanger (green) is distributed over the entire
cell surface and is not excluded from the vinculin (red) containing stripes, although it does not overlap with vinculin. See Table 1 for quantitative details.
Bar =5 um.

frequent internal SR components, which occupy 1.3% of the
cell volume, thus resembling, in this respect, other phasic
smooth muscles (Nixon et al., 1994).

Some of the peripheral SR vesicles form junctions
(peripheral couplings) with the surface membrane and are
thus called junctional SR (jSR) (Fig. 4, B-H). jSR vesicles are
identified on the basis of three structural features. The vesicles
are apposed to the surface membrane across a narrow
junctional gap of constant width; relatively large densities,
the feet, are located within the junctional gap (Fig. 4, B—H,
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arrows); the vesicle lumen is occupied by an electron dense
content. Note that even though these jSR profiles are located
within the caveolar domains, they form junctions directly with
the surface membrane, but not with the caveolae. In general,
SR profiles that are immediately adjacent to caveolae (upper
vesicle in Fig. 4 G) do not bear feet and do not make specific
associations with caveolae via feet, and thus they are not
junctional. One single, possible exception is shown in Fig. 4
F, where one SR vesicle associated with an individual caveola
seems to bear a single foot.
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TABLE 1 Analysis of immunolabel overlap for various proteins
Overlap expected Probability observed
Labeled pair Observed overlap due to chance* overlap is due to chance

DHPR with RyR 613 = 11.7 (4) 18.4 p < 0.001
RyR with DHPR 59.3 £94 17.8

Calsequestrin with RyR 494 92 4) 18.4 p < 0.001
RyR with calsequestrin 43.0 £ 8.6 16.0

Vinculin with calsequestrin 9.5 (1) 33.6 p < 0.001
Calsequestrin with vinculin 7.5 26.6

Vinculin with Na*/Ca>* exchanger 0.5 ()t 1.2 p < 0.001
Na*'/Ca2+ exchanger with vinculin 15.6 32.4

*QOverlap was calculated in accordance with binomial distribution prediction. The observed overlap is the percentage of voxels (mean * SE) containing the
first listed molecule that also contained the second. The number in parenthesis is the number of cells examined; each cell provides a large number of data (one

for each acquired voxel, several thousands total).

"The percentage of coincident voxels stained for these molecules are different from each other because the membrane contained a greater number of voxels

labeled for vinculin than for the Na*/Ca®" exchanger.

The majority of jSR vesicles are very small, and the
junctional gap contains only two feet (Fig. 4, C—H). Three or
more feet (Fig. 4 B) are rarely seen. No feet are detected
outside the junctional gap. The average number of feet is 2.3
=+ 0.8/vesicle profile (mean = 1 SD, n = 33 vesicles) and the
average center to center distance between feet is 27.2 = 3.9
nm. The average area of close proximity between small feet-
bearing SR vesicles and the surface membrane can be
estimated from the following consideration. On the average
the junctions show a line of 2.3 feet. Assuming that feet are
disposed in an orthogonal arrangement, as in skeletal muscle
the total feet/junction number would (2.3). Small deviations
from this arrangement would not appreciably change the
number. Given the 27.2 nm average center to center distance
between feet, the average area occupied by feet is 3913 nm>.

Freeze-fracture

The two types of membrane domains (with and without
caveolae) described above are clearly recognizable in freeze-
fracture replicas, where the openings of caveolae are visible as
small circles (Fig. 5 A). Caveolae are disposed in membrane
domains having the shape of stripes that are oriented either
longitudinally or at a slight angle to the longitudinal axis of the
cell and occupy ~50% of the total surface area. Caveolar
domains are separated from each other by longitudinal stripes
of smooth membrane with no invaginations, which corre-
spond to the location of dense bodies.

Intramembrane particles of variable sizes are more
frequent in proximity of caveolae and less frequent in the
smooth membrane domains (Fig. 5 B). The caveolar
domains, but not the smooth domains, also contain small
clusters of large intramembrane particles residing within
specialized patches of membrane. Semicircles in Fig. 5, A
and B, mark the locations of such clusters and give an
approximate indication of their frequency. The clusters are
not well visible at the magnifications used in Fig. 5: details
are shown in Fig. 6, which illustrates a selection of small
clusters (between arrows). Each cluster is composed of

closely spaced particles of large size. The membrane adjacent
to the clusters is occupied by particles that are more variable
in size and are located at more variable distances. We
measured (see Methods) the apparent diameter and height of
all particles within the small clusters and compared these two
parameters with those of all particles contained in nearby
areas of membrane of equal size, within the caveolae-
containing stripes. Each set of measurements involved a pair
of membrane patches (with and without clusters) in close
proximity, thus ensuring equal platinum thickness deposition
and angle of shadowing. The average width and height of
all particles in clusters is 9.6 = 0.2 nm and 9.3 = 0.2 nm
(mean = 1 SE, 168 particles from 15 membrane patches),
respectively, whereas the same parameters for particles in
other areas of the surface are 7.3 £ 0.1 and 6.7 = 0.2 nm
(199 particles from 15 patches). The differences between the
means of widths and heights for clustered and generic par-
ticles are extremely significant (Student’s #-test, p << 0.0001).

The disposition of large particles within the specialized
domains shows no evidence of order. The spacing between
the particles is variable and no recognizable geometry is
visible. In some domains the particles are fairly tightly
clustered (Fig. 6, A and E), in others more disperse. The
surface area of membrane patches occupied by clusters of
large particles (measured as indicated in the method section) is
4310 + 213 nm® The average number of large particles
within each patchis 6.9 = 2.1 (mean = SD, from 60 patches in
freeze-fractures of four bladders). The membranes of
caveolae do not have any particles in them, as in skeletal
muscle (not shown; Dulhunty and Franzini-Armstrong,
1975).

DISCUSSION

Immunolabeling and electron microscopy of smooth muscle
cells in the guinea pig urinary bladder provide complementary
evidence for the presence of peripherally located complexes
that have three important components of the Ca®" cycle: the
L-type Ca®" channels, DHPRs, which initiate e-c coupling;

Biophysical Journal 87(3) 1836-1847
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FIGURE 4 Electron microscopy of cross-sectioned smooth muscle cells from the guinea pig urinary bladder showing two structurally different domains,
which alternate with each other along the cell periphery. (A) Between arrowheads are membrane segments (caveolar domains) associated with caveolae
(asterisks) and with peripheral SR cisternae (arrow). Between these segments are regions in which the plasmalemma is associated with peripheral dense bodies,
which in turn are continuous with the myofibrils. (B—H) Details of peripheral SR profiles within caveolar domains. The peripheral SR vesicles shown have
a dense content and are coupled to the surface membrane by large densities, the feet (arrows). The area of junction is small and it contains 2-3 feet. Close
association of SR vesicles with a caveolae via feet are rare (F, arrow). Bar = 100 nm.

the RyRs, responsible for Ca®" release from the SR; and
calsequestrin, which increases the total SR storing capacity
for luminal Ca®". Immunofluorescence suggests that both
RyRs and Ca®" channels colocalize with calsequestrin within
voxels of 0.1 X 0.1 X 0.35 um®, and that the sites with these
components locate at or close to the cell periphery. Electron
microscopy images confirm the existence of jSR vesicles
containing feet and a dense content (presumably calseques-
trin) that are indeed present right at the surface membrane and
form peripheral couplings with it. Feet are identified as RyRs
due to their size and to their location at the fiber periphery in
correspondence of the RyR-positive foci identified by immu-
nolabeling. The cytoplasmic domains of IP3 receptors are
definitely smaller than those of RyRs, even though they have
the same four leaf clover appearance (Katayama et al., 1996).
On this basis, identification of the feet with IP3 receptors can
be excluded.

We further propose that the large intramembranous
particles clustered within small membrane patches located
in the caveolar stripes are L-type channels, DHPRs, and that
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the channels are closely apposed to RyRs, based on the
following considerations. First, the particle clusters are
located in the caveolar stripes, as are the B-subunit-positive
foci detected by immunolabeling. Comparison between
immunolabeling for Ca>" channels and for another plasma-
lemmal protein, the Na™/Ca?* exchanger, confirms the ability
of the technique to detect preferential clustering of the former
but not of the latter in the caveolar domains. Secondly, the
particles resemble those identified as L-type channels or
DHPRs in skeletal and cardiac muscle (Block et al., 1988;
Takekura et al., 1994; Sun et al., 1995; Protasi et al., 1998;
Tijskens et al., 2003) on the basis of their size and of their
tendency to cluster within membrane patches from which
other proteins are at least partly excluded. Thirdly, the approx-
imate size of the patches occupied by the particle clusters is
very close to the size of the SR membrane surfaces that are
covered by feet and that are closely associated with the surface
membrane, thus forming the basis for the superimposition of
RyR- and Ca®*-channel-positive voxels in the immunola-
beled images. A recent publication (Ohi et al., 2003) differs
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FIGURE 5 Freeze-fracture replicas of the smooth muscle cell plasmalemma, the longitudinal axis of the cell is at ~45° in the image. (A) The opening of
caveolae, visible as small circles, are confined to longitudinally oriented membrane stripes (two of them indicated by arrows), separated by membrane regions
without invaginations which serve as sites of attachments of dense bodies. (B) Intramembrane particles of variable sizes are frequent in the caveolar domains
and less frequent in the smooth membrane regions. Small groups of large particles are localized in defined patches of membrane within the caveolar domains.
The patches are indicated by semicircles and are shown at higher magnification in Fig. 6. Bars = 1 um and 0.5 uwm.
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from this report in that it finds a clustering of RyRs, but it fails
to detect correspondence between RyR and DHPR locations
in guinea pig smooth muscle of comparable origin. The reason
for the difference is not clear. BKCa channels are activated by
internal calcium release, indicating a proximity to RyRs
(Benham and Bolton, 1986; Klockner and Isenberg, 1992;
Jaggar et al., 1998; Pérez et al., 1999; ZhuGe et al., 1998,
1999, 2002). It is possible that some of the particles within
and/or in proximity of the clusters described above represent
these channels.

The complexes formed by Ca®" channels, RyR and calse-
questrin in smooth muscle are structurally homologous to the
those found in CRUs involved in excitation contraction cou-
pling of striated (skeletal and cardiac) muscles (MacLennan
and Wong, 1971; Meissner, 1975; Campbell et al., 1980; Cala
and Jones, 1983; Jorgensen et al., 1983; Block et al., 1988;
Takekura et al., 1994; Carl et al., 1995; Franzini-Armstrong
and Kish, 1995; Sun et al., 1995; Scriven et al., 2000). If the
particles in the surface membrane patches are L-type channels,
then the Ca®" channel/RyR ratio in smooth muscle CRUs
is ~2:1 and thus similar to that in CRUs of striated muscles
(Block et al., 1988; Sun et al., 1995).

An immediate question raised by these findings is whether
the structurally identified supramolecular complexes of
smooth muscle are functionally active in e-c coupling, that
is, are functional CRUs. This is supported by two findings.
First, the peripheral location of the e-c coupling protein
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FIGURE 6 Selected images of small
membrane patches with large particles
(between arrows). Within each patch
there is a homogenous population of
particles with the same characteristic
large diameter and elongated shadow.
Very few particles of smaller diameter
are present in the same patches. By
contrast, particles in the surrounding
membrane are quite variable in size and
height. Within the patches the particles
have random arrangement and variable
spacings.

complexes in this smooth muscle is in agreement with the
peripheral location of spark sites (see Introduction). Second,
the relatively high frequency of such complexes (200—400/
cell) is in agreement with the relatively large internal Ca®"
release during e-c coupling. CRUs of striated (cardiac and
skeletal) muscles contain many more RyRs that those shown
here for smooth muscle (compare with Franzini-Armstrong
et al., 1999), but the size of sparks is comparable to that
observed in striated muscles. This apparent discrepancy is
explained by the fact that only a few of the available channels
(1-5) are involved in spark production of striated muscles
even if a larger number is available (Wang et al., 2004).

Functional studies of bladder smooth muscle cells indicate
that Ca?* current through L-type channels is the pre-
dominant pathway for Ca®* influx (Schneider et al., 1991)
and that this influx is followed by Ca®" release from the SR,
with a gain of ~20-fold (Klockner and Isenberg 1985b;
Ganitkevich and Isenberg, 1991; Ganitkevich and Isenberg,
1992; Isenberg et al, 1992). Active release sites resulting in
detectable sparks are very few in the resting muscle (Herrera
et al., 2001), but up to 200—400/cell (these data) are available
for activation during depolarization, probably due to spread
from one initial release site to others (Bolton and Gordienko,
1998; Ohi et al., 2003).

Ca’" channel-related particles in guinea pig bladder
smooth muscle show no apparent order in their disposition
within the small membrane patches. Comparison of their
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arrangement to that of dihydropyridine receptors (L-type
channels) in CRUs of skeletal (Block et al., 1988; Takekura
et al., 1994; Nakai et al., 1998) and cardiac (Carl et al., 1995;
Sun et al., 1995; Protasi et al., 1998; Scriven et al., 2000)
muscles indicates a closer structural similarity to the latter. In
cardiac muscle, the location and disposition of DHPRs is
ideal for an indirect interaction with RyR, perhaps via Ca**-
activated Ca’" release (Herrmann-Frank et al., 1991).
Indeed, the voltage-dependence of SR Ca®" release in the
smooth muscle is bell-shaped like the voltage-dependence of
ICa through the DHPRs (Ganitkevich and Isenberg, 1991).
In this it resembles that of cardiac myocytes and differs from
the S-shaped dependence of skeletal muscle fibers (Morad
and Cleemann, 1987). Both DHPRs and RyRs of smooth
muscle are more closely related to the cardiac than to the
skeletal type (Ertel et al., 2000). RyRs in smooth muscle are
either type 2 (cardiac) or type 3 (Herrmann-Frank et al., 1991;
Xu et al., 1994; Jiang et al., 2003).

The close spatial relationship between Ca”>* channels and
RyR clusters described in these findings serves as the basis for
the observed interaction and for Ca®" release at the cell pe-
riphery, presumably in a manner analogous to that found in
cardiac myocytes lacking T tubules (Junker et al., 1994;
Kockskéamper et al., 2001). Given the colocalization of calse-
questrin and IP3 receptors in some smooth muscle (Villaetal.,
1993), it is possible that the latter release channels may also be
located close to the units described here and may provide an
indirect link of the type suggested by del Valle-Rodriguez
et al. (2003).

The close proximity of RyRs to the surface membrane has
an important functional effect: their activity acts synergis-
tically to that of the L-type Ca®>" channels in producing
a substantial subplasmalemmal increase in [Ca®*], which in
turn results in spontaneous transient outward currents
(STOCs) via BKCa channels (Benham and Bolton, 1986;
Klockner and Isenberg, 1992; Jaggar et al., 1998; ZhuGe
et al., 1998, 1999, 2002; Pérez et al., 1999) and in the
apparent paradox of calcium induced relaxation (Fay, 1995;
Jaggar et al., 1998). The relationship between small indi-
vidual calcium “‘sparks’” and STOC, and the nearby location
of RyRs and BKCa channels indicate that most, but perhaps
not all, RyR clusters are in sufficient proximity of BKCa
channels to activate them by Ca release (ZhuGe et al., 1999,
2002; Kirber et al., 2001, Ohi et al., 2003).

In this study, location of RyRs in sites other than the
peripherally located clusters were not detected either by
electron microscopy or by immunolabeling, but this cannot
be totally excluded. A small concentration of dispersed
channels (see Lesh et al., 1998) would not be observed by
electron microscopy. The antibody used recognizes mam-
malian RyR2, but also amphibian 8-RyR, which is equi-
valent to RyR3. It is not clear whether it recognizes RyR2,
RyR3, or both in smooth muscle, and whether it may miss
some internally located RyRs of a different variety. In addi-
tion, a small number of channels dispersed in the membrane
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might not generate a sufficient signal even if recognized by
the antibody. However, functional evidence both from sparks
(see Introduction) and from activation of BKCa channels
(see below) would favor a predominant subplasmalemmal
position for active RyRs in this muscle.

This work is supported by Deutsche Forschungsgemeinschaft grant We/879
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