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Distribution of Proteins Implicated in Excitation-Contraction Coupling in
Rat Ventricular Myocytes

David R. L. Scriven, Pauline Dan, and Edwin D. W. Moore
Department of Physiology, University of British Columbia, Vancouver, British Columbia V6T 1Z3, Canada

ABSTRACT We have examined the distribution of ryanodine receptors, L-type Ca®" channels, calsequestrin, Na*/Ca®*
exchangers, and voltage-gated Na™ channels in adult rat ventricular myocytes. Enzymatically dissociated cells were fixed and
dual-labeled with specific antibodies using standard immunocytochemistry protocols. Images were deconvolved to reverse
the optical distortion produced by wide-field microscopes equipped with high numerical aperture objectives. Every image
showed a well-ordered array of fluorescent spots, indicating that all of the proteins examined were distributed in discrete
clusters throughout the cell. Mathematical analysis of the images revealed that dyads contained only ryanodine receptors,
L-type Ca®* channels, and calsequestrin, and excluded Na*/Ca®* exchangers and voltage-gated Na* channels. The
Na*/Ca®" exchanger and voltage-gated Na* channels were distributed largely within the t-tubules, on both transverse and
axial elements, but were not co-localized. The t-tubule can therefore be subdivided into at least three structural domains; one
of coupling (dyads), one containing the Na*/Ca®* exchanger, and one containing voltage-gated Na™ channels. We conclude
that if either the slip mode conductance of the Na* channel or the reverse mode of the Na*/Ca®* exchanger are to contribute
to the contractile force, the fuzzy space must extend outside of the dyad.

INTRODUCTION

The contraction of an adult ventricular myocyte is initiated channel using a “slip mode” conductance. They demon-
by an influx of C&" from the extracellular space that strated that this current could trigger SR “Carelease,
induces the release of a much larger amount 6f"Geom  although the amount of G& entering through this pathway
the sarcoplasmic reticulum (SR) (Fabiato, 1985). The mosivas too small to be detected in the myoplasm.
widely accepted pathway for calcium entry is the voltage- There is considerable disagreement in the literature as to
dependent L-type C& channel, although in recent years the significance of both of these pathways, whether they can
other pathways for calcium entry leading to release df'Ca contribute to EC coupling and if they occur at all. There is,
from the SR have been proposed. as yet, no direct evidence on the positions of voltage-gated
Leblanc and Hume (1990) were the first to experimen-Ng* channels, L-type G4 channels, N&/Ca&" exchang-
tally demonstrate that the release of intracellulat‘Ceould ers, and ryanodine receptors relative to each other in the
be achieved without any €a current passing through same cell. We know from immunofluorescence and immu-
L-type C&" channels. They hypothesized that entry of'Na noelectronmicroscopy that L-type €achannels and ryan-
through voltage-gated Nachannels could raise the local odine receptors are co-distributed along the apposed mem-

intracellular Na éc/or;gfntration sufficiently to produce a pane syrfaces of the t-tubule and the SR, respectively (Carl
reversal of the Na/Ca exchangers, resulting in an influx et al., 1995; Sun et al., 1995). There is also good evidence

of C&*. The amount of N& entering through voltage-gated y .+ vo Na/CE* exchangers and the Nachannels are

Na" channels is too small to produce a significant change MNocated in t-tubules and on the surface membrane (Frank et
the bulk myoplasmic N& concentration, or the reversal al., 1992; Kieval et al., 1992; Cohen and Levitt, 1993)

) i heir positions relative to the location of the achannels
mal space of restricted diffusion (fuzzy space). They there- .
and ryanodine receptors are unknown, and therefore the
fore postulated that the voltage-gated'Nzhannels, L-type : L . . ) .
Ca&" channels, ryanodine receptors, and ’@e?" ex potential for their interaction with other proteins within the

changers are all located in the fuzzy space, where iorqyadic cleft, and their participation in a restricted diffu-

concentrations could be significantly different from their sional space, can only be inferred.

average myoplasmic values. Recently, Santana et al. (1998) We have used indirect immunofluorescence in combina-

proposed that calcium could enter the cell via the sodiuntion with wide-field epifluorescence microscopy, image de-
convolution, and digital image analysis to identify the po-

sitions of the voltage-gated Nachannels, L-type Cd

: — o channels, N&/C&* exchangers, and ryanodine receptors
Received for .publlcanon 31 March 2900 and in final form 21 JuIy.ZOOO relative to each other in ventricular cardiomyocytes. We
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MATERIALS AND METHODS control experiments were performed: in one, cells were labeled with
secondary antibody without having been incubated with primary antibody.
All chemicals used were obtained from Sigma (St. Louis, MO) unlessin the second, cells that had been incubated with a polyclonal primary
otherwise noted. Animal handling was done in accordance with the guideantibody were incubated with an anti-mouse secondary antibody, and vice
lines of the Canadian Council on Animal Care. versa.
In the experiment where the ryanodine receptor was labeled twice, both
of the primary antibodies were monoclonal. After the first exposure to the
Cell isolation and preparation primary antibody the first secondary antibody was a goat anti-mouse Fab
fragment labeled with FITC, followed by a blocking step with a large
Myocytes were isolated from freshly excised hearts using the method oéxcess of unlabeled goat anti-mouse Fab. After incubation with the second
Rodrigues and Severson (1997). Briefly, adult male Wistar rats weighingexposure to the primary antibody, the second fluorescent antibody was a
275-300 gm were sacrificed with an overdose of sodium pentobarbital. Thgoat anti-mouse IgG labeled with Texas Red. The control experiment
hearts were removed, hung on a Langendorff apparatus, and perfused forskipped labeling with the second primary antibody and proceeded directly
min at 37°C with a nominally Cd -free physiological saline solution, PSS to the second secondary antibody. This allowed us to detect whether any
(in mM: 138 NaCl, 5 KCI, 0.3 KBPQ,, 0.3 NgHPQ,, 10 HEPES, 15 sites on the primary antibody were not blocked by the goat anti-mouse Fab
p-glucose, 1 creatine, 1 carnitine, pH 7.4) that had been equilibrated witlluring the blocking step.
95% O,/5% CO,. To dissociate the cells the perfusate was switched to PSS  The antibody directed against the Nahannel does not recognize a
containing 0.5 mg/ml type Il collagenase and 1 mg/ml bovine serumfixed epitope and requires a different procedure from that outlined above.
albumin. When the heart began to soften the ventricles were removed, cithe dissociated cells were filtered into an equal volume of PSS containing
into small chunks, gently shaken to dislodge cells, and filtered through @0 mM EGTA, pH 7.4, gently spun down (58 g), and transferred to
200 um nylon mesh (Nitex) into fresh PSS. Small aliquots of cells were reverse-PSS (in mM: 120 KCI, 10 NaCl, 20 HEPES, 5 Mgdl5 po-
examined to ensure that they were quiescent, rod-shaped, and excludgtlicose, 10 EGTA, 5 MgATP, and 15 phosphocreatine). The cells were left
Trypan Blue. In preparations used for analysis, at least 80% of the cellin the buffer for 10 min and checked for viability with Trypan Blue. They
fulfilled these criteria. The cells were fixed for 10 min in freshly made 2% were then permeabilized with 6@g/ml saponin (Acros Organics, Fair
paraformaldehyde. The fixation was quenched by immersing the cells inLawn, NJ) for 30 min at room temperature, after which they were gently
100 mM glycine (pH 7.4) for 10 min. The glycine was removed by 30 spun (50X g) and washed in reverse buffer to remove the saponin. The
min washes in phosphate buffered saline, PBS (in mM: 137 NaCl, 8effectiveness of the saponin permeabilization was assessed with Trypan
NaH,PQ,, 2.7 KCI, 1.5 KH,PO,, pH 7.4) and the cells were then perme- Blue. Cells were incubated with primary antibodies diluted in reverse-PSS
abilized in a solution of PBS containing 0.1% Triton X-100 for 10 min. The with 2% goat serum addediféd h atroom temperature on a rotating rack.
permeabilization solution was removed with<310 min washes in PBS.  Cells were then fixed, rinsed, and labeled with fluorescently tagged sec-
ondary antibodies as described above.

Immunolabeling

L o _ o Image deconvolution and analysis
All antibodies used in this study were the generous gifts of the individuals

listed below, and all have been previously characterized. A monoclonalmages were acquired with a Nikon Diaphot 200 inverted microscope,
antibody (C3-33) directed against the RyR2 isoform from Dr. Gerhardequipped for epifluorescence (100W Hg illumination), using a 100/1.3
Meissner (Lai et al., 1992); an affinity-purified polyclonal antibody glycerol immersion objective. The images were passed througtkka 2
(CNC1) directed against the,. subunit of the voltage-activated €a projection lens, giving pixel dimensions of 122 nm122 nm. The image
channel from Dr. William Catterall (Hell et al., 1993); a polyclonal detector was a thermoelectrically cooled CCD camera, with a SlITe
antibody directed against canine cardiac calsequestrin (Jorgensen ai&l502AB chip, peak QE 80%, with a 16-bit dynamic range (Photometrics,
Campbell, 1984) from Dr. Kevin Campbell; monoclonal and polyclonal Tucson, AZ). All filter sets were narrow bandpass and specific for the
antibodies directed against the canine cardiac/8a" exchanger from  chosen fluorophore (XF22, fluorescein; XF43, Texas Red, Omega, Brattle-
Dr. Ken Philipson (Frank et al., 1992); an affinity-purified polyclonal boro, VT). The fine focus of the microscope was connected to a stepping
antibody against the voltage-activated ‘Nahannel in rat ventricular  motor (AS 3004-001, Hurst, Princeton, IN), which in turn was controlled
myocardium, rH1 (Cohen and Levitt, 1993). Secondary antibodies werdy an AST Bravo P/75 computer. The position of the objective relative to
either goat anti-rabbit or goat anti-mouse conjugated to one of the fluorothe stage was monitored with an eddy-current position sensor (Kaman
phores, fluorescein isothiocyanate (FITC), or Texas Red. These antibodidastrumentation, Colorado Springs, CO) which fed data to the computer
were affinity-purified and had been highly adsorbed to minimize speciesallowing precise control of the objective position. The computer also
cross-reactivity (Jackson ImmunoResearch, West Grove, PA). controlled the shutters and stored and displayed the images acquired from
Small aliquots of cells were labeled with primary antibodies that hadthe CCD camera. A typical image stack consisted of 40—-60 serial two-
been diluted in antibody buffer (in mM: 75 NaCl, 18 Neitrate with 2% dimensional images acquired through the cell at Qu#% intervals. The
goat serum, 1% bovine serum albumin, 0.05% Triton X-100, 0.02%NaN point spread function of the microscope was measured similarly using
Incubations involving both monoclonal and polyclonal primary antibodies Fluospheres, 100 nm diameter, of the appropriate color (Molecular Probes).
were done simultaneously overnight in 1.5 ml polypropylene ultracentri-The three-dimensional data stacks were transferred to an fdgo
fuge tubes on a rotating rack at5 rpm. Excess primary antibody was workstation (Silicon Graphics, Pasadena, CA) for processing and analysis.
removed by rinsing the cells ¥ 10 min in a solution consisting of (in Images were processed as previously described (Moore et al., 1993).
mM): 75 NaCl, 18 Na citrate with 0.05% Triton X-100). The cells were Briefly, each image was dark-current and background subtracted, and
then incubated in antibody buffer containing the appropriate secondarylat-field corrected to correct for non-uniformity in illumination and cam-
antibodies for 2 h, rinsed for 8 10 min with PBS, and then mounted onto era sensitivity across the field of view, and then submitted to an EPR
frosted slides in a solution composed of 90% glycerol, 10% 10X PBS,client-server processor for deconvolution (Scanalytics, Billerica, MA). The
2.5% triethylenediamine, and 0.02% NaNSmall diameter (200 nm) deconvolution algorithm used was that developed by Carrington et al.
microspheres labeled with equal amounts of FITC and Texas Red (Molecf1990). Images of control cells were processed identically. After deconvo-
ular Probes, Eugene, OR) were added to the mounting medium to act dstion the images were aligned using the fiduciary markers, and control
fiduciary markers, facilitating alignment of the three-dimensional data setsimages were used to identify a threshold intensity that eliminzt@@% of
Coverslips were fixed to the slides with clear nail polish. Two sets of the voxels in these images. This threshold intensity was applied to images
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of the fully labeled cells such that voxels that fell below the threshold were  In Fig. 1 we display the raw datad), and the decon-

set to zero, all other voxels remaining unchanged. Since the moleculegg|yed image B), of a single ventricular cell labeled with an

whose position we are trying to identify are subresolution point sources_ .. iy .
Post e ving Y P antibody specific for the ryanodine receptor (RyR), fol-
corresponding to a single molecule or a cluster of molecules, we further

reduced out-of-focus blur by cross-correlating the thresholded images withoWed by a secondary anti-mouse antibody tagged with
the image of the deconvolved bead that was used to measure the poiftexas Red. The raw data (FigA) had the dark-current and
spread function of the microscope. When theis fluorescence intensity  packground intensity subtracted, and were corrected for
profile of a spot matched the fluorescence distribution of the deconvolvednon_uniformitieS in illumination intensity before being de-
bead, only the voxel that was identified as maximal inzldémension was .

retained. Those voxels with identicahndy coordinates and acoordinate convolved. Th? deconVOIV?d data (F|g.B} were thresh-

+1 were considered to be co-localized, and a voxel in the first image wa®lded, after which no other image processing was done. The
allowed to co-localize with only one voxel in the second image. The extraryanodine receptor is located largely in the sarcoplasmic
two voxels allowed for co-localization iz reflects the limited axial  reticular membrane adjacent to the t-tubules (Carl et al.,
resolution. As a final step, and for visualization only, voxels in the second1995; Sun et al., 1995)’ so the predominant Iabeling along

image that were identified as co-localized were moved i the co- . . . . .
localized position, and the images were then interpolatedtproduce thezlines is consistent with previous results. The sarcomere

cubic voxels. spacing was-1.87 um, indicating that the cell was largely
relaxed. In control images (not shown) in which cells were
RESULTS labeled with the fluorescently tagged secondary antibody

alone, the image intensity was on average ©11.4
(mean* SD,n = 25) times dimmer than the fully labeled
Deconvolution reduced the full-width at half-maximum in- cells. Images from control cells displayed diffuse labeling
tensity (FWHM) of the image of a polystyrene bead labeledeverywhere with no clear pattern, unlike the image pre-
with Texas Red from 0.5a2m to 0.26um in both thexand  sented in Fig. 1B, where an organized pattern is clearly
y dimensions, and iz the FWHM was reduced from 1.16 Vvisible.

wm to 0.78 um. Comparable FWHM values for the fluo- A closer analysis of the image revealed further details of
rescein beads were 0.48n in xy and 1.02um in z before  the nature of the labeled structures. A small portion of the
deconvolution and 0.2wm in xy and 0.72um in z after  image surrounding one of tlidines, as indicated by the box
deconvolution. Voxel dimensions of 122 nm 122 nm X in Fig. 1B (24 X 16 X 52 voxels), was magnified so that
250 nm therefore satisfy the Nyquist criteria for sampling.individual voxels could be seen (Fig.(). The single plane

Deconvolution and image analysis

FIGURE 1 @) Image obtained
from wide-field microscope showing
the distribution of ryanodine recep-
tors in a ventricular myocyte. The
image is a maximum intensity projec-
tion, dimensions 254x< 193 X 51
voxels. Scale bar is bm. (B) Image
A following deconvolution and
thresholding. €) Magnification of
the boxed region iB. (D) The plane
of voxels indicated by the white line
was isolated and rotated 90° about
the x axis. €) Image D following
cross-correlation of the deconvolved
bead with the deconvolved image to
isolate voxels that were maxima in
thez axis. F) Plot of the normalized
intensity in theyz plane of a decon-
volved bead ©) and the normalized

fluorescence intensity of the columns .*?, 0
of pixels indicated by the arrows § ’
(D), versus distance from the bright- s
est pixel (meant SD,n = 5). The =
data were fitted with Gaussian &
curves. =

3
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of voxels indicated by the white line was then isolated, There was little labeling, and few dyads, located between
rotated on thex axis, and the resulting singlez plane the z lines, and therefore few peripheral couplings. The
displayed (Fig. 1D). We then compared the normalized abundance of white voxels implies that most of tg.
intensity along thez axis (the voxel with the highest inten- subunit of the L-type C& channel was co-incident with
sity was set to distance zero) of the columns of fluorescenceyanodine receptors, and the numerical analysis presented in
indicated by the arrows, with that of a deconvolved beadlable 1 confirms the visual impression: in five pairs of
labeled with Texas Red. The results are plotted in Fi§, 1 similarly labeled images, 56.7% of the voxels identified as
and it is evident from the graph that the profiles of the containing thex, - subunit of the L-type C& channel also
intensities of the deconvolved bead and the spots of specificontained the ryanodine receptor, but only 36.7% of the
fluorescence in the deconvolved image were not signifivoxels containing ryanodine receptor contained the L-type
cantly different. The same result was obtained in all of theCa&* channel, and these values are significantly different
images that we have examined, regardless of the epitopfeom each otherg < 0.05). This difference in the extent of
tagged or the fluorophore used. These results indicate thab-localization between this pair of proteins is the result of
spots of specific fluorescence in the deconvolved imageshere being a much larger number of voxels that were
behave as though they were subresolution points with &entified as containing ryanodine receptor (17,887 voxels
small amount of out-of-focus haze remaining after the dein five images) than voxels containing the- subunit of the
convolution. We therefore cross-correlated the deconvolved-type C&* channel (10,982 voxels). This is also evident
image of the bead labeled with Texas Red with the deconfrom the images in Fig. 2A, in which a considerable
volved image of the ryanodine receptor distribution to iden-abundance of red voxels can be seen. Since there is over-
tify those points, along the axis, most likely to contain whelming evidence (Carl et al., 1995; Sun et al., 1995) that
specific signal. The results of this process are displayed ithe L-type C&" channel and the RyR are located opposite
Fig. 1E. Unless otherwise stated, all of the images analyze@ach other in the membranes of the t-tubule and the SR,
and displayed were treated in the same manner. respectively, one might expect that the calculated co-local-
ization values would be higher.

We therefore determined the maximum amount of co-
localization that could be measured under our optical con-
The principal aim of this study was to determine if the ditions and with these labeling techniques. Cells were incu-
Na"/Ca&" exchanger and the voltage-activated'Nzhan-  bated with the ryanodine receptor antibody twice (see
nel were positioned on the membrane of the t-tubules adjaMethods); binding an FITC-conjugated secondary after the
cent to dyadic couplings of ryanodine receptors and L-typdirst incubation and a Texas Red secondary after the second
Ca* channels. To achieve that goal cells were labeled witlincubation. As the results in Table 1 show, there was no
antibodies specific for the proteins whose location we weresignificant difference in the amount of co-localization be-
interested in examining, and the two three-dimensional dattween the first and second exposure to the primary antibody,
sets were then processed and merged. Since a cell coulddicating that under the conditions of this experiment the
rarely be viewed in its entirety under high power, sectionsepitopes were not saturated following the first exposure to
from the centers of cells that were well-labeled with boththe primary antibody. This experiment defines the empirical
fluorophores were selected for analysis. When comparindimit of co-localization,~63%, and reflects both a random
two images the requirements for co-localization were strictresidual mismatch between the image pairs when they are
Only those voxels that had identicaiindy coordinates and aligned to the nearest voxel and the chemical limitations of
a z coordinate of +1 voxel were considered to be co- labeling proteins with antibodies. Given these limitations,
incident. This forced any errors in co-localization to bethe number of voxels containing the,- subunit of the
errors of omission, not errors of inclusion; only those voxelsL-type C&* channel, which also contained the ryanodine
that were truly co-localized were counted as co-incidentreceptor, is not significantly differenp(< 0.05) from the
The results are presented graphically in Fig. 2, and numermpirical maximum that we can record with this technique.
ically in Table 1. The images are binary; the protein was Co-localization values similar to those measured for the
either present in a given voxel, i.e., its intensity was above.-type channel and ryanodine receptor were obtained when
threshold, or it was not. Voxels are one of red (protein withexamining images labeled with antibodies specific for calse-
Texas Red label), green (protein with FITC label), white questrin and the ryanodine receptor (Fid3,2rable 1). The
(proteins were co-localized), or black if neither protein wasstereo-pair displayed in Fig. B indicates that most of the
there. label specific for calsequestrin was located at, or close to,

In Fig. 2 A we display a stereo-pair of images of a cell thezlines, as was the ryanodine receptor. The two proteins
labeled with antibodies specific for the - subunit of the also appear to be largely co-localized, and numerical anal-
L-type C&" channel (green) and the ryanodine receptorysis confirmed this impression; in five image pairs exam-
(red). Both were distributed almost completely alatiges, ined, 61.6% of the voxels containing calsequestrin also
with a sarcomere spacing of 1.8Gm in this image pair. contained ryanodine receptors, while 55.8% of the voxels

Co-localization
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FIGURE 2 () Stereo-pair showing a myocyte segment (size, in pixels:2228.9 X 51) labeled with antibodies against thg- subunit of the L-type
Ca* channel greer and the ryanodine receptaiel). The large arrow points to the surface of the cell and a presuriied. If the pixel is white, then
both proteins occupy that pixel. Scale bar is 24 in thex, y, andz directions in this and subsequent imag®). $tereo-pair (132 83 X 28) showing
the distribution of calsequestrigreer) and the ryanodine receptaiet). (C) Stereo-pair (110< 135 X 25) of the Na/C&* exchangerdreer) and the
ryanodine receptonéd). (D) Stereo-pair (88< 134 X 24) of the voltage-gated Nachannel green) and the ryanodine receptareg). (E). Stereo-pair
(149 X 131 X 24) of the voltage-gated Nachannel green) and the N&/Ca?* exchangerrgd).

containing ryanodine receptors also contained calsequestritacalization previously measured. The number of voxels
These values were not significantly different from eachcontaining the ryanodine receptor that also contained calse-
other nor from the theoretical maximum amount of co-questrin was significantly greatep £ 0.05) than the num-

TABLE 1 Co-localization of pairs of the indicated proteins

. Co-Localization (%
Protein B (Texas Red %)

Protein A (FITC Label) Label) A with B B with A n
C&* Channel (10,982) Ryanodine Rec. (17,887) 56.8.1 36.7+ 4.8 6
Calsequestrin (19,516) Ryanodine Rec. (21,147) 6162 55.8+ 6.2 5
Na'/C&" Exchanger (40,020) Ryanodine Rec. (30,444) 5.89 7.7+2.3 5
Na" Channel (19,645) Ryanodine Rec. (18,591) 2909 3.1+x1.2 4
Na*/C&®" Exchanger (23,619) NaChannel (23,021) 3515 3.6+ 21 6
Ryanodine Rec. (14,341) Ryanodine Rec. (15,162) 6458 61.2+ 5.7 5

The numbers in parentheses represent the total number of voxels labeled with the prateeilisegments.
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ber of voxels containing the ryanodine receptor, which also A stereo-pair of images of the distribution of the Na
contained thex, - subunit of the L-type C& channel. Ca* exchanger and the voltage-gated'Nzhannel, shown
We next investigated whether the N&€&* exchangers in Fig. 2 E with the numerical analysis in Table 1, indicates
and the voltage-activated Nachannels are situated in the that these proteins occupy separate regions within the t-
dyads, which would be required for reverse operation of théubule membrane. Also readily apparent in this image is the
Na"/Ca&* exchanger to be an effective mediator of*Ca presence of both proteins in areas of the cell distant from the
influx and therefore of EC coupling. We labeled cells with Z lines (indicated by the arrow) which are most likely
antibodies specific for the NdC&" exchanger and the longitudinal elements of the t-tubules. This distribution was
ryanodine receptor (Fig. ). There is very little co-local- ot observed for the ryanodine receptor, calsequestrin, or
ization apparent in this image, although both proteins werdhe L-type C&" channel. In the six cells examined, 23,021
distributed largely in the area presumed to bezlise. Of ~ voxels contained signal specific for the voltage-gated Na
the 40,020 voxels identified as containing a signal specifichannel and 23,619 contained signal specific for thé/Na
for the Na'/Ca&2" exchanger and 30,444 voxels specific for Ca" exchanger, but only 825 voxels contained both proteins.
the ryanodine receptor in five cells, only 2331 voxels con-
tained both proteins. This indicates that only 5.8% of the
voxels containing N&/Ca2* exchanger also contained ry- EPitope labeling

anodine receptor, and only 7.7% of the voxels containingexamining a thin um section of an image of a cell labeled
ryanodine receptor also contained M@’ " exchanger with a single antibody revealed additional details of the
(Table 1). These co-incidence values are significantly lespattern of distribution of the epitope that were not readily
than the co-incidence values recorded for either the ryancapparent from the 3D data sets (FigAR The ryanodine
dine recepto, c subunit of the L-type C& channel or the  receptor was distributed in a regular array with rows of
ryanodine receptor/calsequestrin image paps<( 0.05).  fluorescent spots distributed along thdines and in col-
While few Na"/Ca&" exchangers in the sarcolemma wereumns running parallel to the long axis of the cell. The
positioned adjacent to ryanodine receptors in the SR, it wasolumns were 0.9§:m * 0.16 um apart, which corre-
still possible that the voltage-gated Na&hannels were in  sponds roughly to the diameter of a myofibril (Toffolo and
the dyads and could contribute toCanflux via slip mode  lanuzzo, 1994). No label was observed elsewhere in the cell,
conductance. and little on the cell surface on regions outside ofzlines,

We therefore examined the extent of co-localization be-ndicating that peripheral couplings are few in number and
tween the voltage-gated Nachannel and the ryanodine probably have no significant role in EC coupling in adult
receptor, the results of which are presented in Fip.&xd  cardiomyocytes. A similar pattern of distribution was ob-
in Table 1. The visual impression, confirmed by the numer-served for both the, - subunit of the L-type C& channel
ical analysis, is that there is little co-incidence between(Fig. 3B) and calsequestrin (Fig.@). The labeling pattern
these two proteins. Of the 18,591 voxels that contained thef the Na'/Ca* exchanger and the Nachannel shared
ryanodine receptor and the 19,645 voxels that contained thgome of these characteristics, e.g., discrete localization and
voltage-gated Na channel in the four cells examined, only labeling along thez lines (Fig. 3,D andE), but both also
576 voxels were considered co-incident. This result indi-displayed longitudinally oriented spots of fluorescence,
cates that 2.9% of the voxels containing the'Nzhannel ~ Which is also apparent in the stereo-pairs (FigC2F).
also contained the ryanodine receptor while 3.1% of the
voxels containing the ryanodine receptor also contained the
Na" channel. These values are significantly lgss<(0.05) DISCUSSION

than the co-localization values recorded for ryanodine rey this study we have directly examined the molecular
ceptor/L-type C&" channel or the ryanodine receptor/calse-constituents of coupling regions between sarcolemmart-tu-
questrin image pairs. bule and SR in adult rat ventricular myocytes. We chose the
In some smooth muscle cells the N&& " exchanger is  rat myocyte for study since there is evidence both in favor
positioned on the sarcolemma adjacent to the'Ma  of (Levi et al., 1993; Wasserstrom and Vites, 1996), and
pump (Moore et al., 1993). This arrangement was thought tggainst (Sham et al., 1992; Bouchard et al., 1993; Satoh et
allow rapid and reciprocal responses to changes in thg|., 2000), the hypothesis that reverse mode operation of the
intracellular N& concentration by these two proteins. It Na*/Ca&™" exchanger induces release ofCdrom internal
was therefore of interest to determine whether the’/Na stores. In addition, the only report of slip mode conductance
Ca" exchanger and the voltage-gated’Nzhannel, neither  of voltage-gated N4 channels is in rat myocardium (San-
of which has significant presence within the dyadic cleft,tana et al., 1998). Our principal conclusion is that only the
could be co-positioned elsewhere along the t-tubular memk-type C&* channel and the ryanodine receptor are in close
brane. This arrangement would allow the Maa®" ex-  proximity to each other in the apposed membranes. Further-
changer to respond rapidly to local changes in {Na more, the differential distribution of NadCa* exchangers
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FIGURE 3 Images of four planes (m in depth) from myocytes showing the distribution of each of the labeled proteins. After acquisition, the images
were deconvolved and thresholded. Scale banisarrows point to the surface of the cell and tlme. (A) Ryanodine receptor; note the lack of distinct
edges to the cellB) a;c subunit of the L type C& channel. (C) CalsequestrirD)Y Na"/Ca®* exchanger. &) Na* channel.

and voltage-gated Nachannels in t-tubule membranes Subcellular distribution of proteins
suggests that the tubules have three distinct structural do-
mains: one containing L-type €4 channels positioned The level of co-incidence between the L-type?Cahan-
opposite ryanodine receptors in the closely apposed SRels and ryanodine receptors was significantly higher than
membrane, whose principal function isanduced C&"  that between the ryanodine receptors and L-typ& @haan-
release; a second containing™M@a’" exchangers for Cd  nels. We attribute this difference to there being more voxels
extrusion; and a third containing voltage-gated'Nzhan-  displaying label specific for the ryanodine receptor than for
nels for rapid depolarization. the L-type C&" channel (Table 1) and hypothesize that
those ryanodine receptors without associated L-typ&'Ca
channels are located in corbular SR; corbular SR has been
identified in mammalian ventricle, although its functional
The effectiveness of our analytical techniques was demorsignificance is uncertain (Jorgensen et al., 1985). The dis-
strated by three internal controls: first, the level of co-tripution of all of the ryanodine receptors, both junctional
incidence when we labeled the ryanodine receptor twicgnq corbular, was almost exclusively in the vicinity of the
was |der_1t_|cal W|th_ both secondary antibodies and deﬂneqline, as has been suggested by scanning electron microscopy
the empirical maximum that could be recorded (63%). SeC(Ogata and Yamasaki, 1990). We have suggested that ry-
ond, the L-type C& channels and ryanodine receptors, . . .
: . . - . anodine receptors without associated L-typé Cehannels

which previous experiments have indicated are co-Iocallzegl . . .

are present in corbular SR. This conclusion was strength-

(Carl et al., 1995; Sun et al.,, 1995), had a level of co- - .
incidence close to that maximum. Last, the measured cgEned by the fact that, at the limit of our ability to measure,

incidence of calsequestrin and ryanodine receptors, whicfalSequestrin was always accompanied by ryanodine recep-
are known to be functionally and physically coupled (GuotOrs; and vice versa. This implies that ryanodine receptors
and Campbell, 1995), is also near the maximum. Takerhat are not coupled to L-type €achannels are coupled to
together, these results indicate the cross-correlation aniiternal C&* stores, which could be consistent with their
strict co-localization requirements were both reasonable andypothesized role as secondary sites ot Qzlease (Niggli
effective. and Lederer, 1990).

Imaging
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The images in Figs. 2 and 3 show little labeling of L-type that ion channels are localized in plasma membranes
Ca" channels, ryanodine receptors, or calsequestrin on thiarough binding to cytoskeletal elements, and that this lo-
cell surface other than at the end of thiénes at or near the calization is critical for cell function (Sheng et al., 1992;
mouth of the t-tubules. A two dimensional image of any of Wang et al., 1993). In cardiomyocytes it has been reported
these proteins produces a highly regular array of spots alontiat Na"/Ca* exchangers bind to the cytoskeletal protein
the length and width of the cell, separated by distanceankyrin (Li et al., 1993) and that Nachannels bind to
corresponding to the length of a sarcomere and the width adlystrophin through syntrophin at the sarcolemma (Gee et
a myofibril respectively, but as the images in Fig.A2,C al., 1998). Therefore, the patterns of distribution that we
demonstrate, there is no regular pattern of distribution alondgpave observed may reflect underlying cytoskeletal interac-
the z axis. tions that are essential in localizing the proteins.

In contrast to this is the labeling seen with both the
Na'/C&" exchanger and voltage-gated Nachannels.
Spots of fluorescence specific for either of these protein
were seen largely along, but not limited to, théne. Asthe  Our results clearly indicate that N&C&" exchangers and
images displayed in Figs.R, 3 D, and 3E show, there are, Na" channels are located outside of the dyads containing
in places, lines of fluorescent spots running parallel to thehe ryanodine receptors and Cachannels. The impact of
long axis of the cells. We see similarities in this stainingthese results on theories of EC coupling is dependent on the
pattern with the complex anatomy of the t-tubular system inassumed structure of the fuzzy space. We have considered two
rat ventricular myocytes. This system, which is formed bypossible architectures supported by experimental evidence.
invaginations of the sarcolemma, has axial elements that run One possibility is that the fuzzy space is limited to the
parallel to the long axis of the cell for several sarcomeregunctional regions between the apposed membrane surfaces
(Forssmann and Giradier, 1970; Sommer and Waugh, 197&f the t-tubule and the SR. This model is supported by
Ogata and Yamasaki, 1990). Assuming that the distributiorelectrophysiological observations suggesting that the L-type
of both the N&/C&" exchanger and voltage-gated Na C&* channels and ryanodine receptors are in a different
channels is limited to surfaces that connect with the extragdomain from the N&/C&" exchangers (Adachi-Akahane et
cellular space, the most likely explanation for our observaal., 1996). In addition, this anatomically restricted space
tion is that both proteins are located on these axial elementgrovides the architecture for CICR via L-type Tachan-

The Na'/Ca&" exchanger and the voltage-gated ‘Na nels and is an obvious candidate. Our results show that only
channels have both been previously localized in t-tubules &.1% of the N& channels and 3.6% of the N&C&"
thezlines of guinea pig, rat, and rabbit ventricular myocytesexchangers co-localize with ryanodine receptors, indicating
(Frank et al., 1992; Kieval et al., 1992; Chen et al., 1995;that neither is located to a significant extent within junc-
Cohen, 1996). Our results agree with this, but in addition wetional regions. If all of the junctions containing Nahan-
see these proteins distributed along axial elements of theels contained N&Ca* exchangers, it would still repre-
tubules. As Fig. & demonstrates, the voltage-gated'Na sent an insignificant fraction of the total and could not
channels are also located on the sarcolemma between thgroduce phasic contractions. In this model of the fuzzy
lines, the only one of the proteins examined to have apace the vast majority of Nachannels and NaC&"
significant presence in this location. There is disagreemergxchangers would face, and communicate with, the bulk
as to whether the NdCa" exchanger is also located here myoplasm. Reversal of the exchanger via an increase in
(Frank et al., 1992; Kieval et al., 1992), but our imagesmyoplasmic N& concentration would then be impossible,
suggest that the majority is at the mouth of t-tubules. Anagiven the sizes of the Nacurrent and the cell (Lederer et
lytical electron microscopy has concluded that roughly halfal., 1990). It is equally unlikely that Na influx could
of the membrane area in the t-system is involved in formingproduce a local N& concentration high enough to reverse
junctions with the SR (Page, 1978). Since the exchanger artthe exchanger, as there is virtually no coincidence of these
the Na~ channel are minimally co-localized, our results molecules. C&" entering through the slip mode conduc-
indicate that the other half is divided into at least twotance would also enter the bulk myoplasm. Experimental
structural domains. One contains theW@a*" exchanger, data indicate that this mode results in undetectable changes
whose primary function is most likely extrusion of €a in the myoplasmic calcium concentration (Santana et al.,
from the myocyte (Bridge et al., 1990; Crespo et al., 1990),1998) and should therefore be unable to activate ryanodine
the other the voltage-gated N&hannel, whose function, at receptors. We conclude that if the fuzzy space is restricted
least in part, is rapid membrane depolarization and spread @b the region of t-tubule SR junctions, triggering CICR by
the action potential. either reverse-mode entry of €aor slip mode conductance

All of the proteins examined were localized to discreteseems improbable.
regions of the sarcolemmal/t-tubule system or SR; none were A second possibility is that the fuzzy space encompasses
uniformly distributed in the compartment in which they the dyads, N& channels, and NaC&" exchangers. This
were located. Previous studies in neurons have indicatechodel is supported by a series of observations: differences

émplications for EC coupling
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between the bulk myoplasmic [€4 and the [C&"] sensed  Bridge, J. H., J. R. Smolley, and K. W. Spitzer. 1990. The relationship
by the exchanger (Trafford et al., 1995); a discrete subsar- Petween charge movements associated wdthahnd ha.ca in cardiac
colemmal compartment of &4 that equilibrates only with Myacytes Science248:376-376.

. . Carl, S. L., K. Felix, A. H. Caswell, N. R. Brandt, W. J. Ball, Jr., P. L.
the exc_:hanger (!—anger and Rich, 1992); a_nd §Ubsar00|em'Vaghy, G. Meissner, and D. G. Ferguson. 1995. Immunolocalization of
mal microdomains of elevated [€5 (Gallitelli et al., sarcolemmal dihydropyridone receptor and sarcoplasmic reticular triadin
1999). It is unclear whether this fuzzy space is continuous or igg gg”%‘gge receptor in rabbit ventricle and atrium.Cell Biol.
not. Wendt-Gallitelli et al. (1993) observed that different o

. f hick (b ) | | disol 8arrington, W. E., K. E. Fogarty, and F. S. Fay. 1990. 3D fluorescence
r¢g|_ons 0 +a 20-nm-t '_C Su. S?.I’CO. emmal space displaye imaging of single cells using image restoratidém.Noninvasive Tech-
distinct Na” concentrations, indicating that there were mul- niques in Cell Biology. J. K. Foskett and S. Grinstein, editors. Wiley-
tiple, separate, sites where diffusion of Nevas restricted. ~ Liss, New York. 53-72.

122 Its) to i ti | bular SR t Distribution of the N&/C&" exchange protein in developing rabbit
£z nm (g‘:fr results) to junctional or cor uarfz SO0 @S 10 nyocytesAm. J. Physiol. Cell PhysioR68:C1126-C1132.
.mgger C r_elea_se' Since both the amount of Canter- Cohen, S. A. 1996. Immunocytochemical localization of rH1 sodium
ing the cell (via slip-mode or reverse-mode) and the volume channel in adult rat heart atria and ventricle. Presence in terminal
of the fuzzy space are unknown, it is impossible to give a intercalated disksCirculation. 94:3083-3086.
definitive answer as to whether the Taconcentration Cohen, S. A, and L. K. Levitt. 1993. Partial characterization of the rH1
reached at the ryanodine receptors would be sufficient to Sc?rdc'“gecsh?g_';%'sp_?ﬁnfrom rat heart using subtype-specific antibodies.
trigger contraction. . . Crespo, L. M., C. J. Grantham, and M. B. Cannell. 1990. Kinetics,
We conclude that neither reverse mode operation of the stoichiometry and role of Na-Ca exchange mechanism in isolated car-
exchanger nor slip mode conductance can trigger CICR if diac myocytesNature.345:618—621.
the junctional regions are the only space of restricted dif+abiato, A. 1985. Time and calcium dependence of activation and inacti-
fusion. A continuous or disjoint subplasmalemmal space of vation of calcium-induced release of calcium from the sarcoplasmic

. . . . . . . reticulum of a skinned canine cardiac Purkinje céll.Gen. Physiol.
restricted diffusion might enable either mechanism to trig- gs5-247_289.

ger C|CR- . . o Forssmann, W. G., and L. Giradier. 1970. A study of the T system in rat
There is evidence that the density and characteristics of heart.J. Cell Biol. 44:1-19.

the exchanger differs between species (Sham et al., 1995ank, J. S., G. Mottino, D. Reid, R. S. Molday, and K. D. Philipson. 1992.

therefore the molecular architecture that we have observed Pistribution of the Nd-Ca* exchange protein in mammalian cardiac

in th | h . | dditi h myocytes: an immunofluorescence and immunocolloidal gold-labeling

in the rat may not apply to other animals. In addition, there  gyqy"3 el Biol. 117:337-345.

IS eV"?'ence for a TTX sensitive €a current different from Gallitelli, M. F., M. Schultz, G. Isenberg, and F. Rudolf. 1999. Twitch-

the slip mode conductance (Aggarwal et al., 1997; Nargeot, potentiation increases calcium in peripheral more than in central mito-

2000)' though it is not clear what contribution this might chondria of guinea-pig ventricular myocytek.Physiol.518:433—-447.

make. This pathway’ the Species diﬁerencesy and the stru@.ee, S., R. Madhaven, S. Levinson, J. H. Caldwell, R. Sealock, and S. C.

. - P Froehner. 1998. Interaction of muscle and brain sodium channels with
ture of the fuzzy space require further Investigation. multiple members of the syntrophin family of dystrophin-associated

proteins.J. Neurosci.18:128-137.
f Guo, W., and K. P. Campbell. 1995. Association of triadin with the

ryanodine receptor and calsequestrin in the lumen of the sarcoplasmic
reticulum.J. Biol. Chem270:9027-9030.
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