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ABSTRACT Mechanisms of cardiac excitation-contraction coupling in neonates are still not clearly defined. Previous work in
neonates shows reverse-mode Na1-Ca21 exchange to be the primary route of Ca21 entry during systole and the neonatal
sarcoplasmic reticulum to have similar capability as that of adult in storing and releasing Ca21. We investigated Na1-Ca21

exchanger (NCX) and ryanodine receptor (RyR) distribution in developing ventricular myocytes using immunofluorescence,
confocal microscopy, and digital image analysis. In neonates, both NCX and RyR clusters on the surface of the cell displayed a
short longitudinal periodicity of ;0.7 mm. However, by adulthood, both proteins were also found in the interior. In the adult, clusters
of NCX on the surface of the cell retained the ;0.7-mm periodicity whereas clusters of RyR adopted a longer longitudinal periodicity
of ;2.0 mm. This suggests that neonatal myocytes also have a peri-M-line RyR distribution that is absent in adult myocytes. NCX
and RyR colocalized voxel density was maximal in neonates and declined significantly with ontogeny. We conclude in newborns,
Ca21 influx via NCX could potentially activate the dense network of peripheral Ca21 stores via peripheral couplings, evoking Ca21-
induced Ca21 release.

INTRODUCTION

In adult mammalian ventricular myocytes, excitation-contraction

(E-C) coupling occurs primarily through Ca21-induced Ca21

release (CICR) (1), which is initiated by membrane depo-

larization, causing a Ca21 influx via the opening of dihydro-

pyridine receptors ((DHPR) or L-type Ca21 channels). This

influx in turn acts as a trigger to activate a greater and graded

release of Ca21 from the sarcoplasmic reticulum (SR) via the

ryanodine receptors (RyR), resulting in a rapid rise in free

cytosolic Ca21 concentration and contraction.

The functional coupling of DHPR and RyR hinges upon

a close spatial relationship. At the dyad, DHPR in the

T-tubular membrane and RyR in the junctional SR mem-

brane are directly apposed, separated only by a diffusion-

limited space of ,20 nm (2). Their juxtaposition ensures that

when DHPR open, RyR in the immediate vicinity sense a

substantially large and rapid rise in free local Ca21

concentration, critical to RyR activation (3). This organiza-

tion permits SR Ca21 release at each junction to be tightly

regulated by only local DHPR, underpinning the local

control theory of cardiac E-C coupling.

Mechanisms of E-C coupling in neonatal hearts are still

not clearly defined. At early stages, the myocardium under-

goes rapid growth, accompanied by morphological changes

that markedly impact contractile function; T-tubules are

either absent or poorly developed. Neonatal myocytes appear

to have a different mechanism of E-C coupling than that in

the adult. Unlike adults, Ca21 influx via DHPR and DHPR-

mediated CICR contributes little to E-C coupling. DHPR

blockers have negligible effects on both Ca21 transients (4)

and muscle contractions (5) in newborn ventricular myo-

cytes. However, DHPR blockers applied to adult cells result

in cessation of Ca21 transients.

Investigations into the role of SR Ca21 release on neonatal

E-C coupling have yielded conflicting results. Some indicate

SR blockers to decrease neither the activator Ca21 transient

nor the contractile force in newborn ventricles (6–8), while

others demonstrate these responses to be significantly di-

minished upon SR blockade (9,10). Recent work shows the

neonatal ventricular SR to have at least the same capability

as that of adults in both storing and releasing Ca21 (4,6,11)

when normalized per unit cell volume. Furthermore, RyR

from both newborn and mature cardiomyocytes exhibit

similar gating, permeation, and ligand binding properties (6)

in planar lipid bilayers.

In studies of neonatal E-C coupling, there is a general

consensus that reverse-mode Na1-Ca21 exchange (NCX) is

the main route of entry for activator Ca21 during systole (5,

12,13). Depolarization-induced Ca21 influx via NCX could

directly elicit contractions in neonatal ventricular myocytes

(5,12). Consistent with this observation NCX mRNA, pro-

tein expression, and current density are maximal near birth,

being 2.5- to 6-fold greater than those observed in mature

cells, and decline postnatally to adult levels by ;3 weeks of

age (13–15).

We recently reported a novel finding in the mechanism of

newborn cardiac E-C coupling. Using electrophysiological

and Ca21 imaging techniques, we demonstrated in neonatal
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rabbit ventricular myocytes that reverse-mode NCX was

functionally coupled to RyR to initiate CICR, the efficacy of

which attenuated with development (16). We hypothesized,

therefore, that NCX colocalizes with RyR in the neonatal

heart and that this colocalization declines with ontogeny. To

test this, we used immunofluorescence, confocal microscopy,

deconvolution, and digital image analysis to measure the

regional distribution and colocalization of NCX and RyR in

developing rabbit ventricular myocytes.

MATERIALS AND METHODS

All chemicals used were obtained from Sigma (St. Louis, MO) unless other-

wise stated. Animal handling was done in compliance with the guidelines of

the Canadian Council on Animal Care.

Cell isolation and preparation

Ventricular myocytes were isolated from the hearts of New Zealand White

rabbits (of either sex) from five age groups (3 (3d; N ¼ 15 cells), 6 (6d;

N ¼ 10 cells), 10 (10d; N ¼ 25 cells), 20 (20d; N ¼ 22 cells), and 56 (56d;

N¼ 14 cells) days postpartum; four animals per group) using an age-specific

collagenase-based digestion technique described previously (4). Freshly

isolated myocytes were fixed in 2% paraformaldehyde (10 min), quenched

by 100 mM glycine (10 min), permeabilized with 0.1% Triton X-100

(10 min), and washed 3 3 10 min in phosphate buffered saline. Fixed

cells were adhered to poly-L-lysine coated coverslips and subsequently

labeled.

Immunocytochemistry

Fixed cells were incubated with primary antibodies raised against the cardiac

NCX1 (0.23 mg/ml; mouse anti-NCX1 (C2C12); IgM; Affinity Bioreagent,

Golden, CO) and RyR2 (5 mg/ml; mouse anti-RyR2 (C3-33); IgG1; Affinity

Bioreagent) overnight at 4�C. The specificity of both antibodies in cardiac

ventricular myocytes has been extensively described (7,17–20). After incu-

bation, cells were washed for 3 3 10 min, and incubated in fluorophore-

conjugated, secondary antibodies (4 mg/ml; Alexa Fluor 488 goat anti-mouse

IgG1 and Alexa Fluor 555 goat anti-mouse IgM) for 1 h at room temperature.

Then cells were washed for 3 3 10 min and mounted onto coverslips with

Molecular Probes Slow Fade Gold anti-fade reagent (Invitrogen Canada,

Burlington, ON). Coverslips were fixed onto the slide with nail polish.

Two sets of control experiments were performed. First, cells were labeled

with an irrelevant, isotype-specific (IgG1 or IgM), primary antibody and its

corresponding secondary antibody. Second, cells that had been labeled with

the primary monoclonal IgM directed against NCX were incubated with an

anti-mouse IgG1 secondary antibody; cells that had been labeled with the

primary monoclonal IgG1 directed against RyR were incubated with an

anti-mouse IgM secondary antibody. Images of these control experiments

showed only dim, diffuse, nonspecific staining.

Image acquisition and deconvolution

Images of labeled cells were acquired with a Zeiss (Jena, Germany) LSM 5

Pascal laser scanning confocal microscope equipped with a Zeiss 633/1.4

Plan-Apochromat oil immersion objective. The acquisition software was

LSM5 Pascal version 2.8 SP1. The 543 and 488 nm excitation beams were

supplied by helium-neon and argon lasers (Zeiss LSM5 Pascal laser

module), respectively. A series of two-dimensional images were acquired

through the depth of the cell, using a voxel dimension of 100 3 100 3 200

nm (axial). A typical image stack contained 40–80 images. Emission was

captured sequentially to minimize signal bleed-through and the confocal

pinhole was set at one Airy disk.

To increase the resolution of the data, images were deconvolved using a

maximum likelihood estimation algorithm (Huygens Pro 2.4.1 Linux-based

software; Scientific Volume Imaging, Hilversum, The Netherlands). The

point spread function for deconvolution was determined empirically using

100-nm diameter fluorescent beads (Invitrogen Canada; (21)). Representa-

tive images are shown in Figs. 1–4.

The fullwidth at half-maximum intensity (FWHM) of a deconvolved

image of a fluorescent bead labeled with Texas Red was 250 nm in both x-

and y-dimensions. In the z-direction, the FWHM was 620 nm. Comparable

FWHM values were obtained for fluorescein beads. Therefore, the voxel

dimensions used for this study satisfied the Nyquist criterion for sampling.

Image analysis

Colocalization in whole cell

To measure NCX and RyR colocalization in the whole cell, deconvolved

images were processed using Imaris 4.0 (Bitplane, Saint Paul, MN) soft-

ware. Images of control cells, dual labeled with irrelevant primary antibodies

and appropriate secondary antibodies were used to determine a threshold

value that eliminated .99% of the voxels in these control images (18,22,23).

This threshold was applied to images of fully labeled cells; voxels with in-

tensities lower than the threshold were set to zero, whereas voxels containing

intensities greater than the threshold remained unaltered. After thresholding,

only those voxels with identical x-, y-, and z-coordinates were considered to

be colocalized.

Cell layering

Details of this procedure are documented in the Supplementary Material. In

brief, a myocyte outline was created using the corresponding stacks of

binary images of NCX and RyR label. The two stacks of binary images were

combined and morphological closing was applied to each optical plane (xy)

to extrapolate the cell boundary. The closed optical planes were merged to

form a binary three-dimensional (3-D) cell outline and segmented into layers

across its diameter, as illustrated (see Fig. 5 A). The outermost layer, the cell

boundary, was designated as layer 1. Each successive inward layer was one

voxel thick (layers not drawn to scale) and numbered in ascending order. An

additional layer, denoted layer 0, was included just outside the surface to

account for the uncertainty in identifying the cell boundary. The volume (in

picoliter (pL)) of each cell layer was determined by calculating the number

of voxels contained within that layer.

After layering, the fully labeled cell was thresholded according to values

obtained from control images. The proportion of NCX or RyR voxels

contained within each cell layer was determined by ‘‘the number of labeled

voxels within a given layer’’ divided by ‘‘the number of labeled voxels in all

layers’’ of the cell.

Intercluster distance analysis

Details of this procedure are documented in the Supplementary Material. In

brief, the intercluster spacing of peripheral NCX or RyR clusters was deter-

mined by measuring the longitudinal distance between fluorescent clusters at

the boundary of the myocyte. The analysis was performed on 18–35 central

optical planes, depending on cell size, of each cell. Within each plane, the full

length of each of the two cell edges was analyzed to avoid biases. As shown

in Fig. 5 B, the cell edge was delineated by a 3-pixel-thick band (red; not

drawn to scale), defined by eroding the optical planes (xy) of the previously

determined cell outline. Each cluster of label was reduced to a single point by

calculating the center-of-fluorescence. Point-to-point separation distance was

measured by initially identifying two points that were the farthest from each

other, and then connecting all points in between by identifying the next

nearest point, beginning from an end point. The probability of observing a
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particular intercluster spacing in each cell was calculated by ‘‘the frequency

of observing a particular intercluster distance’’ divided by ‘‘the total number

of intercluster distances recorded’’ in that cell.

Measurements of NCX-labeled vesicular structures or
longitudinal periodicity of transverse rows of NCX or
RyR labeling

NCX-labeled vesicular structures in 10d (N ¼ 70 cells from four animals)

and 20d cells (N¼ 56 cells from four animals) were manually counted under

the microscope by focusing through the depth of each cell. The longitudinal

periodicity of transverse rows of NCX or RyR labeling was determined

using the measurement probe from Imaris 4.0 (Bitplane) software. Sample

size for each measurement is shown with data.

Fitting peripheral RyR intercluster distance data

Results of peripheral RyR periodicity from each of the five age groups

exhibited a bimodal distribution and was well described by the sum of two

Gaussian functions (Origin 7 SR1 software, OriginLab, Northampton, MA),

Probability ¼ A1
ffiffiffiffiffiffi

2p
p

s1

e
�1

2

x�x1
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p

s2

e
�1

2

x�x2
s2
ð Þ2 ;

where A1 and A2 are the amplitudes, s1 and s2 are the widths of the Gaussian

functions, and x1 and x2 are the two most probable intercluster distances.

Quality fits were achieved for all age groups, as indicated by values of the

correlation coefficient, ranging from 0.86 to 0.98.

Statistical analysis

All data expressed in the form of percentages or proportions had under-

gone arcsine transformation before performing statistical analyses (24).

Statistical significance of results was determined by Student’s t-test for

paired samples or one-way analysis of variance (SPSS 13.0 software; SPSS,

Chicago, IL). Multiple comparisons were performed using the Gabriel or the

Games-Howell test (SPSS). All values were expressed as mean 6 SE, unless

otherwise stated.

RESULTS

We measured the regional distribution and colocalization of

NCX and RyR in developing ventricular myocytes. Confocal

images of dual-labeled cells were acquired, deconvolved,

and digitally analyzed. Because a cardiomyocyte is too long

to be imaged in its full length under high magnification,

we selected only the central cell region for both analysis

and projection. All images are representative of each age

group, although developmental variations existed within

each group; some myocytes were either less or further de-

veloped than the majority within the same heart.

NCX immunolabeling

3d (neonate)

Fig. 1 A displays images of NCX distribution in a 3d myocyte

dual-stained for both NCX and RyR (images of RyR labeling

are shown in Fig. 3 A). The 3-D reconstruction of NCX label

shows a relatively slender cell exhibiting an abundance of

immunofluorescence (Fig. 1 Aa, top). Because newborn rab-

bit ventricles do not have T-tubules (25), cross-sectional

images confirm that the observed staining is restricted to the

surface membrane (Fig. 1 Aa, bottom). A magnified view of

only the surface label illustrates NCX being organized in

closely spaced, discrete clusters (Fig. 1 Ab).

Images acquired from the cell center revealed a punctate

NCX distribution (Fig. 1 Ac). NCX clusters were arranged at

periodical intervals along the cell edge; the inset provides a

magnified view of this orderly spacing, observed in all 3d

cells examined and occurred throughout much of the cell.

An identical series of experiments were performed on 6d

myocytes; the data obtained were virtually identical to that of

3d. Therefore, the 6d data are only graphically presented and

not described in the text hereinafter.

10d and 20d (adolescent)

Surface distribution of NCX in 10d and 20d cells appeared

similar to the 3d distribution. At 10d, most NCX was still

orderly distributed at the cell surface, but the majority of

cells had a low to moderate level of labeling at the cell

interior (Fig. 1, Ba and Bb). A notable feature of this interior

staining is that there were two patterns. In one, NCX label

projected as short extensions from the surface membrane into

the cytoplasm (Fig. 1 Ba, bottom, single arrow). T-tubule

formation in rabbit ventricles occurs postnatally at ;10 days

of age (25), consistent with the pattern just described.

In the other pattern, NCX was distributed on the periphery,

or the surface, of small vesicular-like structures, located near

the outer zone of the cytoplasm (Fig. 1 Bb, single arrow). The

majority of cells expressed these structures, ranging from ;5

to ;30 per cell. One of the structures within the cell was

isolated and magnified (Fig. 1 Bb, bottom). Some structures

had no obvious connection to the surface membrane and

appeared suspended in the cytoplasm; Fig. 1 Bc, top, shows a

side (xz) view of a structure (single arrow) having no visible

link to the surface membrane (double arrows), although it is

possible that the labeling of potential connections were too

dim for our system to detect. Yet, other structures appeared

connected to the surface sarcolemma; Fig. 1 Bc, bottom,

illustrating a side view of another structure, shows an ap-

parent link between the edge of the structure and the cyto-

plasmic end of a surface membrane invagination.

At 20d, NCX distribution appeared similar to that of 10d.

Surface NCX clusters were closely spaced in some, but not

all, regions (Fig. 2 Ab). Internal NCX label became more

abundant and extended further into the cytoplasm (Fig. 2, Aa
(bottom, single arrow) and Ab (double arrows)). As in 10d,

myocytes from this group also expressed NCX-labeled

vesicular-like structures at the outer zones of the cytoplasm

(Fig. 2 Ab, single arrow).

56d (adult)

Images of adult myocytes display a clear shift in the pattern

of NCX distribution; most staining was at the cell interior.

2506 Dan et al.
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However, the regular periodicity of NCX distribution on the

surface remained consistent with younger age groups. A

magnified view of only the surface label (Fig. 2 Bc) from the

3-D reconstruction (Fig. 2 Ba) illustrates some clusters to be

spaced further apart than those observed for 3d. Some

surface labels were still closely distributed at some regions

(Fig. 2 Bb, single arrow), but larger gaps emerged (double

arrows). Interior clusters mainly organized in a series of

transverse rows running perpendicular to the long axis of the

cell. The longitudinal spacing of these rows concentrated at

;2.1 mm (N ¼ 6 cells). Some label was also observed

between the transverse rows (Fig. 2 Bb, triple arrows). A cell

cross section reveals internal NCX labels forming tubular

projections extending radially inward from the surface

FIGURE 1 NCX distribution in 3d and 10d ventricular

myocytes. (A) 3d. (Aa, top) 3-D reconstruction of NCX

distribution; (bottom) a cross section of top image; section

thickness¼ 5 mm; scale bar¼ 5 mm. (Ab) Magnified NCX

label at cell surface, scale bar ¼ 2 mm. (Ac) Single optical

section, scale bar ¼ 5 mm; (inset) magnified region of

surface label. (B) 10d myocyte. (Ba, top) 3-D reconstruc-

tion of NCX distribution; (bottom) a cross section of top

image; single arrows point to surface invagination; scale

bar ¼ 5 mm. (Bb, top) Single optical section (single arrow
points to vesicular-like structures); (bottom) a magnified

view of vesicular-like structure. (Bc, top) Magnified side

view (yz) of a vesicular structure with no link to sarcolemma

(single arrow, structure; double arrow, surface membrane;

scale bar ¼ 2 mm); (bottom) magnified side view (yz) of a

structure with an apparent link to sarcolemmal invagination

(single arrow, structure; double arrow, surface membrane

invagination; triple arrow, surface membrane).

FIGURE 2 NCX distribution in 20d and 56d ventricular

myocytes. (A) 20d myocyte. (Aa, top) 3-D reconstruction

of NCX distribution; (bottom) a cross section of top image

(single arrow points to surface membrane invaginations),

scale bar ¼ 5 mm. (Ab) Single optical section (single

arrow, vesicular-like structures; double arrows, surface

membrane invaginations; scale bar ¼5 mm). (B) 56d

myocyte. (Ba, top) 3-D reconstruction of NCX distribu-

tion; (bottom) a cross section of top image, scale bar ¼ 5

mm. (Bb) Single optical section at cell center (single arrow,

closely spaced clusters; double arrows, widely spaced

clusters; triple arrows, NCX label between the Z-lines,

scale bar ¼ 5 mm. (Bc) A magnified view of surface NCX

label; scale bar ¼ 2 mm.
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membrane (Fig. 2 Ba, bottom). Of interest, there was a com-

plete absence of NCX-labeled vesicular-like structures, seen

in 10d and 20d, in these mature cells.

RyR immunolabeling

3d

Fig. 3 A displays images of the corresponding RyR staining

for the 3d myocyte previously analyzed for NCX distribu-

tion. The 3-D reconstruction (Fig. 3 Aa, top) and its cross

section (bottom) illustrate RyR labels being organized in

discrete clusters, distributed in both the periphery (bottom,

single arrow) and the interior (double arrows) of the cell. A

magnified view of only the surface label is shown in Fig. 3

Ab. Images from the cell center revealed a highly organized

RyR distribution along the cell edge (Fig. 3 Ac). The

magnified region (inset) shows the receptor clusters closely

spaced at periodic intervals, much like the 3d surface NCX.

At the interior, shown in Fig. 3 Ac, RyR distribution did

not appear as highly organized as that seen at the periphery.

In some places, RyR clusters distributed in a series of short

transverse rows orientated perpendicularly to the cell’s long

axis (single arrow). The longitudinal distance of these rows

was 1.97 6 0.01 mm (N ¼ 10 cells), which coincides with

the sarcomeric spacing of myofibrils. At other regions, RyR

clusters were less orderly spaced (double arrows). The black

void (marked ‘‘n’’) at the cell center indicates an absence of

antibody staining. In immature rabbit cardiomyocytes, myo-

fibrils are generally confined to the cell periphery (26). A thin

shell of myofibrils, only a few myofibrils deep, surrounds a

central mass of nuclei and mitochondria, occupying a large

fraction of the cell. This indicates that the void was not

attributed to inaccessibility of anti-RyR, but represented the

location of the cell nuclei and mitochondria.

10d and 20d

Unlike 3d, RyR clusters in the 10d (Fig. 3 Ba) and 20d (Fig.

4 Aa) cells localized mainly to the cell interior. Peripheral

RyR staining became progressively sparse; some clusters

were still narrowly spaced in some regions (10d, Fig. 3 Bb;

20d, Fig. 4 Ab, single arrow), but in other places, larger gaps

emerged (double arrows).

Interior RyR clusters assumed a more orderly distribution

than the 3d, arranged in a series of short transverse rows

orientated perpendicularly to the cell’s long axis (10d, Fig. 3

Bb; 20d, Fig. 4 Ab). The longitudinal periodicity of these

rows were 2.02 6 0.02 mm (N ¼ 8 cells) for 10d and 2.04 6

0.01 mm (N ¼ 8 cells) for 20d.

56d

In mature myocytes (Fig. 4 Ba), the vast majority of RyR

appeared to be in the interior; those located at the periphery

had assumed a different distribution. Only a small fraction of

FIGURE 3 RyR distribution in 3d and 10d ventricular

myocytes. (A) 3d myocyte. (Aa, top) 3-D reconstruction of

RyR distribution; (bottom) a cross section of top image;

single arrow, peripheral label; double arrows, internal

label; scale bar ¼ 5 mm. (Ab) Magnified RyR label at cell

surface, scale bar ¼ 2 mm. (Ac) Single optical section

(single arrow, orderly spaced internal RyR; double
arrows, sparsely spaced internal RyR; n, nuclear region);

(inset) magnified view of surface label. (B) 10d myocyte.

(Ba, top) 3-D reconstruction of RyR distribution; (bottom)

a cross section of top image; scale bar¼ 5 mm. (Bb) Single

optical section at cell center (single arrow, closely spaced

peripheral RyR; double arrows, widely spaced peripheral

RyR; n, nuclear region; scale bar ¼ 5 mm).
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the peripheral clusters remained closely spaced (Fig. 4 Bc,

single arrow); the majority of them exhibited relatively

longer intercluster distances (double arrows). Interior RyR

label became highly organized, distributed in a series of

transverse rows periodically spaced at 2.04 6 0.01 mm (N ¼
8 cells), in agreement with previous findings (18,19,27).

Measurements of NCX distribution

NCX fraction: surface versus interior

With development, the bulk of NCX label redistributed from

the cell surface to the cell interior. To quantify this spatial

transition, we mathematically divided each labeled cell into

two cellular compartments—the surface and the interior. To

achieve this, we digitally segmented each cell into cylindri-

cal layers across its diameter, as shown in the NCX-labeled

(red) 3d cell in Fig. 5 A (see ‘‘Cell layering’’ under Materials

and Methods). The outermost layer of the surface label was

layer 1; each successive inward layer was 1-voxel thick and

numbered in ascending order. An additional layer was added

just outside of layer 1 to account for the uncertainty in

finding the surface.

A plot of the NCX fraction at each cell layer for all groups

is shown in Fig. 6 A. In 3d cells, virtually all (94.2 6 0.7%)

of the NCX voxels resided within layers 1, 2, and 3. The lack

of T-tubules in neonatal cells indicates these three layers

collectively approximate the cell surface. Based on this, cells

from all groups were additionally divided into two compart-

ments, the surface (layers 1, 2, and 3) and the interior

(remaining internal layers). The fraction of NCX located in

each compartment is displayed in Fig. 6 C, showing that 3d

cells expressed the highest surface proportion. With growth,

the surface fraction declined steadily whereas the interior

fraction gradually increased. The surface fractions for the 6d,

10d, 20d, and 56d were 92.5 6 0.9%, 84 6 1.0%, 77.0 6

1.1%, and 32.8 6 0.7%, respectively. In Fig. 6 A, the 56d

curve shows a progressively drop in percent for the innermost

cell layers. This drop reflects the progressive decrease in the

layers’ diameter while transitioning into the cell center.

FIGURE 4 RyR distribution in 20d and 56d ventricular

myocytes. (A) 20d myocyte. (Aa, Top) 3-D reconstruction

of RyR distribution; (bottom) a cross section of top image;

scale bar ¼ 5 mm. (Ab) Single optical section (single

arrow, label between the Z-line; double arrows, absence of

label between Z-line; scale bar ¼ 5 mm. (B) 56d myocyte.

(Ba, top) 3-D reconstruction of RyR distribution; (bottom)

a cross section of top image, scale bar ¼ 5 mm. (Bb)

Magnified RyR label at cell surface, scale bar¼ 2 mm. (Bc)

Single optical section (single arrow, label between Z-line;

double arrows, absence of label between Z-line; scale

bar ¼ 5 mm).

FIGURE 5 Cell layering and outline delineation. (A) Cross section of a 3d

myocyte labeled for NCX (red) divided into layers (white lines; not drawn to

scale) across the cell diameter; scale bar ¼ 5 mm. (B) Single optical plane of

a 3d ventricular myocyte stained for NCX (white). A 3-pixel-thick band

(red; not drawn to scale) outlines the cell boundary.
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Surface NCX intercluster distance

Our images show that NCX clusters at the cell surface were

distributed in an orderly fashion in the neonate, but became

increasing irregular with age. To mathematically capture this

change, we measured the longitudinal distance between each

pair of clusters along the cell boundary, which was delineated

by a 3-pixel-thick band (red, Fig. 5 B; see Materials and

Methods). Our calculation indicated at 3d, the most com-

monly observed intercluster spacing of surface NCX label

occurred at ;0.7 mm (Fig. 7 A, single arrow). Further de-

velopment to 6d, 10d, and 20d did not change the length of

this dominant spacing. At maturity (56d), the intercluster

distance was still most commonly registered at ;0.7 mm, but

the probability of observing this spacing decreased signifi-

cantly from younger groups (p , 0.05). Longer intervals were

commonly seen; a second, smaller peak emerged at ;1.9 mm

(Fig. 7 A, double arrows).

Measurements of RyR distribution

RyR fraction: surface versus interior

RyR distribution was prominent both in the cell periphery and

the cell interior in the neonate, but by adulthood, most local-

ized to the latter compartment. To quantify this age-dependent

transition, the cell was divided into the same surface and

interior volumes as previously described for the corresponding

NCX label. Fig. 6, B and D, indicate the majority (60.7 6

1.3%) of RyR at 3d was localized to the surface. We assume

the peripheral receptors resided at the peripheral SR, but our

optical system could not resolve the distance between the

FIGURE 6 NCX or RyR fraction at different cell

layers. (A) NCX fraction at different layers. (B) RyR

fraction at different layers. (C) NCX, (D) RyR, or

(E) colocalized voxel, fraction at surface (layers 1, 2,

and 3) versus interior (remaining layers) compart-

ment; * denotes a significant difference between

surface and interior (p , 0.05); # denotes a sig-

nificant difference in surface distribution between

groups (p , 0.05), except for between 3d and 6d; 1

denotes a significant difference in interior distribu-

tion between groups (p , 0.05), except for between

3d and 6d.
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surface and the peripheral SR membranes; hence, receptors at

the periphery were captured in the surface layers. Surface frac-

tions for 6d, 10d, 20d, and 56d declined progressively with

age; their values were 56.7 6 2.3%, 38.2 6 1.4%, 26.5 6

1.2%, and 9.0 6 1.8%, respectively. In Fig. 6 B, the pro-

gressive decline in percent for the innermost layers, shown in

all groups, signifies a progressive decrease in the diameter of

the inner layers.

Peripheral RyR intercluster distance

At 3d, RyR clusters near the cell surface were distributed at

orderly, periodic intervals. With development, the interval

between clusters appeared to lengthen. We measured the

age-dependent change in peripheral RyR periodicity, apply-

ing the same method used for calculating the corresponding

surface NCX intercluster distances.

Fig. 7 B shows the RyR periodicity data in all groups to ex-

hibit a bimodal distribution, which was well described by the

sum of two Gaussian functions (see Materials and Methods).

The Gaussian fits indicate the most probable intercluster

spacing for 3d cells occurred at 0.72 6 0.01 mm (left peak;

Fig. 7, B and C), almost identical to the corresponding NCX

value. A second, smaller, peak probability occurred at 1.36 6

0.07 mm (right peak, Fig. 7, B and C). With development, the

left peak remained concentrated at from ;0.69 to ;0.81 mm,

but the probability of recording these narrow spacings in a

given cell dropped considerably with age. In contrast, the

probability of observing the right peak increased with growth,

along with a gradual increase in the length of spacing. By 20d,

both the left (0.73 6 0.12 mm) and right (1.75 6 0.04 mm)

peaks had almost equal probabilities. At adulthood, the left

peak (0.81 6 0.08 mm) diminished considerably whereas the

right peak became dominant (2.02 6 0.03 mm).

Colocalization

Whole cell and compartmental colocalization

In Fig. 8 (top) the merged 3-D reconstruction of NCX (red)

and RyR (green) label in the 3d myocyte shows a con-

siderable number of colocalized voxels (white) dispersed

throughout the cell length. Colocalization analysis in the

whole cell indicated 14.2 6 0.7% of the voxels containing

NCX also contained RyR (Fig. 9 A). Almost all of the

colocalization (91.9 6 1.0%; Fig. 6 E) occurred at the

surface, further confirmed by a cell cross section (Fig. 8,

bottom). We also measured colocalization in each cellular

compartment; 13.0 6 0.5% at the surface and only 1.0 6

0.1% at the interior (Fig. 9 A).

At 10d and 20d (Fig. 9), colocalization in the whole

cell declined significantly to 8.2 6 0.4% and 8.0 6 0.5%,

FIGURE 7 Intercluster distance of

surface NCX or peripheral RyR. (A)

Probability distribution of NCX inter-

cluster distances; y axis denotes the

probability of a particular intercluster

spacing occurring within a cell; * de-

notes a significant difference between

the 56d and the younger groups (p ,

0.05). (B) Probability distribution of

RyR intercluster distances well de-

scribed by the sum of two Gaussian

functions. The fits show each age group

has two peak probabilities, denoted as

left or right peak. (C) Peripheral RyR

intercluster distance corresponded to the

left or the right peak probability shown

in panel B.
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respectively. Colocalization was no longer restricted to the

surface, but was also at the interior (Fig. 6 E). The

compartmental breakdown of colocalization further con-

firmed this transition. At 56d, colocalization in the whole cell

was 10.0 6 0.6% (Fig. 9 A), significantly lower than that

observed in 3d; the vast majority (91.4 6 0.8%; Fig. 6 E) of

colocalized voxels resided within the interior.

Colocalized voxel density

Although NCX and RyR colocalization in the whole cell

decreased significantly from 3d to 56d, the percentage dif-

ference was small, giving an impression that their spatial

relationship underwent little change with growth. Two cru-

cial points that a colocalization percentage fails to convey in

this study are the drastic developmental changes occurring in

both cell size and NCX protein expression. The sarcolemmal

area of neonatal rabbit ventricular myocytes is ;4.6-fold

smaller than that of adults (28). Despite having a smaller

surface, newborn NCX protein expression is ;2.5-fold

greater than concentrations measured in adults (14). Given

these age-dependent changes, having comparable colocali-

zation percentages between newborns and adults does not

necessarily translate into a similar distribution. Quite the

contrary, the density of colocalized voxels (number of colo-

calized voxels per unit area cell compartment) in newborns

appears to be substantially higher than that observed in

adults, which could have important implications on cardiac

E-C coupling.

To incorporate developmental changes (cell size and NCX

expression level) into the colocalization equation, we nor-

malized ‘‘the number of colocalized voxels in a cell’’ to ‘‘the

sarcolemmal volume of that cell’’, which is the ‘‘colocalized

voxel density’’ in a given cell. The reason we selected to

normalize to the sarcolemma was because NCX distribution

is largely restricted to the surface membrane and T-tubules of

ventricular myocytes. However, we did not have measure-

ments for the T-tubular volume because it was technically

difficult to reliably stain for tubules, NCX, and RyR in the

same cell. Thus, we normalized ‘‘the number of colocalized

voxels in a cell’’ to only the surface compartment (in pL,

delineated by layers 1, 2, and 3) of that cell. This method is

the most appropriate for newborn myocytes exhibiting little

or no T-tubules, but in 56d cells, T-tubules constitute ;42%

of the total sarcolemmal area (29), indicating that this ap-

proach would grossly overestimate the colocalized voxel

density in adults.

In Fig. 9 B, the 3d colocalized voxel density was 6403 6

487 colocalized voxels per pL surface compartment, which is

significantly higher than other groups. Values for 6d, 10d,

20d, and 56d (in colocalized voxels per pL surface com-

partment) were 6000 6 585, 3504 6 839, 2808 6 996, and

2085 6 215, respectively. Despite its overestimation, the

adult measurement was only one-third of the neonatal value.

FIGURE 8 NCX and RyR colo-

calization in developing and matured

ventricular myocytes. Merged im-

ages of NCX (red) and RyR (green)

label previously shown; colocalized

voxels are white; scale bar¼ 5 mm.
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This large disparity was masked when colocalization was

expressed in percentages.

DISCUSSION

We provide the first quantitative report of NCX and RyR

distribution in developing ventricular myocytes using im-

munocytochemistry, confocal imaging, and digital image

analysis. Programs used for image analyses in this study

could potentially have widespread applications. The layering

and intercluster distance analyses can be used in combination

to quantify protein distribution at different cell regions in a

variety of cell types. In addition, most of the analyses were

automated to provide high throughput.

Our principal findings are: 1), NCX was largely localized

to the surface sarcolemma in newborns; by adulthood, NCX

also resided at the cell interior. 2), RyR was prominent both

at the cell periphery and at the cell interior in neonates; at

maturity, the receptors were concentrated mainly at the

interior. 3), NCX and RyR distribution was highly organized

in neonates and adults. 4), A relatively stable fraction (8–14%)

of NCX colocalized with RyR in the whole cell during

growth, but the colocalized voxel density in the adult was only

one-third of the neonatal value.

NCX distribution

3d

The abundance of NCX label observed in the neonatal 3d

cells is consistent with previous reports, which show that

NCX expression is maximal near birth (13–15). This obser-

vation also highlights the exchanger’s importance in deliv-

ering contractile Ca21 to neonatal myofibrils. Virtually all of

the fluorescent labeling was concentrated at the cell surface,

demonstrating a lack of T-tubules in the newborns, as well as

the specificity of the anti-NCX used in this study.

In addition, we uncovered a novel NCX distribution in

these young cells; NCX clusters at the cell surface were

spaced orderly at ;0.7 mm, about one-third the length of a

relaxed sarcomere (26). This surprisingly organized pattern

stands in sharp contrast with all past reports, which immuno-

cytochemically show that NCX is apparently distributed ho-

mogeneously at the surfaces of neonatal rabbit ventricular

myocytes (7,30). One of these studies (7) used the same anti-

NCX employed in our work; indicating the differences likely

did not arise from labeling with a different antibody clone.

We ascribe this discrepancy to variations in cell isolation,

fixation, and labeling procedures, all of which critically im-

pact the staining pattern. The highly ordered and specific

location of the exchanger may be of importance for

understanding Ca21 fluxes associated with E-C coupling in

the neonate, as discussed further below.

The small fraction (;9%) of NCX voxels detected in the

interior likely arose from two sources. First, the small

amount of internal staining may signify NCX molecules un-

dergoing posttranslational modifications at the SR and Golgi,

subcellular trafficking or degradation. Second, there may be

errors in identifying the cell surface layers due to the nature

of the plasma membrane. The sarcolemma of a cardiomyo-

cyte has uneven edges, steps, and folds (25), all of which

decreases the accuracy in identifying the cell surface. A

small fraction of the steps and folds of the cell surface may

be included in the subsarcolemmal interior layers.

10d, 20d, and 56d

As development progresses to 10d and 20d, most NCX was

still distributed at the cell surface, but the interior fraction

increased significantly from the 3d value, coincident with the

onset of T-tubule development. Of interest, NCX label was

observed on the surface or the periphery of vesicular-like

structures located at the outer zone of the cytoplasm. These

FIGURE 9 Whole cell NCX and RyR colocalization versus colocalized

voxel density in developing and matured ventricular myocytes. (A) Col-

ocalization in whole cell; # denotes a significant difference between 3d

versus 10d, 20d, and 56d (p , 0.05); * denotes a significant difference

between groups; 1 denotes a significant difference between groups (p ,

0.05). (B) Colocalized voxel density (number of colocalized voxels per pL

surface compartment); * denotes a significant difference between 3d versus

10d, 20d, and 56d (p , 0.05).
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structures were present only in cells undergoing T-tubule

biogenesis; they were completely absent in cells without

T-tubules (3d) and in cells with fully developed T-tubules

(56d). Further work is required to uncover the function of

these vesicular-like structures in ventricular myocytes under-

going T-tubule development.

At 56d, the majority (67.2 6 2.7%) of NCX was located at

the cell interior. The internal staining pattern closely re-

sembled the complex morphology of a mature T-tubule net-

work containing both transverse and axial elements (31), and

is in good agreement with past immunocytochemical

findings (5,7,18,30,32,33). The primary function of NCX

in adult ventricular myocytes is Ca21 extrusion. The vast

majority of Ca21 entering the cell via DHPR during systole

is removed by the exchanger (34). In adult rabbit ventricles,

most of the dyadic junctions are concentrated in T-tubules,

with relatively few dyadic sites at the surface membrane

(29). Our measurements indicate that most NCX, responsible

for Ca21 extrusion, was likely localized to T-tubules where

major calcium release sites reside, consistent with previous

functional work (35).

RyR distribution

3d

The few studies examining RyR distribution in neonatal

ventricular myocytes qualitatively show the receptors to

locate mainly at the cell interior (7,19), where they arrange in

an array of rows parallel to the level of the Z-line (19). We

observed a similar interior RyR organization, based on the

longitudinal spacing of short transverse rows of labeling, but

additionally noted a highly organized distribution near the

surface membrane. At the cell periphery where the majority

(60.7 6 1.3%) resided, RyR clusters were orderly spaced at

narrow intervals of ;0.7 mm. This new finding implicates

that there was a dense network of Ca21 release sites at the

subsarcolemma of newborn myocytes.

In both developing (36) and mature (37) ventricular

myocytes, RyR molecules are largely clustered at specialized

SR junctions, closely apposing either the surface membrane

(forming peripheral couplings) or T-tubules (forming dyads).

RyR clusters are also found in specialized SR domains that

do not form junctions with the sarcolemma, known as

corbular SR. These specialized junctions, including corbular

SR, are functionally equivalent and are named Ca21 release

units (CRUs) (37). Ultrastructural studies show that periph-

eral couplings are the first to occur during cardiac develop-

ment, followed by the formation of corbular SR. With the

development of T-tubules, the dyads appear (36).

In this study, the narrowly spaced peripheral RyR clusters

were likely located at the peripheral SR, where they juxta-

posed the surface membrane to form peripheral couplings. In

congruence with this view, our previous ultrastructural work

demonstrated that the subsarcolemmal SR in 3d rabbit ven-

tricular myocytes appear to form sheet-like structures extend-

ing along the apposing sarcolemma and were determined to

be ;3 times longer than those in adult cells (38). The RyR

fraction we observed at the interior maybe localized to the

corbular SR, since T-tubules had not yet been formed.

10d, 20d, and 56d

With development to 10d and 20d, RyR distribution shifted

progressively from the periphery to the interior. By adult-

hood, the vast majority (91.0 6 0.7%) of RyR was at the

interior, where they were mainly organized in transverse

rows periodically spaced at ;2.0 mm, coinciding with the

sarcomeric Z-line pattern of myofibrils. RyR molecules are

known to locate largely in the SR membrane adjacent to

the T-tubules of adult cardiac myocytes (27,37), indicating

the receptor staining was likely localized to the dyadic

junctions along the Z-lines.

At the cell periphery, the most probable RyR intercluster

distance rose gradually from ;0.7 mm at 3d, to ;2.0 mm at

56d (Fig. 7, B and C). If the longitudinal spacing of interior

clusters were used to infer the Z-line’s position, then the

peripheral labels, which once interspersed between Z-lines or

at a peri-M-line position, of young cells were largely absent

in adults. Because the predominant intercluster spacing in

matured myocytes is comparable to the length of a relaxed

sarcomere (26), some of the subsarcolemmal receptor clus-

ters may be distributed near the mouth of T-tubules, which

have been shown to have a similar longitudinal spacing of

;1.8 mm (31). A word of caution is required for the estimate

of intercluster distances. Two-dimensional techniques are

highly dependent on the corresponding alignment between

the imaging plane of the microscope and the alignment of the

cellular structure being investigated. This relationship,

coupled with finite limitations in resolution, allows clusters

above and below the analysis plane to interfere. Given the z
axis resolution (;620 nm) of the confocal microscope,

applying deconvolution to all our images before analyses

could only minimize, but not completely eliminate, the out-

of-focus fluorescence emitting from adjacent planes. This

out-of-focus signal could lead to a systematic underestima-

tion of the apparent intercluster distances for peripheral NCX

or RyR (20).

A recent study shows intense peripheral RyR staining be-

tween the Z-lines of rat adult ventricular myocytes and in-

dicates these labels are absent in overpermeabilized myocytes

(20). We, on the other hand, commonly observed peripheral

RyR label between the Z-lines of neonatal myocytes, but not

in mature cells. Newborn cardiomyocytes are far more frag-

ile than those of adults; yet we consistently generated clean,

reproducible staining in this age group. Hence, the paucity of

peripheral RyR label in the 56d myocytes we studied could

not be ascribed to cell overpermeabilization. Ventricular con-

tractions in rats have been shown to have a greater reliance

on SR Ca21 release than that observed in rabbits (39). Hence,
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the discrepancy may be attributed, in part, to the use of a dif-

ferent animal species.

Peripheral versus interior subpopulation

Based on their regional distribution, we postulate that there

are two subpopulations of RyR in rabbit ventricular myo-

cytes: the interior and the periphery. The expression patterns

of the two subgroups appear to be reciprocal with develop-

ment. In neonatal cells, peripheral clusters were highly

expressed and narrowly spaced; internal clusters, although

abundant, are less organized. At maturity, the peripheral

clusters became less closely spaced, assuming a similar

intercluster distance as that of their interior counterparts,

which were highly organized at the Z-lines. Consonant to

this view, functional studies have shown that Ca21 sparks,

elementary events of SR Ca21 release (40), occur primarily

at the periphery of neonatal rabbit and rat ventricular

myocytes (7,41). When these cells reached maturity, sparks

were detected throughout the width of the cell, mainly along

the Z lines at the cell interior (41). In adult rat ventricular

myocytes, Ca21 sparks at the cell interior has been shown to

originate specifically from the T-tubules (42).

On a cautionary note, we cannot completely rule out

the possibility that NCX or RyR distribution differences ob-

served between groups may be attributed to differences in

epitope accessibility. We did, however, devote extensive

effort to optimizing our fixative and labeling protocols for

epitope accessibility. We tested different concentrations of

fixative, triton X-100, primary antibodies, and secondary

antibodies, as well as different lengths of incubation period

for each reagent concentration. In our selected protocol, the

fixative and permeability agents were kept to a minimal to

avoid excessive cross-linking and extraction of antigens,

respectively. This approach produced labeling of the highest

contrast and reproducibility and concomitantly optimized

epitope accessibility.

Colocalization: a potential link to E-C coupling

We observed three distinguishing features in neonatal (3d)

NCX and RyR distributions that make them likely candidates

for functional coupling. First, both were highly expressed at

or near the cell surface. Second, their distribution at or near

the cell surface was highly organized with the identical

predominant intercluster spacing. Third, their colocalized

voxel density was maximal in 3d cells. Taken together,

neonatal myocytes contain the largest number of potential

coupling sites per pL cell surface, all of which concentrated

in one compartment, the surface membrane.

Like the 3d cells studied, adult atrial myocytes of most

mammalian species do not exhibit T-tubules (27,43), and

have a network of Ca21 stores both close to the sarcolemma

and deep inside the cell (44). A depolarization-induced Ca21

influx via sarcolemmal DHPR triggers Ca21 release only

from those RyR clusters located at the peripheral SR

(43,45,46). Initially, discrete release sites at the periphery

are activated; the signal spreads quickly to adjacent periph-

eral sites to form a subsarcolemmal ring of elevated cytosolic

Ca21. This signal spreads inward and evokes a centripetally

propagating Ca21 wave, simultaneously eliciting peripheral

and central myofibril contraction.

An analogous event could occur in neonatal ventricular

myocytes, which express a high density of surface NCX and

have a dense network of both peripheral and internal Ca21

release sites. Previous work shows Ca21 influx through

reverse-mode NCX is sufficient to directly stimulate con-

traction in neonatal, but not adult, rabbit ventricular myo-

cytes (12,13). This age-dependent difference was attributed

to neonatal cells having a larger (approximately sixfold)

NCX current density and a greater (approximately two- to

threefold) surface area/volume ratio. On a similar note, our

laboratory (28) and others (6) recently show that the neonatal

rabbit SR has a larger (approximately threefold) Ca21 store

(normalized per unit cell volume) than that of adult, and that

neonatal and adult cardiac RyR have similar gating and

kinetic properties in planar lipid bilayers.

In addition, we recently demonstrated in neonatal rabbit

ventricular myocytes that calcium influx via NCX could

stimulate CICR, which accounted for ;40% of the Ca21

transient; the process diminished with development (16).

Imaging data presented in this study provide a potential

structural basis for this functional finding. In the neonate,

Ca21 influx via reverse-mode NCX during systole could

trigger Ca21 release from the dense population of peripheral

RyR clusters and generate an inward propagating Ca21

wave. Although whole cell colocalization in 3d cells was

only a moderate ;14%, the narrow spacing of both NCX

and RyR at the cell surface and their relatively high colo-

calized voxel density may be important in attaining the CICR

component. The colocalized sites could represent discrete

sites of Ca21 signal initiation, which rapidly spreads to ad-

jacent peripheral Ca21 release sites to create a subsarco-

lemmal ring of elevated Ca21.

In support of this view, a recent study of adult cardiac E-C

coupling, using mathematical modeling, shows peripheral

RyR clusters (or CRUs) located between the Z-lines to be

responsible for increasing the likelihood of Ca21 wave gen-

eration in adult atrial cardiomyocytes (47); the closer the

CRUs, the higher the probability of wave initiation. This

suggests that the narrow spacing (;0.7 mm) of RyR clusters

at the neonatal cell periphery could be of importance in suff-

iciently elevating Ca21 concentration at the subsarcolemma

to initiate an inward propagating Ca21 wave. We calculated

the distance between the peripheral and the first interior rows

of RyR clusters to be 1.06 6 0.07 mm (N ¼ 10 cells).

The remaining NCX population (;86%) that was not

colocalized, or potentially coupled, with RyR in the neonate

was likely responsible for only transporting Ca21 into the

cell during systole, without eliciting SR Ca21 release. Influx
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via uncoupled exchangers may mainly activate myofibrils

that are located directly under the cell membrane, whereas

the coupled exchangers could elicit CICR and initiate an

inward propagating Ca21 wave to activate interior myo-

fibrils. In neonatal ventricular myocytes, myofibrils are mainly

located at the cell periphery, which may explain why only a

moderate fraction of NCX is needed to mediate CICR.

It is well established that DHPR-mediated CICR is the

dominant mode of E-C coupling in the mature mammalian

myocardium (1). In adult rabbit myocytes (56d), whole cell

NCX and RyR colocalization was ;10% and their colo-

calized voxel density was 2085 voxels per pL surface com-

partment; the latter was only one-third of the neonatal value,

suggesting that adult cells contained the lowest number of

potential coupling sites. Our colocalization percentage was

slightly higher than the value reported by Scriven et al. (18),

although these authors performed their studies in adult rat.

Despite these low values, there is electron microscopy data

to show that in the adult rat ventricle, some NCX gold par-

ticles are in close proximity to RyR particles, at distances

comparable to those measured between RyR and DHPR

particles (48). The importance of NCX in initiating CICR in

adult ventricular myocytes during systole is still debated.

Some studies show the depolarization-induced Ca21 influx

via reverse-mode NCX could trigger SR Ca21 release (49–56),

whereas others measured little or no response (57–60).

SUMMARY AND CONCLUSIONS

In this study, we found NCX to be organized in a punctuate

pattern at the cell surface throughout development. Our data

also indicate the distribution of NCX and RyR to vary

considerably with age. NCX located largely at the surface

sarcolemma in newborns and redistributed to the cell interior

at adulthood. RyR was prominent at both the cell periphery

and the cell interior but concentrated at the interior upon

maturity. Neonatal NCX or RyR clusters located at or near

the surface sarcolemma were orderly spaced at narrow inter-

vals; two-dimensional image analysis showed the longitudi-

nal periodicity of these clusters to be concentrated at

;0.7 mm. Because of the previously described confounding

factors, the peak periodicity value of ;0.7 mm may be

underestimated. The spacing of surface NCX clusters did not

vary appreciably with age, but the periodicity of peripheral

RyR clusters underwent a significant change, occurring

mainly at ;2.0 mm in adults. At maturity, interior NCX and

RyR clusters were distributed primarily in transverse rows

periodically spaced at ;2.0 mm. If the interior RyR labeling

were consistent with the position of Z-lines in all groups,

then the neonatal myocytes have a more prominent peri-M-

line distribution in comparison to adults. Therefore, there

may be a subpopulation of RyR that is prominent in the

newborn heart and gradually decreases with development.

The colocalized voxel density in the neonate was approx-

imately threefold greater than that observed in adults,

suggesting the young cells expressed the highest number

of potential coupling sites. Taken together, Ca21 influx via

NCX in the neonate could activate the dense network of

peripheral SR Ca21 stores via peripheral coupling, and

evoke Ca21-induced Ca21 release, eliciting the contraction

of myofibrils located near the cell center. Ca21 influx via the

exchangers that were not colocalized with RyR may mainly

activate subsarcolemmal myofibrils. In sum, NCX has

multiple potential roles in neonatal E-C coupling: Ca21

influx via the reverse mode to trigger CICR and to contribute

to the Ca21 transient; Ca21 efflux via the forward mode to

maintain low diastolic Ca21 concentration.
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