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Abstract

Ca?* sparks in heart muscle are activated on depolarization by the influx of Ca2* through
dihydropyridine receptors in the sarcolemmal (SL) and transverse tubule (TT) membranes. The
cardiac action potential is thus able to synchronize the [Ca?*]; transient as Ca%* release is activated
throughout the cell. Increases in the amount of Ca2* within the sarcoplasmic reticulum (SR) underlie
augmented Ca?* release globally and an increase in the sensitivity of the ryanodine receptors (RyRs)
to be triggered by the local [Ca2*];. In a similar manner, phosphorylation of the RyRs by protein
kinase A (PKA) increases the sensitivity of the RyRs to be activated by local [Ca%*];. Heart failure
and other cardiac diseases are associated with changes in SR CaZ* content, phosphorylation state of
the RyRs, [Ca2*]; signaling defects and arrhythmias. Additional changes in transverse tubules and
nearby junctional SR may contribute to alterations in local Ca?* signaling. Here we briefly discuss
how TT organization can influence Ca2* signaling and how changes in SR Ca2* release triggering
can influence excitation—contraction (EC) coupling. High speed imaging methods are used in
combination with single cell patch clamp experiments to investigate how abnormal Ca%* signaling
may be regulated in health and disease. Three issues are examined in this presentation: (1) normal
Ca?*-induced Ca?* release and Ca?* sparks, (2) abnormal SR Ca?* release in disease, and (3) the
triggering and propagation of waves of elevated [Ca?*];.
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INTRODUCTION

Mammalian heart muscle cells distinguish themselves from reptilian, bird, and fish cardiac
ventricular myocytes by the presence of an extensive transverse tubule (TT) system as shown
in Fieure 1. This system of tubules permits each of the larger heart cells of the mammalian
ventricular myocardium to nearly synchronously trigger the release of Ca2* from the
sarcoplasmic reticulum (SR) in response to its depolarization.
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The propagated action potential (AP) originates in the sino-atrial (SA) node, is conducted
through the atria, the atrio-ventricular (AV) node, and the His-Purkinje fiber system before it
reaches the septum and the endocardial surfaces of the ventricles. This conducted AP then
propagates from cell to cell within the myocardium moving from endocardium to epicardium.
In this manner, cardiac myocytes are sequentially activated as the wave of depolarization
spreads. The TT system is largely responsible for the synchrony of local Ca?* release within
each cell. It would appear to be advantageous for each cell to generate force in an organized
manner so that one region of a cell does not serve to stretch another region of the cell as would
tend to occur if the Ca2* release and contractions were asynchronous. The cellular contractions
within the entire heart are coordinated so that the contraction of the myocardium in mammals
squeezes blood out of the heart as the intraventricular pressure increases and volume is reduced.
Here we briefly examine the TT system in heart with respect to its role in Ca2* signaling in
mammalian heart muscle. In addition, we discuss issues related to TT development, de-
differentiation, and disease. Recent work has made the local signaling within the ventricular
myocyte of extraordinary interest because it underlies normal excitation—contraction (EC)
coupling.™ 1,2 \When abnormalities develop in this process, local Ca2* overload may occur and
this may lead to abnormal Ca?* release, which can underlie contractile dysfunction and
arrhythmogenesis.

TRANSVERSE TUBULES

TTs are physical invaginations (100 to 300 nm in dlameter3) that occur at regular intervals
(every 1.2 microns along the Z- line4 ) and run deep into the ventricular cell as shown in
Ficure 1. One TT is separated from the next TT along the long axis of the cell by junctional SR
(1SR) and a nearly 2 micron long mitochondrion, as diagrammed in Ficure 2. With a roughly 2
micron Z-line spacing on the long axis of the cell, there is virtually no region inside a ventricular
myocyte more than about 1.2 microns from a TT or SL membrane. This is illustrated in
Fieure 3. At every cross-section of the ventricular myocyte along its long axis at a Z-line there
isagrid of TTs that conducts the cardiac AP into the depths of the cell. In this manner, the TTs
form a network of membranes within the heart cell, and this extension of the surface
sarcolemmal (SL) membrane contains many channels and transporters5 (see Fies. 3and 4). This
includes all major channel types in heart: L-type Ca2* channels (also known as dihydropyridine
receptors, or DHPRs), Na* channels, and diverse K* channels. Critical transporters include the
Na*/Ca%* exchanger (NCX), multiple isoforms of the Na*, K* ATPase, transporters that
regulate pH, and those that move chloride. Of particular importance is the spatial organization
of these protelns along the TT, because it affects local Ca2* signaling which underlies EC
coupling. 6-9 Because of the critical roles played by the TTs and their array of local proteins,
the TTs have become an area of considerable research interest.

Soeller and Cannell10 have examined the organization of TTs in rat ventricular myocytes and
have revealed the grid-like structure noted above. These investigators have also shown clearly
that there are occasional missing elements of the grid as well as longitudinal or axial tubules
that connect the TT grid at one Z-line with that at another Z-line (see, for example, solid lines
at 45 degrees in Fic. 3). A similar pattern Was also seen in the TT distribution of the Na*/
Ca?* exchanger in rat ventricular myocytes and can be observed in the TT image shown in
Ficure 1. In contrast, atrial myocytes have few TTs, 1113 put they can have some which show
a sparse distribution and, in many cases, a more prominent longitudinal component.

Sarcoplasmic Reticulum

The SR is an organelle that consists of multiple interconnected Ca2*-containing components.
Each component is a membrane-enclosed volume that is Ca2*-rich and is connected to the
others.14 The JSR is joined to the network SR (or longitudinal SR) through diffusion-limiting
connections. The jSR is found close to the Z-line and the TTs and has a very small volume,
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while the longitudinal SR spans the distance across the sarcomere. Some evidence suggests
that each SR component within a cell may be directly or indirectly connected to all of the other
SR components within the cell. SR Ca2*-release channels (ryanodine receptors, or RyRs) span
the approximately 15 nm gap between jSR and the TT membrane and are found primarily at
the SR-TT junction. At these junctions there are clusters of RyRs (between 10 and 300).15 The
RyRs are sensitive to local [CaZ*]; and are activated to release Ca2* from the SR when there
is an elevation of [Ca2*]; in the gap or “subspace” between the TT membrane and the SR. When
activated by [Ca2*]; a RyR opens as an SR Ca2*-release channel and floods the subspace with
Ca?* from the jSR. Elevation of subspace [Ca2*] from Ca2* entry across the TT membrane
(mainly by DHPRs facing the subspace) or across the jSR membrane by RyRs will tend to
activate all RyRs facing the subspace. This regenerative RyR activation and consequent
Ca?* efflux from the SR produces a Ca2* spark. The large efflux of Ca2* from the small jSR
volume is possible because of the SR “lumenal” buffer, calsequestrin, and the extensive
network of the longitudinal SR. Termination of the Ca2* spark is thought to occur largely due
to depletion of Ca2* from the SR, thereby decreasing RyR sensitivity to [Ca2*]; The
termination may also depend on a cooperative interaction between RyRs within the cluster.16

Ryanodine Receptors

RyRs are large homotetrameric proteins of 2 mega-Daltons. The bulk of the protein is in the
cgtoplasmic space and spans the gap or subspace between the jSR and the TT membrane.17,
18 The RyRs form a cluster of interacting channels!®:19.20 that are triggered by the Ca2*
influx into the subspace through the L-type Ca2* channels and other channels and transporters.
16 The RyRs are phosphorylated by protein kinase A (PKA) and by calmodulin-dependent
protein kinase Il (CaMKI |),20—23 and this phosphorylation modifies the sensitivity of the RyR
to [Ca2+].23 Phosphatases de-phosphorylate the RyR and provide balanced modulation of this
important protein.24 There is significant evidence that indicates RyRs are re%ulated by the SR
lumenal Ca2*. Higher [Ca?*]jumen leads to the increased sensitivity of RyRs2® so that RyRs
are more readily activated by [Ca?*]sypspace- The SR Ca?* ATPase (SERCA) transports Ca2*
from the cytoplasm into the SR so that the RyRs can release it. While SERCA is clearly
localized primarily to the Z-line region based on immunofluorescence data, SERCA is also
found on the network SR. In a similar manner, RyRs, which are primarily found at the Z-line,
are also seen between the Z-lines. This raises a question not yet fully addressed: Where exactly
are RyRs that are not at the SR-TT junctions and not part of the junctional clusters?

The mitochondria span the region from one jSR to the next and are surrounded by the
longitudinal SR (see Fie. 2). This intimate connection does not make it easy to separate—based
on function or by experimental intervention—RyRs that may be found along the longitudinal
SR from those that are on the mitochondria. Thus the question raised above remains
unanswered. A second and equally important question is this: If RyRs are found elsewhere,
then what do they do there?

IP3 Receptors

IP3 receptors (IP3Rs) are found in mammalian ventricular myocytes at the Z-lines.” They
appear to co-localize with NCX and Na*, K* ATPase proteins but not with RyRs and DHPRs.
The RyRs and DHPRs are co-localized and also found along the Z-line.2+26 This observation
made by several groups suggests that there may be close but distinct groups of channels and
transporters that form separate but interacting elements. Since both IP3Rs and RyRs are thought
to reside in the SR, it is not clear in which functional parts of the SR each receptor or set of
receptors is found. Atrial myocytes have more IP3Rs than ventricular myocytes, and it has
been suggested that activation of IP3Rs may contribute to the Ca2* signal by influencing RyRs.
27,28 Mohler et al.® also show that the IP3Rs are found at sites that contain the Na*/Ca2*
exchanger. It is still not clear, however, how the IP3Rs are activated and what they may do in
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ventricular myocytes. Since IP3Rs are “Ca?* release channels” that are activated by IP3 and
Ca?*, along with other possible agonists, the question that remains is this: What is their function
in ventricular myocytes? It is tempting to speculate that they mag influence local [Ca2*]; and
hence influence EC coupling at nearby RyRs, as Zima & Blatter 7 suggested for atrial
myocytes; however, as yet there is no compelling evidence. Ficure 4 shows how IP3Rs may be
located close to RyRs as suggested by the current information available.

Proteins Located On or Near The Transverse Tubules

The TTs and Z-line region have many proteins including many cytoskeletal proteins, the
adaptor protein ankyrin B, transporters (e.g., NCX and the various isoforms of the Na*, K*
ATPase [Na* pump]), SL channels including DHPRs, Na* channels, diverse K* channels, the
Ca®* release channels RyR and IP3R, and the SR Ca2* ATPase (SERCA), among others. There
are several specific questions that are relevant for this examination of Ca2* signaling along the
TT. Each of these questions centers on the spatial organization of the channels, transporters,
and other proteins and the special role(s) they may play.

The presence of the cardiac isoform of the Na* channel (Nav 1.5) on the SL and TT membranes
underlies the rapid upstroke of the conducted cardiac action potential. Analysis of membrane
currents suggest that about 300 channels per square micron may exist2? in ventricular
myocytes. Tetrodotoxin (TTX) sensitivity suggests that the cardiac isoform is the dominant
isoform of the Na* channel found in ventricular myocytes,?’0 but some immunofluorescence
findings raise the possibility that there may be neuronal isoforms of the TTX-sensitive Iy in
ventricular myocytes,.30 It is not clear what role, if any, would be played by these other Na*
channel isoforms in heart cells, and further identification and functional investigations must
still be carried out.

A question that has been raised by diverse groups is whether the Na* channels may contribute
to local Ca2* signaling. There is some evidence that Na* flux through Na* channels affects
Na*/Ca2* exchanger and Ca%* signaling.31 Immunofluorescence imaging at high resolution
suggests that while the Na* channels and Na*/Ca2* exchanger may be close to each other, they
are not co-localized with the RyRs at the jSR.26'32 This observation is consistent with
investigations of other Z-line proteins.5 That leaves open the question of how Na* influx via
3N1a+ channels can influence local Ca2* signaling as suggested by recent physiological studies.

DEVELOPMENT, DE-DIFFERENTIATION, AND DISEASE AND THE TT
SYSTEM: SR CA?* OVERLOAD

All investigations to date show that “control” or “wild type” ventricular myocytes have
[Ca?™]; transients that are virtually synchronously triggered upon depolarization everywhere
within the cell.33 Fieure 5 shows the measurement of SR Ca?* release under normal conditions
using confocal imaging in linescan mode. However, when TTs are lost (or become
dysfunctional in some disease states), Ca2* release dyssynchrony may develop. Similarly,
during cardiac development or while cardiac myocytes are in culture, Ca?*-induced Ca%*-
release (CICR) may spread throughout the cell as a propagating wave of elevated [Ca2+]i’34
depending on diffusion distances, cell morphology, and electrical behavior. Dyssynchrony has
been shown to occur in myocytes in primary culture, 32 in disease,36-38 and under conditions
where the triggering Ca2* is reduced.39 Dyssynchrony is often characterized by a propagation
delay of the triggered release of Ca* and may contribute to dysfunction of cellular
contraction3%:38 and/or [Ca2*); transient “alternans.”39 Fieure 5E shows that the half-time of
the increase in [CaZ*]; goes up as the square of distance that Ca2* must diffuse. Electrical
activation of EC coupling is rapid, but Ca2* diffusion-dependent activation of Ca2* release is
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slow. This raises a clear question: How do Ca2* sparks get triggered when the local [Ca?*]; is
not elevated the way it is when DHPR activate the apposed RyR cluster in the jSR? Under
these conditions, a propagating “wave” can develop from a site of normal activation to the
untriggered SR. For this “orphaned SR” to be triggered, it must be in a state of local Ca2*
overload with high EC coupllng gain. This is clear since isolated Ca2* sparks do not normaIIX
trigger other Ca2* sparks even when there is modest elevation of the SR Ca2* load.
Thus, as TTs de-differentiate (as may occur in primary culture), the dyssynchrony that develops
is associated with local SR Ca2* overload. Some have speculated that similar conditions
develop in diseases such as heart failure. 36,37 This alteration may not be an aberration but
instead may reflect a cellular adaptation to a loss of TTs. Consistent with this, EC co fllng
resulting from propagation of Ca2* release is a common finding in atrial myocytes 3 cells
which often lack TTs. Because of the smaller cross-section of these cells, negative functional
consequences of this release are minimal.

MODELING LOCAL AND GLOBAL CA?* SIGNALING

The great stability of Ca2*-induced Ca?*-release in heart arises largely because of two factors:
(1) the relative insensitivity of RyRs to be triggered by [Ca2*]; changes, and (2) local Ca2*
triggering. 45 This investigation proposed that local Ca2* signaling solved the problem posed
a few years earlier:46 How can myocytes have both apparent high gain and EC coupling
stability? Additional modeling investigations have supported the earlier work and explored
diverse local control models.*! Importantly, the discovery of Ca* sparks provided
experimental support for the local signaling and accounted for the transition to the increased
sensitivity of the SR Ca?* release process that underlies propagating waves of elevated Ca2*
and arrhythmogenesis. Ficure 6 Shows a sequence of images that reveals how such a propagating
wave of elevated [Ca?*]; is initiated by Ca2* sparks. This imaging is obtained at high resolution
with a high-speed Zeiss confocal microscope, the LSM 5 Live. While normal modeling of
Ca?* sparks and SR Ca?* release provides stabllrty, 6 when SR Ca2* content becomes elevated,
the “gain” of the SR Ca2* release mechanism increases and the process becomes unstable.

MAJOR QUESTIONS UNDER INVESTIGATION RELATED TO TTS AND SR
CA?* SIGNALING

One of the primary questions that remains open is this: Why does SERCA expression decrease
in many cardiac pathologies? The cellular and molecular signals that underlie this change and
the decrease in average SR Ca2* content have not yet been identified. Further, if only SERCA
were to decrease, then the SR Ca2* content would also decline. But it is also clear that the SR
Ca?* content is not always uniformly decreased within the cell. Despite the decrease in global
averaged [Ca2*]; during EC coupling, cells retain the ability to develop Ca%*-dependent (or
Ca?*-triggered) arrhythmias. This raises the second major question: What underlies the
development of the local SR Ca?* overload (even when global SR Ca2* may be depleted)? A
related question is whether the non-uniform decreases in SR Ca2* are related to the decrease
in SERCA. One possible answer suggested by circumstantial evidence is that there is local
Ca?* overload in some regions. Could the local increase of CaZ* within the SR provide a signal
that leads to the decrease in SERCA globally? This local Ca2* overload is partly a consequence
of the “orphaned” SR48 that can develop as TTs become disorganized with respect to the Z-
lines and SR. This hypothesis continues to be examined by several groups. A third major
question focuses on the RyRs in heart. How does modulation of the RyRs by phosphorylation
and by other interacting proteins influence CICR, EC coupling, and SR Ca?* overload? Direct
evidence obtained in simple systems (e.g., isolated channels) is very provocative, and
circumstantial evidence suggests that these modulations of the RyRs are important in intact
cells.
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Ca?* signaling in mammalian ventricular myocytes depends on local signaling between
DHPRs and RyR clusters to produce a high-gain Ca2* signaling system with great stability.
Disruption of the TT organization or weak Ca?* triggering underlies an increase in SR Ca?*
content (and thus in EC coupling gain) and produces instability. Continuing investigations of

ce
ad

llular control of SERCA and the organization of channels, transporters, cytoskeletal proteins,
aptor proteins, intracellular organelles, and signaling cascades should provide improved

understanding of Ca2* signaling in mammalian ventricular myocytes.
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FIGURE 1.

Transverse tubules (TTs) in rat heart cells. (A) A wide field transmitted light image of a rat
ventricular myocyte. (B) A confocal fluorescence image of the TTs in a living rat ventricular
myocyte stained with the membrane marker di-8 ANEPPS imaged with 488 nm excitation.
The myocyte was exposed to 10 uM dye for 10 min. The striation or TT separation along the
long axis of the cell is 1.8 um.
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FIGURE 2.

Transverse tubules (TTs) and other related structures in the sarcomere. (A) The TT, schematic
diagram of the TT, ryanodine receptor (RyR) cluster, and junctional sarcoplasmic reticulum
(JSR). (B) The intermyofibrillar mitochondrion. Relationship between TT structures and the
intermyo-fibrillar mitochondrion. (C) The reticular longitudinal sarcoplasmic reticulum (SR).
The longitudinal SR wraps around the mitochondrion and is linked to the jSR through diffusion-
restricted connections [in color in Annals Online].
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FIGURE 3.

The transverse tubule (TT) array in a mammalian ventricular myocyte. (A) Diagram of a fully
populated TT system (array) at the level of the nucleus (arrow). The TTs flare open at the
sarcolemmal surface and do not penetrate the nucleus. The TTs are approximately 1.2 microns
apart. (B) An array of TTs are found at every Z-line and are sparsely connected to the
neighboring Z-line array by longitudinal tubules (lines at 45 degrees, shown in red in Annals
Online). There are three Z-line arrays shown in this diagram. (C) Diagram of the placement of
the array of TTs in an intact cell. (D) Diagram of a TT elementary unit. An elementary unit of
TTs is composed of a square (1.2 microns on an edge) in successive Z-line arrays. The small
sphere (shown in green online) represents the most distant location in the elementary unit from
aTT,and itis approximately 1.17 microns from the nearest TT, assuming the distance between
Z-lines is 2 microns. Yellow lines (seen online) connect opposite corners and go through the
center of the small sphere [in color in Annals Online].
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FIGURE 4.

Organization of key channel and transporter proteins and sarcoplasmic reticulum (SR)
structures near the transverse tubule (TT). The IP3 receptors (IP3Rs) are separated from the
ryanodine receptors (RyRS) in this diagram because of recent immunofluorescence data.
However, both IP3Rs and RyRs are thought to be SR structures. The key proteins are labeled
in the figure. The extensive array of cytoskeletal proteins, signaling receptors, adaptor proteins,
and contractile filaments are not shown. SL, sacrolemmal; NCX, Na*/Ca2* exchanger; DHPR,
dihydropyridine receptors; JSR, junctional sarcoplasmic reticulum [in color in Annals Online].
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FIGURE 5.

Calcium profile across the diameter of the cell during excitation—contraction (EC) coupling.
(A) A [Ca2*]; transient shown using a linescan image of a heart cell taken across the diameter
of the cell. Note that there is virtually synchronous activation of Ca2* release at all points.
(B) Same as A but after the application of ryanodine (RY)) and thapsigargin (TG) to completely
block sarcoplasmic reticulum (SR) Ca2* release and re-uptake respectively. (C) The [Ca?™];
transients from A and B. (D) Time-course of the [CaZ*]; transient due to I, alone and I, plus
triggered release are nearly identical during the early phase. (E) Effect of diffusion distance
and diffusion half-time. (A—C modified from Cheng et al.33 Used with permission.) TT,
transverse tubule; STIM, stimulus [in color in Annals Online.]
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FIGURE 6.

Images of the initiation of a propagated wave of elevated [Ca2*]; in a rat ventricular myocyte.
Frames are numbered sequentially 1-24. Ca2* sparks can be seen in virtually every frame. In
frame 2, two of several Ca2* sparks are identified with arrows. In Frames 4 and 5, the
arrows (shown in yellow in Annals Online) mark a Ca2* spark that initiates the wave of
propagating elevated [CaZ*];. It is clear in the frames (starting in frame 4) that there is a local
instability over a region of about 8 microns, where sparks activate neighboring regions and
then form an increasing cloud of activating and spreading elevated [Ca2*]; that by frame 24
has started to exit the region. This wave propagates throughout the cell in frames that follow
these first 24. The cell was loaded with the CaZ* sensitive indicator fluo-4 and was exposed to
a normal extracellular solution with [Ca2*], = 3 mM. Sequential high-resolution images
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acquired at 30 ms intervals using the very fast confocal microscope, the Zeiss LSM 5 Live [in
color in Annals Online].
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