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and functional roles in cardiomyocytes
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Influx of Ca2+ through L-type Ca2+ channels (LTCCs) contributes to numerous cellular processes in cardio-
myocytes including excitation–contraction (EC) coupling, membrane excitability, and transcriptional regula-
tion. Distinct subpopulations of LTCCs have been identified in cardiac myocytes, including those at dyadic
junctions and within different plasma membrane microdomains such as lipid rafts and caveolae. These sub-
populations of LTCCs exhibit regionally distinct functional properties and regulation, affording precise spatio-
temporal modulation of L-type Ca2+ current (ICa,L). Different subcellular LTCC populations demonstrate
variable rates of Ca2+-dependent inactivation and sometimes coupled gating of neighboring channels,
which can lead to focal, persistent ICa,L. In addition, the assembly of spatially defined macromolecular signal-
ing complexes permits compartmentalized regulation of ICa,L by a variety of neurohormonal pathways. For
example, β-adrenergic receptor subtypes signal to different LTCC subpopulations, with β2-adrenergic activa-
tion leading to enhanced ICa,L through caveolar LTCCs and β1-adrenergic stimulation modulating LTCCs out-
side of caveolae. Disruptions in the normal subcellular targeting of LTCCs and associated signaling proteins
may contribute to the pathophysiology of a variety of cardiac diseases including heart failure and certain ar-
rhythmias. Further identifying the characteristic functional properties and array of regulatory molecules as-
sociated with specific LTCC subpopulations will provide a mechanistic framework to understand how LTCCs
contribute to diverse cellular processes in normal and diseased myocardium. This article is part of a Special
Issue entitled “Local Signaling in Myocytes”.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

In theheart, voltage-dependent L-type Ca2+ channels (LTCCs) are es-
sential to numerous cellular processes including excitability, excitation–
contraction (EC) coupling, hormone secretion, and regulation of gene
expression. Participation in such diverse functions demands that the in-
flux of Ca2+ through L-type channels (L-type Ca2+ current, ICa,L) is
tightly controlled and compartmentalized within the cardiac myocyte.
It has long been recognized that discrete clusters of LTCCs exist along
the sarcolemma, and studies in recent years have greatly extended
our understanding of how specific subcellular localization impacts
channel function and regulation by a variety of neurohormonal and sec-
ond messenger pathways [1–6].

A number of important LTCC subpopulations have been identified
in cardiomyocytes that associate with unique macromolecular signal-
ing complexes and scaffolding proteins, which enables spatiotempo-
ral modulation of ICa,L. These include channels that are localized to
dyadic junctions as well as extradyadic channels that reside in bio-
chemically distinct regions of surface membrane known as mem-
brane microdomains. Plasma membrane microdomains, including
lipid rafts and caveolae, exhibit unique lipid composition and protein
components and coordinate numerous cellular functions including
various signal transduction pathways and protein recycling [7–9]. Nu-
merous signaling molecules have been localized to caveolae including
components of the β2-adrenergic receptor/adenylyl cyclase/protein
kinase A (PKA) cascade [5,6]. This review will highlight the evolving
understanding of distinct subcellular populations of LTCCs in cardio-
myocytes and their differing regulation and contributions to Ca2+ sig-
naling in the heart.

2. LTCCs in the heart

2.1. Molecular composition of cardiac LTCCs

LTCCs are multimeric complexes consisting of a pore forming α1

subunit and auxiliary β, α2δ, and γ subunits [10]. The α1 subunit
serves as the main functional component of the channel complex
and consists of four homologous domains (I–IV) each containing
six transmembrane segments (S1–S6). Cav1.2 (α1C, encoded by the
CACNA1C gene) is the predominant α1 subunit in ventricular myocar-
dium, whereas both Cav1.2 and Cav1.3 (α1D, encoded by CACNA1D)
are expressed in atrial tissue as well as nodal cells, where ICa,L contrib-
utes to automaticity [11–15]. Extensive alternative splicing of Cav1.2
has been reported, and these splice variants play unique roles in car-
diovascular physiology, pharmacology, and disease [16,17]. One

important example is alternative splicing of Cav1.2 within transmem-
brane segment IS6, which impacts sensitivity to the dihydropyridine
class of LTCC blockers. Differential expression of these splice variants
lead to higher or lower sensitivity in smooth and cardiac muscle, re-
spectively [18,19].

Ca2+ channel auxiliary subunits further add to the functional di-
versity of LTCCs. The cytosolic β subunits promote trafficking of the
channel complex to the plasma membrane and modulate gating
properties of the channel [20–22]. The β subunits are encoded by
four distinct genes (CACNB1–4), each of which undergoes alternative
splicing to generate a total of 18 or more unique β subunit isoforms in
humanmyocardium [23]. The α2δ subunits arise from a common pre-
cursor protein that is post-translationally cleaved and relinked via a
disulfide bridge. The extracellular α2 peptide is heavily glycosylated
and the δ peptide contains a single transmembrane domain [24]. Of
the four α2δ subunits (encoded by CACNA2D1–4), α2δ-1–3 are
expressed in atrial tissue whereas α2δ-1 and α2δ-2 are present in
ventricular myocardium [25,26]. The α2δ subunits modify both chan-
nel gating properties and surface membrane expression of the L-type
channel complex [20,27]. Ca2+ channel γ subunits, of which eight
exist (encoded by CACNG1–8), were originally demonstrated to asso-
ciate with voltage-dependent Ca2+ channels in skeletal muscle and
brain [28,29]. However, recent evidence suggests several γ subunits
including γ4, γ6, γ7, and γ8 are present in cardiac muscle and associ-
ate with the cardiac Cav1.2 channel complex, altering both activation
and inactivation properties of the channel [30].

2.2. Distinct LTCC subpopulations in cardiac myocytes

2.2.1. Dyads
A critical subpopulation of LTCCs is that which participates in EC

coupling. A number of studies applying immunoconfocal and electron
microscopy techniques have demonstrated that a subset of LTCCs
form dyadic complexes with Ca2+-release channels (ryanodine recep-
tors) on apposing junctional sarcoplasmic reticulum (SR) [1,2,31,32].
Upon membrane depolarization, activation of these LTCCs leads to an
influx of Ca2+ into the dyadic cleft space, which triggers the opening
of ryanodine receptors and subsequent release of SR Ca2+ stores. This
Ca2+-induced Ca2+ release (CICR) mechanism underlies the rise in
free intracellular Ca2+ concentration ([Ca2+]i) that activates myofila-
ment proteins leading to muscle contraction [33].

Studies have estimated that approximately 75% of LTCCs reside at
dyad junctions in cardiac myocytes [34]. In mammalian ventricular
cardiomyocytes, dyadic couplings occur predominantly within the
transverse (T)-tubule network, which represents a complex system
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