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L-type calcium channels (Cavl) represent one of the three major classes (Cavl-3) of
voltage-gated calcium channels. They were identified as the target of clinically used
calcium channel blockers (CCBs; so-called calcium antagonists) and were the first
class accessible to biochemical characterization. Four of the 10 known «1 subunits
(Cavl.1-Cav1l.4) form the pore of L-type calcium channels (LTCCs) and contain the
high-affinity drug-binding sites for dihydropyridines and other chemical classes of
organic CCBs. In essentially all electrically excitable cells one or more of these LTCC
isoforms is expressed, and therefore it is not surprising that many body functions
including muscle, brain, endocrine, and sensory function depend on proper LTCC
activity. Gene knockouts and inherited human diseases have allowed detailed
insight into the physiological and pathophysiological role of these channels.
Genome-wide association studies and analysis of human genomes are currently
providing even more hints that even small changes of channel expression or activity
may be associated with disease, such as psychiatric disease or cardiac arrhythmias.
Therefore, it is important to understand the structure—function relationship of
LTCC isoforms, their differential contribution to physiological function, as well as
their fine-tuning by modulatory cellular processes. © 2014 The Authors. WIREs Membrane
Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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INTRODUCTION

In experiments almost 50 years ago the German
physiologist Albrecht Fleckenstein discovered that
organic molecules, such as verapamil, closely
mimicked the cardiodepressant actions of B-receptor
antagonists but that their action could not be
explained by binding to B-adrenergic receptors.
They also did not alter sodium-dependent action
potential (AP) parameters but their effects could
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be mimicked by withdrawal of extracellular Ca®*
and weakened (antagonized) by elevated extracellular
Ca’t. Instead, they specifically inhibited Ca’* ion
influx into cardiomyocytes. Fleckenstein thus first
coined the pharmacodynamic principle of ‘Ca’*
antagonism’. Later, it became evident that their
pharmacological actions are fully explained by block
of so-called voltage-gated Ca?* channels (VGCCs)
in the nanomolar concentration range. VGCCs
open in response to membrane depolarizations and
allow Ca’* ions to enter cells along its 10,000-
fold chemical gradient. This finding triggered a
successful search for other Ca’?t channel blockers
(CCBs) and their cardiodepressant and vasodilating
properties are clinically used since then to treat
hypertension, myocardial ischemia, and arrhythmias.
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TABLE 1 | Voltage-Gated Ca?* Channel Types and Their Pore-Forming Subunits'

a1 Subunit (Old
Type Nomenclature, Gene)

Predominant Tissue Expression

Pharmacology

Cav1 L Cavl.1 («1S; CACNA1S) Skeletal muscle Dihydropyridines (isradipine and
Cav1.2 (x1C; CACNATQ) Heart/smooth muscle, neurons nifediping), phenylalkylamines_
(somatodendritic), and endocrine cells (vgrgpamll), and benzothiazepines
Cav1.3 (¢1D, CACNA1D) Heart, neurons (somatodendritic), (diltiazem)
endocrine cells, and sensory cells
Cav1.4 («1F, CACNATF) Retina and immune cells
Cav2 P/Q Cav2.1 (x1A, CACNA1A) Neurons and endocrine cells w-Agatoxin IVA and w-conotoxin MVIIC
N Cav2.2 (x1B, CACNA1B) Neurons and endocrine cells w-Conotoxin GVIA
R Cav2.3 (x1E, CACNAT1E), Cav? Cardiac/smooth muscle, endocrine cells, SNX-482
and neurons
Cav3 T Cav3.1 (¢1G, CACNA1G) Neurons and cardiac muscle TTA-A2 and 7944
Cav3.2 («¢1H, CACNA1TH) Cardiac/vascular smooth muscle, kidney,
and liver
Cav3.3 («11, CACNATI) Neurons
This drug discovery process also led to the (Table 1). They associate with other subunits to form

synthesis of radioactive and fluorescent CCBs. These
pharmacological tools allowed purification of the first
VGCC from skeletal muscle, which paved the way
for the biochemical isolation and molecular cloning
of its subunits. It enabled the assignment of pore-
forming subunit genes to VGCC families previously
classified on the basis of different pharmacological and
biophysical properties. Four VGCC genes (see below)
were found to mediate currents highly sensitive to
CCBs, also termed L-type channels (LTCCs).

Although the pharmacological actions of CCBs
at therapeutic doses are limited to the cardiovascular
system, CCBs were successfully used as highly
specific probes to unequivocally demonstrate the
existence of LTCC proteins and currents in many
other tissues, including the brain, sensory cells,
pancreatic B-cells, adrenal chromaffin cells, and even
neural progenitor cells. In this review, we summarize
our current knowledge about the physiological and
pathophysiological role of LTCCs in heart and
brain. We will outline the differential contribution
of different LTCC isoforms for organ function and
the resulting implications for disease and novel
therapies.

LTCC STRUCTURE AND REGULATION

The voltage-sensitive pores of all VGCC types are
formed by so-called a1 subunits. Ten «l-subunit
isoforms encoded by separate genes are the central
building blocks of the different channel types'

16  ©2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

hetero-oligomeric complexes. B Subunits are tightly
associated at the cytoplasmic face of a1 (through the
I-II linker), whereas 28 subunits are GPI-anchored to
the plasma membrane and interact with extracellular
domains of a1 (Figure 1). In contrast to Cavl and
Cav2 channels, Cav3 channels appear not to form
stable complexes with auxiliary subunits. y Subunits
also exist, but have so far only been found as
part of muscle (Cavl.1 and Cav1.2) Ca?* channels.
More comprehensive reviews of LTCC subunits and
topology have been published.?>

Drug-binding Ca®"
domains ™\, I )

Extracellular '
4

Intracellular

FIGURE 1| Voltage-gated Ca?* channel (VGCC) complex. y
Subunits associate only with VGCC complexes in skeletal muscle and
heart; drug-binding domains for Ca?*-channel blockers are located only
on the &1 subunit; and their binding domains have been mapped.
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FIGURE 2| Pore-forming 1 subunits. Upper panel: Important functional domains discussed in this review are indicated. CaM, Ca**-calmodulin
(blue circles indicate EF-hands); 1Q, PrelQ, and EF, CaM interaction domains in C-terminus; NSCaTE, CaM interaction domains in N-terminus (for
N-lobe of CaM, Cav1.3 only); PDZ, PDZ-binding domain; DCRD and PCRD form the C-terminal modulatory domain (CTM); AKAP, A-kinase-anchoring
protein interaction site; cAMP-PK and CaMKII, phosphorylation sites for kinases (Cav1.2: red dots; Cav1.3: blue dots); 3<, proteolytic cleavage site in
Cav1.1 and Cav1.2 «1; (sinoatrial node dysfunction and deafness) SANDD, in-frame glycine insertion in SANDD patients. Lower panel: Cartoon of
voltage sensing and pore domains of Cav «1 subunits; only two domains (half of the channel) are shown for clarity. Movements of the positively
charged 54 helices (which serve as voltage sensors) in response to membrane potential changes are transmitted to the pore domain through the
cytoplasmic S4-S5 linkers. S4 movement within the membrane is guided by interactions with negative charges provided by the S1-S3 helices.

Most of the pharmacological and gating
properties are determined by a1 (for review see
Refs 1 and 4) but auxiliary 8 and @28 subunits
support channel targeting to the plasma membrane
and fine-tune channel function.»>® As outlined
below, calmodulin (CaM) can also be considered
an important regulatory subunit of Cavl and Cav2
channel complexes. In addition, as shown for Cav2
channels in brain,” VGCCs engage in the formation
of large protein signaling networks.

Volume 3, March/April 2014

Structural Determinants of LTCC Function

Figure 2 highlights key functional domains within the
proposed transmembrane topology of 1 subunits: the
voltage sensor module comprised by transmembrane
segments S1-S4 in each homologous repeat (I-IV)
and the pore-forming region comprised by S5 and S6
segments together with their connecting linker, which
contains helical regions contributing to the formation
of the selectivity filter. From crystallographic data of
related K* and Na™ channels the S1-S3 helices of

© 2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 17
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TABLE 2 | Protein Interactions of Cav1.2 and Cav1.3 in the Heart
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Interaction
Protein Partner’ Tissue Function Notes/References
Actinin2 Cav1.2 and Cardiomyocytes Crosslinks SK2 K*-channels to 10
Cavi1.3 both LTCCs
Ahnak B2 Subunit t-Tubules May be involved in PKA-mediated '
upregulation of cardiac L-type
currents
AKAP79/150 (AKAP5) Cav1.2 Cardiac myocytes  AKAPs are required to recruit PKA,  Required to increase Ca?™*
leading to phosphorylation and transients but not whole cell
current augmentation Ica by B-receptor activation'?
BIN-1 Cav1.2 t-Tubules Targets Ca, 1.2 to t-tubules 13
CaN Cav1.2 Cardiac myocytes  Increases current density Involved in development of
cardiac hypertrophy'*
CamKIl Cav1.2 and Cardiac myocytes ~ Promotes CDF and VDF As CamKIl interacts with
auxiliary B auxiliary B subunits of
subunit VGCC, interaction might also
be present in neurons'>~"7
Caveolin-3 Cav1.2 Ventricular Targets channel to caveolae 18
myocytes
KChiP2 Cav1.2 Cardiac myocytes  Enhances current density and 19
current amplitude
Phospholemman/FXYD1  Cav1.2 t-Tubules and Modulates gating kinetics: slows 20
sarcolemma down activation and
deactivation and
voltage-dependent inactivation,
large number of channels are
inactivated owing to interaction
RGK-GTPases B Subunits Cardiac myocytes  Inhibits channel open probability 2
and prevents PKA-mediated
upregulation
Sorcin Cavl.2 Cardiac Enhances peak current magnitude 22
ventricular and increases CDI
tissue

LTCCs, L-type calcium channels; PKA, protein kinase A; AKAP, A-kinase-anchoring protein; CDF, calcium-dependent facilitation; CDI, calcium dependent

inactivation; VDF, voltage dependent facilitation.
L1 Subunit if not further specified.

the voltage sensor appear to form a scaffold through
which the positive charges of the S4 helices move
outward upon depolarization. Their movement is
transmitted through $4-S5 linkers to the cytoplasmic
ends of the S5 and S6 helices. This opens the
activation gate formed by the S6 helices on the
inner side of the channel (not illustrated). Movement
of the positively charged S4 segments is visible in
patch-clamp recordings as nonlinear capacitive-like
currents at the beginning (ON-gating charge) and end
(OFF-gating charge) of a depolarizing pulse. As the
magnitude of this charge movement is proportional to
the number of channels in the plasma membrane, it
can be used to quantify the surface expression of active
channels in excitable cells.® This is particularly useful

18  ©2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

to determine if mutations in channel subunits can alter
the surface expression of the complex (see below).
For more detailed information on voltage-dependent
activation and inactivation gating mechanisms of
VGCCs and related channels, see Refs 7-9.

The long cytoplasmic C-terminal region of
LTCC a1 subunits serves as an important modulatory
domain and is a target of numerous protein—protein
interactions (see Tables 2 and 3). In particular,
the proximal C-terminus (IQ motif plus C-terminal
portion linking it to IVS6) binds apo-CaM
and contains effector domains for Ca?t—CaM
modulation.3® The efficiency of this modulatory
mechanism is further regulated by competing CaM-
like Ca**-binding proteins (CaBPs, Box 1, see also

Volume 3, March/April 2014
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TABLE 3 | Protein Interactions of Cav1.2 and Cav1.3 in the Brain

L-type Ca?* channels

Protein Interaction Partner' Tissue Function Notes/References
AKAP-MAP2B  Cav1.2 and Cav1.3 Distal dendrites Targets PKA, which is 3
required for efficient
phosphorylation and
physiological regulation
AKAP-15 Cav1.2 and Cav1.3 Cell soma and proximal Enhances channel activity 3
dendrites by recruiting PKA
AKAP-79/150 Cav1.2 Postsynaptic densities of ~ Binds PKA and CaN, which CaN enhances-calcium
dendritic spines both control channel dependent gene
activity regulation through NFAT
and reduces peak
calcium current owing to
its binding to AKAP?3:24
CaBPs Cav1.2 Somatodendritic Inhibit CDI and cause CDF Interaction of CaBPs has
domains also been shown for
Cav1.3 in recombinant
systems and cochlear
inner hair cells?>2%
Densin Cavl.3 Dendritic spines Recruits CaMKII, which 7
enhances activity by
inducing CDF
Erbin Cavl.3 Cell soma and proximal Increases activity by Effect dependent on
dendrites enhancing VDF auxiliary B-subunit
isoform?®
NIL-16 Cav1.2 Cerebellum and Scaffolding protein, links May be involved in pCREB
hippocampus the channel to signaling?®
cytoskeletal and
signaling proteins
Rem?2 Auxiliary B subunit Neuronal cells Inhibits channel activity 30
RIM Cav1.2 and auxiliary Presynaptic active zone Involved in targeting and Owing to interaction with
B-subunit docking of secretory auxiliary B subunit, it
vesicles near calcium might interact with
channels and slows down Cav1.2 as well as with
current inactivation Cav1.3 complexes3'32
Shank Cavl3 Postsynaptic areas of Mediates synaptic 33
hippocampal neurons clustering of Cay1.3, and
interaction plays an
important role in pCREB
signaling
STIM1 Cav1.2 Endoplasmatic reticulum  Inhibits Ca, 1.2 activity by 34,35

physical interaction with
the channel and by
causing its internalization

AKAP, A-kinase-anchoring protein; CaBPs, calcium-binding proteins; CaMKII, CaM-dependent kinase II; CaN, CaZ*/calmodulin-activated-phosphatase
calcineurin; CDF, calcium-dependent facilitation; CDI, calcium-dependent inactivation; CIPP, channel-interacting PDZ domain protein; NFAT, nuclear factor of
activated T-cells; NIL-16, neuronal interleukin-16; VGCCs, voltage-gated calcium channels; pCREB, phosphorylated cAMP response element-binding protein;
PKA, protein kinase A; RIM, rab3-interacting molecule; STIM1, stromal interaction molecule 1.
L1 Subunit if not further specified.

below) and, in the case of Cavl.3 channels, by
alternative splicing. This allows generation of LTCC
complexes with a wide range of gating properties
to adjust the dynamics of Ca®* entry to different

physiological needs.

Volume 3, March/April 2014

with

respect to tissue

Properties of LTCC «1 Subunits

LTCC a1 subunits are all sensitive to the main
chemical classes of CCBs [dihydropyridines (DHPs),
phenylalkylamines, and benzothiazepines| but differ
expression and gating

© 2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 19
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BOX1

CaM-LIKE CaBPs

CaBPs comprise a large family of Ca?*-sensing
proteins that closely resemble CaM. They contain
four potential Ca?*-binding EF-hand motifs like
CaM, but one or two of the EF-hands are inactive
in binding Ca®?*. Moreover, these CaBPs are
myristoylated allowing membrane anchoring.
CaBPs, such as CaBP1, CaBP2, VILIP-2, and NCS-
1, interact with different Ca?t channel types
and can modify the regulatory function of
CaM. The crystal structure of CaBP1 in complex
with the Cav1.2 a1-subunit C-terminus has been
reported.3” The C-lobe of CaBP1 anchors it to the
IQ domain, overlapping with the binding site for
CaM. However, the N-lobe modulates channel
function differently to CaM and by displacing
CaM from the IQ domain prevents CDI.3”

characteristics®® (Table 1). Cavl.1 channels are
exclusively found in skeletal muscle where they
trigger depolarization-induced Ca®* release from
ryanodine receptors (RYRs) of the sarcoplasmic
reticulum (SR).3’ Cav1.4 channel expression is also
very restricted with its major site of expression in the
retina.3® Therefore, Cav1.1 and Cav1.4 channels are
not discussed here. In contrast, Cavl.2 and Cavl.3
show a highly overlapping expression pattern in many
tissues and are even present in the same cells. However,
their gating properties and protein interactions differ,
which allows them to serve different physiological
functions. As outlined below, a major distinguishing
feature is the about 9-15 mV more negative activation
range of Cav1.3 channels.*%*1:42 Ag discussed below,
they open at threshold potentials in sinoatrial node
(SAN) cells and neurons and thereby contribute to
pacemaking and stabilization of plateau potentials.
They also differ with respect to their modulation by
C-terminal alternative splicing.

Modulation by CaM, C-Terminal Domains,
and Alternative Splicing

CaM can be considered an additional chan-
nel subunit because it is preassociated with the
channel’s C-terminus even at low intracellular Ca’*
concentrations.3® Upon Ca?* binding CaM undergoes
a conformational change that promotes inactivation
(so-called Ca?*-dependent inactivation, CDI) by
interaction with additional C-terminal (and in case of
Cav1.3 also N-terminal; Figure 2) effector sites (for
review see Ref 43). CDI occurs in addition to voltage-
dependent inactivation (VDI) during depolarization.

20  ©2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Both processes appear to involve conformational rear-
rangements of the intracellular channel mouth.’ CDI
is an important autoinhibitory mechanism preventing
excessive Ca?" influx. The strength of CDI itself can
be adjusted by regulating the strength of CaM bind-
ing. This is achieved by displacement of CaM from
its C-terminal interaction sites either by competing
CaM-like CaBPs that do not support CDI** or by a
modulatory domain within the C-terminus itself.

As illustrated in Figure 2 the C-terminus of
Cav1.3 channels contains a modulatory domain that
interferes with CaM modulation. This C-terminal
modulator (CTM) consists of two putative a-helices:
one on the C-terminal end (termed DCRD) and one
immediately after the main CaM interaction site
(PCRD), the so-called IQ motif.**¢ The positively
charged PCRD and negatively charged DCRD bind
to each other as shown by FRET studies*® and
thereby form a structure that can compete with
CaM binding (Figure 2). This causes a decrease
in open probability and reduced CDI. In addition,
this C-terminal modulatory domain (CTM) shifts the
voltage dependence of channel activation to more
positive voltages.*>**¢ Notice that these effects are
very pronounced in Cav1.3 and Cavl.4 but much
weaker in Cav1.2 channels.*~*7

Interestingly, the CTM itself is also subject
to modulation. In Cav1.2 there is evidence for
partial proteolytic processing of the C-terminus with
the site of cleavage located between PCRD and
DCRD*”!? (Figure 2). The DCRD-containing Cav1.2
fragment remains associated to the channel through
binding to PCRD and thereby still inhibits channel
activity. Protein kinase A (PKA) phosphorylation of
PCRD can relief this inhibition (see below), thereby
increasing Ca?* influx. In Cav1.3 the possibility
of proteolytical processing has not yet been tested
rigorously. Instead, several short splice variants have
been identified, which lack DCRD and therefore
prevent the C-terminus to inhibit CaM modulation.*!
‘Short’ channels exhibit much more pronounced CDI,
and higher open probability,*! indicating higher CaM
activity at the channel. Moreover, short channels also
activate at more negative voltages (Figure 3). The latter
effect seems to be independent of CaM.*® A similar
modulation is also found in Cav1.4.* Its C-terminus
essentially prevents its own CDI and thereby stabilizes
the long-lasting currents required for photoreceptor
signaling.®

Modulation of CTM activity is only one example
of how alternative splicing can affect LTCC function.
Extensive alternative splicing has been described for
Cav1.2 a1, which has two important consequences:
First, splice variants with preferential expression in
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FIGURE 3| Cav1.3 splice variants have different biophysical properties. The C-terminal modulator (CTM) controls Cav1.3 gating leading to
altered biophysical properties in naturally occurring splice variants lacking the CTM. (a) Current activation properties shown in representative
normalized -V curves recorded in tsA-201 cells expressing Cav1.3| (black), Cav1.343s (gray), and Cav1.345a (white) together with «281 and 83
subunits; 2 mM Ca>* was used as charge carrier. Half maximal activation voltage was significantly shifted by about 9 mV to more negative voltages
and activation slope factor was significantly smaller. (b) Voltage dependence of inactivation elicited after 5-second conditioning prepulses using
20-millisecond test pulses to Viax (no significant differences). (c) Percent I, inactivation during 0.1-, 0.25-, 0.5-, 1-, and 5-second test pulses to Vinax
revealing significantly faster inactivation time course of short variants. (d) Voltage dependence of CDI: ryso corresponds to the fraction of Ic, or Iz,
remaining after 250 milliseconds; f is the difference in rys0 of Ig, and Ic; at —19 mV. Number of experiments is given in parentheses. Error bars reflect
SEM, *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA followed by Bonferroni post-test. (Reprinted with permission from Ref 41. Copyright

2011 American Society for Biochemistry and Molecular Biology)

arterial smooth muscle activate and inactivate at
lower membrane potentials than ‘cardiac muscle’
splice variants.*® Because of the state-dependent
block of LTCCs arterial smooth muscle variants are
more sensitive to DHP CCBs. This contributes to
their strong vasodilating but weak cardiodepressive
properties.**° Second, alternative splicing can change
in disease states, such as in vascular smooth
muscle from patients with atherosclerosis and in
hypertrophied rat and human failing hearts and in
rat models of myocardial infarction (for an extensive
review see Ref 50).

Modulation by Intracellular Signaling
Pathways

Activation of GPCRs modulates VGCC activity either
by direct channel interaction with activated G-
proteins (Ga or GBy) or by G-protein-activated
intracellular signaling pathways. Direct, membrane-
delimited modulation is mainly observed for Cav2
VGCCs, such as Cav2.2 (N-type) and Cav2.1 (P/Q-
type). The molecular interactions underlying this

Volume 3, March/April 2014

regulation are known and have been reviewed
recently.’132 The direct modulation of Cav2 channels
by GBy is voltage dependent and relieved by strong
depolarization of the channel.

Several important intracellular signaling path-
ways modulating Cav1.2 and Cavl.3 function are
discussed below.

cAMP-Dependent Protein Kinase (PKA)

Cavl.2 LTCCs: During the ‘“fight-or-flight’ response
PKA-mediated phosphorylation of LTCC currents
in cardiomyocytes (which are exclusively Cav1.2
mediated®?) contributes to the increase of heart
rate and contractile force. Although this could
be unequivocally demonstrated 20 vyears ago
in cardiomyocytes,’* the most likely molecular
mechanism responsible for channel activation has
been elucidated only recently.

Over the years many attempts to reconstitute the
whole modulatory signaling cascade in recombinant
systems failed because it requires a complicated
interplay between intramolecular and intermolec-
ular protein—protein interactions, posttranslational

© 2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 21
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modification, and phosphorylation within Cav1.2
al subunits. As illustrated in Figure 2, posttransla-
tional proteolytic processing occurs in a conserved
region between DCRD and the PCRD putative o-
helical C-terminal domains*”>>3 giving rise to a long
(uncleaved) and short (cleaved) form. In heart and
brain the cleaved fragment can either dissociate from
the truncated @1 subunit and serve as a transcriptional
modulator after entering the nucleus’®’” or remain
noncovalently bound through the PCRD-DCRD
interaction.!”> When coexpressed in tsA-201 cells as a
separate protein, binding of the C-terminal fragment
(CT) strongly reduces ionic current through the short
channel. Because the number of active channels does
not change (as quantified by measuring ON-gating
charge movement*”) a lower probability of channel
opening during depolarizations must explain reduced
inward current. PKA exerts its activating effect by
disinhibiting this inhibitory action of the noncova-
lently bound CT. This requires specific targeting of
the kinase to the CT through an A-kinase-anchoring
protein (AKAP, Figure 2), which directly associates
with a leucine zipper-like motif within the CT. Once
this signaling complex is formed, PKA activation
phosphorylates Cav1.2 a1 residues serine-1700 and
threonine-1704, which are located within the PCRD
helix facing the interface with DCRD (Figure 2). The
importance of serine-1700 and threonin-1704 for nor-
mal B-adrenergic phosphorylation and modulation of
Cav1.2 channels in the heart has recently been con-
firmed in vivo in mutant mice.’® Although AKAP15
(AKAP7«) has been successfully used to reconstitute
this physiological regulation, the identity of the AKAP
responsible for upregulation of I¢, in the intact heart
is currently unknown [and is neither AKAP15 nor
AKAP79/150 (AKAPS)].>%-60

In heart and brain this phosphorylation machin-
ery is complemented by C-terminally attached phos-
phatases to ensure rapid dynamics for regulation
by phosphorylation/dephosphorylation. These include
protein phosphatase 2A and 2B/calcineurin (CaN).
Both are attracted to the channel through interaction
sites at the distal C-terminus, although CaN can also
interact through channel-bound AKAP79/150.61,62:24
When channel-bound, these phosphatases antagonize
PKA-induced channel upregulation.®’-¢%?* Notably,
CaN is activated by Ca?*—CaM which is also present
in the channel’s nanodomain (see above), thus provid-
ing a link between channel activity and phosphatase
activity. A recent study indeed provided evidence
that during increased depolarization frequency (i.e.,
enhanced Ca?t influx) CaM associates with CaN
and suppresses PKA enhancement of the channel
in neurons.®?>?* Moreover, this study also suggests

22 ©2014 The Authors. WIREs Membrane Transport and Signaling published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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that by opposing PKA phosphorylation CaN also
accelerates inactivation of I¢, during depolarizing
steps. Because it acts in a Ca’t—CaM-dependent
manner, CaN-mediated dephosphorylation provides
another molecular explanation for the CDI of Cav1.2
channels.®?> This hypothesis requires slowing of CDI
by PKA phosphorylation, a phenomenon described
for L-type currents in some neurons®>?4 but not for
Cav1l.2-mediated currents in cardiomyocytes.®3

The phosphatases ensure reversibility of PKA
phosphorylation but do not terminate the cAMP
signal. Therefore, phosphodiesterase activity is also
closely associated with the Cav1.2 signaling complex
in the heart.%%%* This limits B-adrenergic receptor-
induced increases in Ic, and limits Ca?t transients,
contraction and spontaneous Ca?* release as shown
in Pde4B-deficient mice.®*

Serine-1928 (Figure 2) is another Cav1.2 C-
terminal residue that gets reproducibly phosphory-
lated in heart and brain tissue and reports PKA acti-
vation in close proximity to Cav1.2. However, in con-
trast to some earlier findings in recombinant systems
and neurons?* (for review see Ref 65), its phosphoryla-
tion is not involved in PKA-mediated enhancement of
cardiac Cav1.2 channel currents.®3¢6:¢7 This was con-
vincingly shown in cardiomyocytes from Ser-1928Ala
knockin mice.®” In contrast to previous findings with
HEK293 cell-expressed channels, phosphorylation of
cardiac B2 subunits is also not required for adrenergic
regulation of Cav1.2 channels.®®

Cav1.3 LTCCs: Native Cavl.3 channels also
form signaling complexes with AKAPs.?> They are
also activated by PKA as demonstrated in adrenal
chromaffin cells®® and Cavl.3-mediated current
components in the SAN.*> In adrenal chromaffin
cells both Cav1.2 and Cav1.3 current components
are strongly dependent on PKA activity, suggesting
an at least threefold stimulation from basal channel
activity.®® The molecular details for this regulation
of Cavl.3 are less clear than for Cavl.2. Site-
directed mutations showed that phosphorylation of
serines 1743,7%71 1817,7% and 1964,”' all located
downstream the PCRD domain (Figure 2), mediates
8-Br-cAMP-"° or PKA-induced”! increase of Cav1.3
currents when expressed in HEK293 cells. Current
stimulation was weak (20-40%) and the relative
contribution of the individual serines was dependent
on the coexpressed B-subunit isoform (B2a or B3).
Effects of coexpressed AKAPs were not recorded.

CaM-Dependent Protein Kinase I (CamKII)

The CaM-dependent fine-tuning of LTCC activity
does not only cause autoinhibition through CDI
(see above) but can also enhance Ic,. Ca?*-
dependent facilitation is observed as an increase
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in Ic, during repetitive stimuli, an effect partially
masked by CDI. Consequently, it is very small in
Cav1.2 channels but its effect in the heart can
be largely amplified by Ca’*-induced SR Ca’*
release.”> CDF increases contractile force at faster
heart rates and thus contributes to the positive
inotropic response during exercise.”®> In the brain,
CDF may strengthen Ca®* signals supporting the
privileged role of LTCCs in excitation—transcription
coupling (ETC).”* There is biochemical evidence that
after CaM activation, CaMKII binds to the Cav1.2
al subunit’s C-terminus where it phosphorylates
two sites (Figure 2) and one on the B2 subunit.”’
Once associated with «1, CaMKII no longer requires
Ca?t—CaM for binding but only for reactivation
after dephosphorylation.”> Therefore, both binding
to the channel and enzymatic activity are required
for this mechanism.”> Phosphorylation increases the
channel’s open probability and accelerates recovery
from inactivation' with both alterations contributing
to the observed CDF at higher stimulation frequencies.
In good agreement with these data largely derived
from heterologous expression studies, this CaMKII-
mediated regulation is reduced in mice in which the
two phosphorylation sites in a1 (Ser-1512 and Ser-
1570) were replaced by alanines.!’

CaMKII also seems to contribute to the
modulation of Cav1.3 channels. IGF-1 was found to
enhance Cav1.3 activity in SH-SYSY neuroblastoma
cells and cortical neurons.”® This involves IGF-1-
induced intracellular Ca?* release with activation
of CaMKII and phosphorylation of a serine residue
within the C-terminal EF-hand motif of «1 (Figure 2).
CaMKII also confers Ca?*-dependent facilitation to
Cav1.3 channels. This requires CaMKII association
with the postsynaptic scaffold protein densin as well
as densin binding to the C-terminal PDZ-binding
sequence of the Cav1.3 a1-subunit.?”

Membrane Phospholipids

PLC-mediated breakdown of polyphosphoinositides
also modulates LTCCs (as well as other VGCCs””).
Two molecular mechanisms have been implied. One
is stabilization of channels by phosphatidylinositol
4,5-bisphosphate (PIP2), suggesting that a cytoplas-
mic domain interacts with the negatively charged
PIP2 headgroups. This well explains the reduction
of inward current by PIP2 depletion. N-type chan-
nels (Cav2.2) are the most sensitive (50-60% inhi-
bition), whereas L-type (Cav1.3 and Cav1.2) and
P/Q-type (Cav2.1) currents are reduced by 20-30%.
Another finding was that extracellular application of
arachidonic acid (AA) mimicked inhibition seen by
M1-receptor activation in superior cervical ganglion
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neurons.’® Therefore, it appeared possible that AA is
released after PLC activation and activation of Ca®*-
sensitive phospholipase A2. The latter liberates AA
from the PIP2 backbone. Because experimental data
appeared robust in supporting both the ‘PIP2’ and the
‘AA’ hypothesis a unifying hypothesis became likely.”®
The crucial hints for this came from two observa-
tions: first the crystal structure of Kir2.2 K+ channels
in which PIP2 tethers a cytoplasmic domain, which
binds the inositol phosphate ring, to a transmembrane
domain, which binds the fatty acid side chains.?" Sec-
ond, the Ca?* channel f2a subunit is palmitoylated at
its N-terminus and (in contrast to nonpalmitoylated
subunits) was found to prevent the inhibitory effect of
both PIP2 hydrolysis”® and AA, as if it could substitute
for PIP2 (phospholipid mimic®!). It is therefore likely
that PIP2 and the B2a subunit stabilize active channel
conformations by occupying a fatty acid-binding site
on the channel and at the same time tether cytoplasmic
domains to the membrane by either high-affinity inter-
action with the cytoplasmic I-II linker (82a subunit) or
through inositol phosphates attaching to cytoplasmic
regions (PIP2). Instead, occupation of the fatty acid-
binding site by AA alone (without ‘cross-linking’ func-
tion) would result in a less active form of the channel.

Protein Interactions with LTCCs

A large number of protein—protein interactions have
been described for LTCCs in brain and heart. They
serve as scaffold proteins, stabilize channel gating,
recruit kinases (such as PKA and CaMKII, see above)
to the channel, or target the channel to defined
subcellular compartments. A summary of confirmed
protein interaction partners is provided in Tables 2
and 3.

Regulation of LTCC Activity by Channel
Trafficking

Availability of LTCCs on the cell surface is also
an important determinant for their activity and
therefore also subject to modulation by several
intracellular processes. A central role for channel
trafficking is known for 8 subunits. Impairment of
their expression levels in native cells or heterologous
expression systems reduces channel activity in
the plasma membrane (for review see Ref 82).
Heterologous expression in mammalian cells (such
as HEK-293) revealed strong effects of B-subunit
coexpression on current densities and kinetics of
currents through Cav1.2,3% Cav1.3,* and Cav1.4%3
LTCC «l1 subunits. This is accomplished by a
B-subunit-induced increase of the channels’ open
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probability as well as enhanced trafficking to
the plasma membrane.8>3*85 For Cav1l.2 several
molecular mechanisms have been proposed to explain
this finding. One possibility is B-subunit binding to
the ol I-II loop causing a C-terminus-dependent
conformational change of intracellular o1-subunit
domains, promoting endoplasmic reticulum export
through an acidic motif within the I-II loop.8¢ There
is also increasing evidence that 8 subunits antagonize
the ubiquitinylation of Cav1.2 a1 in HEK293 cells
through an RFP2 (an E3 ubiquitin ligase)-dependent
pathway and thus protect them from proteasomal
degradation (for review see Ref 87). Because tonic
ubiquitinylation can also be shown in rat brain®®
it is likely that proper folding in the presence of 8
subunit also reduces ubiquitinylation and degradation
of Cavl.2 in native cells. Regulation of channel
expression by ubiquitinylation was also observed for
Cav2 channels.?”

As outlined above, AKAPs are required
to anchor PKA to LTCCs. However, a second,
phosphorylation-independent role for LTCC modula-
tion has been postulated for AKAP79 by showing that
it interacts with a proline-rich domain in the Cav1.2
al H-II cytoplasmic linker and thereby increases
calcium current in oocytes or HEK-293 cells.3%%0
Biochemical evidence suggests that AKAP79 binds to
the channels’ C-terminal tail and thereby competes
for C-tail binding to the II-III loop. Activation is
explained by relief of an autoinhibitory action of
the C-terminus upon its binding to the II-III loop.
The observed current stimulation by AKAP79 coex-
pression likely occurs through enhanced trafficking
of channels to the plasma membrane. However,
existing data do not rule out the possibility of direct
channel activation, such as by inducing increased
open probability by AKAP binding.

Once stably integrated in the membrane, B
subunits may cause much smaller effects on LTCC
activity than expected from heterologous expression
systems.?? Inducing almost complete knockdown of
B2-subunit protein in cardiomyocytes’! resulted only
in minor changes of current density and current kinet-
ics. It is important to note that most biochemical work
concerning membrane trafficking has been performed
in HEK-293 cells that are lacking most of the specific
protein interaction partners for LTCCs present in
their native environment in electrically excitable cells
and are overexpressing the channel proteins after
transfection. Therefore, more work is required to
confirm the physiological relevance of biochemical
mechanisms affecting channel trafficking in HEK-293
cells for the regulation of LTCC activity in native
cells.
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LTCCs IN THE HEART

LTCCs are expressed in all regions of the heart
including pacemaker cells and the conduction system.
B2 Subunits appear to be the predominant modulatory
B-subunit isoform in cardiomyocytes.”’*? Several
splice variants of this subunit exist. One of them, 82a,
is palmitoylated and therefore not only tethered to
the I-II linker of a1 subunits but also simultaneously
anchored to the lipid bilayer as described above. In
addition to altered regulation by lipids, this also
stabilizes a prominent slowing of the inactivation
kinetics. It is often coexpressed in heterologous
expression systems with cardiac splice variants of
Cav1.2. However, the B2a splice variant seems to be
abundant in the brain but not in cardiac tissue’> where
the not palmitoylated B2b seems to be the dominant
cardiac f isoform.”*

In cardiomyocytes Cav1.2 channels are found
in signaling complexes together with B-adrenergic
receptors and other molecules involved in cAMP
and PKA signaling. Colocalization with caveolin-3
indicates their presence in caveolae and other caveolin-
3-containing membrane compartments in the dyadic
junctions (see Ref 95 for review).

LTCC Function in the SAN and AVN

Both Cav1.2 and Cav1.3 LTCCs are present in the
SAN. Cav1.37”~ mice first allowed to demonstrate
the importance of this sarcolemmal ion channel
for SAN pacemaking.*>?¢ Resting heart rate of
Cav1.37~ mice was reduced and arrhythmic as
was spontaneous beating frequency of isolated atria.
Isolated SAN pacemaker cells displayed a longer
and highly variable AP cycle length, slower diastolic
depolarization, and prolonged APs. Maximum dias-
tolic potential and AP threshold were unchanged.**
A very similar SAN dysfunction was found in human
individuals carrying a loss of function mutation in
the Cavl.3 (CACNA1D) gene (SANDD, Sinoatrial
Node Dysfunction And Deafness, OMIM: 614896).°
Therefore, Cav1.3 channels are required for regular
pacemaking in mouse and human and Cav1.2 cannot
substitute for Cav1.3 in these cells.

Current models of SAN function are still
controversial.”” However, numerous genetic models
and human mutations clearly indicate that SAN
pacemaking does not rely on a single pacemaker
channel. Instead, there seem to be two separate but
closely communicating pacemaker mechanisms (also
termed ‘clocks’). A ‘membrane clock’ consists of a
sarcolemmal ensemble of electrogenic molecules as its
major components, including I (hyperpolarization-
activated cyclic nucleotide-gated channels HCN4
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and HCN2), LTCCs (Cavl.2 and Cavl.3), T-type
VGCCs (Cav3.1), delayed rectifier KT cannels and
the Na/Ca exchanger (NCX). An intracellular ‘Ca*
clock’ is characterized by rhythmic sarcoplasmic Ca”*
oscillations supported by SR Ca®* release through
RYRs and SR Ca?* uptake through SERCA-2. Robust
pacemaking results from a coupled action of the two
clocks. During maximum diastolic depolarization
after the SAN AP the K™ conductance decreases.
Inward depolarizing currents, such as If channels long
believed to be the single major pacemaker current’”
and negatively activating Ic, components, now induce
spontaneous diastolic depolarization. At the same time
local subsarcolemmal Ca?™ release from the SR occurs
and, together with depolarization-induced Ca** entry,
generates a Ca’t signal that activates NCX. This
results in NCX-mediated Na* influx that contributes
to late diastolic depolarization and accelerates reach-
ing the SAN AP threshold. This coupled clock model
agrees with the observation that single knockout or
selective pharmacological inhibition of any of these
clock components (Cav1.3, HCN2, HCN4, RYR,
and NCX) does not completely prevent pacemaking
but either reduces heart rate, induces arrhythmic SAN
action,”®?%%% or causes SAN pauses.'??

How do Cavl1.3 and Cavl.2 fit into this
complex scenario? Differences in their biophysical
properties as well as subcellular localization provide
us with some clues. Their relative contribution to Ic,
was determined in Cav1.3 knockout mice as well as
in SAN cells from mice expressing DHP-insensitive
Cav1.2 channels.!! In both models Cav1.3 carries
more than 50% of Ic,. As predicted from its bio-
physical properties in heterologous systems Cav1.3
is responsible for the Ic, component activating at
negative voltages.*1:42101,102 Both channels colocalize
with sarcolemmal RYRs but Cav1.3 also strongly
colocalizes with sarcomeric RYRs!?! throughout the
SAN cell. This may be relevant for the functional
role of RYR-mediated Ca’* release in pacemaking
during the late phase of the diastolic depolarization
as described above. Close apposition of Cavl.3
with RYRs may facilitate SR Ca®* release because
Ic, stimulates RYR open probability (Ca**-induced
Ca’* release). In contrast, Cavl.2 may contribute
little to this close coupling because of its more
positive activation threshold and less pronounced
colocalization with sarcomeric RYRs. However,
Cav1.2 is ideally suited to support the SAN AP.

Cav1.3 also conducts almost all of the L-
type current in atrioventricular node (AVN) cells.'%3
Cav1.37”~ mice (as well as SANDD patients, see
above) display AV-node conductance disturbances
ranging from a longer PR interval to complete
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FIGURE 4| Role of Cav1.3 channels for atrioventricular node (AVN)
automaticity. Automaticity of wild-type (WT) AVN cells (AVNCs) is
dependent on both Iy, and Ica 1. (a and b) Application of 20-uM
tetrodotoxin (TTX) blocked action potential (AP) discharge. The
membrane potential of AVNCs exposed to 20 .M TTX was stable at
—5942 mV (n=28). (c and d) Inhibition of Ic, by 0.3 M of the
L-type channel blocker isradipine in WT mouse AVNCs stopped
pacemaker activity of AVNCs and the cell membrane potential
depolarized to —35 + 3 mV (n=6). Only low-amplitude oscillations of
the membrane potential could be observed in isradipine-treated AVNCs.
These results indicated that pacemaking of mouse AVNCs required both
INa and Ica 1 for AP discharge. (e) Cav1.3~/~ AVNCs display positive
membrane potential and low-amplitude oscillations without
spontaneous APs very similar to isradipine-blocked WT AVNCs. (f) Tonic
hyperpolarizing current injection (black arrow) induced spontaneous AP
firing in Cav1.3~/~ AVNCs but with slower pacemaker activity and
smaller AP amplitude. This suggests contribution of Cav1.3 channels to
both diastolic depolarization as well as to the AP itself. The positive
resting membrane potential in Cav1.3~/~ AVNCs likely is due to the loss
of crosstalk between Cav1.3 channels and SK2 K+ channels. In the
intact AVN, Cav1.3~/~ myocytes must be sufficiently hyperpolarized
(e.g., by electrical coupling with the right atrium) to enable
Ina-dependent APs and triggering by SAN impulses. (Reprinted with
permission from Refs 103 and 104. Copyright 2011 Landes Bioscience)

AV block.®%¢ This emphasizes the role of this
channel for normal AV-node function. Cav1.3
knockout or pharmacological channel block abolishes
spontaneous AVN activity and results in more
depolarized membrane potentials (Figure 4). Current
injection restored negative membrane potentials and
automaticity, although at a lower rate than in wild
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type and with reduced AP amplitude. The latter
suggests a contribution of Cav1.3 also for the AP
itself. Like in SAN, Cav1.3 is not the only ion channel
responsible for pacemaking, because inhibition of
voltage-gated Nat-channels, I; channels, and Cav3.1
T-type Ca®* channel also reduced automaticity.!%4

Notice that in a second Cav1.3 knockout model,
an apparent compensatory upregulation of Cav1.2
channels is observed in SAN,!% AVN,!% and also
pancreatic B-cells.!%¢ Therefore, the phenotype in
SAN and AVN cells is less pronounced than in
the studies described above without compensation
by Cav1.2. At present the molecular basis for the
differences between the two knockout models remains
unknown.

LTCCs in the Working Myocardium

With the exception of low expression of Cav1.3 in
atrial myocytes, Cav1.2 is the predominant LTCC in
the working myocardium. Its activation supplies Ca**
to trigger Ca?t-induced Ca?*t release from the SR
RYRs and contraction. A significant contribution of
Cav1.3 for cardiac contractility was ruled out in mice
expressing mutant DHP-insensitive Cav1.2 LTCCs.
In these mice DHPs no longer inhibited ventricular
contractility in Langendorff hearts.’> Consequently,
Cavl.2 channels are essential for heart function.
Knockout of the Cav1.2 a1 subunit is embryonic lethal
and causes death before day 14.5 p.c.1” Homozygous
loss-of-function mutations in humans are therefore
not expected to be compatible with life.

Cardiac-specific deletion of one or two Cav1.2
al wild-type alleles revealed that already less than
50% reduction of I¢, is not tolerated and results in
heart failure and enhanced lethality.!%® Apparently,
reduced Cav1.2 function leads to reduced SR Ca’*t
load and a compensatory neuroendocrine activation
with sensitized SR Ca?* release (evident as increased
Ca’* spark activity) to preserve contractility.!08~110
Heterozygous knockouts are also prone to develop-
ment of cardiac hypertrophy and ventricular dilatation
when subjected to pathological or physiological
cardiovascular stress.!® In another cardiomyocyte-
specific inducible Cav1.2 knockout mouse model
mortality was not increased in heterozygous knock-
outs, because Cav1.2 a1 protein expression and Ic,
amplitude were almost at wild-type levels.'?

Other mutant mouse models leading to
diminished Cav1.2 Ic, were also not viable or resulted
in dilated cardiomyopathy. This included mice with
the 11624E mutation,!?® which disrupts interaction
with CaM.

Cavl.2 «l truncation mutants were also
constructed to study the role of the distal C-terminal
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domain (DCRD). As explained above, DCRD exerts
an inhibitory function on Cav1.2, seems to be nonco-
valently associated with a more proximal site (PCRD)
even if proteolytically cleaved, and its inhibitory effect
can be reversed by PKA phosphorylation. Truncations
were introduced after N1904''"' or G1796."2 In
both mutants, this removed not only the DCRD but
also the terminal PDZ-binding domain as well as a
leucine zipper-like domain able to bind AKAPs (see
above, Figure 2). Both mutant mice died in utero
or immediately after birth. In both cases, Cav1.2
al-subunit protein (but not mRNA) expression and
Ic, were severely reduced in cardiomyocytes from
embryos or newborn pups. Another splice variant of
Cav1.2 forms the major LTCC in vascular smooth
muscle.S%11H113 Tn contrast to cardiac Cav1.2 chan-
nels their expression was not affected in the mutants.
This suggests a splice-variant-specific protective role
of the C-terminus against protein degradation.!!!
Because truncated Cav1.2 a1 subunits are expected
to have higher open probabilities it is possible that
cardiac dysfunction results from a combination of
reduced cardiac contractility (owing to reduced Ic,)
with enhanced (pulmonary and peripheral) vascular
resistance (owing to normal expression and enhanced
activity in smooth muscle).

Cardiac dysfunction is not only induced by per-
manent loss of Cav1.2 activity but also by enhanced
Cav1l.2-mediated Ic, in transgenic mice overexpress-
ing accessory B subunits.!!'* The sustained increase
in Ca?* influx induces pathological cardiac hypertro-
phy with a larger ejection fraction, enhanced frac-
tional shortening on the single myocyte and organ
level, as well as increased peak Ca?* transients in
myocytes.!'* Hypertrophy was associated with acti-
vation of the CaN/NFAT and CaMKII/HDAC path-
ways.

The fact that both increased as well as
decreased Cavl.2 activity in the heart predispose
for cardiac disease emphasizes the need for close
control of its activity and expression. In addition
to well-known direct or indirect regulators of
cardiac Cav1.2 channels, including Ca?*/CaM, PKA,
protein phosphatases, and phosphodiesterases, novel
modulatory mechanisms have also been taken into
account. Recently, microRNAs have been identified
as potential regulators of Cav1.2. For example, the
Cav1.2 al-subunit gene (CACNAI1C) is a known
target of miR-1, which reduces its expression.'’> Loss
of miR-1 in patients with myotonic dystrophy (DM1
and DM2) could be responsible for the upregulation
of Cavl.2 «al protein in cardiac specimens and the
observed cardiac pathology (including arrhythmias)
in affected individuals.!'s
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De novo mutations in Cavl.2 ol or its asso-
ciated subunits also cause cardiac disease. Timothy
syndrome is an autosomal dominant condition with
multiorgan dysfunction including prolonged QT,
congenital heart disease, hand and foot abnormalities,
mental retardation, and autism.''~118 The underlying
mutations analyzed so far almost completely reduce
VDIL"6117 which explains delayed cardiomyocyte
repolarization with the risk of ventricular arrhythmias
and death. Missense mutations in the genes of Cav1.2
al and the accessory subunits B2 and @281 have
also been associated with cardiac disease, resulting in
Brugada Syndrome with and without short QT, idio-
pathic ventricular fibrillation, and early repolarization
syndrome (for review see Refs 119 and 120).

LTCCs IN BRAIN

LTCC function in the brain is much more difficult to
study than in the cardiovascular system. Reasons are
the absence of specific pharmacological tools potently
blocking LTCC activity in brain iz vivo, the higher
structural and functional heterogeneity of LTCCs
in the brain, the additional presence of Cav2 and
Cav3 channels (often in the same neuron), the larger
complexity of accessory subunits, the heterogeneity of
neuronal firing patterns, and the much more complex
readout of changes in brain function due to altered
LTCC activity.

The high LTCC complexity is not due to more
LTCC isoforms being expressed. Like in the heart
only Cav1.2 and Cav1.3 are present in the brain.'?!
However, their a1 subunits can combine with all
four different B-subunit isoforms”? exist in different
alternatively spliced variants (in particular Cav1.3)
and are even subject to RNA editing.'?? Unlike in the
heart therapeutic plasma concentrations of organic
CCBs (such as nifedipine or diltiazem) cause no
obvious changes of brain function in hypertensive
patients or animals. Higher (experimental) in vivo
doses in animals are dominated by pronounced
cardiovascular effects that hamper interpretation of
any behavioral phenotype.'?*> Moreover, CCBs only
weakly discriminate between Cav1.2 and Cavl.3
channels and can therefore not be considered isoform-
selective tools. On the other hand, it is known that
LTCCs are widely expressed in the brain (about 90%
Cav1.2 and 10% Cav1.3°%121) and in most cases a
single neuron expresses both of them.!?*

Cav1.3 and Cavl.2 are postsynaptic channels
localized predominantly in the spines and shafts
of dendrites.?”-!25 There they shape neuronal firing
or activate Ca?t signaling pathways involved in
ETC. ETC transforms synaptic activity patterns
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into neuronal remodeling associated with learning,
memory, drug addiction, and neuronal development.
Both channel isoforms seem to participate in this
process'2® in which channel-bound CaM and CaMKII
are crucial in decoding voltage-gated changes in
channel conformation and activity.!2”128

Both Cav1.3 and Cav1l.2 require additional
protein interactions for proper function and targeting
(Table 3). Examples are the PDZ domain-containing
scaffolding protein densin for Cav1.3 channel fine-
tuning by CaMKII (see above?”), shank for attaching
Cav1.3 to GPCRs-mediated signaling,'*® and AKAPs
for anchoring PKA to Cav1.2'3° (Table 3).

Central nervous system (CNS) effects of
LTCC antagonists in humans are subtle but have
been detected in clinical experimental studies.!3!
Noninvasive continuous theta-burst stimulation
(cTBS, a repetitive transcranial magnetic stimulation
protocol) has been used to unequivocally demonstrate
the in wvivo effects of the CCB nimodipine on
alterations of cTBS-induced changes of corticospinal
excitability. This was interpreted with in vivo effects
of nimodipine on LTP and LTD.!3!

In animals, reliable data regarding the physio-
logical role of the two brain LTCC isoforms have
been primarily revealed by using genetically modified
mice.’® These included Cav1.3~/~ mice, conditional
Cav1.27/~ mice, and a mouse model expressing fully
functional but DHP-resistant Cav1.2 channels (for
review see Ref 38). Ca,1.3 al-deficient mice repro-
duce, have no gross anatomical defects, are deaf but
have normal vision (Box 2). Unlike in Cav1.4~/~
mice!3? there is no evidence for retinal degenera-
tion although they show minor changes in synaptic
ribbon morphology in the outer plexiform layer
and a reduced light peak in an otherwise normal
electroretinogram,!23.133

Hippocampal Function

Hippocampal function depends much more on Cav1.2
than Cav1.3. Conditional deletion of Cavl.2 «l
in the cerebral cortex and hippocampus (NEX-
driven cre deleter mice'?*) resulted in a selective
loss of protein synthesis-dependent, N-methyl-D-
aspartate (NMDA)-receptor-independent late-phase
LTP (L-LTP) in CA3-CA1 synapses and a severe
impairment of hippocampus-dependent spatial mem-
ory which became evident after 2 days. Activation of
the mitogen-activated protein kinase (MAPK) path-
way and cAMP response element (CRE)-dependent
transcription in CA1 pyramidal neurons were reduced.
This suggested that Cavl.2-mediated Ca’* influx
underlies hippocampal L-LTP, activation of the
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MAPK/CRE-binding protein signaling cascade, and
hippocampal spatial memory formation. Another con-
ditional brain knockout (CaMKIla-driven cre deleter
mice!3%) also affected remote spatial memory probed
after 30 days. Interestingly, Cav1.2 deficiency did
not alter the electrical properties, single and repeti-
tive AP firing, or the post-burst afterhyperpolarization
(AHP)'36:137 in CA1 pyramidal neurons. However, the
total area of the slow AHP was significantly dimin-
ished in Cav1.37/~ CA1 neurons.!3” This indicates
distinct function of these channel isoforms in the same
cells: Cav1.2 preferentially couples to pathways initi-
ating ETC and mediates LTP, whereas Cav1.3 couples
to Ca’*-activated K channels and shapes the electri-
cal properties of these cells. In contrast to Cav1l.2,
Cav1l.3 is dispensable for CA3-CA1 hippocampal
LTP and no deficit in spatial memory encoding in
the Morris water maze was observed in Cav1.37/~
mice.!38

BOX2

L-TYPE CHANNELS IN SENSORY CELLS

Fast neurotransmitter release in neurons is
tightly regulated by voltage-gated Cav2 chan-
nels. They conduct Ca?t currents previously
classified as P/Q-, N-, and R-type, respectively
(Table 1), and initiate the fast release of impor-
tant neurotransmitters such as glutamate, GABA,
and acetylcholine. Specialized presynaptic struc-
tures tether these channels to the presynap-
tic vesicle release machinery by direct and
indirect protein interactions with the channel
complex.’ Specialized presynaptic structures pro-
viding highly localized Ca?* signals for neuro-
transmitter release are also present in sensory
cells, such as photoreceptors and cochlear inner
hair cells. However, the Ca?* channels involved
there are members of the Cav1 family, which
in neurons are mainly found postsynaptically in
somatodendritic locations. Cav1.3 predominates
in sensory cells of the inner ear (inner and outer
cochlear hair cells and vestibular hair cells) and
Cav1.4 in retinal photoreceptors.

Fear, Anxiety-, and Depression-Like
Behaviors

Distinct roles of the two LTCCs were also found
for fear memory. Cav1.3 is not essential for acqui-
sition and extinction of conditioned contextual fear
memory 3413 but is required for consolidation.'*?
Impaired consolidation was attributed to a significant
decrease of the LTP in the basolateral amygdala (BLA)
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synapse receiving input from the entorhinal cortex.!40

BLA neurons also showed signs of enhanced excitabil-
ity. They fired more APs in response to depolarizing
steps, exhibited reduced spike accommodation and a
reduced post-burst AHP. The role of Cav1.2 for fear
memory seems to be more complex. In brain-specific
Cav1.2 knockout mice Cavl.2 carries essentially all
the measurable L-type current in lateral amygdala
(LA) neurons. Acute pharmacological block of these
channels inhibited thalamo-LA LTP, which could
explain the observed inhibition of auditory cued
fear memory acquisition.'*! However, this was
not observed in Cav1.27/~ mice. This discrepancy
was due to a shift of the dependence of LTP from
Cav1.2 LTCCs to Ca?*-permeable AMPA receptors,
apparently triggered by a homeostatic switch due to
permanent Cav1.2 deficiency in these neurons.

Cav1.2 and Cav1.3 deficiency also lead to oppo-
site effects on anxiety- and depression-like behaviors.
Reduction of Cav1.2 expression in mouse forebrain by
constitutive heterozygous knockout, CaMKII-driven
cre deleter mice or adeno-associated viral (AAV)
vector-expressing Cre recombinase induces anxiety-
like behaviors in different experimental paradigms.'**
This was not affected by shRNA-induced knockdown
of Cav1.3 a1 subunits. In contrast, Cav1.3 deficiency
induces anxiolytic-like behavior (which, however,
may be explained by the deaf phenotype!?®) and
an antidepressant-like behavior (not explained by
deafness'??). These data were well complemented
by experiments in Ca,1.2DHP~/~ mice in which the
application of the Ca?*-channel activator BAYK8644
selectively stimulates Cav1.3 channels and induces
depression-like behavior.>>143 Notice that acute
treatment of wild-type mice with BayK8644 induces
a severe toxic dystonic neurobehavioral syndrome
associated with massive neuronal activation in most
brain regions and widespread neurotransmitter
release.’>1*3 This syndrome is completely absent in
Ca,1.2DHP~/~ mice indicating its dependence on
Cav1.2 channels. Ca,1.2DHP~/~ mice can therefore
be used to study specific behavioral effects of Cav1.3
activation in mouse brain.

As mentioned above, Timothy syndrome is
associated with a Cav1.2 gain-of-function phenotype
and also affects neuronal channels. Autism is one of
the symptoms found in these patients. A recent in
vitro study in rodent neurons and induced pluripotent
stem cell-derived neurons from patients suggests
that channels with the Timothy syndrome mutation
cause activity-dependent dendrite retraction.!** This
appears to be independent of Ca?* entry through
the mutant channel but involves activation of RhoA
signaling known to affect dendrite retraction.
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Taken together, these data indicate that Cav1.2
function in the brain must be tightly controlled within
a narrow range of activity. Timothy syndrome shows
that gain of function induces autism. However, if
the rodent data also apply to human brain function,
then SNPs causing significant loss of Cav1.2 activity
should contribute to psychiatric disease risk as well.
These observations support findings from genome-
wide association studies linking (intronic) CACNA1C
SNPs with enhanced risk for a range of psychiatric
disorders with child and adult onset'*’ (see Ref 146
for review).

Drug-Taking Behaviors

LTCC activity controls signaling pathways that
are involved in neuronal plasticity associated with
drug dependence. Using locomotor sensitization
as a model for psychostimulant-induced long-
term plasticity in Cav1.37/~ and Cavl.2DHP~/~
mice, a distinct role for Cavl.2 and Cavl.3
LTCCs was found.'” Although Cav1.3 mediates the
development of sensitization, Cav1.2 is responsible for
expression of the psychostimulant-induced sensitized
response. Acute psychostimulant treatment in drug-
naive mice was associated with activation of a
D1/Cav1.3/CREB pathway in the NAc.'*® During
development of sensitization the ERK pathway was
additionally recruited.!*® Interestingly, expression of
the psychostimulant-induced sensitized response after
extended withdrawal from drug recruited activity
of a D1/Cav1.2/ERK pathway that blunts CREB
activation. It was therefore proposed that this
molecular switch from Cav1.3 to Cavl.2 channels
may determine the transition from the drug-naive
to the drug-dependent state.'*” Extended withdrawal
from repeated cocaine administration increases
phosphorylation of the AMPA-receptor GluAl
subunit at S845 in the NAc with a parallel increase
in cell surface GluA1 that occurs independently
of Cavl.2 or Cavl.3 channels (Figure 5).1*% A
challenge injection of cocaine that elicits expression
of the sensitized response further increased surface
GluA1l via both a D1/Cavl.2-mediated increase
in GluA1l phosphorylation at S831 by CaMKII
and by an ERK2-dependent mechanism. This long-
term change in the NAc is dependent on the
Cav1.3/ERK2 pathway in the ventral tegmental
area (VTA) during the development of cocaine
sensitization (Figure 5).1*% In contrast, in the dorsal
striatum repeated cocaine administration causes a
non-VTA Cav1.3-dependent recruitment of the D2L
signaling pathway following extended withdrawal,
which decreases basal GluA1 phosphorylation at S845
and cell surface GluA1 levels.'* This highlights the
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FIGURE 5 | Schematic representation of the role of Cav1.2 and
Cav1.3 L-type calcium channels (LTCCs) in the persistent nucleus
accumbens (NAc) molecular adaptations following extended withdrawal
from repeated cocaine exposure. (a) The cocaine-naive dopamine
D1-containing NAc neuron expresses AMPA receptors (GluA1/GluA2
tetramers) and Cav1.2 channels on the cell surface. (b) Twenty-one days
following withdrawal from repeated cocaine treatment increased
phosphorylation of GIuA1 at $845 in the NAc (a PKA site) was paralleled
by an increase in cell surface GluA1 and GluAz2 levels (and higher levels
of Cav1.2 mRNA). (c) A cocaine challenge that elicits expression of
cocaine psychomotor sensitization involves dopamine D1 receptors and
Cav1.2-activated CaMKII that increases GluA1 phosphorylation at 831
and Cav1.2-activated ERK2, which further increases cell surface GluA1
over that seen in b. This long-term adaptation is dependent on Cav1.3
channels and ERK2 in the ventral tegmental area (VTA) during the
development of sensitization. (Reprinted with permission from Ref 148.
Copyright 2011 Society for Neuroscience)

complexity of LTCC-mediated activity in mediating
cocaine-induced persistent behavioral changes and
their utilization of different signaling pathways.

Dopamine Neuron Physiology

and Pathophysiology

The negative activation voltage range enables Cav1.3
channels not only to serve as pacemaker channels
in the heart (see above) but also to shape firing
properties of neurons. In striatal medium spiny neu-
rons (MSNs) glutamatergic synaptic input initiates a
depolarized upstate during which neurons can spike.
This upstate is sustained by Cav1.3 channel activity
and absent in Cav1.37/~ mice.'?” The progressive
death of SNc neurons in Parkinson’s disease (PD)
leads to dopamine (DA) loss in the striatum, which
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disinhibits the suppression of Cav1.3 channel activity
through D2 receptor activation. It causes a rapid and
profound loss of spines and glutamatergic synapses
on D2R-expressing striatopallidal MSNs but not on
neighboring D1R-expressing striatonigral MSNs.'%’
This synaptic pruning requires Cavl.3 activity.'?’
The resulting disconnection of striatopallidal neurons
from motor control structures could be a key mecha-
nism in the emergence of pathological motor activity
in PD and of therapy-associated L-DOPA-induced
dyskinesias.!3°

Both Cav1.2 and Cavl.3 are also present in
spontaneously firing substantia nigra pars compacta
(SN¢) DA neurons, which are vulnerable to degen-
eration in PD.! Low doses of DHPs resulting in
plasma levels corresponding to therapeutic levels in
humans protect SNc¢ neurons from degeneration in
neurotoxin-based models of PD in rodents!3271% and
non-human primates.!>* Similarly, Cav1.3 deficiency
also protected SNc DA neurons from rotenone toxic-
ity in brain slices. Therefore, it is likely that inhibition
of LTCC activity, including Cav1.3, in SNc DA
neurons accounts for this neuroprotective effect. One
molecular mechanism that can link reduced LTCC
activity to neuroprotection is reduction of intracellu-
lar Ca®* load and of oxidative stress.!>¢ It has been
proposed that LTCCs, and in particular Cav1.3,15%157
play a major role for the spontaneous pacemaking
of these neurons. High micromolar concentrations
of the DHP CCBs nimodipine or isradipine slowed
spontaneous ‘tonic’ pacemaker frequency in acutely
dissociated neurons or in brain slices, suggesting
that LTCCs drive autonomous pacemaking in these
cells. 152157158 These data are in contrast to findings
with lower concentrations of these drugs that should
block LTCCs efficiently but have no major effect on
pacemaking activity.!>? These contradictory results
most likely result from the fact that several cation
channels contribute to subthreshold depolarizing
currents’3%15 and that their relative contribution
varies depending on experimental conditions. DHPs
may exert their neuroprotective action by inhibiting
the LTCC-dependent dendritic Ca®>* transients that
occur during spontaneous APs and cause a constant
Ca’* load. They may also affect Ca’* entry into
SNc DA neurons during burst firing, which occurs,
e.g., in response to reward-predicting stimuli.’’! In
slices LTCCs appear to enhance NMDA-receptor
activation-induced bursting, an effect that can
be blocked by DHPs.'’” LTCC-mediated Ca**
influx also promotes DA synthesis and «-synuclein-
dependent L-DOPA-induced degeneration of SNc DA
neurons'® providing yet another link between LTCC
activity and oxidative stress.
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Taken together, animal models strongly support
a role of LTCCs for the selective vulnerability of
SNc¢ DA neurons in PD. At present it is unclear if
Cav1.3 alone or both LTCC isoforms contribute to
this pathology. Case—control and cohort studies from
Denmark and the United Kingdom found a significant
association between long-term use of CCBs as antihy-
pertensives and reduced risk for a first-time diagnosis
of PD (odds ratios of 0.71-0.78).1617163 This effect
was consistently seen for brain-permeable DHPs but
not for amlodipine (a DHP with poor penetration
into the brain), non-DHP CCBs (like verapamil and
diltiazem), B-blockers, and ACE inhibitors. One
prospective cohort study (with data from the Nurses
Health Study and the Health Professionals Follow-up
Study)'®* did not confirm these findings but was
clearly underpowered with only 18 cases (PD patients)
receiving CCBs. Based on this available preclinical and
clinical evidence LTCCs are currently pursued as an
attractive target for drug discovery in pharmaceutical
industry worldwide. Cav1.3-selective drugs appear
most promising because peripheral side effects arising
from vascular Cav1.2 LTCC block (vasodilatation
and edema) would be minimized. Moreover, Cav1.3
block may have other beneficial CNS effects, such
as antidepressant actions (see above). However, at
present it is unknown if Cav1.3-selective inhibitors
would miss a neuroprotective component mediated
by Cav1.2 channels.

Neuronal Development and Synaptic
Refinement

In addition to the above observations in MSNs
on synaptic pruning, a role for Cavl.3 in
synaptic refinement has also been described in
the auditory pathway. In general, neuronal circuits
underlie a developmental process in which initially
imprecisely formed synapses become refined by
selective elimination of redundant immature synapses
and strengthening of remaining ones. In the auditory
brainstem Cav1.3 crucially controls the refinement of
inhibitory synapses in projections from the medial
nucleus of the trapezoid body (MNTB) to the lateral
superior olive (LSO).'®® Normally, during the first
2 postnatal weeks the number of axons of MNTB
neurons projecting to one LSO neuron in mice declines
sharply, whereas the remaining ones consolidate.
In Cav1.37~ mice projections were not eliminated
up to hearing onset and synaptic strengthening
was strongly impaired. Moreover, the mediolateral
topography was less precise and the shift from a mixed
GABA/glycinergic to a purely glycinergic transmission
normally seen in wild-type mice before hearing onset
did not occur.'6?

Volume 3, March/April 2014



WIREs Membrane Transport and Signaling

Cav1.3 deficiency is also associated with a
drastically reduced volume in all auditory brainstem
centers (but not other brain regions) already before
hearing onset.'®® The LSO contains fewer neurons and
is abnormally shaped. The remaining LSO neurons
receive functional glutamatergic input through normal
dendritic trees but show an abnormal firing pattern
upon depolarization, which is attributed to reduced
K*-channel function. Notably, this effect was not due
to inner ear dysfunction because it was also present
in mice in which Cav1.3 channels were conditionally
knocked out only in the auditory brainstem, but with
preserved expression in the cochlea.'®”

CONCLUSION

Gene knockout animal models have allowed to dissect
the distinct physiological roles of LTCC isoforms for
different physiological functions. This furnished an
essential basis for understanding how their loss or
gain of function can cause human disease. However,
30 years after the discovery that >H-dihydropyridine-
binding sites in rodent brain represent functional
LTCGCs'®® an important pharmacological question
still remains unexplained: given the essential role
of LTCCs for synaptic plasticity,'®® why do
brain-permeable LTCC blockers used for treating
hypertension not cause memory impairment even
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