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Abstract 

 

Regina Campos de Oliveira 

 

Voltage-gated calcium channels: an approach to the interactions and 

function  

 

Voltage-gated calcium channels allow the influx of calcium under membrane potential 

changes, triggering several cellular processes including secretion, contraction, gene 

expression. The β-subunit (CaVβ) strongly impacts channel activity and expression. The 

mechanism by which CaVβ regulates the density of voltage-gated calcium channels in the 

plasma membrane remains poorly understood. Our main goal is to understand how this 

subunit regulates the number of channels in the plasma membrane. Since calcium channels 

are central for cardiac function we used HL-1 cardiac cell line to investigate the role of CaVβ 

on calcium currents. Although actin rearrangements are tightly coupled to vesicular transport 

and several SH3-containing proteins, similar to CaVβ, interact with actin, no functional 

relationship between CaVβ and actin has been considered yet. Here one of the objectives was 

to study the role of CaVβ and actin on voltage-gated L- and T-type calcium channels in HL-1 

cardiomyocytes. Whole-cell patch clamp recordings in HL-1 cells show a significantly larger 

contribution of T-type currents than L-type to the total calcium current. Overexpression of 

CaVβ induces a three-fold increase in ICa,L/ICa,T that is blunted by pretreatment with the actin 

filament disrupter Cytochalasin D. Consistently, confocal microscopy reveal spatial 

colocalization and co-sedimentation a probable direct interaction between CaVβ and actin 
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filaments that are hindered by Cytochalasin D. 

We conclude that an association between CaVβ and actin filaments might play a role in 

regulating calcium channel function in HL-1 cells, leading to an increase in the relative 

contribution of ICa,L over ICa,T that resembles the changes in calcium channel type activity 

during heart development. These results suggest a role of CaVβ in myocyte maturation and in 

coupling channel function to actin network. Moreover, they provide a novel basis and also 

targets for understanding the modulation of calcium channel function by the β-subunit.  

In addition, the electrophysiological impact of voltage-gated calcium channel mutations was 

tested in a completely different system. Two mutations in LCC CaV1.3 channels were found 

by a collaborator group in patients suffering from aldosteronism and here we have shown that 

they enhance the voltage dependence of activation of CaV1.3 L-type channels in a variation of 

electrophysiological phenotypes.  
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Zusammenfassung 

 

Regina Campos de Oliveira 

 

Spannungsgesteuerte Kalzium-Kanäle: Funktion und Interaktion 

  

Spannungsgesteuerte Kalziumkanäle erlauben das Einströmen von Kalzium bei 

Veränderungen des Membranpotentials, wodurch sie verschiedene zelluläre Prozesse steuern, 

einschließlich Sekretion, Kontraktion, Genexpression. Die β-Untereinheit (CaVβ) hat einen 

großen Einfluss auf Aktivität und Expression der Kanäle. Der Mechanismus, durch den CaVβ 

die Dichte von spannungsgesteuerten Kalziumkanälen in der Plasmamembran reguliert, ist 

noch nicht vollständig geklärt. Unser Hauptziel ist es zu verstehen, wie diese Untereinheit die 

Anzahl der Kanäle in der Plasmamembran reguliert. Da Kalziumkanäle von zentraler 

Bedeutung für die Herzfunktion sind, benutzen wir die HL-1 Kardiallinie, um den Einfluss 

der β-Untereinheit auf Kalziumströme zu untersuchen. Obwohl Actin-Umordnungen fest an 

vesikulären Transport gekoppelt sind und einige SH3 enthaltende Proteine, ähnlich wie CaVβ, 

mit Actin interagieren, ist noch keine funktionale Beziehung zwischen CaVβ und Actin 

betrachtet worden. 

Hier war eine Zielsetzung, den Einfluss von CaVβ und Actin auf spannungsgesteuerte 

Kalziumkanäle vom L- und T-Typ in HL-1 Kardiomyozyten zu untersuchen. Whole-cell 

Patch-Clamp Messungen in HL-1 Zellen zeigen einen signifikant größeren Beitrag von T-Typ 

Strömen als von L-Typ Strömen am Gesamt-Kalziumstrom. Die Überexpression von CaVβ 

induziert einen dreifachen Anstieg von ICa,L/ICa,T welches durch eine Vorbehandlung mit dem 

Actin Filament Disruptor Cytochalasin D abgestumpft ist. Damit übereinstimmend zeigen 

konfokalmikroskopische Untersuchungen räumliche Kolokalisation und Ko-Sedimentation 
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und somit eine mögliche direkte Interaktion zwischen CaVβ und Actinfilamenten, die durch 

Cytochalasin D behindert werden. 

Wir schließen daraus, dass eine Assoziierung zwischen CaVβ und Actinfilamenten eine Rolle 

bei der Regulierung der Funktion von Kalziumkanälen in HL-1 Zellen spielen könnte, wobei 

dies zu einem Anstieg des relativen Beitrags von ICa,L im Vergleich zu ICa,T führt, der den 

Veränderungen in der Aktivität der Kalziumkanaltypen während der Herzentwicklung ähnelt. 

Diese Ergebnisse legen nahe, dass CaVβ bei der Myozytenreifung und bei der Kopplung von 

Kanalfunktion und Actin Netzwerk eine Rolle spielt. Darüberhinaus stellen sie eine neue 

Basis für das Verstehen der Modulation der Kalziumkanalfunktion durch die β-Untereinheit 

dar. 

Zusätzlich wurde die elektrophysiologische Wirkung von spannungsgesteuerten 

Kalziumkanalmutationen in einem vollständig anderen System getestet. Zwei Mutationen in 

LCC CaV1.3 Kanälen wurden von einer anderen Arbeitsgruppe bei Patienten gefunden, die 

an Aldosteronismus litten, und hier haben wir gezeigt, dass sie die Spannungsabhängigkeit 

der Aktivierung von CaV1.3 Kanälen in einer Variation von elektrophysiologischen 

Phänotypen erhöhten. 
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1. Introduction 

Ion channels are protein pores in the cell membrane which allow the passage of specific ions 

through the cell membrane. Opening and closing of the channels may depend on various 

effects, such as binding of ligands to the channel (ligand-gated channels) or the voltage 

gradient across the membrane (voltage-gated channels). Voltage-gated ion channels, such as 

calcium, sodium, and potassium ion channels, are of particular interest for their roles in 

electrophysiology and aim of intense studies. Voltage-gated ion channels belong to a super 

family of ion channels that have in common the presence of a voltage sensor that controls the 

opening of the pore after the membrane depolarization due to a change in the membrane 

potential, allowing the passive flow of specific ions in the direction of their electrochemical 

gradient. 

 

 

1.1 VGCC 

Voltage-gated Ca
2+

 channels (VGCCs) in diverse cell types mediate Ca
2+

 influx in response to 

depolarizing signals. Calcium entering the cell through voltage-gated Ca
2+

 channels acts as 

the second messenger of electrical signaling and starts various cellular events. Signal 

transduction in different cell types is involved with different molecular subtypes of voltage-

gated Ca
2+

 channels, which mediate currents with different physiological, pharmacological, 

and regulatory properties [Caterall et al., 2011]. 

 

VGCCs initiate contraction in cardiac and smooth muscle cells, by direct enhance 

intracellular Ca
2+

 concentration and indirectly by activating calcium-dependent calcium 

release from ryanodine-sensitive Ca
2+

 release channels in the sarcoplasmic reticulum [Reuter 

et al., 1979; Tsien et al., 1983; Bers et al., 2002; Wehrens et al., 2005; Bodi et al., 2005; Fig. 

1.3]. In skeletal muscle cells, VGCCs activate ryanodine-sensitive Ca
2+

 release channels of 
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the sarcoplasmic reticulum in the transverse tubule membranes to begin rapid contraction 

[Catterall et al., 1991; Tanabe et al., 1993]. In endocrine cells, voltage-gated Ca
2+

 channels 

mediate Ca
2+

 entry that initiates secretion of hormones [Yang and Berggren, 2006; Namita et 

al., 2012; Fig. 1.8]. In neurons, VGCCs initiate synaptic transmission [Tsien et al., 1988; 

Dunlap et al., 1995; Catterall and Few, 2008]. Ca
2+

 entering via voltage-gated Ca
2+

 channels 

can also regulate enzyme activity and gene expression in various types of cells [Flavell and 

Greenberg, 2008].  

 

VGCCs were firstly identified by Fatt and Katz in 1953 [Fatt and Katz, 1953]. The channel 

protein was only isolated nearly thirty years later. The potent functional habilities of VGCCs 

are settled in their molecular design, they consist of a main pore forming subunit that 

associates with different auxiliary subunits to form functional channels. The pore forming 

subunit was named CaVα1 and it contains the entire determinants for functional voltage gated 

ion channels. The auxiliary regulatory subunits were named CaVβ, CaVα2, CaVδ and CaVγ 

(Fig.1.1) [Flockerzi et al., 1986; Sieber et al., 1987; Takahashi et al., 1987; Leung et al., 

1988]. 

 

The first classification of the VGCCs was based on their electrophysiological properties. It 

was found that some calcium channels need only a small membrane depolarization to be 

activated while others need a higher change in the membrane potential. Based on this 

distinctive characteristic VGCCs were classified into two groups: low voltage activated (LVA) 

and high voltage activated (HVA) calcium channels [Carbone and Lux, 1984]. Because of 

their little conductance LVA channels were also called T channels (T for Transient). 

 

Further studies led to the identification of the pharmacological properties of VGCCs. 

Channels sensitive to 1,4-dihydropyridine (DHP) were called L-type [Hess et al., 1984] (L for 
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Long-Lasting, due to the slow inactivation of the channel). Additionally channels sensitive to 

ω-conotoxin GVIA were classified as N-type channels and those sensitive to ω-agatoxin IVA 

as P-type. Other ω-agatoxin IVA sensitive channels were identified in cerebellar granule cells 

and termed Q-type, but they were combined with P-type and they were called P/Q. There is 

another group of channels which are insensitive to these toxin and they were called R-type 

(Tab. 1.1) [McCleskey et al., 1987; Mintz et al., 1992; Randall and Tsien, 1995]. 
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Fig.1.1. Structure of voltage-gated calcium channels and the -subunit seen in detail. A, 

proposed schematic structure of VGCCs. The CaVα1 is the pore forming subunit through 

which calcium ions can pass in the direction of their electrochemical gradient upon channel 

opening. CaVβ, CaVα2, CaVδ and CaVγ are regulatory subunits that modulate channel activity. 

[Stotz and Zamponi, 2001]. The α1 subunit forms the ion conducting pore, while the 

associated subunits have several functions, including modulation of gating. B, The β-subunit 

has a modular construction, being composed of one „Src homology 3 (SH3)” and one 

“guanylate kinase (GK)” domain. It has been proposed that while the GK domain interacts 

with the channel pore, the SH3 is available for further interactions. C, Sequence alignments of 

several CaVβ isoforms reveal the presence of five regions (I to V): II and IV are highly 

conserved among all CaVβ (denoted domains D1 and D2) and regions I, III and V are variable 

in sequence and length. There are many isoforms of CaVβ, one applied in this study was the β2, 
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which can be found in heart as well as in neurons. D, Membrane topology of CaVα1 of 

VGCCs showing domains I to IV (here as for CaVβ regions also represented with roman 

numerals). In red is represented the AID, the α interaction domain present to the CaVβ in the 

loop I-II (adapted from Chen et al., 2004 and Hidalgo and Neely, 2007). 

 

 

1.2 Functional Properties of VGCC 

VGCCs open (or are activated) characteristically within 1 or a few milliseconds after the 

membrane is depolarized from resting state and close (or are deactivated) in a fraction of a 

millisecond following repolarization. The process of activation of VGCC is steeply voltage-

dependent; channels open more rapidly and with higher likelihood under larger depolarizations. 

Inactivation, the closing of channels during maintained or constant depolarizations, has also 

influence on intracellular calcium signal that rises as a consequence of cellular electrical activity 

and is a property that varies broadly among VGCCs. 

 

Permeation of Ca2+
 

through a single open calcium
 

channel can reach rates of millions of ions per 

second under a large electrochemical gradient. Under physiological conditions the driving forces 

are responsible for a more modest flux rate, which is still enough to produce a large increase in 

the intracellular calcium higher than 1 μM near the mouth of the open channel [Bergsman et al.,  

2000]. 

 

 

1.3 CaVα1 

CaVα1 is the pore forming subunit of the VGCCs and it is composed by a polypeptide chain 

with 24 transmembrane segments. These segments are organized into four homologous 

domains, each containing six transmembrane segments (Fig.1.1 D, Fig.1.2). The four domains 
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are linked through large cytoplasmic loops that are capable of interact with a number of 

modulatory proteins including the CaVβ subunit [Stotz et al., 2004]. 

 

Tanabe and coworkers [Tanabe et al., 1987] reached for the first time the cloning of an α1 

subunit of the skeletal muscle channel. After the cloning of the CaVα1 subunit a nomenclature 

was established on the base of the differences in the amino acids sequences of each isoform In 

the last years, with the increase in the number of cloned CaVα1 subunits, a new classification 

was proposed in which a number is given to each isoform (Tab. 1.1) [Ertel et al., 2000; 

Dolphin, 2003a]. The α1 isoforms studied here – α1.2 and α1.3 - are found in cardiac and 

endocrine cells, respectivelly, and both aditionally in neurons. 

 

The sequence of CaVα1 reveals the presence of positive lysine and arginine residues in the S4 

segment of each domain, which are supposed to form the voltage sensor that promotes the 

voltage activation. The pore is principally permeable to Ca
2+

 and Ba
2+

 and the selectivity filter 

is attributed to four glutamate residues in close proximity in the loop linking the S5-S6 

segments and that line the pore [Dolphin, 2006]. 

 

The loop joining the domains I and II (loop I-II) is an important region for VGCC regulation. 

It contains an 18 amino acids long consensus sequence, highly conserved among HVA 

VGCCs, the so called α interaction domain (AID). The AID sequence constitutes the primary 

binding site for the CaVβ subunit, the major regulatory subunit of VGCCs [Pragnell et al., 

1994; Dafi et al., 2004; Leroy et al., 2005] described that mutations in this region affect the 

voltage-dependent inactivation of the channels. 

 

The N-terminus and the C-terminus of the channels are intracellular located. The function of 

the N-terminus is not completely understood, but a mutant channel with truncations in this 
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region exhibits a better membrane expression than the wild type [Wei et al., 1996]. This 

supports the idea that this region contributes to intracellular trafficking of CaVα1. The role of 

the C terminus has been associated with the Ca
2+

 dependent inactivation mechanism in L-type 

channels and with voltage-dependent inactivation in other family members [Pitt et al., 2001]. 

 

 

 

 

 

 

Fig.1.2. CaVα domains. S1 to S6 are the transmembrane segments of each α domain. The 

fourth transmembrane region (S4) is highly charged and serves as a voltage-sensor. The 

region between S5 and S6 of each domain dips into the plasma membrane and contributes to 

the channel pore. The β subunit interacts with the α1 subunit via the cytoplasmic loop between 

domains I and II (Loop I–II). The cytoplasmic loop between domains II and III is important 

for excitation-contraction coupling in skeletal muscle and for excitation-secretion coupling in 

neurons. 
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Tab.1.1. Classification and tissue allocation of CaV1 

Super 

Family 

Family 

Former 

Name 

Proposed 

Name 

Defining 

Pharmacologies 

Localization 

HVA 

 

L 

1C CaV1.2 

DHPs 

Cardiac, endocrine, 

neurons 

1D CaV1.3 Endocrine, neurons 

1F CaV1.4 Retina 

1S CaV1.1 Skeletal muscle 

N 1B CaV2.2 

-conotoxin 

GVIA 

Neurons 

P/Q 1A CaV2.1 -agatoxin IVA Neurons 

R 1E CaV2.3 SNX 482 Neurons 

LVA 

 

T 

1G CaV3.1 

- 

Cardiac/skeletal, neurons 

1H CaV3.2 Cardiac/neurons 

1I CaV3.3 Neurons 

 

 

 

1.4 CaVα2δ and CaVγ 

The CaV1 and CaV2 subfamilies contain an auxiliary CaVα2δ subunit. To date, there are 

fourknown CaVα2δ subunits, each encoded by a unique gene and all possessing splice variants. 
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CaVα2δ subunits are encoded by four genes (CaVα2δ1 through CaVα2δ4) with molecular masses 

between 140-170 kDa. CaVα2 and CaVδ are proteolytically cleaved from one single 

polypeptide chain, which is linked by a disulfide bond to yield the mature CaVα2δ subunit (Fig. 

1.1 A) [De Jongh et al., 1990]. This subunit has modulatory effects on the time course and 

voltage dependence on current activation and inactivation, and on the trafficking of CaVα1 

subunits to the plasma membrane [Bangalore et al., 1996; Felix et al., 1997; Qin et al.; 1998]. 

 

Cavγ are encoded by 8 genes (CaVγ1 to CaVγ8) with molecular masses of around 32 kDa. 

Originally this subunit was found associated with the skeletal muscle L-type channels [Bosse 

et al., 1990; Jay et al., 1990], but recently some CaVγ isoforms have been found in other 

tissues [Klugbauer et al., 2000]. The regulatory functions of this subunit remain imprecise, 

but some small inhibitory effects on channel activation have been observed [Freise et al., 

2000; Arikkath and Campbell, 2003]. 

 

 

1.5 CaVβ 

Purified CaV1 and CaV2 channels contain a tightly bound cytosolic CaVβ protein. There are 

four subfamilies of CaVβs (β1-β4), each with splice variants, encoded by four distinct non 

allelic genes, each one already cloned.  

 

The β subunit (CaVβ) plays a crucial role in trafficking the channels to the plasma membrane, 

fine-tuning channel gating and acts as the main regulatory subunit of VGCCs, regulating 

channel modulation by other proteins and signaling molecules. All four CaVs can 

dramatically enhance Ca
2+

 channel currents when they are coexpressed in heterologous 

expression systems along with a CaV1 or CaV2α1 subunit [Mikami et al., 1989; Hullin et al., 

1992; Lacerda et al., 1991; Birnbaumer et al., 1998; Shistik et al., 1995]. 
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Coexpression of  subunits has also a large impact on the voltage dependence and kinetics of 

gating of cardiac and neuronal Ca2+ channels [Hofmann et al., 1994; Dolphin 2003b; Caterall, 

2011]. The level of expression is normally increased and the voltage dependence of activation and 

inactivation is shifted to more negative membrane potentials. These effects are different for each 

 subunit isoform. 

 

Diverse studies have revealed the tissue distribution of the CaVβ (Tab. 1.2). CaVβ1 is 

expressed in skeletal muscle, nervous system and cardiac tissue. Analysis of the co-

distribution of the CaVα1 and CaVβ subunits suggests that they could coexist in diverse 

combinations in different tissues, but some pairs could predominate over others, depending of 

the subunit concentration and the difference in the affinities between them [Dolphin, 2003b]. 

 

2 is for instance expressed in brain, heart, lung and osteoblasts. β2a is specifically expressed 

in brain, heart, and aorta; in heart and brain β2a show lower levels than other subunits and 

isoforms. CaVβ3 is also present in cardiac tissue and CaVβ3 together with CaVβ4 are both 

present in neurons [Hullin et al., 1992; Perez-Reyes et al., 1992; Castellano et al., 1993; 

Birnbaumer et al., 1998; Dolphin et al., 2003b]. 

 

 

Tab.1.2. Tissue allocation of CaV 

 

CaVβ

 

Tissue Allocation 

β1 
Expressed in brain (cerebral cortex, habenula, hippocampus, and olfactory bulb), 

heart, skeletal muscle, spleen, and T cells, but not in kidney, liver or stomach. 



INTRODUCTION                                                                                                                           11 

β1a 
Expressed only in skeletal muscle. Exclusive partner of CaV1.1 and irreplaceable 

for excitation-contraction coupling. 

β1b 
Expressed in brain (cerebellum and cerebral cortex), nerve endings at the 

neuromuscular junction, and pancreas. Expression is increases to adulthood. 

β1e Expressed in brain and spleen, but not in kidney, liver, muscle, or stomach. 

β1d Expressed in heart. 

β2 

Expressed in brain (hippocampus–becoming the most abundant isoform there, 

cerebellum, pontine nucleus, susbtantia nigra, central grey, habenula, pineal gland, 

thalamic nuclei, cerebrum), heart, lung, nerve endings at the neuromuscular 

junction, T cells, and osteoblasts, but not in kidney, liver, pancreas, or spleen. 

Brain expression is constant during development. 

β2a 
Expressed in brain, heart, and aorta; its heart and brain levels seem lower than 

other  subunits and isoforms. 

β2b Expressed in brain, heart, and aorta. It is the most abundant CaV in human heart. 

β2e 
Expressed in brain and heart, where it is the second most abundant CaV. Its 

expression declines in adults. 

β3 

Expressed mostly in brain (cerebellum, cerebral cortex, habenula, hippocampus, 

olfactory bulb, and striatum), but also in heart, aorta, kidney, lung, skeletal muscle, 

smooth muscle, spleen, thalamus, T cells, and trachea, but not in liver, pancreas or 

testis. Expression remains constant in the brain and heart during development. It is 

the most predominant partner of CaV2.2 (N-type) channels in the brain, and it pairs 

with around 40% of brain L-type channels. 

β4 
Expressed in brain (cerebellum–the most abundant CaV there, brain stem, 

cerebral cortex, dentate gyrus, habenula, hippocampus, olfactory bulb, striatum, 
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thalamus, and hypothalamus), kidney, nerve endings at the neuromuscular 

junction, ovary, skeletal muscle, spinal cord, T cells, and testis, but not detected in 

heart (except in young animals), liver, lung, spleen, or thymus. It is the most 

prevalent partner of CaV2.1 (P/Q-type) channels in brain, and, like 3, it pairs with 

around 40% of brain L-type. 

β4a Expressed in spinal cord and cerebellum. 

β4b Expressed in spinal cord and forebrain. 

From Buraei and Yang, 2010 

 

 

1.5.1 Structure of the CaVβ subunits 

The molecular masses of CaVβ subunits range between 52-78 kDa. Sequence alignments of 

several CaVβ isoforms reveal the presence of five regions: two central (II and IV) highly 

conserved among all CaVβ, flanked by 3 regions (I, III and V) variable in sequence and length 

(Fig.1.1 A,C). 

 

The crystallographic structures of 3 different CaVβ isoforms revealed that the first conserved 

domain encompasses a Src homology-3 (SH3) domain and the second a Guanylate Kinase 

(GK) domain. (Fig.1.1 B,C) [Chen et al., 2004; Opatowsky et al., 2004; Van Petegem et al., 

2004]. These domains are found in members of the membrane-associated guanylate kinase 

(MAGUK) family of scaffolding proteins. It has been proposed that while the GK domain 

interacts with the channel pore, the SH3 is available for further interactions [Hidalgo and 

Neely, 2007]. 
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The crystallographic structures of CaVβ show that the GK domain is interacting with the AID 

while SH3 does not contribute to this association and it is facing to the opposite side of the 

GK-AID interaction surface. The SH3 domains control protein-protein interactions by binding 

to proline rich domains (PRD) present in specific ligand proteins. In CaVβ many of the 

canonical SH3 residues necessary for the interaction with PRD are buried into the structure 

confusing a possible function for this domain [Chen et al., 2004; Opatowsky et al., 2004; Van 

Petegem et al., 2004]. The GK domain, like in many other MAGUK proteins, does not have 

enzymatic activity due to the fact that the glycine-rich ATP binding motif present in true 

Guanylate Kinase is not conserved in CaVβ-GK (Dolphin, 2003b). 

 

 

1.5.2 Functionality of the CaVβ subunits 

The association of one single molecule of CaVβ subunit to CaVα1 enables modulation of the 

channel [Dalton et al., 2005]. This association is reversible at the level of plasma membrane, 

but the dissociation signal from the channel is unknown [Hidalgo et al., 2006]. 

 

CaVβ subunits promote and increase the current density of VGCCs. This effect can be 

attributed to an increase on channel activation and/or on plasma membrane expression 

[Dolphin, 2006]. All CaVβ subunits shift the voltage-dependent activation of the VGCCs 

toward higher hyperpolarizing voltages, meaning that in the presence of CaVβ subunit the 

channel can achieve the same open probability with less membrane depolarization [Josephson 

and Varadi, 1996; Kamp et al., 1996]. A variety of studies also relate the subunit to the 

increase of the trafficking of channels to the cell membrane (whose mechanisms will be 

discussed soon). 

 

1.5.3 Interaction of CaVβ with the pore-forming 1 subunit 
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CaVβ binds a highly conserved sequence of about 18 amino acids located in the intracellular 

loop joing the first and second homology domain (I-II linker) of CaVα1, through AID (Fig.1.1 

D). Other secondary sites have been described, but the disruption of AID abolishes CaVβ 

function and binding to the AID-containing loop [De Waard et al., 1995, 1996].  

 

Residues encompassing the AID peptide form an a-helix that fits into a hydrophobic pocket 

within the GK domain. Lying on one side of the DID-helix, facing the hydrophobic pocket are 

residues, which are considered to be crucial for in vitro binding and modulation of calcium 

channels [Pragnell et al., 1994; De Waard et al., 1995, 1996]. Binding of CaVβ to AID is 

accepted to be a requirement for the release of CaVα1 from the endoplasmatic reticulum, at 

least in some expression systems [Tareilus et al., 1997; Chien et al., 1995]. The prevalent 

view is that a retention signal encoded in the I-II linker is occluded by binding of CaVβ to 

AID [Bichet et al., 2000] and primary evidence supports the reversibility of the binding 

[Garcia et al., 2002]. 

 

Some possibilities have been proposed for explaining this enhancement of the CaVα1 and 

CaVβ dissociation constant. One possibility is the existence of steric hindrances between 

opposing surfaces that come into close proximity once CaVβ is anchored to AID, another is 

the binding to a secondary site in the CaVα1. This would be a meaningful explanation in cases 

when modulation of calcium current occurs by displacing CaVβ [Hidalgo and Neely, 2007]. 

There are evidence that at least some CaVβ bind to secondary sites in particular Cava1 

isoforms. CaVβ2a binds for instance to C-termini fragments of CaV2.3 [Qin et al., 1997] in 

vitro and CaVβ4 to C- [Walker et al., 1998a] and N-termini [Walker et al., 1998b]of CaV2.1 

 

 

1.5.4 Interaction of CaVβ with other proteins 
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For a long time the only known protein partner for CaVβ was CaVα1. Recently a growing 

number of proteins have been found to interact with CaVβ, in some cases with considerable 

functional impact, making CaVβ to stand as an autonomous protein rather than an auxiliary 

subunit [Hidalgo and Neely, 2007]. 

 

 

1.5.4.1 Interaction with the small RGK GTPases 

Calcium channel function is inhibited by small GTPases of the RGK family, possibly through 

direct interaction with CaVβ. The physiological function of RGK GTPases (review in Kelly, 

2005) includes rearrangements of cytoskeleton and regulation of surface expression of 

calcium channels. Coexpression of Kir/Gem with CaV1.2 or CaV1.3 and CaVβ3 in Xenopus 

oocytes abolished calcium currents and inhibited cell surface experssion of the Cava1, as 

determined by immunofluorescence microscopy. This effect gave indication that the 

association of Kir/Gem with CaVβ impairs the binding of CaVβ to CaVα1, leading the proteins 

to be retained in intracellular compartments[Beguin et al., 2001]. 

 

 

1.5.4.2 Interaction with ahnak 

CaVβ is shown to interact with ahnak, a ubiquitous large (700 kDa) signaling and scaffolding 

protein involved in diverse aspects of cell physiology/ pathophysiology [Haase, 2007]. CaVβ 

and ahnak interact in various cell types, including cardiac cells, osteoblasts and T 

lymphocytes [Alvarez et al., 2004; Haase et al., 1996; Hohaus et al., 2002; Matza et al., 2008; 

Shao et al., 2009]. This interaction provides a potential link between Ca
2+

 channels, 

cytoskeleton and cellular organelles. Multiple regions in the COOH terminus of ahnak can 

bind 2a in vitro [Haase et al., 1999; Haase et al., 2005]. The ahnak-interacting region on β2a 
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is unknown, but since ahnak co-immunoprecipitates with β1b, β3, and β2a [Alvarez et al., 2004; 

Haase et al., 1996; Shao et al., 2009], it is likely to be in the conserved GK or SH3 domains. 

 

 

1.5.4.3 Interaction with the endocytic protein dynamin 

A study reported that full-length β2a interacts in vitro with dynamin, a multi-partner GTPase 

involved in endocytosis [Gonzalez-Gutierrez, 2007]. This interaction was recognized to 

involve a PRD of dynamin and the SH3 domain of β2a. The β2a fragment used in the study 

contained the four continuos sheets of SH3 domain and was able to markedly suppress the 

surface expression of CaV1.2 channels, and this restraint was dependent on dynamin. 

Dynamin belongs to the family of large GTPases that promotes membrane fission during 

endocytosis [Hinshaw, 2000; Praefcke and McMahon, 2004; Takei et al., 2005] and in 

contrast to the small GTPases, dynamin binds guanine nucleotides with relatively low affinity 

and self-assembles into collar-like structures. It was proposed that the dynamin-SH3 domain 

interaction links HVA Ca
2+

 channels to the endocytotic machinery (Fig.1.5 A). 

 

 

1.5.4.4 Interaction with the nuclear HP1 protein 

Hibino and coworkers have shown that a short splice variant of CaVβ4 interacts with the 

nuclear protein HP1 [Hibino et al., 2003]. HP1 belongs to the chormation organization 

modifier (Chromo) superfamily, being responsible for a form of gene repression [Eissenberg 

et al., 1990]. It was identified a translocation to the nucleus and a gene silencing supression 

activity between CaVβ4 and HP1. CaVβ4 has been detected in the nucleus of the heart cells, 

indicanting the gene regulation may be a more general function of CaVβ, demonstrating its 

function versatility [Hidalgo and Neely, 2004]. 
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1.5.4.5 Interaction with the the intracellular calcium release machinery 

VGCCs, specially L-type (CaV1.1-CaV1.4) are important in the process of insulin secretion in 

pancreatic cells (review in Yang and Berggren, 2006). Oscillatory increases of calcium 

concentration through voltage-gated calcium channels and inositol 1,4,5-triphosphate (IP3) is 

characteristic of glucose stimulated insulin secretion [Chay, 1993]. Inositol triphosphate 

receptor (IP3) is a second messenger that enables the release of more Ca
2+

 from intracellular 

store sites under complex pattern [Yoshida et al., 1997]. 

 

The lack of in pancreatic islets led to larger fractions of cells exhibited high frenquency of 

calcium CaVβ3 oscillations under stimulation with glucose [Berggren et al., 2004]. The results 

indicated that CaVβ3 modulates the release of calcium from IP3 stores, adding a yet to be 

uncovered partner in the IP3 cascade, where the CaVβ performs multiple tasks [Hidalgo and 

Neely, 2007]. 

 

 

1.5.5 CaVβ regulates high voltage-activated Ca
2+

 Channel 

The α subunit of CaV1 and CaV2 channels does not reach the membrane alone, when 

expressed without auxiliary subunits it shows no surface expression producing very small or 

no currents. The chaperone effect of CaVβ has been described for various heterologous 

expression systems in vitro [Kamp et al., 1996; Josephson and Varandi, 1996; Chien et al., 

1998; Ball et al., 2002] and in vivo [Berrow et al., 1995; Leuranger et al., 1998].  

 

One original question which still needs to be answered is the understanding on how CaVβ 

enhances Ca
2
channel surface expression. Although it is well established that CaVβ is 
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essential for the surface expression of HVA Ca
2+

 channels, it is still unclear why the subunit is 

necessary. There are different hypothesis on this matter, each one having additional 

inconsistence remarks. One hypothesis is that CaVβ disrupts one or more ER retention signals 

on the I–II loop of CaVα1 [Bichet et al., 2000], An alternative possibility is that additional 

trafficking signals exist in the NH2 and COOH termini of CaVα1 [Cornet et al., 2002; Flucher 

et al., 2000; Gao et al., 1999; Kobrinsky et al., 2005; Wei et al., 2000]. 

 

Recently, a new study suggested that CaVβ increases CaVα1 expression on the plasma 

membrane by preventing ubiquitination and proteasomal degradation of the channel [Altier et 

al., 2011]. Thus CaVβ may purely be necessary to avoid CaV1 going to the degradation 

pathway [Buraei and Yang, 2010]. 

 

Once the Ca
2+

 channel complex reaches the plasma membrane, CaVβ effectively modulates its 

gating by enhancement of voltage-dependent activation (VDA) and voltage-dependent 

inactivation (VDI). 

 

 

1.5.5.1 The Effect of 2a  

The β splice variant β2a is a substrate for protein kinase A, and phosphorylation of β2a is 

important for the ability of protein kinase A to stimulate the currents generated by the α1.2 

channels in mammalian expression systems and in cardiac myocytes [Arikkath and Campbell, 

2003]. The rat β2a isoform can associate with the plasma membrane independent of the 1 

subunit. This is mediated by the presence of acidic motifs in the protein [Chien et al., 1998] or 

partly by lipid modification [Bogdanov, 2000]. The ability of the rat β2a to be inserted in the 

membrane is unique among the β2a isoforms and is mediated by two amino-terminal cysteine 

residues that are palmitoylated and allow membrane insertion of the protein.  
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1.5.6 CaVβ and Pathophysiology 

Changes in the expression level of various voltage-gated calcium channels have been reported 

in certain pathological conditions. For example, in hypertrophic obstructive cardiomyopathy 

Ca
+2

 is upregulated, the downregulation occurs in the Lambert-Eaton myasthenic syndrome 

(LEMS), an autoimmune disease, autoantibodies against the extra-cellular loops of 

presynaptic Ca
+2

 channels disrupt channel arrays at the neuromuscular junction and impair 

synaptic transmission [Grob et al., 2008].  

 

Due to the essential role of CaVβ in the surface expression and functional modulation of HVA 

Ca
2+

 channels, CaVβ knockouts or mutations can produce severe functional deficits and be 

deadly.  

 

 

1.5.6.1 β1 

β1a is strictly necessary for pairing with CaV1.1 channels to enable skeletal muscle EC 

coupling. Therefore β1 knockout mice are similar to CaV1.1 knockouts; they are motionless 

and die instantly from asphyxiation. Skeletal muscles isolated from these mice do not elicit 

Ca
2+

 transients. L-type Ca
2+

 channel currents and the surface expression of CaV1.1 subunits 

are much reduced in these muscles [Gregg et al., 1996].  

 

 

1.5.6.2 β2 
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Several β2 splice variants are the predominant CaVβs expressed in the heart (Tab. 1.2). 

Therefore β2 knockouts have impairments such as no cardiac contractions and are nonviable 

beyond embryonic day 10.5 [Ball et al., 2002; Weissgerber et al., 2006] This is due to 

diminished L-type Ca
2+

 channel currents in cardiomyocytes and cardiac failure-associated 

defective remodeling of blood vessels. Partial knockouts revealed an essential role of β2 in 

tissues besides the heart. Mice lacking β2 in all but cardiac tissues are deaf due to a 

remarkable reduction in the membrane expression of CaV1.3 channels in inner hair cells, 

coupled with decreased exocytosis, improper hair cell development, and defective cochlear 

amplification [Neef et al., 2009]. These mice also have defects in vision with a phenotype 

similar to human patients with congenital stationary night blindness [Ball and Gregg, 2002]. 

 

 

1.5.6.3 β3 

β3 are preferable partners of N-type channels [Ludwig et al., 1997; Scott et al., 1996], 

therefore 3 knockouts are similar to N-type channel (CaV2.2) knockouts. They are viable and 

were first found to be normal [Murakami et al., 2000; Namkung et al., 1998], but later studies 

exposed abnormal findings under stress. An example is the already discussed potentiation 

effect of the the frequency of [Ca
2+

]i oscillations and the resulting insulin secretion from 

pancreatic cells at high glucose concentrations, which is probably due to the attenuation of β3-

mediated inhibition of IP3 production. Findings from mice overexpressing β3 [Murakami et al. 

2008] are consistent with a function of β3 in sympathetic control, in this aspect also 

resembling N-type channel (CaV2.2) knockouts [Takahashi et al., 2004; Takahashi and 

Nagasu, 2006].  

 

 

 



INTRODUCTION                                                                                                                           21 

 

 

1.5.6.4 4 

Mutation of β4 was initially showed in lethargic mice [Burgess et al., 1997; Dung and Swigart 

1971, 1972]. This occurs naturally in a four nucleotide insertion in CACNB4 and causes a 

translational frame shift and premature stop codon. These lethargic mice have: ataxia, seizures, 

absence epilepsy, and paroxysmal dyskinesia [Barclay and Rees, 1999; Burgess et al., 1997; 

Hosford et al., 1999]. The abnormal phenotype appears after postnatal day 15, a time when 

WT animals have an increase in β4 expression in the brain [McEnery et al., 1998a], what is in 

this case particularly robust in cerebellar granule and Purkinje neurons. This probably 

explains the ataxia in null mice [Burgess et al., 1997]. It is not clear why the remaining CaVs 

fail to compensate for the lack of β4, one hypothesis could be at least partially due to the 

unique interactions between the NH2 and COOH termini of β4 with other proteins [Brice and 

Dolphin, 1999; De Waard, 1995; Stotz et al., 2004]. Nevertheless, in lethargic mice, there is 

increased pairing of CaV2.2 and CaV2.1 with other CaVβs; in particular, both 1b and 

CaV2.2/β1b complexes are upregulated, similar to what is found in the developing brain 

[McEnery et al., 1998a-b]. Some other characteristics of lethargic mice include lower N-type 

channel expression in the forebrain and cerebellum [McEnery et al., 1998b], decreased 

excitatory neurotransmission in the thalamus [Caddick et al., 1999], a modified electro-

oculogram [Marmorstein et al., 2006], splenic and thymic involution [Dung and Swigart, 

1971, 1972], and renal cysts [Dung and Swigart, 1971]. Tottering mice [Fitzgerald, 2000] 

with mutations in CaV2.1 have a phenotype very similar to lethargic mice [Pietrobon, 2002], 

what is reasonable, since β4 is the predominant partner for P/Q-type (CaV2.1) channels in 

brain [McEnery et al., 1998b]. Both tottering and lethargic mice are models for epilepsy. 
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1.6 T- and L-types VGCC 

Most excitable cells express different types of voltage-gated Ca
2+

 channels which are vital for 

many biological processes, acting as signalling intermediaries in various cellular processes 

including neurotransmitter release, neuronal excitability and long term changes at the gene 

transcription level, cell proliferation and differentiation, fertilization, cardiac development, 

muscle contraction, synaptic plasticity, learning and memory [Berridge et al., 2000; Schafe, 

2008]. VGCCs have been found mainly in all excitatory eukaryotic cells but they are also 

present in low levels in not excitatory tissues. 

 

T-type voltage-gated calcium channels contain the ion conducting pore only, while L-types 

have addional subunits β, α2 and  with various functions including modulation of gating 

(Fig.1.1). Calcium entry through voltage-gated L-type calcium channels (LCC) initiates 

myofilament contraction in cardiac cells [Bodi et al., 2005; Fig.1.3]. Cardiomyocytes also 

express T-type calcium channels (TCC) which appear more prominent at the embryonic 

stages [Cribbs et al., 2001; Larsen et al., 2002] and differ from LCCs in their voltage 

sensitivity and quaternary structure. Whereas the α1 pore-forming subunit (CaVα1) of LCC 

associates with high affinity to CaV through a highly-conserved sequence referred to as α1-

interaction domain or AID [Pragnell et al., 1994], TCC lacks this binding site. CaVβ alters 

several aspects of channel function, including its activity and surface expression [Dolphin, 

2003b]. The physiological relevance of CaVβ is highlighted by the fact that mice lacking the 

cardiac β-isoform (β2) die during embryogenesis from heart malformations and that its 

expression is altered in myocardial dysfunctions [Haase et al., 1996; Hullin et al., 1999; 

Weissgerber et al,. 2006]. 
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In native systems calcium currents may be up- or down-regulated by changes in CaVβ 

expression and the encountered protein-protein interaction [Hidalgo and Neely, 2007; Fig.1.5]. 

Association of CaVβ with CaV1 in the plasma membrane increases the channel’s open 

probability and prevents its internalization, while interaction with dynamin GTPase promotes 

endocytosis of CaV1.2 channels [Gonzalez-Gutierrez et al., 2007], the most abundant isoform 

in the heart [Larsen et al., 2002]. CaVβ also stimulates targeting of the channel to the plasma 

membrane through a mechanism that, to date, still remains unclear [Bourdin et al., 2010]. 

Despite its multiple effects on surface channel density, no CaVβ-partners involved directly in 

intracellular trafficking have yet been identified. 

 

 

1.6.1 VGCCs and cardiomyocytes 

Voltage-gated L-type Ca
2+

 channels in the plasma membrane of cardiomyocytes constitute a 

major influx pathway for extracellular Ca
2+

 [Bers, 2002]. Ca
2+

 entry through ICa-L channels 

triggers the efflux of Ca
2+

 from the sarcoplasmic reticulum (SR) via SR Ca
2+

 release channels, 

which are also referred to as ryanodine receptors (RyRs) [Wehrens et al., 2005]. Additional 

Ca
2+

 cycling proteins include the Na
+
/Ca

2+
 exchanger and the Ca

2+-
ATPase in the sarcolemma 

the SR Ca
2+

-ATPase SERCA2a [Bodi et al., 2005] (Fig.1.3). These Ca
2+

 transport 

mechanisms are essential for the homeostasis of basal Ca
2+

 concentration inside the 

cardiomyocyte and the dynamic Ca
2+

 oscillations during the contraction-relaxation cycle of 

the heart. 

 

The inward currents of T-type VGCCs also contribute for the rise of intracellular calcium and 

consequently for the beginning of the action potential formation in cardiomyocytes [Nass et 

al., 2008]. 
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The influx of calcium ions via L-type Ca
2+

 channels carries only a small depolarizing current 

into the cell, which is not enough to initiate actin-myosin cross-bridge cycling, but the tiny 

Ca
2+

 depolarizing current stimulates ryanodine receptors (RyR2s) on the sarcoplasmatic 

reticulum, triggering the critical release of Ca
2+

 into the cytosol – a regenerative postivie-

feedback process known as calcium-induced calcium relaease. The release results in 

tropomyosin translocation and myofilament contraction. Cytosolic Ca
2+

 levels are restored to 

diastolic levels predominantly by the coordinated activities of the Na
+
-Ca

2+
 exchanger (NCX) 

and the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA2a; Fig.1.3).  

 

Repolarization follows through the activity of the delayed rectifier K
+
 currents and the inward 

rectifier K
+
 current, together with the decrease of the depolarizing currents. 

 

 

 

 

Fig.1.3. Scheme of excitation-contraction coupling in cardiomyocytes upon Ca
2+

 

signalling. At each beat, an action potential leads to Ca
2+

 entry into the cell mainly via L-type 
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Ca channels. This Ca
2+

 influx across the cell membrane triggers the release of more Ca
2+

 from 

the sarcoplasmic reticulum (SR) by activating ryanodine receptors (RyRs) in the adjacent SR 

membrane (via the mechanism of Ca
2+

-induced Ca
2+

 release). The rise of intracellular Ca
2+

 

that activates the contractile proteins - the systolic Ca
2+

 transient – is the spatial and temporal 

sum of such local releases [Bodi et al., 2005]. 

 

 

1.7 Actin Cytoskeleton 

The actin cytoskeleton is one of the major structural components of the cell, taking part of a 

variety of dynamic cellular processes, including cell migration, cytokinesis and membrane 

trafficking. Actin comprises a highly conserved family of proteins of three broad classes: α, β 

and  isoforms found in eukaryotes. It is mainly located in the cytoplasm, but it is also present 

in the nucleus. The highest concentrations (20% of the total protein) of actin are in striated 

muscles, however, significant quantities of actin are present in non-muscle cells, where it 

plays a variety of roles including myosin-independent changes of cells shape, motor-based 

organelle transport, regulation of ion transport, and receptor-mediated responses of the cell to 

external signals [Dos Remedios et al., 2003]. 

 

The actin network is made up of filamentous actin. These filaments are highly dynamic in 

nature and comprise monomers of G-actin bound to either ATP or ADP. Polymerization: 

starts with addition of ATP-actin at the barbed end, leading to filament elongation (Fig.1.4). 

Elongation will continue whereas the rate of elongation is greater than the loss of ADP-actin 

from the pointed end. Depolymerization: when the dissociation rate of ADP-actin exceeds the 

rate of ATP-actin association, the filament shrinks. In vivo, the dissociation of actin filaments 

is also aided by cofilin, which can severe filaments into short fragments and promote subunit 

loss from the pointed ends. Actin binding proteins (ABPs) alter the distribution and 
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organization of actin filaments. Some proteins named capping proteins affect the 

depolymerization of actin by binding to the capped ends of actin filaments. Cytochalasin D is 

known for being used as a cell permeable and a potent inhibitor of actin polymerization, 

working as a mimic for actin-capping proteins. Cytochalasin D is consideratted to be very 

specific for the actin cytoskeleton [Cooper, 1987]. 

 

Phalloidin is a known bicyclic peptide that belongs to a family of toxins isolated from the 

deadly Amanita phalloides mushroom that also affects the actin dynamics. It binds to F-actin, 

more specifically at the junction between subunits [Barden et al., 1987; Faulstich et al., 1993; 

Steinmetz et al., 1998] preventing its depolymerization. The compound is usually used in 

imaging applications for specific labelling of F-actin in fixed cells.  

 

 

 

 

Fig.1.4. Simplified cartoon of molecular actin dynamics. Filamentous actin made upon G-

actin are formed from the barbed end. Loss of ADP results in dissociation of G-actin. Actin 

binding proteins (ABPs) may affect this dynamics. 
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Actin microfilament dynamics and rates of polymerization/depolymerization are controlled by 

an ever-growing number of acessory proteins, one of the key regulatory of actin 

polymerization that has been also associated in clathrin-mediated endocytosis is the Arp2/3 

complex. The Arp2/3 complex is formed by the actin-related proteins 2 and 3 and five 

additional proteins and is one of the most important players regulating actin remodeling and 

dynamics. De novo formation of F-actin is a complex process, requiring initially the 

association of globular actin monomers into dimers and trimers, which is an energetically 

unfavorable process relatively to elongation of the already existing filaments. Arp2/3 is 

therefore thought to be necessary for overcoming this energetic barrier [da Costa et al., 2003].  

 

 

1.8 Signaling and trafficking through the cytoskeleton 

In order to carry efective information, the typical signaling molecule has to be move within a 

crowded intracellular millieu from one part of the cell to another before reacting with its 

partner or reach the specific target. Instead of using a more unlikely free diffusion, this 

movement can be efficiently done under physiological conditions via diffusion along the 

cytoeskeleton, using its fibers as guiding tracks [Shafrir et al., 2000]. 

 

Different molecules are known to be anchored to cytoeskeleton proteins. Phosphofructokinase, 

for instance, binds to and it is inhibited by tubulin and microtubules [Lehotzky et al., 1993], 

tyrosin kinase Yes colocalizes with vimentin intermediate filaments [Ciesielski-Treska et al., 

1995]. V-Src and c-Src and some protein kinase C isotypes bind to the actin cytoskeleton 

[Grondin et al., 1991; Zalewski et al., 1991]. 
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While filamentous macromolecules of the cytoskeleton have net negative charge [Tang and 

Janmey, 1996; Tang et al., 1997], signaling molecules are complex proteins which contain 

amino acids with net positive charge. The motion of signling molecules would then be restrict 

to the surroundings of the filaments and provide conditions for diffusion along cytoskeleton. 

The various paths formed by the three main classes of cytoskeletal filaments (actin, 

microtubules and intermediate filaments) comprise the entire cytoplasm and reach 

intracellular targets, avoiding obstacles represented by organelles [Shafrir et al., 2000]. Other 

disruptor agents of actin filaments are known to affect the modulation of VGCC, as 

Cytochalasin D, having its effects described in various types of cells. Agents that act on the 

cytoskeleton, like stabilizers or actin disrupters influences cardiac excitation-contraction 

coupling [Callaghan et al., 2004; Howarth, 1999]. Disruption of actin cytoskeleton causes 

dynamin-dependent internalization of CaV1.3 (alpha 1D) L-type calcium channels in 

salamander retinal neurons [Cristofanilli et al., 2007].  

 

Although the mechanism used by proteins to move to the cell membrane in cardiac myocytes 

is unclear, it is recognized that the cytoskeleton may play an important role. Cytoskeleon 

filaments can provide a track for protein and vesicles, and consequently promote the release 

of ion channels to the cell membrane. They may also anchor proteins, limiting lateral 

movements in the cell membrane.  

 

 

1.8.1 VGCC and actin 

Leach and coworkers described the effect of cytoskeleton disruptors on L-type Ca channel 

distribution in rat ventricular myocytes [Leach et al., 2005]. Using CaV immunostaining and 

confocal macroscopy imaging they showed that actin is important in trafficking L-type Ca 

channels from the peri-nuclear region to the t-tubules, where they are normally located and 
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provide the trigger for calcium release. Several other studies show that actin cytoskeleton 

disruption have impact on Cav activity [Callaghan et al., 2004; Galli and Defelice, 1994]. 

Although the mechanisms responsible for these changes remain to be clarified, their results 

with myocytes maintained in culture could be explained by a representation in which the 

alpha subunit of the calcium channel is synthetised in the perinuclear region of the myocytes, 

resulting in accumulation of the subunit around the nucleus and during cell culture the 

subunits would migrate to T-tubules. Disruption of other components of the cytoskeleton 

would have little effect.  

 

Beside the intracellular 2 subunit, the cardiac L-type Ca
2+

 channel complex contains the 

central pore-forming 1c sunit and auxiliary 2 subunits [Striessnig, 1999]. Cardiac Ca
2+

 

channel activity is not only regulated by the membrane potential and phosphorylation 

[Striessnig, 1999; Kamp and Hell, 2000] but also by the cytoskeletal actin filament 

organization, which modulates the Ca
2+

 channel inward current [Lader et al., 1999]. 

 

 

1.8.2 Polymerization and endocytosis 

Several studies in nonneuronal systems, including yeast [Kubler and Riezman, 1993] and 

mammalian epithelial cells [Gottlieb et al., 1993], have established a close link between actin 

polymerization and endocytosis [review in Qualmann et al., 2000, Engqvist-Goldstein and 

Drubin, 2003]. 

 

The generation of actin filaments depends on the successful formation of actin nuclei, a 

process catalized prominently by the Arp2/3 complex. Proteins of the syndapin family for 

example interact with the Arp2/3 complex activator N-WASP (Neural Wiskott-Aldrich-

Syndrome Protein) [Qualmann et al. 1999; Qualmann and Kelly 2000; Kessels and Qualmann 
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2002] and such interactions play important roles in both endocytosis [Kessels and Qualmann 

2002] (Fig.1.5 B). 

 

 

 

 

Fig.1.5. Regulation of voltage-dependent calcium current densities through the accessory 

-subunit and variability of protein partners. A, The representation shows two effects of 

CaVβon calcium currents. CaVβ binds to the AID site of CaVα1 through the GK domain and 

activates calcium currents. Through a still unknown dissociation trigger, CaVβ unbinds 

CaVleaving the domains SH3 and GK available for further interactions. Other ligand 
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proteins may help the interaction of CaVβ with dynamin and other supporting proteins. B, 

Clathrin-mediated endocytosis (CME) is a major mechanism for internalizing plasma 

membrane receptors. Clathrin structures associate with cargo and adaptor proteins, and begin 

the invagination of the cell membrane and the assembly of clathrin-coated vesicles. Dynamin 

forms a spiral around the neck of the vesicle - a clathrin-coated pit for instance - while the 

vesicle invagination occurs. The lengthening and tightening of the coil around the vesicle 

neck through GTP hydrolysis breaks it and results in the pinching off of the vesicle from the 

cell membrane [Hinshaw, 2000]. Potential protein-protein interactions were also identified as 

intermediaries between endocytic and actin assembly machinery (adapted from Schafer, 2002).  

 

 

1.8.3 CaV and Endocytosis 

In the mechanism of VGCC density regulation through the CaV at the cell membrane level, 

the GK domain activates the channel in the plasma membrane, the SH3 domain reduces the 

number of calcium channels by direct interaction with dynamin proline-rich domain. The β-

subunit has two opposite effects on calcium-currents, it increases the open probability when 

bound to the channel or it promotes channel removal from the plasma membrane when 

dissociated from it [Hidalgo et al., 2007; Fig.1.5 A]. This is done through binding of CaVβ to 

dynamin, a process that also requires dimerization of the protein to occur [Miranda-Laferte et 

al., 2011]. 

 

The number of binding partners and functions of CaVβ is rapidly increasing [Hidalgo and 

Neely, 2007]. Although the exact sequence of events for the triggering of the dissociation of 

the CaV to CaV have yet to be established, it is known that α1/β interaction is indeed 

reversible [Hidalgo et al., 2006].  
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Proteins containing the SH3 domain – like amphiphysin, the major protein partner of dynamin 

in brain – are a link between endocytic machinery through dynamin interaction and actin 

assembly machinery. It is subsequently reasonable to hypothesize that a problable protein-

protein interaction of the β subunit of VGCC with the actin assembly machinery could be 

involved in the promotion of endocytosis as well (Fig.1.5 B).  

 

 

1.9 VGCC and Pathology 

 

1.9.1 Membrane trafficking and Diseases 

Membrane trafficking pathways are often disturbed in human disease [Aridor and Hannan, 

2000, 2002]. Together with mutations in canonical endocytic proteins, several 

neurodegenerative conditions either produce or are caused by defects in endocytic processes. 

Endocytic/retrograde trafficking phenoypes are also early features of Alzheimer’s disease and 

Down syndrome [Cataldo et al., 2000, 2008]. Several studies have shown that functional 

interactions of cell signalling processes and endocytosis are important at all stages of 

morphogenesis during animal development, as well as in the regulation of cell proliferation, 

motility, survival and differentiation in adult organisms. In central nervous system (CNS), 

regulation of signalling by endocytosis has been implicated in neurodegenrative diseases, 

nerve regeneration and plasticity [Sorkin and Zastrow, 2009]. 

 

 

1.9.2 VGCC Channelopathies 

Calcium (Ca
2+

) is an essential signalling molecule in many biological systems and normal 

intracellular calcium levels at 100 nM are 20 000-fold lower than the 2 mM concentration 
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found extracellularly. Homoeostatic mechanisms are tightly controlled to enable Ca
2+ 

to 

mediate a variety of cellular functions and to prevent sustained rises in intracellular calcium 

concentration, which result in cell death. In addition to altering various cell signalling 

pathways, calcium channel mutations might produce cytotoxicity. Increased and decreased 

intracellular Ca
2+

 levels are related to cytotoxicity. Abnormal calcium homoeostasis plays an 

essential role in the excitotoxic injure in the setting of cerebrovascular disease and diverse 

neurodegenerative diseases [Choi, 1988, 1995, Lorenzon and Beam, 2008].  

 

Abnormalities of the voltage-gated calcium channel (VGCC), one of the central regulators of 

intracellular calcium concentration, are related to a wide range of human diseases (Fig.1.6), 

including familial hemiplegic migraine (FHM), episodic ataxia [Ophoff et al., 1996], 

spinocerebellar degeneration [Zhuchenko et al., 1997], the Lambert-Eaton myasthenic 

syndrome [Lang, 1981] hypokalaemic periodic paralysis [Ptacek et al., 1994], and X-linked 

congenital stationary night blindness (xlCSNB) [Strom et a., 1998.; Bech-Hansen et al., 1998]. 

It has been suggested that amyotrophic lateral sclerosis may be mediated by antibodies 

directed against the VGCC [Smith et al., 1992], but evidence does not sustain this hypothesis 

[Vincent et al., 1996]. Of further importance is the implication of the voltage-gated calcium 

channel in spontaneous mouse models of epilepsy [Letts et al., 1998; Fletcher et al., 1996; 

Burgess et al., 1997] and the muscular dysgenesis mouse [Chaudhari, 1992]. 

 

These channel disorders, named channelopathies, illustrate how ion channel function and 

consequently calcium influx and the function of cells and organs are disrupted by point 

mutations. A number of channel diseases are caused by mutations in the voltage-gated 

channel pore (IS6-IVS6) and are associated intracellular loops, reflected with changes in the 

voltage-dependence and the kinetics of channel activation [for review see: Pietrobon, 2002; 

Lorenzon and Beam, 2008; Herring et al, 2008]. 



INTRODUCTION                                                                                                                           34 

 

Although there have been many advances in the understanding of the molecular biology of the 

VGCC, and of the immunological and genetic basis for the disorders mentioned above, as for 

FHM, episodic and spinocerebellar ataxia, hypokalemic periodic paralysis and others, but 

much of the structural basis for the disorder of calcium channel function and the 

understanding of how such a diverse array of diseases may result from dysfunction of a single 

ion channel remain to be fulfilled. 

 

 

 

 

Fig.1.6. Locations of mutations in channelopathies (human diseases and mouse models) 

for the voltage-gated calcium channels. The locations of mutations in human diseases and 

mouse models are indicated (from Benatar, 1999) 
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1.9.3 Hypertension as a VGCC-related channelopathy 

Hypertension affects globally more than one billion people and contributes to more than 7 

million deaths per year [Kearney et al., 2005; Chobanian et al., 2003; WHO, 2009]. A recent 

study affirms that the control of hypertension is failled in half of the patients in USA [Yoon et 

al., 2010]. The approach to rare Mendelian forms of hypertension has shown the role of salt 

reabsorption in blood pressure regulation. Gene mutations resulting in enhanced or reduced 

net salt reabsorption raise or cause life-threatening lowering of blood pressure [Lifton et al., 

2001; Lifton, 2004-2005; Fig.1.8]. 

 

 

 

 

Fig.1.7. Location of mutations selected from patients sufferring from aldosteronism in 

CaV1.3. Both mutations are found in the last third of S6. 

 

 

For the large majority of afected subjects the causes of hypertension are not known, but some 

causes can be attrituted to disorders in the kidney and endocrine system [Omura et al., 2004]. 

The primary aldosteronism is for instance found for 10% of the patients in evaluation of 
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hypertension [Rossi et al., 2006], who present hypertension due to excessive aldosterone 

secretion, independently of an activity of the renin-angiotensin system and plasma levels 

(Fig.1.8). Higher levels of aldosterone increase renal salt reabsorption, leading to 

hypertension. Common causes of primary aldosteronism are aldosterone-producing adrenal 

adenoma (APA; Conn’s syndrome), idiopathic adrenal hyperplasia, followed by the 

Mendelian disease glucocorticoid-remediable alosteronism (GRA), which is caused by 

mutations at the aldosterone synthase locus that result in constitutive expression of this 

enzyme [Lifton et al., 1992]. 

 

It is known, for instance, that in adrenal glomerulosa cells angiotensin II regulates aldosterone 

secretion via enhanced activation of CaV3.2 channels [Welsby et al., 2003] (Fig.1.8). This 

regulation is mediated by a signaling complex of CaMKII, which is targetted to the 

intracellular loop connecting domains II and III [Yao et al., 2006]. Phosphorylation of a 

single serine residue in this intracellular loop negatively shifts the voltage dependence of 

activation and thereby substantially increases Ca2+ current at negative membrane potentials 

[Yao et al., 2006].  

 

As already described for an inherited form of aldosteronism caused by a gain-of-function 

missense mutations in the KCNJ5 gene encoding Kir3.4, a member of the inwardly rectifying 

K
+
 channel [Scholl et al., 2012; Choi et al., 2011], two somatic mutations in L-type CaV1.3 

channels (CACNA1D) gene – (G403R) and (I770M) – where selected from North-American 

patients suffering from aldosteronism. The G403R mutation at CaV1.3 is localized at the S6 

of the first domain of the channel (IS6), a region that in the CaV1.2 is found to be also 

related to voltage-dependent inactivation [Bodi et al., 2005], while the I770M mutation is 

localized at the S6 segment of the second domain of the CaV1.3 (IIS6) (Fig.1.7). Here these 
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two mutations were studied through whole-cell patch-clamp technique and expression in tsA 

cells 
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Fig.1.8. Scheme of aldosterone-release mechanism in adrenal glomerulosa cells upon 

Ca
2+

 signaling. Aldosterone is a mineralocorticoid synthesized by the adrenal playing an 

important role in the regulation of systemic blood pressure through the absorption of sodium 

and water. The production of aldosterone is a process regulated tightly by selective expression 

of aldosterone synthase in the adrenal outermost zone, the zona glomerulosa. Angiotensin II 

(Ang II), potassium (K
+
) and adrenocorticotropin (ACTH) are the main physiological agonists 

which regulate aldosterone secretion. Small increases in extracellular K
+
 depolarize the 

glomerulosa cell, activating the voltage-operated L-and T-type calcium channels, increasing 

calcium influx. Inositol triphosphate receptor (IP3) represents a dominant second messenger 

also leading to the release of more Ca
2+

 from intracellular store sites. Increased intracellular 

calcium concentration activates calcium/calmodulin-dependent protein kinases I/II (CaMK), 

as well as PKC isoforms. cAMP activates protein kinase A (PKA) inducing a slow but 

continuous calcium influx through the L-type calcium channels. PKA also phosphorylates 

CREB, thus increasing the expression of the steroidogenic acute regulatory protein (StAR). 

StAR is a transport protein that regulates cholesterol transfer within the mitochondria. 

Cholesterol for aldosterone production arises from cholesteryl ester hydrolase (CEH)-
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mediated hydrolysis of cholesteryl esters synthesized de novo or obtained from lipoproteins 

and stored in lipid droplets. Free cholesterol is shuttled to the inner mitochondrial membrane 

by StAR likely in complex with other cholesterol transport proteins [Namita et al., 2012]. 
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1.10 The patch-clamp technique 

The patch-clamp technique was firstly used by Neher and Sakmann (1976) to study currents 

in cell-attached patches of frog skeletal muscle. With the technique the individual 

electrophysiological behavior of excitable cells or even ion channels can be studied by 

measuring ionic fluxes across the cell membrane and has been helpful in measuring the 

amount and kinetics of ICa,L. (Neher and Sakman, 1976; Neher et al., 1978; Hamill et al., 

1981).  

 

 

 

 

Fig.1.9. Sequence steps of the patch-clamp technique in configuration “whole-cell”. After 

a micropipette is approach to the cell membrane, a negative pressure produces a seal above 

1G. A further negative pressure opens the membrane and the sum of currents through all ion 

channels (in magnitude of pA and higher) can be measured through an electrode associated to 

an amplifier. 

 

 

A glass micropipette is filled with an electrolyte solution and placed on the membrane of a 

cell (Fig.1.9). By applying vacuum a tight connection is formed between the glass pipette and 
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the cell membrane with a very high resistance around gigaohms in the sealing area between 

the interior of the pipette and the external medium, which is named “gigaseal” (>1 GΩ, Neher, 

1981; Hamill et al. 1981). An electrode is inside of the pipette and has connection to an 

amplifier for measuring the ion channel currents. The gigaseal enables various manipulations 

of the membrane patch under the pipette. By slight vacuum the piece of membrane under the 

pipette breaks through without destroying the gigaseal and giving access to the entire interior 

of cell, in order that the whole ion current of the examined cell can be measure in this case 

under the whole-cell configuration.  

 

 

1.11 HL-1 cell line as a model 

HL-1 cardiomyocytes are a cardiac cell line that continuously divide, spontaneously contract, 

maintaining a differentiated adult cardiac phenotype [Claycomb et al., 1998].  

 

The HL-1 cell line was derived from AT-1 cardiac myocytes. Unlike HL-1 cells, AT-1 cells 

can not be serially passaged in vitro or recoverd from frozen stocks. HL-1 cells are derived 

from the adult mouse atrial myocytes and retain many of the differentiated properties of 

cardiac cells, incluiding rhythmic oscillations of cytosolic Ca
2+

 and spontaneous contraction 

under certain conditions [Sartiani et al., 2001; Sartiani et al., 2002]. Although HL-1 cells 

were originally derived from atrial myocytes, they have proven to be useful as a general 

model for studying contracting (working) cardiomyocytes because of their organized structure 

and ability to contract in culture. 

 

HL-1 cardiomyocytes have been extensively characterized through microscopic, 

electrophysiological, immunohistochemical and pharmacological methods, through different 

methodologies it was confirmed that they contain organized sarcomeres for mediation of 
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contraction; If pacemaking or “funny” current, due to the four isoforms of HCN channels and 

associated to the generation of pacemaker activity and modulation of spontaneous frequency; 

ICa, calcium current; INa, sodium current; IK, potassium current; INa/Ca, sodium-calcium 

exchange current among other features (Fig.1.10) [Claycomb et al., 1998].  

 

 

 

 

Fig.1.10. Scheme of some confirmed physiological features of a HL-1 cell.  Together with 

voltage-gated calcium channels, HL-1 cells have diverse channels and membrane transporters 

at disposal (from White et al., 2004). 

 

 

Membrane depolarization and an efficient intracelullar calcium handling system is necessary 

for the maintainance of rhythmic contractions in cardiomyocytes. Abnormal intracellular 

calcium is regularly attached to arrhythmias and heart failure. HL-1 cells have been aplied in 
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various expriments to address questions on cellular and molecular biology, rising as a model 

of study of intracellular calcium handling under pathological conditions and in the 

development of novel theurapeutic agents [White et al., 2004]. 

 

 

1.12 Colocalization and Pearson’s coefficient 

In fluorescence microscopy colocalization is described as the spatial overlap between two or 

more different fluorescent targets, each having a distinct emission wavelength. It is used to 

verify if the different targets are located in the same area or very near to one another of the 

cell.  

 

This definition overlooks two different phenomena, the co-occurrence, which refers to the 

presence of two and possibly unrelated fluorophores in the same pixel, and correlation, a 

significant statistical relationship between the fluorophores that can be an indication of a 

biological interaction [Adler et al., 2008]. This technique is important to many cell biological 

and physiological studies for demonstration of a relationship between pairs of bio-molecules. 

Here it was used the Pearson’s coefficient - introduced firstly by Erik Manders to Microscopy 

[Manders et al., 1993] - as a coefficient for describing the overlap of two distinct fluorescence 

targets. The PCC itself is a well-established measure of correlation, originating with Galton in 

the late 19
th

 century [Gillham, 2001], but named after a colleague. A detailed description of 

colocalization protocols, calculations, respective image treatments, reduction of noise, 

background and result analysis is given by the work of Bolte and Cordelieres [Bolte and 

Cordelieres, 2006] and can also be found presently in Current Protocols in Cell Biology 

[Zinchuk and Grossenbacher-Zinchuk, 2011]. 
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The Pearson’s product-moment correlation coefficient (here referred to as PCC) is a measure 

of the correlation between variables X and Y. PCC (r) is given as follows: 

 

   Eq. 3.1 

 

Where Ri and Gi are the intensities of the red and green fluorphores in pixels, respectively. Gav 

and Rav are the mean intensities in the green and red images. The value r is between +1 and 

−1, inclusive. It is widely used as a measure of the strength of linear dependence between two 

variables.  

 

A value of 1 shows that a linear equation describes the relationship perfectly and positively, 

with all data points lying on the same line and with Y increasing with X. The closer is the 

PCC to 1, the higher is the degree of colocalization. A score of -1 shows that all data points lie 

on a single line but that Y increases as X decreases, meaning that the two fluorescent labels 

repel each other. A value of 0 for PCC shows that there is no linear relationship between the 

variables. 

 

Unlike other coefficients used for colocalization studies the PCC is independent of gain and 

of variations of offset [Adler and Parmrid, 2010]. 
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2. Aims of this thesis 

Impaired calcium signaling is known to be a key factor in the development of neurological, 

cardiac and endocrine diseases [Cohen et al., 1988; Choi et al., 1995; Marks, 2003]. The rise 

of intracellular calcium can be due to a fast targetting of aditional subunits, in special 

CaVβCaVβ and its protein interactions can regulate calcium currents in native systems 

[Hidalgo and Neely, 2007]. Association of CaVβ with CaVα1 in the plasma membrane 

increases the channel´s open probability and prevents its internalization, while interaction 

with dynamin GTPase promotes endocytosis of CaV1.2 channels [Gonzalez-Gutierrez et al., 

2007]. CaV is also involved with the targeting of the channel to the plasma membrane 

through a mechanism that remains unclear [Bourdin et al., 2010]. Although Cav has various 

impact on surface channel density, CaVβ-partners involved directly in intracellular trafficking 

remain as an elusive topic.  

 

The central aim of this thesis is to investigate the influence of CaVβ together with protein 

partners, as for the actin-based cytoskeleton in the regulation of calcium current density. 

 

An abnormal rise or decrease of intracellular calcium can be also owed to mutations in the 

diverse structures of VGCCs [Pietrobon, 2002; Benatar, 1999], that can disturb the cell 

functioning. Aldosteronism is one of these channelopathies, with subsequent irregular influx 

of calcium. Two mutations of the CaVα1.3 identified in patients suffering from aldosteronism 

were selected for further electrophysiological analysis. 
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3. Material and Methods 

 

3.1 Chemicals and materials 

Chemicals and solutions were at least purity p.a. and were obtained from different companies 

which are discriminated in parenthesis; the complete directory of suppliers for chemicals and 

materials can be found in chapter 10. Deionized water was prepared at 18.2 M in a milliQ 

plus from Millipore. 

 

 

3.2 Cell Culture 

 

3.2.1 HL-1 cell line 

Murine atrial cardiomyocyte cell line, HL-1, was kindly provided by Dr. W. C. Claycomb 

(Louisiana State University Health Sciences Center). Cell culture was carried on according to 

the specifications for the cell line [Claycomb et al., 1998]. Medium contained: FBS 10%, 

norepinephrine 0.1 mM, L-glutamine 2 mM and penicillin/streptomycin 100 U/ml in 

Claycomb medium. The basal medium for Claycomb medium is Dulbecco’s modified Ealge’s 

medium (DMEM), with complete formulation described in table 3.1 [White et al., 2004]. 

Exchange of media was done every 24-48 h. For down stream applications cells were splitted 

to fibronectin pre-coated dishes after showing the macroscopic beating phenotype.  

 

 

 

 

 



MATHERIAL AND METHODS                                                                                                      47 

 

Tab.3.1. Formulation of Claycomb medium 

 

Component 

 

Concentration 

Total protein 261 mg/l 

Bovine albumin 48.85 mg/l 

Nonessential amino acids 0.1 mM 

Fetuin 165 mg/l 

Transferrin 31.8 mg/l 

Retinoic acid 300 µg/l 

Human insulin (recombinant) 15 µg/l 

Long R3IGF-l (recombinant) 0.1 µg/l 

Long EGF (recombinant) 0.1 µg/l 

Cholesterol 1.96 mg/l 

Linoleic acid 0.78 mg/l 

-Oleyl--pal--phosphatidylcholine 1.96 mg/l 

Ascorbic acid 0.3 mM 

Norepinephrine 100 µM 

L-glutamine 2 mM 

Penicillin-streptomycin (optional) 100 U/ml – 100 µg/ml 

Fetal bovine serum 10% 

 

 

3.2.2 Viral infection and production 

mRFP was fused to the C-terminus of β2a (β2a-mRFP) for transfectant identification. 2a-
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mRFP and mRFP (used as a control) coding regions were subcloned into p156RRL lentiviral 

transfer vector (Fig.3 Supplement). Lentiviruses were produced essentially as described 

[Barde et al., 2010]. The lentiviral expression vectors (p156RRL 2a-mRFP or p156RRL 

mRFP) and three helper plasmids (pRSV-REV, pMDLg/pRRE, and vesicular stomatitis virus 

G protein-expressing plasmid) kindly provided by Dr. Thomas Südhof (Howard Hughes 

Medical Institute, School of medicine, Stanford University), were cotransfected into HEK 

293FT cells using calcium phosphate transfection method. After 48 h of transfection, the HEK 

293FT cell culture medium containing viruses was collected, concentrated using 

ultracentrifugation and stored at -80°C. Lentiviral particles were added directly to the medium 

of cultured HL-1 cells maintained in 6 cm dishes (150-200 μl viral suspension per dish). 

Transfection efficiency of HL-1 cells was much higher than with commercially available 

reagents for normal cell transfection. Cells were splitted into fibronectin pre-coated dishes 24 

h after viral transduction at a density that allows measurements on single cells. All steps were 

performed under level II biosafety conditions. 

 

 

3.2.3 TsA 201 cell line 

The tsA 201 cell line (Health Protection Agency) is a human embryonic kidney (HEK) cell 

line, which is stably transfected with T-antigen [Shen et al., 1995]. This modification 

enhances the transfection efficiency and makes the cell line ideal for transient transfection. 

TsA201 cells were plated in tissue culture dishes with 100 mm diameter (Sarstedt) containing 

10 ml supplemented sterile Dulbecco’s Modified Eagle Medium (DMEM) (Tab. 3.2). The 

cells were incubated at 37°C, 5% CO2 and 95% humidity in a Heraeus HERACell incubator 

(Kendro). To maintain tsA 201 cells in culture, they were splitted every 2-4 days. After 

washing once with phosphate buffered saline (PBS), the cells were incubated 1 min with 2 ml 

trypsin-ethylenediamine-tetraacetic acid (EDTA), and detached and transferred with a transfer 
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pipette (Sarstedt) in a new 100 mm culture dish containing 10 ml fresh medium. Cells were 

splitted until around 20 passages. 

 

 

3.2.4 Transfection of tsA 201 cells 

Cells were grown on plastic µ-dishes (Ibidi) in Dulbecco's modified Eagle's medium 

supplemented with 10% fetal bovine serum, L-glutamine (2 mM), penicillin G (100 units/ml), 

and streptomycin (10 mg/ml) (Tab. 3.2) and incubated in 5% CO2 humidified atmosphere. 

Cells were transfected with the pcDNA3.1(-) plasmid (Fig.3 Supplement) encoding: β2a-CFP, 

β1b-CFP, α1AID-YFP, α1AID-YFP and YFP-actin using Lipofectamine (Invitrogen) and 

kept at 37°C for 24 h for confocal imaging. Medium was exchanged 4 h after transfection. 

 

For the second project cells were grown on 10 cm dishes in Dulbecco’s modified Eagle’s 

medium (description above) until 80% confluence and co-transfected using the calcium 

phosphate method with pcDNA3.1(-) encoding β2a-mCherry and the PCMV6-XL6 plasmid 

encoding either the CACNA1D
WT

 or the mutations CACNA1D
G403R 

and CACNA1D
I770M

.  

 

To prepare the calcium phosphate-DNA co-precipitate, 10 µl Salmon Sperm DNA (Invitrogen) 

and the desired amount of DNA were added to 500 µl of 250 mM CaCl2 in a sterile 1.5 ml 

tube. This DNA/ CaCl2 mixture was added gently to 500 µl of 2 x HEBS in a second 1.5 ml 

tube and incubated for 20 min at room temperature. The Ca3(PO4)2-DNA suspension was 

then transferred into the medium above the cell monolayer. The dish was gently rocked and 

incubated. Plasmids were used in the proportion 1/5 for β/α, respectively 0.6 µg/ 3 µg. Cells 

were incubated in 5% CO2 humidified atmosphere at 37°C and splitted into 6 cm dishes 

following 24 h after transfection for patch-clamp measurements. 
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Tab.3.2. Media and solutions for tsA 201 cells 

a. Cell culture  

 

10% 

1% 

1% 

D-MEM (Dulbecco’s modified Eagle 

Medium) 

(high glucose, +L-glutamine, -Na+-

pyruvate) 

fetal calf serum 

penicillin (100 U/ml)/ streptomycin 

(100 µg/ml) 

L-glutamine (200 mM) 

b. Trypsinization 0.25% Trypsin-EDTA 

c. PBS  Phosphate buffered saline (Lonza) 

(-Ca
2+

, -Mg
2+

) 

d. Transfection  

i. CaCl2      250 mM 

ii. HEBS      274 mM 

                           40 mM 

                           12 mM 

                           10 mM 

                           1.4 mM 

 

 

CaCl2, sterile filtered 

NaCl 

HEPES 

Dextrose 

KCl 

Na2HPO4 

pH 7.05, sterile filtered 

1
 from Gibco/ Invitrogen 

 

 

3.3 Immunocytochemistry 

HL-1 cells were seeded onto Claycomb medium fibronectin-coated glass coverslips and 

maintained at 37°C for 24 h. Cells were washed with PBS at room temperature, fixed with 
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paraformaldehyde 4% in PBS for 20 min and incubated in PBS containing 50 mM glycine for 

15 min. After permeabilization (with 0.2% Triton) for 15 min and blocking (with 3% BSA) 

for 30 min, cells were incubated for 1h at room temperature with the appropriate antibody 

diluted with 1% BSA in PBS (anti-actin antibody (1:250, Sigma), anti- β2 (1:250, Abcam) or 

Alexa Fluor 488 Phalloidin (corresponding approximately to 165 nM, Invitrogen). Following 

several washes, cells were incubated for 1 h with secondary antibodies, either Alexa Fluor 

633 anti-mouse or Alexa Fluor 488 anti-rabbit (1:250, Invitrogen) diluted with BSA 1% in 

PBS. After additional washes, the cover slips were mounted on slides using antifade mounting 

medium containing DAPI (Invitrogen) for confocal imaging. 

 

 

3.4 Confocal microscopy 

TsA 201 cells were live imaged with a confocal laser scanning microscope (model Leica DM 

IRB with a TCS SP2 AOBS scan head equipped with a 63 x objective). Imersion oil used had 

a refractive index ne
23

 = 1.518 (Leica). A laser excitation wavelength of 405 nm with 

emission detection range 430-480 nm was used for CFP and an excitation wavelength of 514 

nm with emission detection range 520-580 nm was used for YFP. 

 

Fixed cells from Immunocytochemistry preparations of 2 and partners were imaged using the 

above mentioned microscope and a laser excitation wavelength of 488 nm and emission range 

500-580 nm for Alexa Fluor 488 and a laser excitation wavelength of 633 nm and emission 

range 650-740 nm for Alexa Fluor 633. DAPI nucleus staining was showed using an 

excitation wavelength of 405 nm and with emission set at a range of 430-480nm. 
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3.5. Protein Biochemistry 

 

3.5.1 Protein purification 

GST fusion proteins together with the N-terminal hexahistidine taggedβ2a and β2a-derivative 

protein (β2a-core) were expressed in bacteria and purified as previously described [Hidalgo et 

al., 2006; Gonzalez-Gutierrez, 2007]. 

 

 

3.5.2 F-actin binding assay 

F-actin binding assay was performed as described in the Actin Binding Protein Biochem Kit 

(Cytoskeleton, Inc.) using rabbit muscle actin and a derivative of the β-subunit (β2a-core) 

encompassing the two highly conserved domains among CaVβs, SH-3 domain and GK 

domains, and lacking the N- and C-terminal variable region [Opatowsky, 2004]. While this 

construct is stable in the actin polymerization buffer the full-length protein is not. Actin was 

incubated with β2a-core in actin polymerization buffer as described in the manufacturer´s 

instructions manual (Cytoskeleton). After centrifugation (150.000 x g for 1.5 h, Beckman 

Coulter Ultracentrifuge), the pellet fraction was diluted in the same volume as the supernatant 

and both fractions were resolved by reducing SDS-PAGE. The protein bands were stained 

with Coomassie Blue.  

 

 

3.5.3 Pull-down assay 

Glutathione beads were washed with buffer containing 50 mM Tris, 300 mM NaCl, 1mM 

EDTA and 0.1% Triton, pH 8.0 and incubated under rotation for 30 min at room temperature 

(22°) with GST fusion proteins (GST-AID and GST-ΔAID). Coupled beads were incubated 
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under rotation (Enviro-Genie, Scientific Industries Inc.) with β2a (full-length CaVβ2a, Swiss-

Prot entry:Q8VGC3) for 1h at room temperature, washed and bound proteins eluted with 

SDS-PAGE buffer and resolved by SDS-PAGE. 

 

 

3.5.4 SDS-PAGE 

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Tab. 3.3) was 

performed with 10% separating gels using the Mini-PROTEAN Tetra System (BioRad 

Laboratories). Acrylamide-bisacrylamide (Protogel), ammoniumpersulfate (APS) and 

N,N,N’-tetramethyl-ethylene diamine (TEMED) were from Serva. 

 

Tab3.3. Components of SDS running and stacking gel used for electrophoresis 

SDS PAGE Stacking gel (4%) Separating gel (10%) 

H2O 3.05 ml 3.7 ml 

1M Tris (pH 6.8) 1.25 ml  

1.5 M Tris (pH 8.8)  2.5 ml 

Protogel 0.65 ml 3.3 ml 

10% SDS 50 µl 100 µl 

10% APS 50 µl 100 µl 

TEMED 10 µl 10 µl 
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3.6 Electrophysiology 

 

3.6.1 Electrophysiology of HL-1 cells 

To detect β2a transfected cells, mRFP-fused constructs were used. An inverted Leica 

microscope with a fluorescence detection unit and a micromanipulator (Luigs and Neumann) 

were connected with an air shock-damped table (TMC), surrounded by a Faraday cage. 

Ca
2+

 currents were recorded using whole-cell patch-clamp 24-2 h after cell splitting with a 

HEKA EPC 10 amplifier using patch master software. The extracellular solution contained: 

157 mM TEA-Cl, 5mM CaCl2, 0.5 mM MgCl2 and 10 mM HEPES, pH 7.4. The pipette 

solution contained: 125 mM CsCl, 20 mM TEA-Cl, 3.6 mM PCr-Na2, 10 mM EGTA, 5 mM 

Mg-ATP, 0.2 mM Na-GTP and 10 mM HEPES, pH 7.35 as described [Xia et al., 2004]. 

Borosilicate pipettes with resistances of 1–3 M were pulled on a Sutter P-97 puller (Harvard 

Apparatus) and fire-polished using a Narishige MF-900 microforge. Calcium currents were 

measured during 200 ms test pulses ranging from -70 to +70 mV in 10 mV increments using 

two different protocol pulses; 1) from holding potential of -90 mV (HP -90) and 2) from a 

holding potential of -40 mV (HP -40).  

 

An estimative of the T-type/L-type current components was obtained from the total calcium 

current (ICa, L+T) by subtracting the current trace recorded using HP -40 from the recording 

obtained using HP -90 at a given voltage step [Bean, 1985; Hagiwara, 1988]. 

 

All the currents were leak-subtracted using a P/4 protocol. For Cytochalasin D treatment, HL-

1 cells were incubated for 1h with 10µM Cytochalasin D (Sigma) dissolved in DMSO and the 

stock solutions were stored at -20°C. The final DMSO did not exceed 0.1 % v/v. 

Measurements were done at room temperature (22°C). 
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3.6.2 Electrophysiology of tsA 201 cells 

TsA 201 cells were transiently transfected in 10 cm culture dishes, splitted into 6 culture 

dishes at a density that allows measurements on single cells. The construct pcDNA3.1(-)2a 

mCherry (vector pcDNA3.1(-) from Invitrogen, Fig.3 Supplement) was used to detect 

transfected cells. 

 

Whole-cell patch-clamp experiments were performed with isolated cells 5-28 h after splitting, 

when cells adhered onto the bottom of the dishes. The extracellular solution contained: 10 

mM BaCl2, 125 mM TEA-Cl, 10 mM HEPES and 15 mM Glucose, pH 7.4. The pipette 

solution contained: 125 mM CsCl, 20 mM TEA-Cl, 3.6 mM PCr-Na2, 10 mM EGTA, 5 mM 

Mg-ATP, 0.2 mM Na-GTP and 10 mM HEPES, pH 7.35. Titration was done with CsOH. 

Pipettes resistances were between 1-2.8 M. Measurements ocurred at room temperature 

(22°C). 

 

To acess the effect of the mutations on the inward current cells were clamped at a holding 

potential of -80mV and current was generated by consecutive pulses of 10 mV and 50 ms of 

duration with a constant holding potential of -70 up to +70 mV. 

 

 

3.7 Data analysis 

Electrophysiological data were analyzed with a combination of Fitmaster (HEKA), Excel 

(Microsoft) and SigmaPlot 9 (Jandel Scientific). 
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The current density representation obtained with the holding potential at -40 mV gives 

directly the amount of current due to L-type channels. An estimative of the fractions of L- and 

T-type calcium currents (Eq. 5.1 and Eq. 5.2, respectively) was here calculated from the area 

beneath L-type and T-type current-to-voltage plot for each cell, according to the trapezoidal 

rule (Eq. 5.3):  

 

    Eq. 5.1 

      Eq. 5.2 

 

   Eq. 5.3 

 

Where xi and yi correspond to voltage respectively current data points in the current to voltage 

plot. Areas were calculated with the corresponding transform embedded in SigmaPlot 11.0 

(Systat Software Inc). 

 

The voltage dependence of activation curves were obtained by plotting the normalized peak 

tail currents, measured at -80 mV following the 50 ms pulse to various voltages, versus the 

pre-pulse potential. Curve fitting was performed using a Boltzmann distribution of the form: 

 

     Eq. 5.4 

 

Where Imax is the maximal current, V1/2 is the voltage midpoint, and k is the slope factor. 
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Quantification of the degree of colocalization between fluorescently labeled -subunit and 

protein partners was done by measuring the overlap of pixels between the two fluorophores in 

a confocal microscopy image using the Pearson's linear correlation coefficient [Bolte and 

Cordelieres, 2006]. CFP and YFP-tagged proteins were used for co-expression experiments in 

tsA201 cells and Alexa Fluor 488 and Alexa Fluor 633 for double-immunostained HL-1 cells. 

The Pearson's correlation coefficient was calculated using JACoP plugin embedded in ImageJ 

1.44p program (National Institutes of Health, USA). For comparison of samples a two-tailed 

unpaired Student’s t-test for unpaired data (* p < 0.05; ** p < 0.001) was used. Significance 

levels are given in comparison to WT. Values are expressed as mean ± S.E.M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS                                                                                                                                        58 

4. Results 

 

4.1 Up-regulation of L-type currents by β2a 

The differences in voltage sensitivity between LCC and TCC allow their electrophysiological 

dissection in systems expressing both components [Bean, 1985; Hagiwara et al., 1988]. 

Native HL-1 cells exhibit large fast-inactivating currents, attributed to T-type mediated-

currents (ICa,T) and relatively small slow-inactivating/persistent currents, corresponding to L-

type (ICa,L) (Fig.4.1 A). The relative contribution of each current-type to the total calcium 

current was estimated from the area beneath the average current density-to-voltage plot 

(Fig.4.1 B and Fig.1 Supplement). 80% of the total calcium current recorded from HL-1 cells 

corresponded to ICa,T. On the contrary, in HL1-cells transduced with the cardiac CaVβ2a 

isoform fused to mRFP (β2a-mRFP), ICa,L and ICa,T were not significantly different from each 

other. However, cells expressing only mRFP also exhibited significantly larger ICa,T than ICa,L, 

indicating that the changes in the relative contribution of ICa,L and ICa,T induced by β2a-mRFP 

are specific of CaV moiety (Fig.4.1 D and Fig.1 Supplement). The increase in ICa,L/ICa,T was 

not accompanied by alterations in the total calcium current density (-12.5 ± 1.4 mV×pA/ 

pF×100 in non-transduced cells, -12.1 ± 1.8 mV×pA/ pF×100 for β2a-mRFP-expressing cells 

and -12.8 ± 2.4 mV×pA/ pF×100 for mRFP-expressing cells). 
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Fig.4.1. Expression of CaVβ2a induces an increase in L- to T-type calcium current 

fraction in HL-1 cardiomyocytes that depend on an intact actin cytoskeleton. A, Pulse 

protocol and representative current traces from non-transduced HL-1 cells (-β2a) and 

transduced with 2a-mRFP (+β2a) during 200 ms pulse to varying test potentials in 10 mV 

increments. K
+
 and Na

+ 
currents were suppressed as described [Xia et al., 2004]. Total 

calcium currents (ICa,L+T) were recorded from a holding potential of -90 mV (left panel). T-

type current component (ICa,T) was obtained by subtracting from ICa,L+T the L-type mediated 

current (ICa,L) recorded by depolarizing steps from -40 mV where most TCC´s are inactivated 

[Bean et al., 1985; Hagiwara et al., 1988] (right panel). B, Areas calculated under the average 

current density-to-voltage plot showed in the lower panel. C, Representative current traces 

and area under the indicated average current density-to-voltage plot in HL-1 cells pre-treated 

with Cytochalasin. D, Relative areas calculated for ICa,L and ICa,T in HL-1 cells subjected to 

the indicated experimental condition. Values are expressed as mean ± S.E.M. Statistical 

significance was determined by a two-tailed Student’s t-test (* p < 0.05) (N.S., no 

significance). 
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4.2 Up-regulation of L-type currents by β2a depends on an intact 

cytoskeleton 

The apparent up-regulation of LCC and down-regulation of TCC induced by CaVβ recall a 

redistribution of channels in the plasma membrane where actin plays an important role [Leach 

et al., 2005]. We investigated the effect of disrupting the actin cytoskeleton on CaV-induced 

increase of ICa,L/ICa,T by treating HL-1 cells with cytochalasin D, an inhibitor of actin 

polymerization. 

 

Although this treatment only modestly affected ICa,L/ICa,T ratio, we were able to observe that 

the majority of the total calcium current flows through TCC´s (66% ICa,T ; Fig.4.1 C-D). Most 

notably, the increase in ICa,L caused by CaVβ was blunted by Cytochalasin treatment, 

indicating that this effect is probably requiring an intact actin cytoskeleton to occur (Fig.4.1 D, 

Fig.4.2 B).  

 

 

4.3 β2a and actin filaments association 

We tested the ability of CaVβ to physically associate with actin filaments by co-sedimentation 

assay using purified proteins. β2a-subunit pelleted with the filamentous fraction of actin, 

without apparently perturbing the equilibrium between monomers and filaments (Fig.4.3 A).  

 

To investigate the occurrence of CaVβ/actin interaction within the cells, we quantified their 

degree of colocalization in heterologous expression system and HL-1 myocytes using 

Pearson´s correlation coefficient (PCC) [Bolte and Cordelieres, 2006]. As reference, we 

performed the same analysis in cells expressing fluorescently-labeled CaVβ and a CaVα1-

derivative peptide encompassing the high-affinity AID interaction site (α1AID) and obtained a 



RESULTS                                                                                                                                        61 

PCC value of 0.8 (Fig.4.5 B). In standard pull-down assay, deletion of the AID sequence from 

α1AID peptide (α1∆AID) abolished CaV-binding and decreased PCC to 0.5 (Fig.4.5 B and C).  

 

Comparable values to the PCC computed for CaVβ/α1AID pair were obtained for 

fluorescently-labeled actin (YFP-actin) and two CaVβ isoforms with different cellular location, 

cytosolic β1b and membrane-anchored β2a (β1b-CFP and β2a-CFP). Thus, actin and CaVβ 

exhibit a relatively high degree of colocalization that is independent of its cellular location in 

heterologously expressed system (Fig.4.3 B-C). 

 

 

 

 

Fig.4.2. Disruption of the actin cytoskeleton by cytochalasin D prevents the increase of 

ICa,L induced by CaVβ2a. A, Representative calcium current traces from Cytochalasin-treated 

cells transduced with β2a. The current density-to-voltage curves from non-transduced cells are 

shown as dashed lines. B, Absolute areas for ICa,L and ICa,T. Values are expressed as mean ± 

S.E.M. N.S., no significance. 
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Fig.4.3. CaVβ2a associates with actin filaments. A, Actin co-sedimentation assay. After 

centrifugation, actin filaments are found mostly in pellet (P) and β2a derivative (β2a-core) in 

supernatant (S). When mixed together, β2a-core co-sedimented with actin filaments. B, 

Confocal microscopy images of tsA 201 cells expressing YFP-actin with either cytosolic 1b-

CFP or membrane-anchored β2a-CFP. Bar scale, 5 µm. C, Colocalization analysis for the 

indicated fluorescently-labeled protein pairs. Dashed lines denote PCC estimated for β2a-CFP 
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and either CaVα1-derived peptide encompassing the AID site (α1AID) or not (α1∆AID). 

Values of PCC correspond to the average of at least 11 overlaps in each condition . 

 

 

4.4 β2 colocalization with actin filaments through confocal microscopy 

Likewise, immunofluorescence staining of HL-1 cells for labeling β2-isoform and total actin 

resulted in relatively high PCC values which remained unchanged in those cells where only 

actin filaments were fluorescently stained with Phalloidin (Fig.4.4). This indicates that in HL-

1 myocytes CaVβ interacts preferentially with filamentous actin rather than with the actin 

monomeric form. Furthermore, PCC for β2 and immunofluorescently-labeled actin, as well as 

for β2 and phalloidin-stained actin, decreased in Cytochalasin-treated cells to values 

comparable to the ones reported for β2a and CaVα1-derivated peptide lacking the AID site 

(Fig.4.4 C-E and Fig.4.5).  

 

We conclude that Cytochalasin prevents CaVβ-induced increase in ICa,L/ICa,T by impairing the 

association between CaVβ and actin filaments in HL-1 cardiomyocytes. 
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Fig.4.4. Disruption of actin cytoskeleton by Cytochalasin D prevents association of CaVβ2 

with actin. A, Immunofluorescence confocal images of HL-1 cells stained for β2-subunit (red) 
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and actin (green) using secondary antibodies coupled to Alexa 633 and Alexa 488, 

respectively. No signal was obtained using secondary antibodies alone (data not shown). 

Nuclei were stained with DAPI. B, Fluorescence images of HL-1 cells immunostained for β2 

and Phalloidin coupled to Alexa 488. C, As in A, but for cells pre-treated with Cytochalasin. 

D, As in B, but for cells pre-treated with Cytochalasin. E, Pearson´s coefficient estimated for 

fluorescently-stained β2/actin pair under the indicated conditions. One slide in each condition 

is represented in bar scale 10µm. Data represent the average of at least 6 measurements in 

each condition. 
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Fig.4.5. CaVβ2a colocalizes with CaVα1-derived peptide encompassing the high-affinity β-

binding site, AID site. A, Confocal microscopy images of tsA201 cells expressing β2a-CFP 

and a CaVα1-derived peptide fused to YFP encompassing the AID site (α1AID-YFP, top panel) 

or not (α1∆AID-YFP, bottom panel). Bar scale, 5 µm. B, Scatter plots of the intensity of a 

given pixel in the red (x axis) and green (y axis) in images from cells expressing 

fluorescently-labeled β2a (β2a-CFP) and CaV1-derivative peptides used to calculate the 

Pearsons´s correlation coefficients as described [Bolte and Cordelieres, 2006]. The bar graph 

shows the Pearson´s coefficient estimated for the indicated fluorescently-labeled protein pairs. 

Statistical significance was determined by two-tailed Student’s t-test, where ** denotes p < 

0.001. C, Binding of β2a to a CaVα1-derivative peptide encompassing the AID site (GST-

α1AID) or after its removal (GST- α 1ΔAID). GST fusion proteins were coupled to glutathione 

agarose beads and incubated with purified β2a. After several washes, bound proteins were 

eluted with SDS-loading buffer, resolved on SDS-PAGE and visualized by Coomassie blue 

staining. Lane 1, purified β2a used as input; lane 2, purified GST-α1AID used as input; lane 3, 

purified GST-α1ΔAID used as input; lane 4, binding reaction β2a / GST-α1AID; lane5, binding 

reaction 2a / GST-α1ΔAID. Removal of AID abolishes binding to the CaVα1-derivative 
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peptide. Data represent the average of at least 16 measurements in each condition. 
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4.5 Electrophysiological findings for CaV1.3 mutations 

 

4.5.1 Variation of cellular calcium influx promoted by mutation at CaV1.3. 

The inward current carried by Ba
2+

 promoted by mutations G403R and I770M at 

CACNA1D
WT

 had their peak moved to more hyperpolarized voltages. Whereas currents 

promoted by WT have the peak at circa 0 mV, currents generated by G403R and I770M 

reached their maximum at around -20 mV. The amplitude of peak current for I770M (-251.3  

26.8 pA) was significantly higher than the amplitude of peak current promoted by G403R (-

87.5  1.3 pA, p < 0.001) and for WT (-137.1  29.5 pA, p < 0.001) of the channel (Fig.4.6; 

Fig.2 Supplement). Values of Ipeak for WT and G403R were not statistically different (p = 

0.192). 

 

The higher inward calcium current at CACNA1D
WT

 identified in aldosteronism patients gives 

an indication of the involvement with the higher amounts of aldosterone produced by 

glomerulosa cells in these patients.  
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Fig.4.6. Electrophysiological findings for current x voltage curves of CACNA1D
G430R

 and 

CACNA1D
I770M

. A, Representative traces correspond to the average inward current of at least 

5 recordings, taken from -70 to 0 mV. B, One mutation CACNA1D
I770M

 produced a larger rise 

of intracellular calcium currents. Currents at the current x voltage plot are the average of at 

least 5 recordings. 

 

 

4.5.2 Shift of activation curve of two mutations at Cav1.3 related to 

aldosteronism 

The mutation G403R of the CACNA1D gene encoding the CaV1.3 channel produced a 

significative shift to more hyperpolarized potentials for the channel activation curve 

(∆V0.5act.(G403R)  -15 mV), followed by biggest shift promoted by the mutation I770M 

(∆V0.5act.(I770M)  -26 mV) (Fig.4.7). 
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Fig.4.7. Shift of activation curve from two mutations at CaV1.3 related to aldosteronism. 

Electrophysiological findings for activation for two mutations of the human encoded gene 

CACNA1D of the human LCC CaV1.3 channels CACNA1D
WT

. A, representative tail current 

traces were taken from -70 to +30 mV. B and C, CACNA1D
G403R

 and CACNA1D
I770M

 

enhance the voltage dependence of activation of CaV1.3 L-type channels, producing a 

significative shift of the half-point of voltage-activation curve of CACNA1D
WT

 to the left (**, 

p < 0.001). The average values correspond to at least 4 measurements. 
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5. Discussion 

Our data show that overexpression of CaVβ in HL-1 cells induces a three-fold increase in 

ICa,L/ICa,T ratio, without changes in the total calcium current density, via interaction with actin. 

In heterologous expression system CaVβ2a stabilizes CaV1.2 channel complexes assembled in 

the plasma membrane, while internalizing membrane proteins that lack CaVβ affinity through 

dynamin-dependent endocytosis [Gonzalez-Gutierrez et al., 2007]. Thus, CaVβ may increase 

ICa,L/ICa,T by promoting internalization of TCCs which are devoid of the -binding site. TCC´s 

are relatively abundant in developing myocardium where they might contribute to cardiac 

excitability [Larsen et al., 2002; Cribbs et al., 2001]. However, in postnatal ages their 

expression decreases and LCC are by far the major contributors to excitation-contraction 

coupling. This alteration in calcium channel type function resembles the one induced by 

CaVβ suggesting a role of this subunit in cardiomyocyte maturation. This is consistent with 

the observation that CaVβ2 expression levels increase during myocyte transition from the 

embryonic to early postnatal stages [Link et al., 2009]. 

 

On the other hand, an increase in the open probability of LCC and/or in the number of 

channels expressed at the plasma membrane may account for ICa,L/ICa,T changes induced by 

CaVβ [Bourdin et al., 2010; Wei et al., 2000; Hullin et al., 2003]. Our results show an 

indication that CaVβ action relies on a competent actin cytoskeleton, suggesting that vesicular 

trafficking along actin tracks might be involved in the up-regulation of ICa,L. 
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As it was already pointed out, it is thought that binding of the β subunit to the α1 subunit's 

domain I–II linker region masks an endoplasmic reticulum (ER) retention signal [Bichet et al., 

2000] and facilitates translocation of the α1 subunit to the plasma membrane [Chien et al., 

1995; Yamaguchi et al., 1998; Gao et al., 1999]. The increase of L-type current density 

promoted by overexpression of CaVβwas hindered by actin depolymerization. Another 

possibility would be that actin is required for stabilizing the binding between CaVβ and CaVα1. 

Therefore in absense of a competent cytoskeleton the coupling alpha-beta would inhibited or 

the masking of the ER retention signal would be inhibited. As a consequence, the additional 

CaVα1 available for the plasma membrane as a result of the overexpression would stay at the 

intracellular stores. 

 

Our confocal study realized on beta subunits in heterologously expressed system – cytosolic 

(β1b) and the membrane associated isoform β2a – and actin shows the subunit’s tendency of 

following the spatial distribution of actin.  

 

Experiments performed in vitro to test a possible interaction between the beta subunit of 

voltage-gated calcium channels and the partner actin through co-sedimentation assay, showed 

that the core of the β2a subunit (SH3-GK) served as an actin binding protein (ABP), indicating 

that the interaction between actin filaments and the core of the beta subunit (SH3-GK) is 

possible. This helps to focus the region of interest of a probable binding between the GK and 

SH3 domains, common to all beta subunits of VGCCs. 

 

Our co-immunofluorescence studies of all isoforms of β2 – cytosolic and the membrane 

associated isoform β2a together – and actin indicated colocalization of both proteins dependent 
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on actin filaments rather than through actin monomers, indicating that the beta subunit 

distribution and hence the effect of the subunit on L-type current density might be related to 

the actin filaments distribution. 

 

The results of confocal microscopy using β2 imunofluorescence staining after actin 

depolymerization in murine HL-1 cells suggest a model of transport of voltage-gated calcium 

channels to the cell membrane through actin routes. After clear depolymerization induced by 

incubation with Cytochalasin D in culture some resting colocalization with actin was found 

around the nucleus and in the membrane. As described by Leach and coworkers [Leach et al., 

2005] for the observation of rat ventricular myocytes in culture, a model could be understood 

as coming from an aproximation where  subunits and/or in association with β subunits are 

produced in a region close to the nucleus and then transferred to the cell membrane through 

actin track arrangements, which can be disturbed once distressed the equilibrium of actin 

filaments. 

 

Alterations in LCC and CaVβ expression underlie several myocardial dysfunctions [Haase et 

al., 1996; Hullin et al., 1997, 2003; Weissgerber et al., 2006]. Inhibition of CaVβ to impair 

calcium channel activity in the hypertrophic heart has been considered [Wei et al., 2000; 

Cingolani et al., 2007]. However, all efforts are aimed at correlating the amount of β-subunit 

to an electrophysiological LCC phenotype, while the interplay between CaVβ and other 

proteins that regulate calcium channel cell surface density has not yet been evaluated. Further 

studies for depicking probable binding sites of the β-subunit to actin filaments in vitro and in 

vivo would give more insight on the time sequence and the involvement of other proteins in 
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this interaction. Analysis of Fluroescence Resonance Energy Transfer (FRET), spinning disk 

confocal microscopy for particles tracking, electrophysiological measurements relating 

cytoplasmatic and membrane anchoring β-subunits, together with the study of other actin 

disruptors and endocytosis agents should lead to a better understanding of the mechanisms 

involved in the interactions of CaVβ with the cytoskeleton and their biophysical consequences. 

Unraveling the mechanisms and proteins involved in regulation of channel density by CaVβ 

may provide novel targets for treatment of diseases related to it, including cardiac dysfunction. 

 

In an additional approach the electrophysiological impact on calcium currents of two 

particular mutations in CaVα1.3 L-type voltage-gated calcium channel associated to 

aldosteronism have been studied. First results showed enhancement of the voltage dependence 

of activation of LCC with shift of the activation in the direction of more hyperpolarized 

voltages. The effects seen for mutations G403R and I770M in CaVα1.3 are similar to the ones 

found for I781M mutations at the CaVα1.2 (Hering et al., 2008), which were also localized in 

the third lowest of pore lining segments IS6 and IIS6 [Hohaus et al., 2005, Kudrnac et al., 

2009]. Studies revealed that mutations in this region destabilize the closed and simultaneously 

stabilize the open channel state (Beyl et al., 2009). The mutation CACNA1D
I770M

 presented at 

IIS6 of CaVα1.3 induced a larger inward current, which is normally related to signalling for 

the increase of the production of the hormone aldosterone [Spät and Hunyady, 2004]. It has 

been shown that mutations in a gating sensitive region of segment IIS6 of CaVα1.2 [Hohaus et 

al., 2005; Beyl et al., 2009; Stary et al. 2008] generate a very strong effect on channel 

activation in comparison to mutations in segment IS6 [Kudrnac et al., 2009]. These and our 

data suggest asymmetric contributions of the domains to channel activation, compatible to a 
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variation of electrophysiological phenotypes. The study is one of the few ones up to date 

related to clinically identified human mutations in the gene encoding the CaVα1.3 channel. 
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6. Conclusion 

This thesis provides a study on the effect and interaction of the beta subunit of voltage-gated 

calcium channels. Overexpression of the β2a subunit in HL-1 cardiomyocytes up-regulated L-

type currents. Moreover the rise of L-type currents in HL-1 cells promoted by the beta 

overexpression depends upon an intact cytoskeleton.  

 

Confocal studies showed that isoforms of beta, either associated to the plasma membrane (β2a) 

or cytosolic (β1b), colocalize spatially with actin in a heterologously expressed sytem. Co-

immunofluorescence of all isoforms of β2 – cytosolic and the membrane associated isoform 

β2a – and actin showed colocalization between both proteins through actin filaments rather 

than through actin monomers and was also blunted by a non-intact cytoskeleton. 

 

Co-sedimentation assay between the beta subunit of voltage-gated calcium channels and the 

core of the β2a subunit (SH3-GK) demonstrated that this interaction is possible in vitro.  

 

The results indicate that at one point the beta subunit of voltage-gated calcium channels 

(VGCCs) might also have actin filaments as a partner and that this kind of interaction may 

play a role in the trafficking of CaVα1 to the plasma membrane. 

 

Additionally, in view of one collaborator findings in aldosteronism patients on the mutations 

I770M and G403R of the CACNA1D gene that encodes the channel CaVα1.3, results 

indicated a rise of inward calcium current associated to the mutation I770M and the shift to 
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more hyperpolarised voltages of the half-point of voltage-activation curve generated by this 

mutation and by mutation G403R. 
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8. Supplement 

 

8.1. Additional figures 

 

 

Fig.1. Expression of mRFP alone has no effect on L- and T-type calcium currents in HL-

1 cardiomyocytes. A, Pulse protocol and representative current traces from HL-1 cells 

transduced with mRFP alone. The estimative of the T-type current component (ICa,T) and L-
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type (ICa,L) were done from the total calcium current (ICa,L+T) as described in Material and 

Methods. Briefly, ICa,L was isolated by depolarizing steps from a holding potential -40 mV 

where most T-types are inactivated (right panel) and ICa,T was obtained by subtracting ICa,L 

from ICa,L+T recorded from a holding potential of 90 mV [Bean, 1985; Hagiwara et al., 1988]. 

To isolate calcium currents, K
+
 and Na

+ 
currents were suppressed by replacing Na

+
 ions in the 

internal and external solution by tetraethyammonium and K
+
 by Cs

2+
 in the pipette solution 

[Xia et al., 2004]. B, Average Ca
2+

current density-to-voltage plot and areas under the 

corresponding I-V plot for the indicated channel´s type. Inset shows the area estimated under 

the corresponding average Ca
2+ 

current density-to-voltage plot. The fraction of ICa,L and ICa,T 

in mRFP-transduced cells is not significantly different to the one calculated in non-transduced 

HL-1 cells (Fig.6.1C, main text). C, Average Ca
2+

 current density-to-voltage plot from non-

transduced (-2a) and 2a-mRFP-transduced (+2a) HL-1 cells pre-treated with Cytochalasin D. 

Representative recordings and the areas estimated under the I-V curves are shown in Fig.6.1C, 

main text . Values are expressed as mean ± S.E.M. 
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Fig.2. Current density graph of measurements for CACNA1D
WT

, CACNA1D
G430R

 and 

CACNA1D
I770M

.  
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Fig.3. Summarized map features of used vectors. A, pcDNA3.1(-); B, PCMV6-XL6; C, 

p156RRL; D, pRSV-REV; E, pMDLg/pRRE and F, vesicular stomatitis virus G protein-

expressing plasmid. The complete sequences are at disposal at the respective developer 

company websites. 
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8.2. List of Abbreviations 

 

A Alanine 

C Cysteine 

D Aspartic acid 

E Glutamic acid 

F Phenylalanine 

G Glycine 

H Histidine 

I Isoleucine 

K Lysine 

L Leucine 

M Methionine 

N Asparagine 

P Proline 

Q Glutamine 

R Arginine 

S Serine 

T Threonine 

V Valine 

W Tryptophan 

Y Tyrosine 

IS6: segment 6 of channel’s first domain 
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IIS6: segment 6 of channel’s second domain 

IVS6: segment 6 of channel’s forth domain 

ABP: actin binding protein 

ACTH: adrenocorticotropin 

AID:  interaction domain 

APA: aldosterone-producing adrenal adenoma 

Ang II: angiotensin II 

ATP: adenosine triphosphate 

BSA: bovine serum albumine 

Cav: voltage-gated calcium channel 

CAMK: calcium/calmodulin-dependent protein kinases I/II 

cAMP: cyclic adenosine monophosphate 

CFP: cyan fluorescent protein 

CEH: cholesteryl ester hydrolase 

CME: clathrin-mediated endocytosis 

CREB: cAMP response element-binding protein 

DHP: dihydropyridine 

EGTA: ethylene glycol tetraacetic acid 

ER: endoplasmatic reticulum 

F-actin: filamentous actin 

FHM: familial hemiplegic migraine 

FRET: Analysis of Fluroescence Resonance Energy Transfer 

G-actin: globular actin 

GADPH: glyceraldehyde-3-phosphate dehydrogenase 
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GFP: green fluorescent protein 

GK: guanylate kinase 

GRA: glucocorticoid-remediable alosteronism 

GTP: guanosin-5´-triphosphate 

HEK Human embryonic kidney cell line 

HEPES: 2 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HL-1: murine atrial cardiomyocyte cell line 

HVA: high-voltage-activated channels 

HCC: high voltage-activated calcium channels 

HP: membrane holding potential 

IP3: Inositol trisphosphate 

LEMS: Lambert-Eaton myasthenic syndrome 

LVA: low-activated channels 

LCC: low voltage-activated calcium channels 

MAGUK: membrane-associated guanylate kinases protein 

mCherry: monomeric cherry fluorescent protein 

mRFP: monomeric red fluorescent protein 

NCX: Na
+
-Ca

2+
 exchanger 

N-WASP: Neural Wiskott-Aldrich syndrome protein 

PAGE Polyacrylamide gel electrophoresis 

PC: Pearson’s coefficient 

PCr: creatine phosphate 

PCR polymerase chain reaction 

PKA: protein kinse A 
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PKC: protein kinase C 

Kir: inwardly rectifying potassium channels 

RGK: (Kir/Gem, Rad, Rem, and Rem2) form a small subfamily of the Ras superfamily 

RyRs: ryanodine receptors 

SDS sodium dodecylsufate 

S.E.M.: standard error of the mean 

SERCA(2a): sarco/endoplasmic reticulum Ca
2+

-ATPase 

SH3: Src homology 3 

SNX 482: spider toxin 

SR: sarcoplasmatic reticulum 

StAR: steroidogenic acute regulatory protein 

TEA: Tetraethylammonium 

tsA201 HEK cell line 

V0.5act.: half-point of voltage-dependent activation 

VDA: voltage-dependent activation 

VDI: voltage-dependent inactivation 

VGCC: voltage-gated calcium channels 

YFP: yellow fluorescent protein 

xlCSNB: X-linked congenital stationary night blindness 



DIRECTORY                                                                                                                             118 

8.3. Directory 

 

Amersham Biosciences Europe, Freiburg, Germany 

Beckmann Coulter, Monheim, Germany 

BioRad Laboratories, Hercules, CA, USA 

Calbiochem, Bad Soden, Germany 

Corning, New York, NY, USA 

Eppendorf, Hamburg, Germany 

Fluka, Neu-Ulm, Germany 

GE Healthcare, Munich, Germany 

Gibco, Eggenstein, Germany 

Harvard Apparatus, Holliston, MA, USA 

Health Protection Agency, Salisbury, UK 

HEKA Instruments Inc., NY, USA 

Ibidi, Munich, Germany 

Invitrogen, Darmstadt, Germany 

Jandel Scientific, San Rafael, CA 

Kendro, Langenselbold, Germany 

Kimberly-Clark, Dallas, TX, USA 

Lonza, Verviers, Belgium 

Luigs and Neumann, Ratingen, Germany 

Merck, Darmstadt, Germany 
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Millipore, Eschborn, Germany 

Molecular Devices, Sunnyvale, CA, USA 

New England Biolabs, Frankfurt, Germany 

Narishige, Tokyo, Japan 

Olympus, Hamburg, Germany 

Perkin Elmer, Waltham, MA, USA 

Pierce, Rockford, IL, USA 

Quiagen, Hilden, Germany 

Roth, Karlsruhe, Germany 

Sarstedt, Nümbrecht, Germany 

Schott Glaswerke, Mainz, Germany 

Serva, Mannheim, Germany 

Sigma-Aldrich, Munich, Germany 

Stratagene, La Jolla, CA, USA 

Sutter Instruments, Novato, CA, USA 

TMC, Peabody, MA, USA 
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