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By now, little is known on L-type calcium channel (LTCC)
subunits expressed in mouse heart. We show that CaV�2 pro-
teins are the major CaV� components of the LTCC in embry-
onic and adult mouse heart, but that in embryonic heart CaV�3
proteins are also detectable. At least twoCaV�2 variants of�68
and �72 kDa are expressed. To identify the underlying CaV�2
variants, cDNA libraries were constructed from poly(A)� RNA
isolated from hearts of 7-day-old and adult mice. Screening
identified 60 independent CaV�2 cDNA clones coding for four
types of CaV�2 proteins only differing in their 5� sequences.
CaV�2-N1, -N4, and -N5 but not -N3were identified in isolated
cardiomyocytes by RT-PCR and were sufficient to reconstitute
the CaV�2 protein pattern in vitro. Significant L-type Ca2� cur-
rents (ICa) were recorded in HEK293 cells after co-expression of
CaV1.2 and CaV�2. Current kinetics were determined by the
type of CaV�2 protein, with the �72-kDa CaV�2a-N1 shifting
the activation of ICa significantly to depolarizing potentials
comparedwith the otherCaV�2 variants. Inactivation of ICawas
accelerated by CaV�2a-N1 and -N4, which also lead to slower
activation compared with CaV�2a-N3 and -N5. In summary,
this study reveals the molecular LTCC composition in mouse
heart and indicates that expression of various CaV�2 proteins
may be used to adapt the properties of LTCCs to changingmyo-
cardial requirements during development and that CaV�2a-
N1-induced changes of ICa kineticsmight be essential in embry-
onic heart.

Cardiac contractions require Ca2� influx in cardiomyocytes
from the extracellular fluid, which leads to Ca2� release from
the sarcoplasmic reticulum via ryanodine receptors (1).
This Ca2�-induced Ca2� release (CICR)4 causes a marked

increase in intracellular Ca2� concentration for short periods

of time and underlies cardiac contraction (2, 3). The Ca2�

influx into cardiac myocytes is mediated by high voltage-acti-
vated L-typeCa2� channels (LTCCs), which are heteromultim-
eric complexes comprised predominantly of the pore-forming
CaV�1 subunit and the auxiliary CaV� subunit (4). In heart, the
principal CaV�1 subunit, CaV�1c (CaV1.2), is encoded by the
Cacna1C gene (5). Four genes (Cacnb1-4) encoding CaV� sub-
units have been identified that are expressed in the heart of
different species including human, rabbit, and rat (6, 7, 8).
CaV� proteins are �500 amino acid cytoplasmic proteins

that bind to the CaV�1 I-II intracellular loop (9) and affect
channel gating properties (4), trafficking (10, 11), regulation by
neurotransmitter receptors throughG-protein�� subunit acti-
vation (12), and sensitivity to drugs (13). The CaV� primary
sequence encodes five domains, arranged V1-C1-V2-C2-V3.
V1, V2, and V3 are variable domains, whereas C1 and C2 are
conserved (14). Structural studies reveal that C1 and C2 form a
SH3 domain (Src homology 3 domain) and a NK domain
(nucleotide kinase domain), respectively (15). Although
C1-V2-C2makes theCaV� core, in heart theV1 region appears
critical for the kinetics of ICa and heart function. Accordingly a
mutation in the V1 region of the Cacnb2 gene was recently
identified as an underlying cause of Brugada syndrome (16).
In mice-targeted deletion of the Cacnb2 gene (17) but not of

Cacnb1 (18), Cacnb3 (19, 20), or Cacnb4 (21) leads to a mor-
phologically and functionally compromisedheart, which causes
severe defective remodeling of intra- and extra-embryonic
blood vessels and death at early embryonic stages both when
the Cacnb2 gene was targeted globally or in a cardiac myocyte-
specific way (17). Although these results point to an essential
role of CaV�2 for ICa and cardiac function, the existence of
various CaV�2 splice variants and heterogeneity of the
expressed CaV�2 proteins require further studies on the sub-
unit composition of LTCCs in themouse heart. In addition and
in view of the growing number of preclinical studies using
mouse models carrying definite Ca2� channel subunits as
transgenes in heart tissue, the identification of the relevant gene
products underlying the endogenous mouse cardiac L-type
channel is essential. Recent mouse models (e.g. 22, 23, 24) car-
rying a rat CaV�2 splice variant (“rat CaV�2a”) (25) expressed
in rat and rabbit brain (26), but not in rabbit heart (26), have
only escalated this requirement, because it has never been
shown that the mouse orthologue of this variant is endog-
enously expressed in the mouse heart.
So far, five CaV�2 variants varying only in the V1 domain

have been identified from different species (25, 27, 28) and in
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human heart these variants have been obtained mainly by RT-
PCR approaches (29, 30). In contrast, there is little information
on the CaV� proteins present in mouse heart, their respective
splice variants, and expression ratios. We therefore started to
studyCaV� expression in themurine heart usingWestern blots
and cDNA cloning and to reveal their functional impact on
LTCCs formed by the murine CaV1.2 protein.

EXPERIMENTAL PROCEDURES

Antibodies and Western Blot Analysis—Microsomal protein
fractions or protein/cell lysates were solubilized with SDS
buffer, denatured and subjected to SDS-PAGE and Western
blotting. The nitrocellulose membrane (Hybond-C extra,
Amersham Biosciences) was probed after transfer with anti-
bodies against CaV�1, CaV�2, CaV�3, CaV�4, and CaV�1c
(CaV1.2) subunits. Polyclonal anti-CaV� antibodies 234
(CaV�1b), 424 and 425 (CaV�2), 828 and MM(CaV�3), and
830 and 1051 (CaV�4), which were generated in-house and
affinity-purified were used in this study. Specificity of antibod-
ies was confirmed by using microsomal membrane protein
fractions from wild type mice and mice deficient in CaV�2,
CaV�3, and CaV�4. The anti CaV1.2 antibodies were kindly
provided by Dr. Franz Hofmann, Munich.
Northern Blot Analysis—10 �g of murine heart poly(A)�

RNA was resuspended in 50% deionized formamide, 5.92%
formaldehyde, 20 mM 4-morpholinepropanesulfionic acid, 2
mM sodium acetate, 1 mM EDTA, and 0.5 �g/�l ethidium bro-
mide. After incubation at 55 °C for 15min, samples were put on
ice and deionized formamide, bromphenol blue, xylene cyanol,
and 5 mM EDTA were added at final concentrations of 15.8%,
0.42%, 0.42%, and 0.83 mM, respectively. The RNAwas electro-
phoresed on a 1.2% agarose gel containing 1.1% formaldehyde,
transferred thereafter to Hybond N nylon membranes (Amer-
sham Biosciences) by diffusion overnight and UV cross-linked
to the filters. Membranes were prehybridized for 3 h in 450mM

sodium chloride, 45 mM sodium citrate, 0.2% Ficoll, 0.2% poly-
vinylpyrrolidone, 0.2% bovine serum albumin, and 150 �g/ml
denatured salmon spermDNA. Themembrane was hybridized
overnight with random-primed [32P]dCTP-labeled probe (107
cpm/�l) in hybridization solution. After four washing steps
with 75 mM sodium chloride, 7.5 mM sodium citrate, 0.1% SDS,
the membrane was exposed to x-ray films.
Construction and Screening of cDNALibraries—Murine total

RNAwas isolated from 695mg (postnatal day 7 (P7)) or 750mg
(adult, �8 weeks) heart tissue using RNAGold (peqlab).
Reverse transcription was performed with 5 �g of poly(A)�
RNA from adult or P7mouse heart using a CaV�2 gene specific
primer (GSP, 5�-GGAGTGTGCTCTGTC) or hexameric ran-
domprimers and the SuperscriptTMPlasmid SystemwithGate-
way Technology for cDNA Synthesis and Cloning (Invitrogen).
cDNA libraries were constructed in pcDNAII (Invitrogen) and
transformed into ElectroMAXTM DH10BTM cells. Bacteria
were grown on Duralon-UV nylon membranes (Stratagene).
5 � 105 recombinant clones were screened with radioactive
cDNA probes covering the conserved C1 and C2 regions of
CaV�2 (C1 431 bp, exons 3–6; C2 591 bp, exons 8–13). After
3 h of prehybridization, hybridizationwas carried out overnight
at 55 °C for random-primed and at 60 °C for gene-specific

primed libraries, respectively. Prehybridization and hybridiza-
tion solution contained 450 mM sodium chloride, 45 mM

sodium citrate, 0.2% Ficoll, 0.2% polyvinylpyrrolidone, 0.2%
bovine serum albumin, and 150 �g/ml denatured salmon
sperm DNA, with the hybridization solution containing ran-
dom primed [32P]dCTP-labeled probe (105 cpm/�l). After
washing steps with solutions containing decreasing concentra-
tions of sodium chloride (450 to 45 mM) and sodium citrate (45
to 4.5 mM), 0.1% SDS, membranes were exposed to x-ray films
for 8 and 16 h, respectively. Positive clones were isolated and
sequenced.
Isolation of Murine Cardiomyocytes—Embryonic and adult

cardiomyocytes were isolated as described before (17, 31).
RT-PCR—For RT-PCR, we used the SuperscriptTMOne Step

RT-PCR with Platinum Taq System (Invitrogen). 10–12 car-
diomyocytes were selected by patch pipette, pooled in Eppen-
dorf tubes, and directly used for reverse transcription and PCR.
CaV�2-N-specific forward primers (N1, 5�-ATG GTC CAA
AGCGAC ACG TC; N3, 5�-ATG CAG TGC TGCGGGCTG;
N4, 5�-ATG CTT GAC AGG CAG TTG GTG; N5, 5�-ATG
AAG GCC ACC TGG ATC AG) and the common reverse
primer (5�-CTC TCT GTT CGT GCT GTA GC) were used.
Positive controls were done in the presence of 5 ng of the
respective CaV�2a-N plasmid used as template, negative con-
trols in the presence of H2O instead of template; reactions were
performed in parallel. PCR (39 cycles) conditions were: reverse
transcription at 50 °C for 25min, one denaturation step at 94 °C
for 2 min to inactivate the reverse transcriptase and to activate
PCR polymerase, denaturation at 94 °C for 30 s, annealing at
57 °C for 30 s and extension at 72 °C for 35 s.
Cell Culture and Transfection—HEK293 cells and COS cells

were grown in MEM and Dulbecco’s modified Eagle’s medium
(Invitrogen), respectively, supplemented with 10% fetal calf
serum (Invitrogen) and maintained under standard cell culture
conditions (37 °C, 5% CO2).

COS cells were transiently co-transfected with 2 �g of
CaV�2 cDNA-encoding plasmids. HEK293 cells were tran-
siently co-transfected with 0.7 �g full-length CaV1.2 subunit
together with 0.7 �g of the different murine cardiac CaV�2
cDNA encoding plasmids and 0.7 �g eGFP. Transfection was
carried out with Fugene6 (Roche Applied Sciences). Electro-
physiological recordings in GFP-positive cells were obtained
48–72 h after transfection.
Electrophysiological Recordings—For whole-cell Ca2� cur-

rent recordings, HEK293 cells expressing CaV1.2 and CaV�2
were bathed in a solution containing (in mM): tetraethylammo-
nium chloride 140, MgCl2 1, CaCl2 1.8, HEPES 10, pH 7.4
(TEA-OH). Borosilicate patch pipettes (BioMedical Instru-
ments) were filledwith a solution containing (inmM): CsCl 120,
MgCl2 3, Mg-ATP 5, EGTA 10, HEPES 5, pH 7.4 (CsOH), and
had resistances ranging from 2.0 to 4.0 M�. Currents were fil-
tered at 1.67 kHz and digitized at a 5-kHz interval. ICa was
normalized to cell size. Currents were activated from the hold-
ing potential of K90 mV every 5 s by step depolarizations from
�70 to �70 mV in 10 mV increments for 400 ms to obtain
current-voltage (I-V) relationships. In some HEK293 cells just
transfected with CaV1.2 and GFP lacking CaV�2, a small but
clear ICa could be discerned (maximal ICa at 0mV�2.23 pA/pF,
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n � 24). Therefore only cells transfected with CaV1.2 and one
of the CaV�2 isoforms, with a current density larger than �3.5
pA/pF at 0mVwere included in the analysis to ensure that both
transfected proteinsCaV1.2 andCaV�2were present. Current-
voltage (I-V) relationships from individual cells were fittedwith
I � Gmax(V-Erev)/(1 � exp(-(V-V1/2,act)/k)) (32), where Gmax
represents thewhole-cell conductance, Erev the apparent rever-
sal potential, V1/2,act the voltage for half-maximal activation of
the current and k the slope factor. The time to peak was meas-
ured 1.2 ms after the beginning of the depolarization to avoid
measuring capacitance artifacts. The steady-state activation
curve was constructed by normalizing the current density
measured between�70mV and 0mV to that at 0mV and fitted
with a Boltzman equation I/I0mV � 1 � (A-1)/(1 � exp((V-
V1/2,ss-act)/k)), with V1/2,ss-act as the voltage of half-activation, k
the slope factor. Steady-state inactivation was measured by a
double-pulse protocol; cells were depolarized from a holding
potential of�90mV to potentials from�100 to�40mV for 5 s
in 10-mV increments; subsequently the test pulse to 0 mV for
400 ms was applied. Steady-state inactivation curves were nor-
malized to the current after the prepulse to�100mV, averaged,
and fitted with a Boltzman equation I/Imax � 1/(1 � exp((V-
V1/2,inact)/k) with V1/2,ss-inact as the voltage of half-inactivation
and k the slope factor. Voltage protocols were applied, and cur-
rents recorded with an EPC9 patch-clamp amplifier (HEKA,
Germany) controlled by the software PulseFit (HEKA). A P/4
protocol was used in all experiments to subtract linear leak and
capacitance. Data were compared in GraphPad Prism using a
one-way analysis of variance test.

RESULTS

CaV� Protein Expression in Adult Heart and Brain from Mice

We made use of specific antibodies for CaV�1, CaV�2,
CaV�3, and CaV�4 to detect the CaV� subunits in protein
fractions from adult mouse heart and brain by Western blot.
The CaV�1, CaV�3, and CaV�4 proteins are readily detectable
in adult brain (Fig. 1A, 75 �g of protein per lane) but not in the
adult heart although 200 �g of cardiac proteins were applied
per lane. In contrast, the CaV�2 protein is detected in brain (75
�g of protein per lane) and in heart (15 �g of cardiac protein
was applied per lane), demonstrating that CaV�2 is the pre-
dominant CaV� protein in the adult mouse heart. Accordingly
transcripts of the Cacnb2 gene of �2, �3.5, �4, and �5 kb are
readily detectable in poly(A)� RNA isolated from adult mouse
heart (Fig. 1B).

CaV�2 Protein Expression in Developing Mouse Hearts

TheCaV�2 protein is detectable in the developing heart tube
approximately at embryonic day (E)8.5. To study its expression
during cardiac development, immunoblots with protein frac-
tions prepared from hearts from E10.5 to E17.5, neonatal mice
(P1), P7, and adult mouse hearts were analyzed for CaV�2,
CaV�3, and theCaV�1c subunit expression. In early embryonic
heart, a �72-kDa CaV�2 protein is expressed (Fig. 1C). Inter-
estingly, the CaV�2 protein detected in brain lysate shares
molecularweightwith this embryonic�72-kDaCaV�2 protein
(Fig. 1C). In later stages of embryonic development a second
CaV�2 protein of �68 kDa is co-expressed, whereas in the

adult heart only the �68-kDa CaV�2 protein (Fig. 1, A and C)
but not the �72-kDa protein is detectable. The �55-kDa
CaV�3 protein, which is expressed in brain (Fig. 1, A and D) is
detectable to a very minor degree in the protein fractions from
embryonic heart but not in adult heart (Fig. 1,A andD) whereas
the expression of the CaV�1c proteins parallels CaV�2 protein
expression during cardiac development (Fig. 1C). Apparently,
different CaV�2 proteins are expressed during cardiac devel-
opment leading to changes in LTCC protein composition. The
CaV�3 protein is primarily expressed in brain (Fig. 1, A and D)
but also in heart at early embryonic stages (Fig. 1D). Immuno-
blots clearly show expression of CaV�3 in heart lysates from
wild type mice at E12.5 and E14.5 but not in lysates of hearts
from CaV�3-deficient mice (Fig. 1D, CaV�3�/�). However,
CaV�1c and CaV�2 subunits are the main constituents of
embryonic and adult murine cardiac LTCC channels.
Themolecular basis of the differentCaV�2 proteins detected

by Western blot analysis is not known but could be caused by
the expression of splice variants of the Cacnb2 gene, which has
been described in human, rabbit, and rat heart (7, 29, 33). In the

FIGURE 1. CaV�2 expression in murine heart and brain. A, immunoblots of
microsomal protein fractions from adult mouse heart (h, 200 �g per lane; h*,
15 �g per lane) and brain (b, 75 �g per lane) using antibodies for CaV�1b (�1),
CaV�2 (�2), CaV�3 (�3), and CaV�4 (�4). B, Northern blot: CaV�2 transcript
expression in 10 �g of poly(A)� RNA from adult mouse heart probed with a
32P-labeled DNA derived from nucleotides 577–721 of CaV�2 (GenBankTM

Acc. No. L20343). C, expression of CaV�2 (�2) and Cav1.2 (�1c) during mouse
heart development. Immunoblot of microsomal proteins from adult heart (h
adult, 25 �g) and brain (b adult, 50 �g) and lysates of hearts (h) taken at
embryonic day (E) 10.5, 11.5, 12.5, 14.5, 17.5, 1 day (P1), and 7 days (P7) post
partum and antibodies for CaV�2 and CaV1.2 as indicated. * indicates myosin,
which is present in protein lysates and recognized by the CaV�2 antibodies; it
is not detectable in microsomal protein fractions, which were obtained after
differential centrifugation. D, expression of CaV�3 in embryonic heart. Immu-
noblot of heart protein lysates (150 �g per lane) taken at E12.5 and E14.5 from
wild type and CaV�3-deficient mice. Brain microsomal membrane proteins
(20 �g) from wild type and CaV�3-deficient mice were used as controls. The
blot was stripped thereafter and incubated in the presence of the antibody
for CaV�2 to control loading.
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following we identified and characterized CaV�2 variants in
mouse heart by the unbiased approach of constructing and
screening of cDNA libraries.

Structure of the Cacnb2 Gene, Strategy to Construct cDNA
Libraries, and Isolation of CaV�2 Variants

The murine Cacnb2 gene is localized on chromosome 2,
comprises 20 protein coding exons and extends over a region
of �383 kbp. The six 5� exons 1A, 1B, 2A, 2B, 2C, and 2D
(nomenclature according to the humanCacnb2 gene by Foell
et al. (29)) encode for alternate V1 regions and are scattered
among the 5� �270 kbp of the gene (Fig. 2A). The alternate
V2 regions are encoded by the mutually exclusive exons 7A,
7B, and 7C. No splicing events of CaV�2 V3 region have been
described so far. Splicing of V1 and V2 regions could be
responsible for the CaV�2 protein pattern detected in
Fig. 1C.

To get hold of all CaV�2 V1 and
V2 splice variants expressed in
murine heart we used the following
strategies. Poly(A)� RNA was iso-
lated from hearts taken from adult
animals and from P7 animals; in the
latter, the �68-kDa- and �72-kDa
CaV�2 proteins are co-expressed
(Fig. 1C). We used these RNAs and
two types of primers for construc-
tion of cDNA libraries: To obtain
the nucleotide sequences of the V1
and V2 regions, for which splicing
events were most probably
expected, the cDNA first strand
was primed by oligonucleotides
complementary to the 5�-end of
the C2 domain, and cDNA library
screening was done by a probe
covering the C1 domain. Second,
we constructed a random-primed
cDNA library using the poly(A)�
RNA from P7 hearts, which was
screened with probes covering the
nucleotides encoding the C1 and
the C2 domains. The latter
approach should identify CaV�2
variants with differing C1, C2, or V3
domains.
Altogether 60 independent cDNA

clones were isolated from the three
libraries and sequenced. Themajor-
ity of clones encoded the sequences
of the V1 and V2 regions of CaV�2
(Fig. 2 and supplemental Table S1).
The random-primed clones also
contained the C2 and V3 domains.
The V2 domain was encoded in all
clones by exon 7A (Fig. 2, A and B).
According to the nomenclature of
Foell et al. (29), these clones are of

the CaV�2a type (a for the A-type exon 7). Differences were
only observed within the V1 domain which gave rise to N ter-
mini of type N1 (exons 1A plus 2A), N3 (exon 2B), N4 (exon
2C), and N5 (exon 2D) (Fig. 2). 38 out of the 60 sequenced
clones encoded the CaV�2a-N4 variant, demonstrating that
this variant is the predominant CaV�2a variant in hearts from
adult and 7-day-old mice. The CaV�2a-N5 (5 clones out of 60)
and CaV�2a-N1 variants (16 clones out of 60) are expressed to
an intermediate extent. TheCaV�2a-N3 splice variantwas only
detected once among the 60 CaV�2 cDNA clones indicating
that this variant is only present in a very minor fraction of car-
diac LTCCs if at all. The N3-type N terminus is encoded by
exon 2B and the corresponding mouse, human, and rat amino
acid sequences of this exon are identical and start with 1Met-
Gln-Cys-Cys (Fig. 2C). The cysteine residues at position 3 and 4
in the N3 terminus of the rat protein have been identified as
sites of palmitoylation (34). No N2-type N terminus-encoding

FIGURE 2. Structure of the mouse Cacnb2 gene and the various N-terminal V1 domains of CaV�2 splice
variants. A, scheme of the murine Cacnb2 gene, which is localized on chromosome 2 and comprises 20 protein
coding exons. The six exons 1A, 1B, 2A, 2B, 2C, and 2D encode for alternate V1 regions and are scattered among
the 5� 270 kbp. The five domains V1-C1 (SH3, Src homology domain), -V2 (hook domain), - C2 (NK, nucleotide
kinase domain), -V3 common to all CaV� proteins, and their CaV�2 coding exons are indicated. M of exons 1A,
1B, 2B, 2C, and 2D indicate the initiation methionine of CaV�2 variants CaV�2a-N1 (1A plus 2A), -N2 (1B plus
2A), -N3 (2B), -N4 (2C), and -N5 (2D), and STOP the common termination. Arrow indicates GSP, gene-specific
primer, which is complementary to C2 and used to specifically prime the cDNA libraries. B, scheme of the four
CaV�2 variants identified in murine heart; they differ in V1, but not in C1 (starting with amino acids GSA), V2
(exon 7A), C2, and V3. Colors of V1 correspond to colors of coding exons. 34 of 60 independent clones coded for
CaV�2a-N4, 16 for CaV�2a-N1, five for CaV�2a-N5, and one for CaV�2a-N3. C, amino acid alignment of the V1
domains of CaV�2 from mouse (this study), rat and human; from the mouse sequences differing amino acids
are highlighted in green; �, no amino acid residue; * predicted sequence. GenBankTM accession numbers: N1
mouse BC109156, this study FM872408; N1 human AF423191; N2 mouse predicted from genomic sequence;
N2 rat AY190119; N2 human AF423190; N3 mouse this study FM872406; N3 rat NM_053851; N3 human
AF423189; N4 mouse this study AM259383; N4 rat AF_423193; N4 human NM_201590; N5 mouse L20343, this
study FM872407; N5 rat AY190120; N5 human NM_201570.
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cDNA was identified although the N2-coding exon 1B is pres-
ent within themouseCacnb2 gene. Supplemental Fig. S1 shows
an alignment of the amino acid sequences derived from the four
types of clones identified. They only differ in the N termini N1,
N3, N4, and N5 whereas the remaining sequences starting with
the amino acid residuesGSA (exon 3, Fig. 2) are identical within
the four CaV�2 splice variants. The sequences following V1
comprise three serine residues, which in the rat CaV�2-N3
orthologue have been suggested to be phosphorylated in the
heart in vivo and in vitro (Ser-459, Ser-478, and Ser-479 in
CaV�2a-N3 (35)).

CaV�2 Expression in Isolated Cardiac Myocytes

So far the results demonstrate expression of predominantly
CaV�2a-N4, CaV�2a-N1, and CaV�2a-N5 in murine heart.
For construction of the cDNA libraries, poly(A)� RNA had
been isolated from the entire heart; thus, RNA from fibroblasts,
endothelial cells, and neurons was included. To refine the
expression analysis, 10–12 cardiomyocytes from adult and
embryonic hearts were subjected to combined cDNA synthesis
andPCR reactions using primer pairs specific forN1-,N3-,N4-,
and N5-type N termini. Analysis of the PCR products revealed
that the CaV�2-N1, -N4, and -N5 splice variants are expressed
in adult and embryonic cardiomyocytes (Fig. 3). No PCR prod-
uctwas obtained forCaV�2-N3 demonstrating that CaV�2-N3
is not expressed in cardiomyocytes confirming the result
obtained by cDNA library screening.

In Vitro Reconstitution of the in Vivo CaV�2 Protein Expression
Pattern

Considering that CaV�2a-N1, CaV�2a-N4, and CaV�2a-N5
are expressed in cardiac myocytes, we wondered if these pro-
teins are sufficient to explain the CaV�2 protein pattern
observed inWestern blot experiments (Fig. 1C). Therefore, the
three proteins were separately expressed in COS cells and
lysates of these cells were used for Western blots (Fig. 4). As
controls we used protein fractions from hearts of adult mice
(Fig. 4, h adult) and of P7 mice (Fig. 4, h P7). The electro-
phoretic mobilities of CaV�2a-N4 and CaV�2a-N5 proteins

expressed in COS cells (Fig. 4) resemble the mobility of the
�68-kDa CaV�2 protein endogenously expressed in the adult
heart (Fig. 4, h adult) and in the P7 heart (Fig. 4, h P7). In
contrast, the CaV�2a-N1 protein runs slightly slower (Fig. 4),
very much like the �72-kDa CaV�2 protein endogenously co-
expressed with the �68-kDa CaV�2 protein in the P7 heart.
Apparently the N4- and N5-variants are the predominant
CaV�2 proteins expressed in the adult mouse heart, whereas in
P7 hearts the CaV�2a-N1 protein is additionally co-expressed.
This assumption is supported by the finding that the protein
patterns of mixtures of the respective COS cell lysates (Fig. 4)
resemble the pattern observed in P7 hearts.
In summary, three CaV�2 protein variants are expressed in

mouse heart with CaV�2a-N1 being expressed predominantly
in embryonic stages, followed later by the additional expression
of CaV�2a-N4 and -N5, which become more and more the
prevailing CaV�2 proteins in the maturing heart.
Next we wanted to study the influence of these CaV�2 pro-

teins on LTCC currents (ICa). To keep the heterologous expres-
sion system as close to themurine Ca2� channel as possible, we
wanted to co-express only the cDNAs of the murine CaV1.2
and the CaV�2 variants inHEK293 cells. No full-lengthmurine
cardiac CaV1.2 cDNA was available or obtainable, why we
amplified murine full-length CaV1.2 cDNA from mouse heart
(supplemental “Experimental Procedures,” Fig. S2, and Table
S6). The exons 1A and 1B are supposed to encode the N termi-
nus of the cardiac (1A) and smooth muscle CaV1.2 (1B) pro-
teins in rabbit (5, 36), rat, and human. Depending on the pres-
ence of either exon the CaV1.2 clones were referred to as
CaV1.2a and CaV1.2b.

Different Modulation of L-type Ca2� Channel Currents (ICa) by
the CaV�2 Variants

CurrentDensity andSteady-stateActivationand Inactivation—
First, we analyzed current densities at different test potentials
in HEK293 cells co-expressing CaV1.2a and each of the CaV�2
variants. As controls we used non-transfected HEK293 cells
and HEK293 cells just expressing CaV1.2a. Ca2� currents were
recorded in response to voltage steps of 400-ms duration to
�70 mV up to �70 mV in 10-mV increments from a holding

FIGURE 3. CaV�2 variant expression in cardiomyocytes. RT-PCR analysis of
the expression of CaV�2-N transcripts in isolated adult cardiomyocytes (A)
and isolated embryonic cardiomyocytes (E13.5) (B); c, control, indicates 5 ng
of the respective CaV�2a-N-plasmid used as template. C, summary.

FIGURE 4. In vitro reconstitution of the in vivo CaV�2 protein pattern.
Immunoblot of COS cell lysates expressing the mouse CaV�2 variants
CaV�2a-N5, -N4, -N1, -N1 plus -N5, -N1 plus -N4 and -N1 plus -N4 plus -N5,
microsomal membrane proteins from adult heart (h adult, 50 �g), and protein
lysate from heart of P7 mice (h P7, 100 �g) using the antibody 425 for CaV�2.
*, compare with legend in Fig. 1C.
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potential of�90mV. Fig. 5A shows a family of current traces in
CaV1.2a/CaV�2a-N4-expressing cells; the average current-
voltage (I-V) relationships for the different co-expressions are
shown in Fig. 5B. Recordings in HEK293 cells co-expressing
CaV1.2a and a CaV�2 protein reveal characteristic ICa, which
were not observed in control HEK293 cells.

The ICa amplitude at 0 mV was in
the range of �9.34 	 1.31 pA/pF
(CaV�2a-N1, n � 24 cells) to
13.39 	 1.48 pA/pF (CaV�2a-N5,
n � 28) indicating that current
density is largest when the
CaV�2a-N5 is co-expressed; espe-
cially at negative potentials (�30
to �10 mV) there is a significant
difference in comparison with
currents elicited from cells co-ex-
pressing CaV�2a-N1 (p 
 0.05).
Individual I-V relationships were
fitted with a Boltzmann equation
to obtain further information
about the ICa properties (see sup-
plemental Table S2 for summary).
No significant differences in the
apparent reversal potentials (Erev)
and in the maximal whole-cell con-
ductances (Gmax) were observed
between the currents obtained from
cells co-expressing CaV1.2a and
CaV�2a-N1 to -N5 (Erev was in the
range of 53.42 	 1.66, n � 28
(CaV�2-N3) to 58.37 	 1.45 mV,
n � 26 (CaV�2a-N4); Gmax at 0 mV
was in the range of 0.18 	 0.02, n �
26 (CaV�2a-N4) to 0.26 	 0.03nS/
pF, n � 28 (CaV�2a-N5)), whereas
the voltage for half-activation
V1/2,act was significantly different
for cells co-expressingCaV1.2awith
CaV�2a-N1 (�16.91 	 1.02 mV,
n � 24) or CaV�2a-N5 (�20.29 	
0.79mV, n � 28, p 
 0.05) (supple-
mental Table S2).
Steady-state activation and inac-

tivation has been shown previously
to be affected by the type of co-
expressed CaV� subunit in heter-
ologous expression studies (37,
38). As shown in Fig. 5C there was
a significant effect of CaV�2a-N1
compared with CaV�2a-N3, -N4,
and -N5 on the steady state activa-
tion. The midpoint of activation,
V1/2,ss-act, of the normalized I-V
curves was shifted to less nega-
tive potentials by co-expressing
CaV�2a-N1 compared with the co-
expressed CaV�2a-N3, -N4, and

-N5 (CaV�2a-N1, �18.96 	 0.58 mV, n � 24; CaV�2a-N3,
�23.07 	 0.47 mV, n � 28; CaV�2a-N4, �21.96 	 0.75 mV,
n � 26; CaV�2a-N5, �23.84 	 0.57 mV, n � 28; with N1/N3
p 
 0.001, N1/N4 p 
 0.01, and N1/N5 p 
 0.001) (Fig. 5C and
supplemental Table S3). The half-maximal potential for inacti-
vation, V1/2,ss-inact (Fig. 5D), was found to be different between

FIGURE 5. Effects of CaV�2 variants on ICa. A, family of current traces obtained in CaV1.2a/CaV�2a-N4
co-expressing cells in response to depolarizations from �70 mV up to �70 mV in 10 mV increments from
a holding potential of �90 mV. B, averaged current-voltage relationships of ICa extracted from experi-
ments as shown in Fig. 5A; symbols and colors are indicated. Asterisks indicate statistically significant
differences (p 
 0.05) between CaV�2a-N1 and -N5. HEK control, non-transfected HEK293 cells; CaV1.2
control, HEK293 cells just expressing CaV1.2. C, steady-state activation; D, inactivation in the presence of
CaV�2a-N1 (green), -N3 (cyan), -N4 (orange), and -N5 (blue). Peak currents were normalized to the value at
0mV (for activation) and to the maximal ICa after a 5-s pulse to �100 mV (for inactivation). Curves were
fitted with a single Boltzmann equation. E–H, inactivation of ICa. E, superimposed normalized mean ICa
traces of cells co-expressing CaV1.2 plus CaV�2a-N1, -N3, -N4, or -N5, respectively, showing that
CaV�2a-N1 and -N4 determine faster inactivation than CaV�2a-N3 and -N5. F, analysis of the ICa remaining
at the end of a 400-ms depolarization (r400) reveals CaV�2 variant-specific differences in inactivation
kinetics at test potentials ranging from �30 to �20 mV (10 mV increments used). G and H, time constants
of slow (�inact,slow) (G) and fast inactivation (�inact,fast) (H) at 0-mV test potential. I and J, activation of ICa.
I, time constants of �activation (�act) at the test potential of 0 mV are very similar for CaV�2a-N1 and -N4
versus CaV�2a-N3 and -N5, with the latter showing significantly faster activation kinetics. J, time to peak
values also illustrate the similar effects of CaV�2a-N1 and -N4 versus CaV�2a-N3 and -N5 on ICa activation.
Data are given as mean 	 S.E. Numbers of cells used for the various current recordings: 15 to 28 (for details
see supplemental Tables S2–S5).
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CaV�2a-N4 (�47.05 	 0.72, n � 26) and -N3 (�41.91 	 0.71
mV, n � 28, p 
 0.001), or -N1 (-43.47 	 1.09 mV, n � 24; p 

0.05) (supplemental Table S3).

Kinetics of ICa Depend on the Type of Co-expressed CaV�2

Inactivation Kinetics—There were obvious differences among
the CaV�2 variants on inactivation of ICa as can be seen by the
normalization of the mean ICa traces for the various CaV1.2a/
CaV�2 combinations (Fig. 5E). Inactivation kinetics of ICa were
faster in the presence of CaV�2a-N1 or CaV�2a-N4 than in the
presence of CaV�2a-N3 or CaV�2a-N5; ICa from CaV1.2a/
CaV�2a-N3 and CaV1.2a/CaV�2a-N5 channels inactivated
with almost the same kinetics. Apparently, CaV�2a-N1 and
CaV�2a-N4 as well as CaV�2a-N3 and CaV�2a-N5 comprise
two groups, which confer distinct inactivation kinetics to ICa.
This is also obvious when comparing the remaining ICa 400 ms
(r400) after applying a test potential ranging from �30 to �20
mV (Fig. 5F and supplemental Table 4A). For currents elicited
from CaV1.2a/CaV�2a-N3 channels, r400 values changed only
slightly in the voltage range from �30 mV (43.78 	 4.62%) to
�20 mV (45.42 	 7.28%, n � 28). Currents elicited from
CaV1.2a/CaV�2a-N5 channels showed a similar behavior in
the range from �20 to �20 mV, but resulted in a more pro-
nounced drop of r400 values between�30mV (53	 1.73%,n�
28) and �20 mV (46 	 2.46%). In contrast, for currents
obtained fromCaV1.2a/CaV�2a-N1 and CaV1.2a/CaV�2a-N4
channels the r400 values markedly declined with increasing
voltage from�30 to�20mV (CaV�2a-N1: from42.52	 2.66%
to 19.36 	 2.33%, n � 24; CaV�2a-N4: from 44.9 	 2.32% to
14.68 	 1.81%, n � 26) indicating a stronger voltage depend-
ence of inactivation for CaV1.2a/CaV�2a-N1 or -N4 channels
than for CaV1.2a/CaV�2a-N3 or -N5 channels, respectively.
Inactivation of ICa followed bi-exponential kinetics and com-
paring the time constants of the slow inactivation (�inact,slow) at
0mV, the co-expressedCaV�2a-N3 orCaV�2a-N5 lead to pro-
nounced slower inactivation of ICa than CaV�2a-N1 or
CaV�2a-N4 (Fig. 5G). The time constants for fast inactivation
(�inact,fast) barely differed from each other although a slightly
higher value was observed in the presence of CaV�2a-N4 (Fig.
5H, supplemental Table S4B).
Activation Kinetics—Activation of ICa at 0 mV followed a

single exponential fit and the resulting time constants (�act)
differed significantly between CaV�2a-N1 or CaV�2a-N4,
leading to slower activation kinetics, and CaV�2a-N3 or
CaV�2a-N5 evoking faster channel activation kinetics (Fig. 5I)
with �act values for CaV�2a-N1 and CaV�2a-N4 as well as for
CaV�2a-N3 and CaV�2a-N5, respectively, being almost iden-
tical (supplemental Table S5A). Correspondingly, the time to
peak values of ICa at 0 mV were larger for currents recorded
from CaV1.2a/CaV�2a-N1 and -N4 channels than for
CaV1.2a/CaV�2a-N3 or -N5 channels, respectively (Fig. 5J,
supplemental Table S5B).

DISCUSSION

In a first series of experiments we show that CaV�2 is the
major CaV� protein expressed in the adult mouse heart and
that a switch of CaV�2 protein isoform expression occurs dur-
ing development.

Whereas numerous studies described cloning of Ca2� chan-
nel subunits and Ca2� channel composition in the human,
guinea pig, and rat heart (5, 7, 25, 29, 39, 40, 41) the molecular
“make-up” of the mouse cardiac LTCC is much less defined,
although several mouse lines have been created with Ca2�

channel subunit transgenes as preclinical models for heart dis-
eases (22, 23, 24, 42, 43).
CaV�2 Protein Expression in Heart during Development—In

the mouse heart, LTCCs are already functional at E9.5 (17).
Analysis showed expression of the CaV�2 protein throughout
embryonic development whereas CaV�1 and CaV�4 protein
expression was not detectable. The CaV�3 protein is very
weakly expressed in the embryonic hearts but not in hearts
from perinatal and adult mice. We observed a switch in CaV�2
protein expression from a �72-kDa protein, mainly expressed
at early embryonic stages to a �68-kDa protein in hearts from
adult mice.
Screening of cDNALibraries for CaV�2 Subunit Variants and

Reconstitution of the CaV�2 Protein Expression Pattern—To
identify possible CaV�2 variants we constructed cDNA librar-
ies which were screened by probes covering the conserved
domains C1 and C2 which together with V2 comprise the
CaV�2 core. Most groups (29, 30, 37, 44) used strategies aimed
at the specific amplification of a DNA fragment to obtain
CaV�2 variants, which is critically determined by the primer
pair used for PCR. In contrast, the screening of cDNA libraries
represents a rather unbiased approach to identify whichmRNA
is expressed. In addition, this approach makes it possible to
study the frequencies of given cDNAs, provided a sufficient
number of clones are available. In the case of cardiac CaV�2,
sixty independent cDNAcloneswere identified, subcloned, and
sequenced allowing an estimate of the types of CaV�2 splice
variants expressed inmouse heart and their naturally occurring
frequencies. By this method, only potential CaV�2 variants
lacking the C1-V2-C2 core region (30) may have been missed.
We confirmed the results by PCR amplification of the CaV�2
variants identified by cDNA library screening using isolated
cardiomyocytes as template. The combined approaches identi-
fied threeCaV�2 variants expressed inmurine cardiomyocytes,
CaV�2a-N1, -N4, and -N5, which only differed in their V1
regions encoded by alternate exons. Reconstitution of the pro-
tein pattern of �72- and �68-kDa proteins in vitro by co-ex-
pression of CaV�2a-N1, -N4, and -N5 can explain the protein
pattern obtained in protein fractions from mouse heart at dif-
ferent developmental stages. CaV�2a-N1 is predominantly
expressed in hearts from embryonic and neonatal mice,
whereas CaV�2a-N4 and -N5 are isoforms expressed in hearts
from neonatal and adult mice. The CaV�2a-N1 protein is not
detectable in protein fractions from adult heart. Results from
cDNA library screening indicate a low number of CaV�2
N1-type protein in the adult heart, which might have escaped
detection with available antibodies.
The N2-type variant comprising the second protein-coding

exon (exon 1B) was not identified at all. It encodes a twelve
amino acid residues sequence (MDQASGLDRLKI), which is
predicted to be alternatively spliced to the third protein coding
exon (exon 2A); the orthologue exons have been identified in
rat (rat CaV�2c, GenBankTM Acc. No. AY190119) rabbit (rab-
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bit cardiac CaV�2b, Ref. 7) and human heart (CaV�2-N2, Ref.
29). The N3-type variant was identified once among sixty
clones but shown to be absent in cardiomyocytes. Consistent
with our results, it seems to be neither expressed in rabbit heart
(7, 26) nor, according to independent electrophysiological stud-
ies, in rat cardiomyocytes (33).
Modulation of ICa by the CaV�2 Variants—In previous stud-

ies the impact of CaV�2 proteins on ICa was primarily investi-
gated by heterologously co-expressed channel subunits from
different species (29, 37, 44). Here we wanted to reconstitute a
murine LTCC channel in a heterologous expression system and
co-expressedmurine CaV1.2awith themurine CaV�2 proteins
identified before. The CaV�2� subunit is known to predomi-
nantly affect LTCC function by increasingCaV1.2 channel den-
sity (45): It was not co-expressed, because it is not known pre-
cisely which of the four Cacna2d genes is expressed in murine
cardiac myocytes (46).
The four CaV�2a variants CaV�2a-N1, -N3, -N4, and -N5

increased ICa density in a similar way with CaV�2a-N5 causing
the largest increase. Inactivation kinetics was accelerated in the
presence of CaV�2a-N1 and -N4 compared with the inactiva-
tion in the presence of CaV�2a-N3 and -N5. Additionally,
CaV�2a-N1/-N4 caused slower ICa activation kinetics than
CaV�2a-N3/-N5. These results correspond to those reported
with human CaV�2a splice variants as well as to the observa-
tion that the four CaV�2a variants form two functional groups
(37).
Interestingly, the two splice variants, CaV�2a-N1 and

CaV�2a-N4, which lead to unique steady-state inactivation/
activation characteristics are the predominantly expressed
variants in embryonic (CaV�2a-N1) and adult (CaV�2a-N4)
mouse heart.
Role of Switch in Splicing Pattern for Murine Cardiac Devel-

opment—Both CaV1.2/CaV�2a-N1 and CaV1.2/CaV�2a-N4
channels show fast inactivation kinetics but differ in voltage
dependence of activation and inactivation. Duringmouse heart
development, an increase of heart rate is observed with action
potentials becoming shorter at the adult than at the embryonic,
fetal, or neonatal stages (47). The plateau phase of the action
potential is shaped in particular by the inactivation character-
istics of ICa. Co-expression of CaV1.2/CaV�2a-N4 resulted in a
more hyperpolarizing shift compared with CaV1.2/CaV�2a-
N1, with the shift from CaV�2a-N1 to -N4, suggesting it is
important for the action potential inactivation properties dur-
ing heart maturation.
CaV�2a-N4 increased the fraction of channels activating at

lower voltages compared with CaV�2a-N1. CaV�2a-N1 is the
predominant isoform in embryonic heart and the latter finding
may reflect that in early embryonic stages cardiac contraction
requires intracellular Ca2� oscillations rather than Ca2� influx
via L-type Ca2� channels (48). It may also go in parallel with a
decreased open probability and availability of single L-type
Ca2� channels, as observed in the presence of the humanortho-
logue of CaV�2a-N1 but not in the presence of CaV�2a-N4
(44). Furthermore, at early embryonic stages, CaV1.3 and not
CaV1.2 seem to be the predominantly expressed �1-subunit
(49), so that CaV1.3 could interact with CaV�2a-N1 in a differ-
ent way than CaV1.2.
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