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3Montreal Heart Institute and Université de Montréal, Montreal, Quebec, Canada
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The various cardiac regions have specific action potential properties appropriate to their

electrical specialization, resulting from a specific pattern of ion-channel functional expression.

The present study addressed regionally defined differential ion-channel expression in the

non-diseased human heart with a genomic approach. High-throughput real-time RT-PCR was

used to quantify the expression patterns of 79 ion-channel subunit transcripts and related

genes in atria, ventricular epicardium and endocardium, and Purkinje fibres isolated from

15 non-diseased human donor hearts. Two-way non-directed hierarchical clustering separated

atria, Purkinje fibre and ventricular compartments, but did not show specific patterns for

epicardium versus endocardium, nor left- versus right-sided chambers. Genes that characterized

the atria (versus ventricles) included Cx40, Kv1.5 and Kir3.1 as expected, but also Cav1.3,

Cav3.1, Cavα2δ2, Navβ1, TWIK1, TASK1 and HCN4. Only Kir2.1, RyR2, phospholamban

and Kv1.4 showed higher expression in the ventricles. The Purkinje fibre expression-portrait

(versus ventricle) included stronger expression of Cx40, Kv4.3, Kir3.1, TWIK1, HCN4, ClC6

and CALM1, along with weaker expression of mRNA encoding Cx43, Kir2.1, KChIP2, the

pumps/exchangers Na+,K+-ATPase, NCX1, SERCA2, and the Ca2+-handling proteins RYR2

and CASQ2. Transcripts that were more strongly expressed in epicardium (versus endocardium)

included Cav1.2, KChIP2, SERCA2, CALM3 and calcineurin-α. Nav1.5 and Navβ1 were more

strongly expressed in the endocardium. For selected genes, RT-PCR data were confirmed at the

protein level. This is the first report of the global portrait of regional ion-channel subunit-gene

expression in the non-diseased human heart. Our data point to significant regionally determined

ion-channel expression differences, with potentially important implications for understanding

regional electrophysiology, arrhythmia mechanisms, and responses to ion-channel blocking

drugs. Concordance with previous functional studies suggests that regional regulation of cardiac

ion-current expression may be primarily transcriptional.
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Cardiac function depends on the appropriate timing of
contraction in each region, as well as on an appropriate
beating rate. The various cardiac regions are characterized
by specific action potential (AP) shapes, resulting from
regionally defined complements of ionic currents (Schram
et al. 2002). For example, it is well known that the
density of the inward-rectifier K+-current IK1 is larger

This paper has online supplemental material.

in ventricles than atria, whereas the density of the
acetylcholine-activated K+-current IKACh is larger in atria
(Schram et al. 2002). Accordingly, transcripts for the
inwardly rectifying K+-channel subunit Kir2.1 (mediating
IK1) are more strongly expressed in the ventricle
(Dhamoon et al. 2004), whereas transcripts for Kir3.1
(encoding IKACh channels) are predominantly expressed
in the atria (DePaoli et al. 1994). A higher density of the
transient outward current, I to, is characteristic of
epicardium versus endocardium, in parallel with stronger
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expression of KChIP2 transcripts in the epicardium
(Rosati et al. 2001). In addition to its role in normal
cardiac electrical functioning, electrical heterogeneity also
contributes to a variety of cardiac arrhythmia mechanisms
(Schram et al. 2002; Antzelevitch, 2004).

To date, however, studies of ion-transporter subunit
distribution within specific regions of the human heart
have been limited to a small number of candidate subunits
believed to be of importance. Additionally, limited access
to healthy human cardiac tissue samples has forced most
investigators to work with explanted cardiac-transplant
recipient hearts, generally strongly affected by heart
disease. Recent progress in genomics, particularly
for mouse and man, has led to the identification
of a detailed repertoire of ion-channel genes. In
parallel, recently developed high-throughput quantitative
molecular biology techniques permit simultaneous
measurement of the expression of up to hundreds of genes,
thereby permitting the creation of a global portrait of
ion-channel expression (Marionneau et al. 2005). In the
present study, we used a high-throughput quantitative
approach to assess regionally defined expression of genes
encoding ion-channel and transporter subunits in the
non-diseased human heart.

Methods

Human tissue samples

Non-diseased human hearts that were technically
unusable for transplantation (based on logistical, not
patient-related, considerations) were obtained from organ
donors. Before cardiac explantation, organ donor patients
did not receive medication except dobutamine, furosemide
and plasma expanders. The investigations conform to the
principles outlined in the Declaration of Helsinki of the
World Medical Association. All experimental protocols
were approved by the Ethical Review Board of the Medical
Center of the University of Szeged (No. 51-57/1997 OEJ).
Human cardiac tissue was dissected from 15 donors
(44 ± 12 years; mean ± s.d.; min 18; max 65; 7 women
and 8 men) and stored in cardioplegic solution at 4◦C for
4–8 h before being frozen in liquid nitrogen.

Left and right atrial (LA and RA) samples were dissected
from the tip of the appendages. Transmural left and right
ventricular (LV and RV) tissue samples were consistently
obtained from the basal region of the heart. Selective
left and right epicardial (Lepi and Repi) and endocardial
(Lendo and Rendo) tissues were obtained by cutting 1 mm
thick slices from the epicardial and endocardial surfaces of
the base, respectively (Zicha et al. 2004). Purkinje fibre
mRNA was extracted from false tendons dissected from
the ventricles.

Comparisons of gene expression between cardiac
compartments were conducted within sets of samples

from individual patients (except for Purkinje fibres), thus
controlling for interindividual variability. Seven matching
samples were available for LA versus LV comparison, five
for RA versus RV, seven for Lepi versus Lendo, eight for
Repi versus Rendo, five for LA versus RA, five for LV versus
RV, six for Lepi versus Repi and six for Lendo versus Rendo.
Purkinje fibres were obtained from eight donors.

The sampled hearts were macroscopically and micro-
scopically normal. Lack of hypertrophy was further
confirmed by measuring the expression of atrial natriuretic
factor (ANF) transcripts (data not shown).

RNA preparation

Total RNA from each cardiac sample was isolated and
DNase-treated with the RNeasy Fibrous Tissue Mini
Kit (Qiagen) following manufacturer’s instructions. The
quality of total RNA was assessed with polyacrylamide-gel
microelectrophoresis (Agilent 2100 Bioanalyser) and
by reverse transcriptase-polymerase chain reaction
(RT-PCR). Lack of genomic DNA contamination was
verified by PCR.

TaqMan real-time reverse transcriptase-polymerase
chain reaction

The TaqMan Low-Density Array (TLDA, Applied
Biosystems) technology was used in a two-step RT-PCR
process, as previously reported (Marionneau et al. 2005).
Briefly, first-strand cDNA was synthesized from 2 μg of
total RNA using the High-Capacity cDNA Archive Kit
(Applied Biosystems). PCR reactions were then performed
on TLDA with the ABI Prism 7900HT Sequence Detection
System (Applied Biosystems). The 384 wells of each
card were preloaded with 96 × 4 predesigned fluorogenic
TaqMan probes and primers. Probes were labelled with

the fluorescent reporter 6-carboxyfluorescein (FAM®,
Applera Corp.) at the 5′-end and with non-fluorescent
quencher on the 3′-end. The genes selected for their
cardiac expression (listed in the online supplemental
material) encode 72 ion channel α- and β-subunits, 17
Na+,K+-ATPase isoforms and proteins involved in calcium
homeostasis, three hypertrophy markers (ANF, BNP,
β-MHC) and four reference genes for normalization. Data
were collected with instrument spectral compensation
with Applied Biosystems SDS 2.1 software and analysed
with the threshold cycle (Ct) relative-quantification
method (Livak & Schmittgen, 2001). Ten genes (Cavγ 4,
Cavγ 5, Cavγ 6, CFTR, Kv1.1, Kv2.2, Kv3.1, Kv3.2, Kir1.1
and Nav1.4) were eliminated because their expression level
frequently fell under the threshold for detection (> 50%
undetermined data). Among the remaining genes, nine
exhibited a maximum of 7% undetermined data and the
remaining 70 exhibited no undetermined data point. We
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selected the hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT) gene for data normalization, as the most
uniformly distributed gene. The relative expression of each
gene versus HPRT was calculated for each sample (�Ct

indicates normalized data).

Data analysis

Data were analysed in three independent ways. (i) Two-way
hierarchical agglomerative clustering was applied to the
gene-expression matrix consisting of grouped biopsies
and the 79 genes with valid expression involved in
electrical signalling. We applied average linkage clustering
with Pearson correlation using the Cluster software
(Eisen et al. 1998). Clusters were visualized using the
Treeview software. (ii) For each compartment, the relative
expression of each gene versus HPRT (2−�Ct ) was
calculated and then averaged (data listed in the online
supplemental material). (iii) For each gene and patient, the
ratios between matching samples (atrium versus ventricle,
epicardium versus endocardium, and left versus right
compartments) were calculated and then averaged. For
unmatched samples (Purkinje fibres versus RV) the ratio
for each gene versus the mean RV was calculated and
then averaged. Pair-wise comparisons between cardiac
compartments were conducted on within-patient matched
samples by Student’s paired t test (P < 0.05 considered
significant, n = 5–8). Unpaired t tests were used for
unmatched samples.

Western blot

Proteins were extracted from four additional donor
tissue samples, as previously described (Zicha et al.
2004). Proteins were fractionated on either 7.5% (Kv1.5,
Kv4.3 and Cav1.3) or 10% (Cx40, KChIP2, and TWIK1)
SDS-polyacrylamide gels and were transferred electro-
phoretically to Immobilon-P polyvinylidene fluoride
membranes (Millipore). Membranes were blocked and
incubated with antibodies as previously described (Zicha
et al. 2004). Kv1.5 polyclonal antibody (1 : 500 dilution)
was purchased from Upstate; Cx40 (1 : 1000) and Kv4.3
(1 : 500) polyclonal antibodies were purchased from
Chemicon Laboratories; Cav1.3 polyclonal antibody (1:
2000) was a kind gift from Dr Hiroshi Hibino (Osaka,
Japan); TWIK1 polyclonal antibody (1 : 3000) was a
kind gift from Dr Jacques Barhanin (Valbonne, France);
and KChIP2 monoclonal antibody (1 : 1000) was a kind
gift from Dr James Trimmer (Davis, USA). Protein
loading was controlled by probing with anti-GAPDH anti-
body (Research Diagnostics). After washing, membranes
were incubated with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit IgG secondary antibody
(1 : 10000, Santa Cruz). Bound antibodies were detected

with Western Lightening Chemiluminescence Reagent
Plus (Perkin-Elmer Life Sciences). For each antibody, time
exposure was similar for membranes containing atrial
and ventricle samples and for membranes containing
epicardial and endocardial samples. Band densities were
measured using Scion Image (Scion Corp.).

Results

The transcriptional expression levels of 72 α- and
β-ion channel subunits and 17 Na+,K+-ATPase
isoforms and proteins involved in calcium homeostasis
were investigated by high-throughput real-time RT-PCR.
For 10 genes, expression was undetectable after 40 cycles
of PCR amplification in any cardiac compartment. These
were excluded from further analysis. All fluorescent
probes had 100% PCR efficiency (Applied Biosystems
application note). This standardized method permits
quantitative comparison of expression levels among
cardiac compartments and among genes.

Hierarchical clustering of Purkinje fibre,
atrial and ventricular tissues

Two-way hierarchical clustering analysis groups samples
according to gene-expression differences, with the most
similar expression patterns located closest to each other
and the most different patterns furthest apart. For visual
appreciation, the samples are linked to a tree. The size of
tree branches indicates the distance between clusters: larger
branch sizes indicate greater separation among clusters.
Hierarchical clustering analysis was applied to 32 atrial,
ventricular and Purkinje fibre samples (Fig. 1). There was
a first-order branch separation between atrial samples on
one branch and ventricular and Purkinje fibre samples
on the other, demonstrating full discrimination of atrial
from ventricular compartments. In a second-order branch,
Purkinje fibres clustered separately from ventricular
myocardium. There was no overlap between primary
compartments. That is, atrial, ventricular and Purkinje
fibre samples clustered separately, indicating clearly
different gene expression. The genes that were most
relevant for clustering are indicated in Fig. 1. Group A
contains genes that are more strongly expressed in Purkinje
fibres versus working atrial or ventricular myocardium.
These include Kv4.3, Kvβ3, MiRP1, KChAP, TASK2, ClC6,
CALM1 and InsP3R1. Group B contains genes that are
more abundant in atria and Purkinje fibres than in working
ventricles, including, as expected for atria, Cx40, Kv1.5
and Kir3.1 (Schram et al. 2002), but also Cav1.3, Cav3.1,
Cavα2δ2, Navβ1, MIRP3, TWIK1 and TASK1. No gene
clusters with stronger ventricular-myocardial expression
versus atrium were observed: i.e. atrial samples were
distinct through over- rather than under-expression of
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ion-channel subunit genes. Group C contains genes with
relatively weaker expression in Purkinje fibres compared
to atria or working ventricular tissues, including KChIP2,
SERCA2 and CASQ2. Within atrial and ventricular
clusters, samples from the left- versus right-sided cavities
did not separate.

The same approach was applied to basal epicardial
and endocardial samples. As shown in Fig. 2, epicardial
and endocardial samples intermingled, with no distinct
separation. Differences in ion-channel gene expression
were thus not strong enough to discriminate epi- from the
endocardial expression patterns. Since age and sex could
affect cardiac electrophysiology by altering ion-channel
gene expression, we performed hierarchical analysis with
age and sex as covariates and saw no significant effects
(data not shown). As for the tissue analysis shown in Fig. 1,
there was no significant clustering of left versus right-sided
transmural layer samples. The lack of left-right clustering
in both Figs 1 and 2 indicates a lack of specific ion-channel
gene signature for left- versus right-sided tissues.

Regional expression levels of ion-channel
and transporter subunits

The method we used to quantify transcripts permits
comparison of relative expression levels among genes
(Tables 1–4). Among the Ca2+-channel genes, the L-type
Ca2+-channel α-subunit Cav1.2 (α1c) was the most
strongly expressed overall, whereas the other L-type
α-subunit (Cav1.3) showed much lower expression
(Table 1A). The T-type Ca2+-channel subunit Cav3.1 (α1G)
was expressed predominantly in the atrium and Cav3.2
(α1H) showed lower-level expression. No significant
expression of Cav3.3 (α1I) was detected. The expression
of Ca2+-channel regulatory subunit transcripts (Cavα2δ1,
Cavα2δ2, Cavβ2) was also strong.

As expected, Cx43 was the predominant connexin
subunit in the ventricle (Table 1B). Cx40 predominated
in the atria, with significant expression in Purkinje fibres
that was about equal that of Cx43. Cx45 transcripts were
detectable in all tissues. Among the voltage-gated sodium
channelα-subunits, Nav1.5 (SCN5A) exhibited the highest
expression (Table 1C). Nav2.1 (SCN6A–SCN7A) trans-
cripts were also abundant. Navβ1 was by far the most
abundant β-subunit.

Figure 1. Two way hierarchical agglomerative clustering applied to 79 genes (vertically) and to 5 left and
right atria (LA and RA), 7 left and right ventricles (LV and RV) and 8 Purkinje fibre samples (horizontally)
The input consisted of the ratio for each patient and gene versus reference gene. Each gene is represented by a
single row of coloured boxes and each patient by a single column. The entire gene clustering is shown on the
left. Three selected gene clusters are shown on the right (A–C) containing relevant genes for Purkinje fibres and
working myocardium discrimination (A, C), and for atrial–ventricular discrimination (B). Each colour patch in the
map represents the gene expression level in one sample from one patient, with expression levels ranging from
bright green (lowest) to bright red (highest). Missing values are coded as silver.

Within the Kv-channel α-subunit family, Kv1.5, Herg,
Kv4.3 and KvLQT1 transcripts predominated (Table 2A).
Kv1.5 transcripts were ∼45-fold more strongly expressed
in atrial versus ventricular tissues. Among K+-channel
β-subunits, KChIP2, MIRP3, SUR2, KChAP, MinK and
MIRP2 were the most abundant mRNA species (Table 2B).
KChIP2 exhibited the strongest intertissue variations, with
very low-level expression in Purkinje fibres. SUR2 trans-
cripts were much more abundant than SUR1.

Transcripts underlying the inwardly rectifying
potassium current IK1 (Kir2.1, Kir2.2 and Kir2.3)
were expressed in every cardiac region, whereas Kir3.1
(responsible for the muscarinic-gated K+-channel IKACh)
predominated in the atria (Table 3A). Purkinje fibre
expression of Kir3.1 was substantially greater than
in ventricular muscle, consistent with the differential
effects of muscarinic stimulation on Purkinje versus
ventricular repolarization (Malfatto et al. 1996). Both
Kir6.2 and Kir6.1 subunits were detectable and most
strongly expressed in ventricles. Among the tandem
two-pore domain K+-channels, TWIK1 was strongly
expressed, particularly in atria, and TASK1 also showed
atrial-selective expression.

HCN4, HCN2 and HCN1 transcripts corresponding
to the hyperpolarization-activated cyclic nucleotide-gated
current (I f), were detected in all tissues, with predominant
atrial expression (Table 3B). Concerning Cl− channel
transcripts (Table 3C), our data showed a rank order of
expression ClC7 > ClC6 > ClC3 >> ClC2, without major
tissue-based differences. As previously observed in the
mouse (Marionneau et al. 2005), exchangers and intra-
cellular Ca2+ handling proteins expressed at ∼10-times
higher levels than ion-channel subunits (Table 4). The
expression of SERCA2, RyR2 and phospholamban
predominated over the other Ca2+-handling regulators.

Relative expression of atrium versus ventricle

We next undertook in-depth comparisons of atrial
versus ventricular expression levels. Because there is
some consistency to overall function and conditions for
right- versus left-sided chambers, we compared LA gene
expression to that in LV, and RA expression to RV. Detailed
comparisons between LA versus LV, as well as for RA versus
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Figure 2. Two-way hierarchical agglomerative clustering applied to 79 genes (vertically) and to 7 left
epicardial (Lepi) and left endocardial (Lendo), and 8 right epicardial (Repi) and right endocardial (Rendo;
horizontally) samples
Same overall format as in Fig. 1.
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Table 1. Tissue-related expression of Ca2+ channels, Na+

channels and connexins

Subunit RA RV PF

A. Calcium channels
Cav1.2 647 ± 78 749 ± 116 455 ± 60
Cav1.3 7.7 ± 1.8 0.3 ± 0.1 1.2 ± 0.2
Cav3.1 20.6 ± 3.1 1.1 ± 0.3 4.3 ± 1.1
Cav3.2 7.4 ± 0.5 11.1 ± 1.6 8.9 ± 1.5
Cavα2δ1 234 ± 21 291 ± 24 283 ± 26
Cavα2δ2 188 ± 40 13.6 ± 2.2 30.7 ± 4.2
Cavβ2 88.3 ± 18.0 89.4 ± 13.4 99.3 ± 12.5

B. Connexins
Cx40 608 ± 186 177 ± 38 389 ± 71
Cx43 438 ± 60 898 ± 125 430 ± 53
Cx45 240 ± 22 226 ± 26 125 ± 9

C. Sodium channels
Nav1.1 1.5 ± 0.5 2.7 ± 0.7 1.5 ± 0.5
Nav1.3 3.0 ± 0.7 7.1 ± 1.8 6.7 ± 1.2
Nav1.5 588 ± 53 731 ± 99 501 ± 51
Nav1.7 0.4 ± 0.1 1.4 ± 0.1 6.9 ± 0.7
Nav2.1 201 ± 32 286 ± 38 237 ± 46
Navβ1 622 ± 108 316 ± 63 397 ± 56
Navβ2 54.2 ± 6.9 91.1 ± 20.0 70.0 ± 18.6
Navβ3 6.2 ± 0.9 13.3 ± 1.3 12.3 ± 2.2

Abbreviations: RA, right atrium; RV, right ventricle; PF, Purkinje
fibre. Units for all expression values are 2−�Ct versus reference
gene (×100) expressed as means ± S.E.M.

RV, gene-expression are depicted in panels A of Figs 3–6.
Only genes with significant differential expression between
sets of matched atrial and ventricular samples from the
same donors are shown.

Among the cardiac intertissue comparisons, the atria
exhibited the most specific signature, including not
only the largest number of differential genes (37/79
versus ventricle), but also the largest differences (relative
expression up to 200-fold versus ventricles) in accordance
with the microarray analysis of Barth et al. (2005). All
of the genes that were responsible for the atrial versus
ventricular sample clustering on hierarchical analysis
(Cav1.3, Cav3.1, Cavα2δ2, Cx40, Navβ1, Kv1.3, Kv1.5,
Kv1.6, MIRP3, Kir3.1, TWIK1, TASK1, HCN1 and HCN4)
were statistically significantly more strongly expressed
at the individual-transcript level in both atria. Another
subunit that was more strongly expressed in both atria than
corresponding ventricles was Kv4.3. Kir3.4, Kv4.2, SUR1,
MIRP1 and MIRP4 were also more strongly expressed
in atria than ventricles, but their absolute expression
level was very low in all regions. Only three genes
(Kir2.1, phospholamban and RyR2) exhibiting relatively
high overall expression were more weakly expressed
in atria than ventricles, and only one with overall
low-level expression (Kv1.4). Although in many cases
atrial-ventricular differences were seen for both sides of

Table 2. Tissue-related expression of Kv channel α-subunits and
K+ channel β-subunits

Subunit RA RV PF

A. Kv channel α-subunits
Herg 379 ± 40 400 ± 36 403 ± 56
Kv1.2 2.7 ± 0.4 4.1 ± 1.3 4.1 ± 1
Kv1.3 4.1 ± 1.0 1.6 ± 0.3 3.6 ± 0.4
Kv1.4 7.0 ± 1.8 34.0 ± 6.5 35.0 ± 3.8
Kv1.5 652 ± 112 26.1 ± 5.3 37.2 ± 10.4
Kv1.6 9.4 ± 0.7 3.5 ± 0.8 8.1 ± 1.0
Kv1.7 19.3 ± 4.9 13.9 ± 5.7 15.0 ± 1.1
Kv2.1 5.8 ± 3.1 8.9 ± 8.3 12.8 ± 1.4
Kv3.3 2.9 ± 0.4 1.7 ± 0.5 0.8 ± 0.2
Kv3.4 42.7 ± 2.3 30.0 ± 4.8 26.5 ± 2.4
Kv4.1 7.0 ± 0.9 4.0 ± 1.1 9.5 ± 1.7
Kv4.2 2.0 ± 0.7 1.5 ± 0.7 3.7 ± 1.0
Kv4.3 148 ± 20 91.0 ± 14.8 181 ± 20
KvLQT1 80.0 ± 9.8 116 ± 9 102 ± 5

B. K+ channel β-subunits
KChAP 44.3 ± 3.7 40.1 ± 1.4 66.8 ± 6.5
KChIP2 611 ± 83 704 ± 195 13.5 ± 4.0
Kvβ1 14.9 ± 3.3 25.3 ± 3.3 12.7 ± 1.8
Kvβ2 22.8 ± 3.6 46.7 ± 4.6 82.9 ± 10.0
Kvβ3 0.2 ± 0.1 0.2 ± 0.1 2.4 ± 0.3
MinK 28.2 ± 4.1 21.5 ± 1.7 12.0 ± 0.4
MIRP1 2.3 ± 0.5 1.4 ± 0.4 3.0 ± 0.6
MIRP2 23.8 ± 2.1 23.9 ± 1.7 35.0 ± 7.1
MIRP3 57.5 ± 12.6 25.6 ± 4.5 34.5 ± 4.6
MIRP4 3.3 ± 0.5 2.4 ± 0.4 0.8 ± 0.2
SUR1 2.1 ± 0.3 1.7 ± 0.4 1.4 ± 0.3
SUR2 55.3 ± 5.9 99.6 ± 20.2 134 ± 11

Abbreviations: RA, right atrium ; RV, right ventricle; PF, Purkinje
fibre. Units for all expression values are 2−�Ct versus reference
gene (×100) expressed as means ± S.E.M.

the heart, for some genes, significant atrial-ventricular
expression differences were seen only for one atrium.

The specific molecular signature of non-diseased
human Purkinje fibres

There are no data available in the literature regarding
ion-channel gene expression in human Purkinje fibres, and
only one paper characterizing Purkinje fibre ion-channel
subunit expression in an animal model (Han et al. 2002a).
Panels B in Figs 3–6 shows the statistically significant
differences that we observed between human Purkinje
fibres and RV. Among the 38 differentially expressed genes,
23 (60%) were more strongly expressed in Purkinje fibres.
Seventeen ion-channel genes differentially expressed in
Purkinje fibres were also similarly differentially expressed
in atrium versus ventricle, indicating similarities between
Purkinje fibre and atrial portraits. These particularly
include Cav1.3, Cav3.1, Cavα2δ2, Cx40, Kv4.3, Kv1.3,
Kir3.1, MiRP1, TWIK1, TASK1, HCN1 and HCN4
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Table 3. Tissue-related expression of Kir channels, HCN channels
and Cl− channels

Subunit RA RV PF

A. Kir channels
Kir2.1 49.8 ± 7.3 201 ± 26 72.6 ± 10.2
Kir2.2 117 ± 25 125 ± 22 46.8 ± 6.6
Kir2.3 213 ± 41 106 ± 26 61.6 ± 10.8
Kir3.1 158 ± 24 3.9 ± 1.3 48.4 ± 9.2
Kir3.4 39.2 ± 6.8 20.4 ± 33.4 24.6 ± 5.9
Kir6.1 49.7 ± 7.6 158 ± 16 63.6 ± 9.8
Kir6.2 125 ± 19 172 ± 40 55.9 ± 4.5
TASK1 130 ± 34 8.9 ± 2.3 14.1 ± 2.1
TASK2 7.0 ± 1.6 5.3 ± 0.6 9.8 ± 1.8
TWIK1 745 ± 115 216 ± 31 350 ± 43

B. HCN channels
HCN1 70.3 ± 9.6 0.4 ± 0.1 8.2 ± 3.1
HCN2 159 ± 41 24.7 ± 6.0 11.4 ± 2.3
HCN3 4.2 ± 0.7 5.7 ± 1.6 8.9 ± 1.2
HCN4 214 ± 32 75.9 ± 17.9 98.2 ± 11.1

C. Chloride channels
CIC2 10.7 ± 1.2 13.2 ± 1.1 18.6 ± 2.8
CIC3 130 ± 11 153 ± 21 95.3 ± 4.0
CIC6 132 ± 11 146 ± 12 175 ± 18
CIC7 160 ± 19 183 ± 34 164 ± 20

Abbreviations: RA, right atrium; RV, right ventricle; PF, Purkinje
fibre. Units for all expression values are 2−�Ct versus reference
gene (×100) expressed as means ± S.E.M.

(expression stronger than in ventricle) and Cx43, Kir2.1
and Kir6.1 (weaker than in ventricle). Differences specific
to Purkinje fibres (i.e. not seen in atria) were much
weaker expression of KChIP2 (−96% versus ventricle),
weaker expression of Kir2.2 and Kir6.2 and stronger
expression of Nav1.7, KChAP and HCN3. Differences
in Ca2+-regulation genes also characterized Purkinje
fibres versus ventricular myocardium, including stronger
Purkinje fibre expression of CALM1, InsP3R1 and InsP3R3
and weaker expression of Na+,K+-ATPase α3, SERCA2,
CASQ2, RyR2 and NCX1.

The specific molecular signature of non-diseased
human epicardium versus endocardium

In a fashion similar to our analysis of atrial–ventricular
differences, we analysed endocardium–epicardium
differences in a chamber side-specific way, i.e. LV
epicardium versus endocardium and RV epicardium
versus endocardium, using matched samples from each
heart. Only 10 genes were identified as statistically
differing between epi- and endocardium for both right
and left sides (panels C in Figs 3–6). Further, the relative
differences between epicardium and endocardium were
smaller compared to other interregional differences. As
expected, KChIP2 exhibited the strongest transmural
gradient, with ∼51-fold stronger expression in left

Table 4. Tissue-related expression of pumps, exchangers and
calcium handling subunits

Subunit RA RV PF

A. Pumps and exchangers
Na/K ATPase α1 1010 ± 232 1272 ± 201 1502 ± 265
Na/K ATPase α3 4100 ± 167 5446 ± 526 1345 ± 195
Na/K ATPase β1 1519 ± 97 2219 ± 188 1631 ± 138
NCX1 1401 ± 55 2208 ± 278 1189 ± 139
PMCA1 48.7 ± 6.2 54.7 ± 4.3 55.8 ± 5.7
PMCA4 720 ± 76 874 ± 128 934 ± 146
SERCA2 7801 ± 746 8696 ± 840 2687 ± 194
SERCA3 79.2 ± 6.5 61.4 ± 4.4 81.4 ± 13.7

B. Calcium handling and signalling
CALM1 123 ± 11 182 ± 8 478 ± 38
CALM3 1017 ± 56 1349 ± 119 1299 ± 79
CAM-PRP 63.1 ± 6.3 86.9 ± 9.7 71.9 ± 9.2
CASQ1 96.8 ± 26.3 130 ± 29 157 ± 35
CASQ2 3524 ± 286 4147 ± 416 1916 ± 236
InsP3R1 117 ± 12 153 ± 16 246 ± 26
InsP3R3 69.5 ± 7.9 106 ± 19 131 ± 16
PLB 4703 ± 871 9519 ± 1008 7622 ± 1343
RYR2 12940 ± 1352 25054 ± 2571 8612 ± 397

Abbreviations: RA, right atrium; RV, right ventricle; PF, Purkinje
fibre. Units for all expression values are 2−�Ct versus reference
gene (×100) expressed as means ± S.E.M.

epicardium versus left endocardium. For both Lepi
and Repi, Cav1.2, SERCA2, CALM3 and calcineurin-α
transcripts were concordantly more strongly expressed.
Conversely, Nav1.5, Navβ1, Kv1.4 and Kir3.1 were more
strongly expressed in the endocardium. Some genes
showed differential epicardial-endocardial expression
only on the right side (Cav3.1, Kir2.2, Kv4.2 and RYR2
were more strongly expressed in epicardium, Kvβ2 and
Kir2.1 in endocardium). Similarly, KvLQT1, Kir6.1 and
NCX1 were more strongly expressed in left epicardium
versus endocardium, whereas Cavα2δ1, Cx40, Nav2.1,
Kv1.5, TASK1, TASK2, HCN2, Na+,K+-ATPase α1 and
InsP3R1 showed stronger expression in left endocardium.

Protein correlates

Western-blot experiments were conducted to relate protein
expression to that of mRNA for selected ion-channel sub-
units. Figure 7 (left panels) shows original blots (4 samples
for LA, LV, LV epicardium and LV endocardium all run on
the same gel), as well as overall mean data (right panels).
In agreement with transcriptional data, Cav1.3, Kv1.5,
Kv4.3, KChIP2, TWIK1 and Cx40 were more strongly
expressed in atria versus ventricular compartments. Cx40
and Kv1.5 expressed at very low levels in both ventricular
endocardium and epicardium, whereas KChIP2 was
more strongly expressed in epicardium. In general,
protein expression was in good agreement with qRT-PCR
results.

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 582.2 Regional ion channel subunit gene expression in the human heart 683

Discussion

We have performed the first detailed analysis of regional
ion-channel gene expression in the non-diseased human
heart. Our study shows that human atria, ventricles and
Purkinje fibres show distinct patterns of ion-channel
and transporter expression. The intertissue differences
are much greater than differences between left- and
right-sided chambers and between endocardium and
epicardium, which do not show distinct clustering on
hierarchical analysis.

Figure 3. Expression profile of Ca2+ channels,
connexins and Na+ channels in the human heart
Differentially expressed genes in atria versus ventricles
(A), in Purkinje fibres versus RV (B) and in epicardium
versus endocardium (C). Data are expressed as
percentage difference. a, P < 0.05; b, P < 0.01; and c,
P < 0.001.

The challenge of ion-channel expression profiling
and human cardiac spatial electrophysiological
heterogeneity

The importance of regional heterogeneity in cardiac
ion-channel function is well-recognized (Schram et al.
2002; Antzelevitch, 2004). Most previous studies have
examined the molecular basis by quantifying the
expression of limited numbers (generally 5 or fewer) of
ion-channel genes and/or proteins in selected regions,
e.g. right versus left atrium (Li et al. 2001), endocardium
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versus epicardium (Brahmajothi et al. 1999; Rosati et al.
2001; Zicha et al. 2004; Yamada et al. 2004) and
atria versus ventricles (Melnyk et al. 2002). A problem
with this approach is that only a limited number of
subunits are assessed, usually including primarily
subunits for which spatial heterogeneity is expected.
Thus, the relative expression levels of these subunits
compared to the overall spectrum of cardiac ion-channel
subunits is unknown, subunits that may have important
but unsuspected regional variability are not assessed, and a
very limited range of ion channel function is examined. An
emerging alternative approach is to establish a more global
expression portrait with genomic methodology. Under-
standing ion-channel distribution in the human heart is
clearly of great physiological and clinical importance, but

Figure 4. Expression profile of K+ channel α- and β-subunits in the human heart
Same presentation and symbols as in Fig. 3.

presents additional difficulties in terms of the paucity of
tissue sample availability, particularly for non-diseased
human cardiac tissue. Genomic methodology has the
additional advantage of obtaining a maximum amount
of information from limited samples, like those available
from non-diseased human hearts.

Most previous large-scale studies of regional cardiac
gene expression have used microarray-based profiling
with pan-genomic arrays. Pan-genomic arrays are limited
in their ability to detect differences in low-abundance
gene products like those of most cardiac ion-channel
subunits. In this study, we used high-throughput
quantitative RT-PCR for a comprehensive panel of human
cardiac ion channel and transporter subunit genes. This
method has the advantages of being sensitive, specific
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and quantitative, and not requiring validation by other
methods. Consequently, we were able to obtain a much
more detailed regional ion-channel expression profile
than previous studies. For example, Ellinghaus et al.
(2005) described four human ion-channel genes with
differential atrial–ventricular expression (Kv1.5, Kir2.1,
TWIK1, TASK1) and Barth et al. (2005) described
three such genes (Kir2.3, TWIK1, TWIK3) with the
use of pan-genomic arrays, in contrast to the 24
we identified. Rosati et al. (2006) used pan-genomic
arrays to study epicardial-endocardial gene-expression
differences in rat hearts, identifying Nav1.5 and Kv4.2

Figure 5. Expression profile of Kir, HCN and Cl− channels in the human heart
Same presentation and symbols as in Fig. 3.

as differentially expressed. We observed corresponding
differences in Nav1.5 and KChIP2 (responsible for
endocardial-epicardial I to differences in mammalian
hearts), but were also able to identify robust differential
expression of nine other ion channel or transporter
subunits.

Our approach differs from previous studies in that
we analysed tissue compartments that have, to our
knowledge, not previously been studied by wide-scale
gene profiling (e.g. Purkinje fibres, right versus left
sided atrium/ventricle and epicardium/endocardium).
This is also to our knowledge the first study to apply
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gene-expression profiling simultaneously to such a large
number of regional compartments, allowing us to compare
the relative contributions of diverse regional factors within
the same hearts. The use of apparently normal human
hearts adds to the novelty and potential impact of our
study.

Compatability with previously available information
on regional ion-channel subunit expression variations
and functional relevance

Among the differences that we observed, many are
consistent with functionally relevant information in the
previous literature and provide a useful confirmation of
the validity of our approach. With respect to Ca2+-channel
subunits, the predominant atrial expression of Cav1.3 has
previously been reported in mouse, rabbit and human
hearts (Mangoni et al. 2003; Marionneau et al. 2005;
Qu et al. 2005). Among Na+-channel subunits, Nav1.5

Figure 6. Expression profile of pumps, exchangers and Ca2+ handling proteins in the human heart
Same presentation and symbols as in Fig. 3.

and Navβ1 showed stronger endocardial versus epicardial
expression, similar to a recent report in rat hearts (Rosati
et al. 2006) and to observations that INa density is larger in
rat and canine endocardium versus epicardium (Ashamalla
et al. 2001; Ueda et al. 2004b).

With respect to K+-channel subunits, our findings
are consistent with several known differences with
great functional significance. Similar to Rosati et al.
(2001, 2003), we found that KChIP2 is one of a small
number of genes showing a strong epicardial–endocardial
gradient, of great functional importance with respect
to clinically relevant transmural repolarization gradients
(Antzelevitch, 2004; Nabauer et al. 1996). The higher-level
atrial versus ventricular expression levels of Kv1.5,
TWIK1 and TASK1, and the lower atrial levels of
Kir2.1, are consistent with previous observations of
Ellinghaus et al. (2005). Kv1.5 encodes an important
human atrial K+-channel that is an interesting potential
target for new antiarrhythmic drug development (Nattel
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et al. 1999). TWIK1 and TASK1 encode two-pore
background K+-channels with currently unclear but
potentially substantial physiological importance (Duprat
et al. 1997; Gaborit et al. 2005). Stronger ventricular
Kir2.1 expression correlates with the more negative
ventricular-myocyte resting potential (Schram et al.
2002) and the ventricular-selective arrhythmogenic
consequences of Kir2.1 mutations in Andersen’s syndrome
(Plaster et al. 2001). The α-subunit Kv1.4 associated with
the slow component, I tos, is more abundant in the endo-
cardium, in agreement with studies showing larger I tos in
endocardial cells (Kaab & Nabauer, 2001). Predominant
atrial expression was previously found for HCN4 in
humans and for HCN1 and HCN4 in the mouse (Ueda
et al. 2004a; Marionneau et al. 2005), observations related
to the pacemaking contribution of the I f channels they
encode (Thuringer et al. 1992; Michels et al. 2005).

Figure 7. Western-blot analysis of key channel proteins
Left, representative Western blots probed with anti-Cav1.3, anti-Kv1.5, anti-Kv4.3, anti-KChIP2, anti-TWIK1 and
anti-Cx40 antibodies. GAPDH is shown as loading control. Expected molecular masses are indicated. Right,
mean ± S.E.M. ion-channel subunit protein expression values normalized to that of GAPDH. a, P < 0.05; b, P < 0.01;
and c, P < 0.001 for LA versus LV and for Lepi versus Lendo, n = 4 tissue samples per group.

The dominant epicardial expression of Cav1.2 is
associated with preferential expression of RyR2, consistent
with specific contractile properties of epicardium. Human
epicardial cells display faster onset and peak of contraction
than endocardial cells (Fulop et al. 2004). Epicardial
cells also exhibit faster relaxation (Cordeiro et al. 2004).
In agreement with these functional observations and
previous findings (Prestle et al. 1999; Xiong et al.
2005), we observed that the sarcoplasmic-reticulum
calcium-ATPase 2 (SERCA2) and Na+/Ca2+ exchanger
responsible for cytoplasmic Ca2+ removal are
predominantly expressed in the epicardium. Particularly
strong inositol trisphosphate receptor (InsP3R) expression
in Purkinje fibres is consistent with prior protein and in
situ hybridization studies (Gorza et al. 1993), and may
be important because of the emerging role of InsP3Rs in
arrhythmias (Li et al. 2005).
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It should be noted that not all of our findings were
confirmatory. For example, the largest previous study of
ion channel gene expression in cardiac Purkinje fibres
noted lower-level expression of KvLQT1, HERG, KChIP2
and Cav1.2 mRNA, along with higher-level Kv3.4, Cav3.1,
3.2, 3.3 and HCN4, in canine Purkinje fibres compared to
ventricular muscle (Han et al. 2002a). In addition, NCX1
protein was less strongly expressed in Purkinje fibres.
In the present investigation, we observed lower-level
transcript expression of KChIP2, Cav1.2 and NCX1,
and higher-level Cav3.1 and HCN4, in human Purkinje
fibres versus ventricular muscle. Our results confirm
stronger HCN4 expression as a candidate mechanism for
Purkinje fibre automaticity and weaker KChIP2 as an
explanation for more slowly recovering Purkinje-fibre
I to. However, they leave open the mechanism for
tetraethylammonium sensitivity of Purkinje I to

(previously suggested to be related to higher-level
Kv3.4) and longer action potential duration (previously
related to lower-level delayed-rectifier channel subunit
expression). Rosati et al. (2007) recently reported several
hundred-fold greater expression of Cav3.2 versus Cav3.1
in canine Purkinje fibres, whereas in the present study
they were of the same order. The discrepancies may be
due to species differences or to methodological issues.
Because of the large number of observations in the
present study, it would be impossible to catalogue all
of the similarities and differences between the present
findings and previous observations in the literature, but
we have attempted to provide illustrative confirmatory
observations of physiological significance as well as some
potentially significant discrepancies.

Novel findings of potential functional significance

Because of the comprehensive and quantitative nature of
our approach, a number of potentially significant and
novel findings, many of them not predictable a priori,
have emerged. They will be discussed in relation to specific
tissue compartments and to overall regional ion-channel
gene-expression profiles.

Atrium. Na+ current in human atrial cells has some
specific inactivation properties not seen in ventricular
tissue (Sakakibara et al. 1992). These may relate to the
high-level expression and differential atrial distribution
of the Navβ1 subunit (Makita et al. 1994) that we
observed. We found high levels of Cavα2δ2 in the atria,
which were ∼12- and 6-fold greater than in ventricle
and Purkinje tissue, respectively. This subunit, which
importantly modulates currents expressed by Cav1.2, 1.3
and 3.1 subunits (Gao et al. 2000), is therefore a likely
contributor to atrial-specific properties of L- and T-type
Ca2+-currents.

We have obtained the first detailed comparison of
putative I to-forming subunits (Kv1.4, Kv4.3, Kv4.2 and
KChIP2) in human atria versus ventricles. Kv4.3, the
predominant I to α-subunit, was expressed significantly
more strongly in atrium than ventricle, potentially
accounting (at least in part) for previously described
functional and pharmacological differences between atrial
and ventricular I to (Nattel et al. 2000; Varro et al. 1993).

Purkinje fibres

The largest mass of new information emerging from the
present study concerns cardiac Purkinje fibres. There are
no previous data in the literature regarding ion-channel
expression in human cardiac Purkinje fibres. Furthermore,
the available information regarding Purkinje fibre
ion-channel function and subunit expression is extremely
limited, despite the substantial significance of Purkinje
tissue in cardiac electrical function and arrhythmias
(Schram et al. 2002).

Purkinje fibre INa displays tetrodotoxin (TTX)
sensitivity, which is not shared with ventricular INa

(Carmeliet, 1987) and is currently unexplained. Neuro-
nal Nav1.7 subunits are TTX sensitive (Klugbauer et al.
1995) and were expressed ∼5- to 10-fold more strongly
in human cardiac Purkinje fibres versus right atrium and
ventricle, providing a potential explanation.

Transcripts encoding a variety of proteins involved
in Ca2+ handling or coupled functions, including
the principal Na+,K+-ATPase isoforms α3 and β1,
NCX1, SERCA2, CASQ2 and RYR2, were expressed at
substantially lower (27–75%) levels in Purkinje fibre
versus ventricular muscle tissue, compatible with the
limited contractile function of Purkinje fibres (Schram
et al. 2002). Purkinje fibres classically display enhanced
sensitivity to digitalis toxicity, despite reduced ouabain
binding (Rhee, 1981). The low-level Purkinje-fibre
Na+,K+-ATPase expression that we observed is likely
to account for this previously puzzling finding, since
Na+,K+-ATPase is both the functional target and receptor
for digitalis.

We found Kv4.3-subunit expression to be abundant
in human Purkinje fibres, whereas KChIP2 was sparse,
consistent with the very slow recovery of human Purkinje
fibre I to from inactivation (Han et al. 2002b). Conversely,
KChAP is more strongly expressed in Purkinje fibres
than ventricular muscle and predominates over KChIP2.
KChAP acts as a chaperone to enhance expression and
current density of a subset of Kv channels, including
Kv4.3 (Kuryshev et al. 2000). KChAP has not yet been
shown to have a physiological role in ventricular tissue,
but our results suggest the possibility that KChAP may
participate in Purkinje fibre I to. Consistent with previous
findings in dogs (Pourrier et al. 2003), we found stronger
expression of MiRP1 in Purkinje fibres than in ventricles,
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pointing to a possible role of Purkinje tissue in human
arrhythmia syndromes associated with MiRP1 mutations
(Abbott et al. 1999). Functional evidence suggests the
absence of Kv1.5-based currents in human Purkinje fibres
(Han et al. 2002b), paralleling previous observations
for human ventricular muscle (Feng et al. 1997). Our
observation of ∼20-fold lower expression levels of Kv1.5
in human Purkinje tissue versus atrium provides the first
molecular data indicating atrial-selective expression of
this subunit compared to Purkinje tissue. This finding is
potentially important in view of the therapeutic interest of
atrial-selective ion-channel blockade in atrial fibrillation
(Goldstein & Stambler, 2005) and continuing controversy
regarding the atrial-selective expression of Kv1.5-based
currents (Sridhar et al. 2006). Lower Purkinje Kir2.x
expression versus ventricular muscle is consistent with
the smaller IK1 observed in Purkinje fibres (Verkerk et al.
1999). An acetylcholine-dependent K+-current (IKACh) has
been described in rabbit Purkinje fibres (Carmeliet &
Mubagwa, 1986) and stimulation of muscarinic receptors

Figure 8. Schematic diagram of the heart illustrating statistically significant gene-expression differences
that create an ion-channel ‘signature’ for various cardiac regions
The absolute expression levels of genes that are significantly more strongly expressed in a region of interest relative
to the reference region indicated are provided by colour coding: genes expressed > 20-fold the reference gene
(HPRT ) in the tissue/region of interest are indicated in bold and genes expressed at > 185 times the reference
gene level are shown in bold red. Values shown are differences that were statistically significant for both right and
left-sided comparisons for atrium versus ventricle and epicardium versus endocardium.

in canine Purkinje fibres reduces action potential duration
(Malfatto et al. 1996), in contrast to the lack of IKACh in
ventricular muscle and consistent with our observation of
substantially greater Kir3.1 expression in Purkinje tissue.

Overall interregional differences

One advantage of the type of broadly based expression
analysis approach that we took is that it allows for
the development of portraits of regionally specific gene
expression. Figure 8 summarizes a number of regional
expression portraits of interest. The absolute expression
level of more strongly expressed genes in the region of
interest is provided by colour coding: genes expressed
> 20-fold the reference gene (HPRT) are indicated in bold
and genes expressed at > 185 times the reference gene level
are shown in red. Atrial-selective gene expression (versus
ventricular) is shown for only the most robust differences,
i.e. genes showing statistically significant differential
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expression in the same direction for both RA versus RV and
LA versus LV. Of note, the atrial gene-expression signature
shares many properties with that of Purkinje fibres. Of
the 20 genes that are significantly different for atrium
versus ventricle, 12 (60%) show the same directional
statistically significant difference for Purkinje tissue versus
ventricle. The basis for this similarity in ion-channel
subunit expression between atrium and Purkinje fibres
is unclear, but may relate to the strong contractile
phenotype of working ventricular myocardium. One
general difference between atrium and Purkinje tissue
pertains to Ca2+-homeostasis proteins, which are much
more strongly expressed in the atrium (as in the ventricles)
compared to Purkinje tissue, possibly reflecting the
primarily electrical (and non-contractile) specialization
of the Purkinje system. The second difference lies in
the weaker expression of Na+,K+-ATPase and stronger
expression of inositol trisphosphate receptor genes in
Purkinje fibres, which may be related to some of their
specific arrhythmic properties.

We did not observe statistically significant overall
gene expression clustering between right and left sided
chambers or between ventricular epicardium and endo-
cardium. This finding suggests that tissue differences (i.e.
atrium versus ventricle versus Purkinje fibres) are much
stronger determinants of ion-channel subunit expression
pattern than regional differences. We were careful
to analyse atrial–ventricular and epicardial–endocardial
differences with matched samples for right versus left
sided chambers. To our knowledge, this is the first
time that an extensive analysis of this type has been
performed. Despite the overall lack of distinct gene
clustering for endocardium versus epicardium, there were
specific differences (illustrated in Fig. 8) that appeared to
be robust in that they were statistically different and in
the same direction for both right epicardium versus endo-
cardium and left epicardium versus endocardium. The
endocardial gene-expression pattern is marked by stronger
Na+-channel subunit expression, potentially reflecting a
need for more rapid endocardial conduction. That this
difference is not due to contamination by subendocardial
Purkinje tissue is apparent by virtue of the lack of
differential expression of the same subunits for Purkinje
tissue versus ventricle. The epicardial expression pattern
is marked by enhanced expression of genes related to
Ca2+ handling (Cav1.2 and SERCA2), Ca2+ signalling
(calmodulin and calcineurin) and I to (KChIP2), which is
believed to be an important regulator of Ca2+ entry, Ca2+

signalling and contractility (Sah et al. 2003; Lebeche et al.
2004).

Study limitations

Transcripts do not necessarily translate into functional
proteins and although transcriptional regulation of

ion-channel expression is a key regulatory mechanism
(Rosati & McKinnon, 2004), translational and post-
translational processes are also important. We confirmed
corresponding changes for selected proteins of interest,
but no technology is currently available to explore on a
large scale the expression of a collection of membrane
proteins such as those corresponding to the 79 genes we
studied. For Western blot analyses, we selected proteins
for study in order to contrast atrial with ventricular and
epicardial with endocardial expression. All of the subunits
selected had evidence for substantial atrial–ventricular
mRNA differences, and two of them (KChIP2 and
Cx40) significant endocardial–epicardial differences. This
allowed us to test the specific hypothesis that A–V and
Epi–Endo differences apparent with RT-PCR are also
reflected in protein differences. In addition, Cav1.3, Kv1.5
and Cx40 are all important in the pathogenesis of atrial
fibrillation (the most important clinical atrial electrical
rhythm disturbance). TWIK1 was very strongly expressed
as determined by RT-PCR, suggesting possible functional
importance despite poorly understood physiology, so we
felt that it would be worthwhile to determine whether
protein differences parallel those in mRNA, supporting
the potential relevance of the mRNA data for TWIK1.

Another limitation relates to the location of sampling.
Heterogeneous expression exists within the different
parts of the atrium and the base and apex of the
ventricle. However, it is encouraging to note that
atrial–ventricular–Purkinje fibre differences were much
greater than those between right- and left-sided cavities
or endocardium versus epicardium, suggesting that inter-
tissue differences are likely to be robust across within-tissue
regions. Finally, targeting of ion channel proteins to
subcellular compartments is crucial for their function
and cannot be approached by our global analysis. Despite
these limitations, genomics represents a powerful means
to improve our understanding of the complex mechanisms
used by heart muscle to adapt to different functional
requirements in diverse cardiac tissues and regions.

We cannot totally exclude the contamination of
endocardial samples by subendocardial Purkinje fibre
cells. However, the mass of the thin subendocardial
Purkinje tissue layer is relatively small compared to
that of underlying ventricular muscle. More importantly,
important contamination seems unlikely based on the
gene expression data themselves. For example, Kv1.4,
Nav1.5 and Navβ1 are more strongly expressed in endo-
cardium than epicardium, but these subunits were in
fact not significantly more strongly expressed in Purkinje
fibres than in ventricular muscle. If contamination of
subendocardial muscle samples by Purkinje tissue were
to account for the greater expression of these subunits in
endocardium, they would have had to be expressed more
strongly in pure Purkinje fibre tissue (like false tendons)
than in ventricular muscle.
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We examined a limited range of cardiac regions. There
are many interesting additional regional differences in
electrophysiological function that would be appropriate
subjects for detailed expression-profiling analysis, e.g. apex
versus base versus septum, various right atrial regions with
distinct electrical function (pectinate muscles, AV ring,
crista terminalis, appendage), various left atrial regions
(pulmonary vein ostia, free wall, appendage), Bachmann’s
bundle, the nodes, etc. Practical considerations (time
constraints, financial resources, tissue availability, etc.)
precluded their inclusion in the present study but
they are certainly an appropriate subject for future
investigation.

Conclusions

This work has elucidated the regional expression of a large
number of ion-channel subunit genes in the non-diseased
human heart. We found unique ion channel and trans-
porter subunit transcript expression signatures among
atrial, working ventricle and Purkinje fibre compartments,
in contrast to epicardial–endocardial and right–left
chamber differences, which showed no distinct pattern
on hierarchical clustering. This first detailed analysis
that specifically and simultaneously characterizes the
expression of a broad range of ion channel and transporter
genes in multiple tissue compartments of the non-diseased
human heart has significant potential implications for
understanding regional electrophysiology, arrhythmia
mechanisms, and responses to ion-channel blocking
drugs. In addition, this study lays the groundwork
for future investigations seeking to elucidate how ionic
remodelling caused by heart disease alters the regional
specificity of subunit expression and for studies of the
functional importance of a number of currently poorly
characterized subunits that show strong and/or highly
differential regional expression.
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