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Funny current and sudden cardiac death
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 _________________________________________________________________________________________
 Abstract: HCN4 is considered the main channel involved in spontaneous depolarization of the sinus node cells, which 
underlies the formation of normal cardiac sinus rhythm. Structural and functional characteristics have been extensively studied, 
revealing the location, its synthesis and regulation. Its dysfunction causes supraventricular/ ventricular arrhythmias (some life-
threatening) and is involved in the pathogenesis of heart disease. In this study we investigated this channel expression in the 
sinus node from cadaveric heart with future utility to histopathological diagnosis of sudden cardiac death. We found that HCN4 
is expressed at mRNA and protein level in the sinus node from cadaveric hearts and its expression correlates with expression of 
TBX3 (transcription factor that controls HCN4 expression). 
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 HCN (hyperpolarization-activated cyclic 
nucleotide-gated) represents a group of 

4 cAMP-activated ion channel permeable to Na and K, 
involved in the generation of spontaneous depolarization 
in the heart and brain. HCN channels are numbered 
from 1 to 4 depending on their sensitivity to cAMP [1, 
2]. In the heart types 1, 2 and 4 are present, the latter 
being the most important and considered to be the main 
channel responsible for generation of the spontaneous 
depolarization "funny current" along with T-type Ca2 + 
channel [3]. HCN4 is located mainly in the sinus node 
(the pacemaker of the heart located at the junction of the 
superior vena cava with right atrium [4], as well as in the 
atrioventricular node, His bundle, Purkinje network [5, 
6]. HCN1 is also found in the sinus node but with a lower 
functional importance. HCN2 has a similar distribution 
with HCN4 but with a higher expression in the working 
myocytes being a possible source of ectopic foci and 

being overexpressed in hypertrophyed ventricular 
muscle [7-10]. In the sinus node the main channels that 
generates sinus heart rate are HCN4 and HCN1, HCN3 
being rarely expressed in the myocardium [5, 11-14].
 Those channels are localized on different 
chromosomes, HCN2 gene on chromosome 19p13.3, 
HCN4 gene on chromosome 15q24-D25, with a 
70% sequence correspondence and HCN1 gene on 
chromosome 5p12 [12, 15]. TBX3 (T-box transcription 
factor 3) is an inductor of pacemaker cells development in 
the embryo and foetus heart by transcriptional repression 
of myocytes phenotype from embryonic to adult state. 
In the adult heart TBX3 is present mostly in pacemaker 
cells [3]. The current knowledge related to the functional 
importance of HCN4 and TBX3 is very advanced but 
mostly based on experimental lab conditions, their usage 
in human postmortem diagnosis of arrhythmia being 
almost absent.
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Objective

 We initiated this study to highlight the presence of 
HCN4 in the sinus node (in terms of quality and quantity) 
from young healthy human adult hearts, without cardiac 
disease, as a reference for the normal expression. We also 
wanted to investigate the co-expression of TBX3 in order 
to determine if there is a correspondence between HCN4 
and TBX3 expression in the sinus node and atrial muscle.

MAteriAls And MethOds

 Tissue samples
 We analysed 5 human sinus node autopsy samples 
obtained from National Institute of Legal Medicine, 
Bucharest, Romania. With the intention of preserving 
RNA and protein expression, and avoid autolysis we 
selected cases with traumatic death, a relatively short 
postmortem interval (between 10 and 30 hours), and 
young age (under 30 years). We excluded any kind of 
documented cardiovascular pathology, macroscopic 
or microscopic pathological features, diabetes, lethal 
intoxication, chronic diseases, hospitalization. The 
Romanian ethical and legal requirements related to 
postmortem human tissue testing were respected.
 In order to obtain an anatomically complete sinus 
node area we dissected a square sample approximately 
5/5 cm of atrial wall, centred by the crista terminalis, 
with the atrial appendage superiorly and 1-2 cm of the 
pectinate and the superior vena cava.
 The techniques described here are adapted 
from Chandler et al. 2009 [16]. The sinus node sample 
was removed at autopsy and immediately immersed in 
isopenthane previously cooled at -65°C, then stored in 
freezer, at - 65°C. The samples were further analyzed at 
the University of Manchester, Institute of Cardiovascular 
Sciences. Preparations were serialy cryosectioned at 20 
μm thicknesses and every section collected and mounted 
onto SuperFrost Plus slides. 
 Histology and Immunohistochemistry (IHC)
 Serial sections were used for sinus node 
identification with Masson’s Trichrome staining; 
Afterwards we used IHC staining with HCN4 primary 
antibody (rabbit polyclonal IgG, produced by Almone 
labs at 1:50 concentration) and secondary antibody 
(IgG, host - donkey, against rabbit conjugated with 
FITC green (fluorescein isothiocyanate - 490 excitation 
and 520 emission wavelength), at 1:100 concentration, 
produced by Millpore). The neighboring sections (~100 
per preparation) were used for RNA extraction. For IHC, 
the sections were fixed and permeabilised by treating 
them with methanol at - 20°C, and washed three times in 
0.01 M phosphate buffer saline (PBS) containing: NaCl 
0.138 M, KCl 0.027 M, pH 7.4 (Sigma). The sections were 

then blocked with 1% bovine serum albumin (BSA) in 
PBS for 1 h at room temperature and then incubated 
with the primary antibody overnight. On the following 
day, the sections were washed three times in PBS and 
incubated with the anti-rabbit conjugated to either 
FITC (Chemicon) for 1-2 h at room temperature. The 
primary and secondary antibodies were diluted to 1:100 
in 1% BSA in PBS. After washing three times in PBS 
over 30 min, coverslips were mounted onto the slides 
using Vectashield T-1400 (Vector Laboratories). Signal 
was detected using a confocal microscope (Zeiss LSM5, 
Carl Zeiss Microscopy) with Pascal software (Zeiss 
Microscopy). The excitation wavelength used was 488 
nm for FITC. 
 RT-qPCR
 For RNA extraction, the sections were placed 
in absolute ethanol and micro-dissected under light 
microscope with a fine needle. Total RNA was isolated 
from the micro-dissected tissue using a RNeasy Micro kit 
(Qiagen) according to the manufacturer’s recommended 
protocol. The RNA concentration was measured using a 
Nanodrop spectrophotometer (Labtech International). 
530 ng of total RNA from each sample was reverse 
transcribed with Superscript III reverse transcriptase 
(Invitrogen) in a 20 μl reaction according to the 
manufacturer’s instructions, using random hexamer 
priming. Aliquots of the resulting cDNA were diluted 
35-fold in water for direct use in qPCR. The relative 
abundance of selected cDNA fragments was determined 
with qPCR using an ABI 7900HT instrument (Applied 
Biosystems) with Power SyBr green (Applied Biosystems) 
and QuantiTect primer assays (Qiagen) or custom-
designed primers in 10 μl reactions. All runs were 40 
cycles in duration. For all mRNAs in each sample, at 
least three separate measurements were made with 1 
μl aliquots of each cDNA sample. Average threshold 
cycle (Ct) values were used in the E-ΔCt (E = efficiency 
of the PCR reaction) calculation. The ribosomal 28S 
reference gene was used to normalize the data. Outliers 
were excluded from the statistical analysis. These were 
determined using a robust statistical modified z-score 
method based on the median of absolute deviation. 
 Software analysis 
 For IHC signal intensity measurements were 
then measured using Volocity software (Improvision) 
after background and autofluorescence correction. Semi 
quantitative determination of immunofluorescence 
signals was made using Volocity software, with the same 
parameters for all the samples. The detections were made 
with confocal microscope and Axiovision software. 
Significant differences in the abundance of mRNAs and 
proteins expression in different tissues were identified 
using Excel from Microsoft Software 2010 with unpaired 
t-tests, when P<0.05.
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results

 Histology
 For all 5 samples the Trichrome Masson staining 
identified he the sinus node area around the sinus node 
artery with rare small pale cells surrounded by connective 
tissue compared with the dense cells of working atrial wall; 
connective tissue was stained in blue, myocites were stained 
in purple. Figure 1 shows a typical sinus/atrium preparation 
used in our study. Figure 2 shows histology of the sinus node 
and atrium.
 Immunohistochemistry
 Figure 3 shows HCN4 expression in the sinus node 
and right atrium respectively. HCN4 was less expressed in 
the right wall compared with the sinus node area, being pre-
sent at cell membranes. The semi quantitative measurement 
of the signal intensity with Volocity software after the back-

ground correction and artifact removal has shown a higher 
expression in the sinus node compared with the atrial wall 
area (Fig. 3). Moreover, HCN4 was found to be specifically 
expressed on the cell membrane on sinus node cells.
 RT-qPCR
 The mRNA measurements by RT-qPCR after 
normalization to 28S have shown higher expression in the 
sinus node for both HCN4 and TBX3 compared to the 
atrium wall (Figs 3 and 4) . All the values are arbitrary but 
with a constant parameters measurements, statistically 
significant, with p<0.05 and in accord with IHC results. 
 We calculated the t-test in order to calculate the 
statistical significance of  the data shown in Figures 3 and 4. 
We also showed the amplification plot and the dissociation 
curve of HCN4 and TBX3, which correspond to the cycle 
number and temperature values of RT-qPCR. 
 We found that both TBX3 and HCN4 expression 
are higher in the sinus node than in the atrial wall, with the 

Figure 1. Sinus node sample, a tissue dissection and the sinus 
node region, subepicardium, along with crista terminalis .

A

B

Figure 2. Sinus node area (A) with rare small cells (pink) 
surrounded by connective tissue (green); atrium wall sample 
(B) with bigger cells (pink) and less connective tissue (blue) 
(Trichrome Masson 40x).

Figure 3. A: sinus node - membranes stained with HCN4; B:atrium wall, mostly background noise (63x, confocal microscope, 
immunostaning and immunofluorescence FITC); C: IHC signal semiquantification (p<.05).

A B C
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Figure 4. mRNA expression of HCN4:A. Amplification plot; 
B. Dissociation curve; C: mRNA quantification (p<.05) by 
RTqPCR.

Figure 5. TBX3: amplification plot, dissociation curve, mRNA 
expression quantification comparaison between sinus node 
and atrium wall (p<.05).

A A

B B

C C

ratio HCN4/TBX3 being higher in the atrium wall. The TBX3 
showed a higher gradient between sinus node and atrium wall 
compared to HCN4. We found also a statistically significant 
correlation between the HCN4 and TBX3 expression at the 
sinus node (linear regression - Fig. 6).

discussiOn

 Through this study on autopsy tissue we have 
shown the presence of HCN4 in healthy human cardiac 
tissue, obtaining similar results to those in the laboratory 
animals and highlighted the predominant expression of 
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Figure 6. Relation between HCN4 and TBX3 mRNA expression 
at the sinus node with linear regression.

this channel in the sinus node compared to surrounding 
atrial muscle [17]. Also our results showed the distribution 
of T-box transcription factor 3, an embryonic inductor 
of HCN4 expression, which was also higher in the sinus 
node as previous studies have shown [3]. We have found 
the ratio HCN4/TBX3 to be higher in right atrium making 
TBX3 more specific to sinus node but also with a greater 
variability perhaps due to erratic autolysis process. Even so, 
the molecules are still preserved, allowing a wider compared 
postmortem diagnosis in reference to a healthy standard 
and extended to other areas of heart. Also we have found the 
distribution of TBX3 and HCN4 to be correlated between 
samples.
 HCN4 is involved in sudden cardiac death in two 
types of diseases: genetic - channelopathies and predomi-
nantly acquired such as acute myocardial ischaemia, myo-
cardial hypertrophy and associated changes with aging. 
 In channelopathies HCN4 gene mutations were 
found to be involved in the pathogenesis of sudden death 
in young people, sudden infant death syndrome, congenital 
sick sinus syndrome (next to SCN5A gene mutation of 
Nav1.5 channel) [18], atrial fibrillation (next to KCNA5 gene 
encoding Kv1.5) [19], Brugada syndrome 8 [20, 21], long QT 
syndrome, Torsade de Pointes [13, 21-23] and epilepsy (next 
to KCNA1 and SCN5A gene )[24].
 Within the more common pathologies, myocardial 
hypertrophy is considered a frequent cause of sudden cardiac 
death in young people [25], a possible explanation being the 
angiotensin II generated remodeling, which in addition to the 
known morphological effects (myocyte disorganization with 
hyperplasia and fibrosis) leads to a decrease in transcription 
factors (miR-1 and miR-133) with consequent increase 
in HCN2 and HCN4 expression [26, 27]. This control 
mechanism is not fully known but it is assumed that multiple 
pathways are involved including REST (RE1-Silencing 
Transcription factor), or NCX1 (sodium-calcium exchanger) 
increase and miR-30 decrease [28].

 A common proarrhythmic inductor mechanism 
at transcriptional level with myocardial hypertrophy is also 
involved in myocardial infarction and myocardial ischemia, 
where consecutive to oxidative stress the decrease of miR-1 
levels. In ischemia, heart failure and myocardial hypertrophy 
is considered that NCX1 (sodium-calcium exchanger) is 
upregulated in conjunction with miR-1 and miR- 30a/b/c 
down regulation. The same factors are involved in atrial 
fibrillation, with miR-1 reduction, L-type Ca2 + and K + 
current disregulation and upregulation of HCN2, HCN4 and 
Kir2.1 [29, 30].
 With the advanced age comes a down-regulation of 
HCN1 and other channels (Nav1.5, CaV1.2, K +, RyR2) in 
sinus node and an up-regulation of HCN2 with a consequent 
increased arrhythmogenic potential [31]. The arrhythmic 
mechanism takes co-participation of post-transcriptional 
regulators such as decrease of miR-1 that leads to GJA1 (Cx43 
gene) and KCNJ2 (Kv1.1 gene) repression [32]. The decrease 
in miR-133 expression leads to an increased expression of 
HCN1, 2 and 4 [21], and the involvement of the transcription 
factors known to induce a normal myocyte automaticity e.g., 
TBX3 [3, 14, 33]. 
 More specifically at the sinus node area, it was 
found a clinical statistically significant association between 
higher resting heart rate with the possible involvement of 
HCN4 and sudden cardiac death [34]. Lab animals, after a 
prolonged physical effort showed an upregulation of miR-
1 and NRSF and downregulation of TBX3 and subsequent 
downregulation of HCN4, causing clinically a decrease of the 
rest sinus rhythm [35].

liMitAtiOns

 This study encountered limits posed by the small 
number of cases due to low availability, individual gene 
expression variability, postmortem autolysis with increased 
susceptibility to degradation and the use of polyclonal 
antibodies. We used various techniques to prevent these 
drawbacks such as standardized techniques for processing 
the biological material, using a homogeneous group 
study, normalization of gene expression by reference to 
a housekeeping gene, artifacts and background signal 
correction, statistically insignificant values removal.

cOnclusiOns And Further develOpMent

 The results showed the protein and transcriptional 
HCN4 identification in the healthy sinus node, which 
correlated to TBX3 expression. Being made on post-
mortem non-experimentally samples, this study establishes 
a landmark of reference for further investigation of the 
sinus node form various cardiac diseases, e.g. myocardial 
hypertrophy, acute and chronic cardiac ischemia and 
other channels that may be involved in the initiation and 
maintaining of tachyarrhythmias like HCN1, Kir2.1, Cx43, 
Cx45, Nav1.5, CaV1.2, K +, RyR2, Nav1.5.
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