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ABSTRACT
Background: Research on biological pacemakers for the heart has so far mainly focused 
on short-term gene and cell therapies. To develop a clinically relevant biological 
pacemaker, long-term function and incorporation of autonomic modulation are 
crucial. Lentiviral vectors can mediate long-term gene expression, while isoform 4 of 
the Hyperpolarization-activated Cyclic Nucleotide-gated channel (encoded by HCN4) 
contributes to pacemaker function and responds maximally to cAMP, the second 
messenger in autonomic modulation. 

Material and Methods: Action potential (AP) properties and pacemaker current (If) 
were studied in single neonatal rat ventricular myocytes that overexpressed HCN4 
after lentiviral gene transduction. Autonomic responsiveness and cycle length stability 
were studied using extracellular electrograms of confluent cultured monolayers. 

Results: Perforated patch-clamp experiments demonstrated that HCN4-transduced 
single cardiac myocytes exhibited a 10-fold higher If than non-transduced single 
myocytes, along with slow diastolic depolarization, comparable to pacemaker cells 
of the sinoatrial node, the dominant native pacemaker. HCN4 transduced monolayers 
exhibited a 47% increase in beating rate, compared to controls. Upon addition of 
DBcAMP, HCN4 transduced monolayers had beating rates which were 54% faster than 
baseline and significantly more regular than controls. 

Conclusions: Lentiviral vectors efficiently transduce cardiac myocytes and mediate 
functional gene expression. Because HCN4 transduced myocytes demonstrate an 
increase in spontaneous beating rate and responsiveness to autonomic modulation, 
this approach may be useful to create a biological pacemaker. 

52



BIoloGICAl PACeMAker THroUGH leNTIVIrAl HCN4 GeNe TrANsfer

3

INTRODuCTION
The heartbeat is driven by action potentials (APs) generated spontaneously in 
the sinoatrial (SA) node. Old age and a variety of cardiovascular disorders may 
disrupt normal SA node function. This results in disease-causing slow heart rates in 
conjunction with fast heart rates, called ‘sick sinus syndrome’. Due to aging of the 
general population and an associated rise in the prevalence of cardiovascular disease, 
the prevalence and clinical impact of this syndrome are likely to increase. Currently, 
electronic pacemakers are the only effective therapy. However, these devices leave 
ample room for improvement. Most importantly, they lack autonomic modulation. 
Creating an autonomically controlled biological pacemaker may solve this limitation.1,2 

The electrical activity of the SA node is driven by a spontaneous change in the 
membrane potential, called slow diastolic depolarization. This depolarization results 
in the formation of APs, and triggers the heartbeat. A major current underlying this 
process is the hyperpolarization-activated ‘pacemaker’ current, If, which is produced 
by a family of Hyperpolarization-activated Cyclic Nucleotide-gated (HCN) channels, 
i.e., HCN1–4.3 HCN channel function is modulated by binding of cyclic adenosine 
monophosphate (cAMP),4 the second messenger in the β-adrenergic signaling 
pathway.5 Thus, If activity is increased by β-adrenergic stimulation, and reduced by 
muscarinic stimulation. This modulation of channel activity contributes to autonomic 
modulation of the heartbeat.6 Accordingly, adenoviral delivery of HCN channels in pigs 
and dogs resulted in the generation of a biological pacemaker that was responsive 
to β-adrenergic modulation. However, biological pacemaker rhythms exhibited 
unexplained large variations in beating rates (cycle lengths).7,8 

Although adenoviral vectors efficiently transduce cardiac myocytes,9,10 their 
usefulness as a therapeutic tool is unlikely, because they mediate only transient gene 
expression.11 Lentiviral vectors derived from the human immunodeficiency virus-1 
(HIV-1) have also been shown to transduce cardiac myocytes.12-15 The advantage of 
lentiviral vectors is that they integrate into the host genome. This induces long-term 
transgene expression, and renders these vectors ideal candidates to manage a chronic 
condition, such as sick sinus syndrome.16 

Because HCN4 is the predominant isoform in the SA node17 and the most cAMP-
responsive isoform,5,18–20 it is an attractive candidate to develop a biological pacemaker. 
The purpose of this study was to test whether lentiviral HCN4 overexpression in cardiac 
myocytes confers an SA node phenotype. Of note, we studied whether such a bioengineered 
pacemaker exhibits responsiveness to autonomic control and stable cycle lengths.

MATERIAlS AND METHODS
Construction and production of lentiviral vectors
A lentiviral HCN4 expression vector was made by cloning human HCN4 (hHCN4)21 as 
a NdeI XbaI fragment into the corresponding sites of the pRRL-cPPT-CMVPRE-SIN22 
lentiviral transfer vector. In this vector, the cytomegalovirus (CMV) promoter drives 
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hHCN4 expression. This vector is designated LV-HCN4 throughout this paper. A 
control vector in which the CMV promoter drives enhanced green fluorescent protein 
(GFP) expression (LV-GFP) was described earlier.22

A bicistronic HCN4 transfer vector was constructed as follows: The hHCN4-coding 
sequence21 was cloned as a blunted HindIII and XbaI fragment into the SmaI and 
XbaI sites of a bicistronic lentiviral transfer vector. In this vector, gene expression is 
controlled by a CMV promoter and the expression of HCN4 is linked to GFP expression 
by an internal ribosome entry site (IRES) from the encephalomyocarditis virus (EMCV). 
This vector is designated LV-HCN4-GFP throughout this paper (Figure 1). LV-HCN4-
GFP and LV-GFP lentiviral vectors were generated by cotransfection of HEK293T 
cells, concentrated and titrated as described previously.23 LV-HCN4 was generated 
similarly and titrated by detecting HCN4 expression on transduced HeLa cells with 
immunohistochemistry, as described below. To concentrate the viral suspension of LV-
HCN4-GFP and LV-HCN4, we centrifuged 900 ml for 18 h at 4000 rpm and resuspended 
the viral pellet in 3 ml culture medium. The titer, measured in HeLa transducing units 
per milliliter (TU/ml), was typically in the range of 1×106 TU/ml for LV-HCN4-GFP, and 
in the range of 1×107 TU/ml for both LV-GFP and LV-HCN4.

Figure 1. Lentiviral constructs. In LV-GFP (bottom) and LV-HCN4 (middle), expression of the transgene 
is driven directly by the CMV promoter. LV-HCN4-GFP (top) is a bicistronic vector in which HCN4 
and GFP expression are linked by the EMCV internal ribosome entry site. LTR: long terminal repeat.

western blotting
HCN4 expression was examined by Western blotting in HEK293T cells transduced with 
lentiviral vectors. Transductions were performed at a MOI (multiplicity of infection) of 1 
and 5. Cells were harvested in lysis buffer (2% SDS, 50 mM Tris, pH 7.4/1 mM EDTA/
protease inhibitor mixture) 6 days after transduction and homogenized by sonification. 
Equal amounts of protein (40 μg) were separated by sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis (SDS/PAGE) on 8% gels, blotted on nitrocellulose, and probed with 
anti-HCN4 goat polyclonal IgG (Santa Cruz Biotechnology) and subsequently with rabbit-
anti-goat (HRP) (DAKO), and detected by chemiluminescence (Roche). To measure protein 
loading, antibodies directed against β-actin (Sigma-Aldrich) were used.
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Immunohistochemistry on transduced
HeLa cells and cardiac myocytes Cells were fixed 4 days after transduction with methanol/
acetone (4:1) and washed with phosphatebuffered saline (PBS) supplemented with 
Tween 20 (0.05%). Anti-HCN4 goat polyclonal IgG (Santa Cruz Biotechnology) was used 
as primary antibody and donkey anti-goat IgG conjugated with Alexa 488 (Molecular 
Probes) was used as secondary antibody. The cells were subsequently embedded with 
Vecta Shield® containing DAPI. Transduction efficiencies were determined by counting 
the numbers of positive cells in at least two different random fields.

Cell isolation and culture of neonatal rat ventricular myocytes
Animal experiments were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals published by the National Institute of Health (NIH 
Publication No. 85-23, revised 1996), and approved by the institutional committee for 
animal experiments. 

Six neonatal rats were sacrificed in one procedure as described previously.24 
Briefly, rats were decapitated after which a cardiotomy was performed. The atria 
were removed and the ventricles were minced. Tissue fragments were washed, using 
a Hanks’ balanced salt solution (HBSS) without Ca2+ and Mg2+ supplemented with 
20  units/100  ml penicillin and 20 μg/100 ml streptomycin. Five to six dissociations 
were performed for 15 min at 36.5º C. The dissociations were performed using HBSS 
without Ca2+ and Mg2+ containing 20 units/100 ml penicillin, 20 μg/10 ml streptomycin, 
0.2% trypsin and 60 μg/ml pancreatin. The obtained dissociation solutions were 
centrifuged and cell pellets were resuspended in culture medium. 

The neonatal rat ventricular myocytes were cultured in M199 containing (mM): 
137 NaCl, 5.4 KCl, 1.3 CaCl2, 0.8 MgSO4, 4.2 NaHCO3, 0.5 KH2PO4, 0.3 Na2HPO4, and 
supplemented with 20 units/100 ml penicillin, 20 μg/100 ml streptomycin, 2 μg/100 ml 
vitamin B12 and either 5% or 10% neonatal calf serum (NCS); 10% NCS was used only 
on the first day of culturing the cells. These cells were cultured on collagen-coated 
glass at 37º C in 5% CO2.

Cell isolation and culture of adult human cardiac myocytes
Samples from human right atrial appendages were used to isolate cardiac myocytes. 
The specimens were obtained from hearts of patients undergoing coronary artery 
bypass surgery during the preparation of extra-corporeal circulation. Samples were 
immersed in modified low Ca2+ Tyrode’s solution at 4°C containing (mM): 140 NaCl, 
5 KCl, 1.8 CaCl2, 1.0 MgCl2, 5, 5.5 glucose and 5 HEPES; pH 7.4 (NaOH). The tissue 
was cut into small chunks (<1 mm3) that were put in a 50 ml flask containing 10 ml 
low Ca2+ Tyrode’s solution with the addition of 400 U/ml collagenase type 2 (Sigma) 
and 4.2 U/ml protease type XXIV (Worthington). In this solution, a predigestion was 
performed during 15 min, at 37º C, under continuous agitation of the chunks ensured by 
oxygenation and shaking the flask in the water bath at 170 rpm. Thereafter, a digestion 
was performed under similar conditions during 45min in 10ml low Ca2+ Tyrode’s solution 
with the addition of 400 U/ml collagenase type 2. To obtain semi-sterile tissue chunks, 

55



PArT II: CHAPTer 3

3

they were repeatedly washed with filtered low Ca2+ Tyrode’s solution. Thereafter, single 
cells were obtained by multiple pipetting of the tissue chunks using a wide border 
glass pipette. The cell suspension was then seeded on laminin-coated cover slips. 
After 2h, the Tyrode’s solution was gently replaced by culture medium. Single cells 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
heat-inactivated fetal calf serum, 2 mM L-glutamine and 100 μg/ml P-S. Transductions 
were performed 1 day after isolation and cells were cultured up to 4 days thereafter.

Cell transduction and electrophysiological recordings
For patch-clamp measurements, neonatal rat ventricular myocytes and HEK293T cells 
were transduced with LV-HCN4-GFP and LV-GFP at a MOI of 0.1. Measurements were 
performed 4–6 weeks after transducing HEK293T cells (data not shown) and 7–10 days after 
transducing cardiac myocytes. Cardiac myocytes were transduced 1 day after isolation. 

Eight to eleven days later, myocytes were trypsinized during 30 s to prepare 
them for patch-clamping. By this procedure, cardiac myocytes lost their cell-to-cell 
connections, became less flattened (which facilitated the use of glass micropipettes), 
but remained attached to the coverslip. For extracellular measurements, cardiac 
myocytes were transduced at a MOI of 2.5 and 5 with LV-HCN4 and at a MOI of 5 
with LV-GFP. These measurements were performed 14–21 days after the transduction. 

If and APs were recorded at 36±0.2°C using the perforated patch-clamp 
technique (Axopatch 200B clamp amplifier, Axon Instruments Inc.). Signals were 
lowpass filtered (cut-off frequency: 5 kHz) and digitized at 5 kHz. Series resistance 
was compensated by ≥80%, and potentials were corrected for the estimated 15-mV 
change in liquid-junction potential. For voltage control, data acquisition, and 
analysis, custom-made software was used. Superfusion solution contained (mM): 
140  NaCl, 5.4  KCl, 1.8 CaCl2, 1.0  MgCl2, 5.5 glucose, 5 HEPES; pH 7.4 (NaOH). 
Pipettes (2–3  MΩ, borosilicate glass) were filled with solution containing (mM): 
125 K-gluc, 20 KCl, 5  NaCl, 2.2  amphotericin-B, 10 HEPES; pH 7.2 (KOH). If was 
characterized using custom voltage-clamp protocols modified from those published 
previously.25,26 For current-voltage (I-V) relationships and activation properties, If was 
measured as Cs+-sensitive (5 mM, Figure 4A) current during 6-s hyperpolarizing steps 
(range −30 to −110 mV) from a holding potential of −30 mV. The hyperpolarizing 
step was followed by an 8-s step to −110 mV to record tail current, then a 0.5-s 
pulse to 40 mV to ensure full deactivation (see Figure 4B for protocol). Tail current, 
plotted against test voltage, provided the activation-voltage relationship; the latter 
was normalized by maximum conductance and fitted with the Boltzmann function 
I/Imax=A/{1.0 + exp[(V1/2 − V)/k]} to determine the half-maximum activation voltage 
(V1/2) and slope factor (k). Activation time kinetic properties were measured during the 
6-s hyperpolarizing steps. Deactivation time kinetic properties and reversal potential 
were measured during depolarizing steps (range −80 to −10 mV, duration 5 s) after 
activation by a 3-s prepulse to −110 mV (see Figure 4E for protocol). In the latter 
experiment, 2 mM BaCl2, 5 μM nifedipine, and 1 mM 4-aminopyridine were added 
to block the inward rectifier K+ current (IK1), the L-type Ca2+ current (ICa,L), and the 
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transient outward K+ current (Ito1), respectively.27 The time course of If (de)activation 
was fitted by the monoexponential equation I/Imax=A×[1 − exp(−t/τ )], ignoring the 
variable initial delay in If (de)activation.26,28

APs were characterized by AP duration (APD) at 20, 50, and 90% repolarization (APD20, 
APD50, and APD90, respectively), maximal diastolic potential (MDP), action potential 
amplitude, cycle length (CL), and maximum upstroke velocity (Vmax). AP parameters from 
ten consecutive APs were averaged.

Extracellular electrograms were recorded at 34.0±0.1º C using a glass pipette (tip 
diameter: 50 μm) containing 140 mMNaCl. Baseline signals were recorded for 85 s, 
thereafter cultures were exposed to 1 mM of the cAMP analogue dibutyryl-cyclic-adenosine-
monophosphate (DBcAMP). Ten minutes later, electrograms were recorded again for 85 s. 
Signals were low-pass filtered (cut-off frequency: 400 Hz) and digitized at 2 kHz with a 
24-bits resolution. Data acquisition was performed with a modified ActiveTwo system 
without the input amplifiers (BioSemi); data were analyzed using custom-made software 
based on Matlab (Mathworks).29 After acquisition, data were digital high-pass filtered, to 
remove baseline drift. Mains interference was removed with a digital 50-Hz filter.

Statistics
Data are expressed as mean±standard error of the mean (SEM). Group comparisons 
were made using the Mann-Whitney rank sum test for paired comparisons, or two-way 
repeated measurements analysis of variance (ANOVA) (followed by Holm-Sidak post-
hoc testing). Categorical data (presence of diastolic depolarization) were compared 
using a Fisher’s exact test. Data from multicellular preparations were compared with 
a Student’s t-test. To minimize the effects of culture-to-culture variability, data from 
three separate cultures were pooled. The level of significance was set at P<0.05.

RESulTS
Demonstration of gene transfer
HCN4 expression in transduced HEK293T cells was confirmed by Western blotting 
(Figure 2). A protein with molecular weight of 150 kD was detected, in agreement with 
previous studies.30 The bicistronic vector, LV-HCN4-GFP, resulted in weaker transgene 
expression.

To evaluate HCN4 expression in cardiac myocytes, monolayers were cultured and 
transduced at a MOI of 2.5 or 5, and subjected to an immunofluorescent staining 
using a HCN4-specific antibody. HCN4 positive cells were only detected in transduced 
monolayers (Figure 3B), but not in control monolayers (Figure 3A). Average transduction 
efficiencies of 27±2% were obtained when cardiac myocytes were transduced at a 
MOI of 5, and 13±1% when transduced at a MOI of 2.5. 

To provide proof-of-principle that lentiviral vectors can transduce genes into the 
human heart, human atrial myocytes were transduced with LV-GFP at a MOI of 100. In 
three different preparations, we achieved a transduction efficiency of 54±5% (Figures 3C 
and 3D).
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Figure 2. Western blotting dem-
onstrates HCN4 gene transfer. 
Cell lysates of (left-to-right) non-
transduced, LV-GFP-transduced, 
LV-HCN4-transduced, and LV-
HCN4-GFP-transduced HEK293T 
cells were subjected to Western 
blotting.

Figure 3. Fluorescence microscopy of transduced cardiac myocytes 4 days after transduction. 
Nuclei are blue, resulting from DAPI staining. A-B, Neonatal rat cardiac myocytes stained for 
HCN4 expression by immunofluorescence. Only the myocytes in (B) were transduced by LV-HCN4, 
as evidenced by clear staining of HCN4-positive myocytes. C-D, Human cardiac myocytes, non-
transduced (C) or 4 days after transduction with LV-GFP (D).

Electrophysiological effects of HCN4 overexpression in single cardiac 
myocytes
The effects of HCN4 overexpression on If density and pacemaker activity were studied 
in single neonatal rat ventricular myocytes using the perforated patch-clamp technique. 
The myocytes were transduced with either LVHCN4-GFP or LV-GFP at a MOI of 0.1, 
and cultured for 1 week. Non-transduced myocytes served as additional controls. 
Figure 4B shows typical If recordings from a non-transduced, a LV-GFP-transduced 
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and a LV-HCN4-GFP-transduced cell; average I-V relationships of If are summarized in 
Figure 4C. In HCN4-overexpressing cells, If density was about ten times larger than in 
nontransduced and LV-GFP-transduced cells (Figure 4C).

Next, If properties of LV-HCN4-GFP-transduced neonatal rat myocytes were 
analyzed in detail. Voltage dependence of activation was characterized by plotting 
normalized tail current amplitude against the preceding hyperpolarizing potential. The 
average half-maximal activation voltage (V1/2) and slope factor (k) of the Boltzmann fit to 
the data were −80.2±2.0 and −6.7±1.0 mV (n=8), respectively (Figure 4D). The voltage 
dependence of the fully activated current was evaluated over a large range of potentials 
(−80 to −10 mV) by measuring the tail current amplitudes after a hyperpolarizing pulse 
to −110 mV. Figure 4E shows a typical example, and Figure 4F shows the average 
I-V relationship of the fully activated HCN current. The average reversal potential 
was −35.6±3.0 mV (n=4) (Figure 4F). Activation and deactivation time constants were 
obtained from monoexponential fits of the step (Figure 4B) and tail (Figure 4E) currents, 
respectively. The activation time constant ranged from ~400 ms at −110 mV to ~2 s 
at −80 mV, and the deactivation time constant was ~2 s at −80 mV to ~140 ms at 
−30 mV (Figure 4G). Finally, we tested the effects of adrenoceptor stimulation on basic 
If properties of the LV-HCN4-GFP-transduced neonatal rat myocytes. We compared 
both the activation kinetics and voltage dependence of activation before and after the 
presence of 1 μM noradrenaline in three cells. Noradrenaline accelerated the current 
activation significantly. The inset in Figure 4H shows a typical example of If activated 
upon a hyperpolarizing step to−110 mV of a LV-HCN4-GFP-transduced neonatal rat 
myocyte. On average, the activation time (upon steps to −110 mV) decreased by 
30±9% in response to noradrenaline (n=3). Additionally, noradrenaline shifted the V1/2 
of channel activation by 10.2±3.3 mV to more positive potentials (Figure 4H).

If is a major determinant of spontaneous beating of SA node pacemaker cells, 
because its depolarizing current contributes importantly to diastolic depolarization 
and the signature AP morphology of these cells. To study how the increase in If 
magnitude, which resulted from HCN4 overexpression, impacted on AP properties, 
we analyzed APs from non-transduced, LV-GFP transduced, and LV-HCN4-GFP 
transduced single neonatal myocytes. Figure 5A shows typical APs of (left-to-right) 
non-transduced, LV-GFP transduced, and LV-HCN4-GFP transduced single neonatal 
myocytes; Table 1 summarizes their average AP characteristics. HCN4 overexpressing 
myocytes had diastolic depolarization (phase-4 depolarization, arrows), which was 
never observed in non-transduced and LV-GFP-transduced myocytes. The absence 
of diastolic depolarization in non-HCN-transduced myocytes agrees with previous 
observations in cultured neonatal rat myocytes.26,27,31 In HCN4 overexpressing 
myocytes (n=5), the diastolic depolarization resulted in regular beating with an intrinsic 
cycle length of 513±60 ms. Nontransduced and LV-GFP transduced cells also showed 
spontaneous activity, but this seemed to be due to irregularly occurring delayed 
afterdepolarizations (asterisks) which sometimes reached the threshold to trigger 
spontaneous APs.32 Delayed afterdepolarization are activated by spontaneous Ca2+ 
release of the saccoplasmic reticulum as frequently occurs in neonatal rat myocytes.33 
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Figure 4. Hyperpolarization-activated current, If, in single cardiac myocytes transduced by lentiviral 
vectors. A, Typical If trace and its block by 5 mM Cs+ in a LV-HCN4-GFP-transduced cardiac myocyte. 
B, Typical If traces of (top-to-bottom) a non-transduced, a LV-GFP-transduced, and a LV-HCN4-GFP-
transduced rat cardiac myocyte. Inset: voltage pulse protocol to measure activation properties. 
C, Average current-voltage (I-V) relationships of If. D, Voltage dependency of If activation. Solid line 
is the Boltzmann fit to the experimental data. E, Typical If traces of LV-HCN4-GFP-transduced rat 
cardiac myocyte. Inset: voltage pulse protocol to measure deactivation properties. F, I-V relation-
ship of the fully activated HCN current. Solid line is the linear fit to the experimental data. G, Time 
constants of (de)activation. Solid line is the best fit curve to the equation τ=1/[A1×exp(−V/B1) + 
A2×exp(V/B2)], where τ is the activation or deactivation kinetic time constant, and A1, A2, B1, and 
B2 are calculated fitting parameters.41 H, Effects of 1 μM noradrenaline on voltage dependence of 
If activation. Inset: typical If traces in the absence and presence of noradrenaline.
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Cycle lengths of APs in non-transduced (n=8) and LV-GFP transduced cells (n=5) were 
significantly longer than in HCN4 overexpressing cells (n=7) at 797±63, 702±59, and 
513±60 ms, respectively. In HCN4 overexpressing myocytes, Cs+ (2 mM) abolished 
diastolic depolarization and reduced the beating rate. However, spontaneous activity 
based on delayed afterdeplarizations remained present. Figure  5B shows a typical 
example. In non-transduced or LV-GFP transduced cells, Cs+ left the spontaneous 
activity unaffected (Figure 5C). Of note, spontaneous beating rates in HCN4 
overexpressing myocytes in the presence of 2 mM Cs+ were similarly irregular as in 
control (non-transduced and LV-GFP transduced) cells. 

Consistent with pacemaker cells, i.e., SA nodal cells, maximal diastolic potential 
(MDP) of HCN4 overexpressing cells (−61.2±2.3 mV) was less negative than in non-
transduced cells (−68.9±1.2  mV) and LV-GFP transduced cells (−69.5±1.3 mV). 
This agrees with previous studies on HCN2 and HCN4 overexpression in neonatal 
myocytes.26,27 Moreover, along with the finding that HCN blockade by Cs+ causes 
hyperpolarization of MDP, this finding demonstrates that HCN channel activity initiates 
diastolic depolarization (Figure 5B). Also in agreement with pacemaker cells, maximal 
AP upstroke velocity of HCN4 overexpressing cells (40±9 V/s) was significantly lower 
than in non-transduced cells (142±20 mV) and LV-GFP transduced cells (123±15 mV). 
AP amplitude (APA) and AP duration at 50 and 90% repolarization (APD50 and APD90) did 
not differ between the various cell types, although there is a trend to increased APD50 
and APD90. AP duration at 20% repolarization (APD20) in LV-HCN4-GFP transduced cells 
was increased compared to LV-GFP transduced cells. The trend toward longer APs may 
be related to the less negative MDP in LV-HCN4-GFP transduced cells, which will result 
in inactivation (thus reduced availability) of various repolarizing K+ currents, i.e., transient 
outward K+ current (Ito1) and rapid component of delayed rectifier K+ current (IKr).

34–36

Table 1. Action potential properties. 

Non-transduced 
(n=8)

LV-GFP 
(n=5)

LV-HCN4
(n=7)

Diastolic depolarization, n/n 0/8 0/5 7/7 *†

Cycle length, ms 797±63 702±59 513±60 *†

MDP, mV -68.9±1.2 -69.5±1.3 -61.2±2.3 *†

Vmax, V/s 142.0±20 123±15 37.5±9 *†

APA, mV 110.1±9.6 117.0±9.9 97.2±4.7

APD20, ms 20.6±5.6 11.1±3.0 39.7±9.2 †

APD50, ms 58.1±9.0 45.0±17.2 82.6±11.6

APD90, ms 123.1±12.8 101.2±20.4 147.4±14.5

* P<0.05 vs. non-transduced; † p<0.05 vs. LV-GFP; MDP, maximal diastolic potential; Vmax, maximal 
uostroke velocity; APD20, APD50, APD90, action potential duration at 20, 50, and 90% of repolar-
ization, respectively.
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Electrophysiological effects of HCN4 overexpression in cardiac myocyte 
cultures
The biological pacemaker will eventually be formed by a syncitium of myocytes, which are 
functionally linked. Their coordinated beating and response to autonomic modulation 
depends greatly upon the electrotonic interactions between myocytes and this may 
impact on the functional properties of single myocytes. Accordingly, we studied how 
HCN4 overexpression of myocytes, and the resulting increase in If magnitude, shape 
the electrophysiological properties of cultured myocyte monolayers. We also studied 
the critical mass of HCN4 overexpressing cells which is required to incorporate an 
appropriate response to cAMP stimulation. To study cycle lengths and average beating 
rates, we conducted extracellular measurements 14–21 days after transduction. 

Figure 5. Spontaneous action potentials (APs) in single cardiac myocytes transduced by lentiviral 
vectors. (A) Typical APs in (left-to-right) a non-transduced, a LV-GFP-transduced, and a LV-HCN4-
GFP-transduced rat cardiac myocyte. Asterisks and arrows indicate delayed after depolarizations 
and diastolic depolarization, respectively. B and C, Typical examples of the effect of 2 mM Cs+ on 
spontaneous activity in a LV-HCN4-GFP-transduced (B) and a LV-GFP-transduced (C) rat cardiac 
myocyte. Note that, in the LV-HCN4-GFP-transduced rat cardiac myocyte, Cs+ abolished diastolic 
depolarization, while spontaneous activity based on delayed after depolarizations was still present.
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Figure 6A shows typical tracings of LV-GFP and LV-HCN4 monolayers. Monolayers 
were measured for 85 s and analyzed for cycle length variability and average beating 
rate (beats per minute). Figure 6B shows typical examples of all cycle lengths which were 
measured in a single monolayer. The left panel of Figure 6C shows the distribution of all 
cycle lengths which were measured in all monolayers put together in each experimental 
group. Cycle lengths in LV-GFP monolayers were highly irregular at baseline. In contrast, 
HCN4 overexpressing monolayers had regular cycle lengths at baseline. Median cycle 
lengths (Figure 6C, left panel) cannot be used to analyze overall beating rates when cycle 
lengths are highly irregular. To assess overall beating rates, we therefore counted mean 
beats per minute (bpm), as summarized in Figure 6C, right panel. Overall beating rates 
were significantly faster in LV-HCN4 transduced monolayers (113±7 bpm at MOI 2.5, 
n=14, and 124±9 bpm at MOI 5, n=12) than in non-transduced or LVGFP transduced 
monolayers (79±14 bpm, n=13, and 84±6 bpm, n=14, respectively). Beating rates were 
not different between monolayers transduced with LV-HCN4 at MOI 2.5 or 5.0, and 
between non-transduced and LV-GFP-transduced monolayers.

We next studied if a critical mass of engineered pacemaker cells is essential in 
the response upon autonomic modulation. We therefore exposed monolayers to an 
analogue of cAMP (DBcAMP), the downstream second messenger in the β-adrenergic 
signaling pathway. We recorded extracellular electrograms before DBcAMP stimulation 
and 10 min thereafter. In these experiments, we studied two different groups of 
HCN4 overexpressing monolayers; LV-HCN4 (MOI 2.5) monolayers with 13% of 
HCN4 overexpressing cells and LV-HCN4 (MOI 5) with 27% of HCN4 overexpressing 
cells. We compared their responses to non-transduced and LV-GFP transduced 
control monolayers. Beating rates of monolayers transduced with LV-HCN4 at a MOI 
of 5 increased by 54%, from 124±9 bpm to 191±10 bpm (P<0.05; Figure 6C), after 
addition of DBcAMP. Moreover, while HCN4 overexpression at a MOI of 5.0 stabilized 
beating rates upon DBcAMP stimulation by reducing the variations in beat-to-beat 
intervals, this stabilization did not occur in monolayers transduced at a MOI of 2.5. 
Upon DBcAMP stimulation, cycle lengths of monolayers transduced at a MOI of 2.5 
became highly irregular, similar to LV-GFP monolayers (Figure 6C, left panel). Because 
DBcAMP addition resulted both in shorter and longer cycle lengths in LV-HCN4 
(MOI 2.5) monolayers, overall beating rates (expressed as bpm) were unchanged after 
DBcAMP stimulation (Figure 6C, right panel). Taken together, these findings indicate 
that a threshold of transduction efficiency exists to obtain stable cycle lengths and an 
overall increase in beating rates in response to DBcAMP stimulation.

DISCuSSION
We show that cardiac myocytes overexpressing HCN4 adopt hallmark features of SA 
node pacemaker cells, including slow diastolic depolarization, less negative maximal 
diastolic potential, and slower AP upstroke velocity. Moreover, we demonstrated 
that stimulation of these cells with noradrenaline shifted the V1/2 of the If activation 
curve towards more positive potentials, indicative of intact β-adrenergic signaling 
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Figure 6. Extracellular measurements on spontaneously active monolayers transduced by lentiviral 
vectors. A, Top: Typical recordings of LV-GFP and LV-HCN4 (MOI 5) transduced monolayers, at 
baseline (left) and after stimulation with 1 mM DBcAMP (right). Bottom: Extracellular electrograms 
at expanded time scale of baseline rhythms of hatched square in top panel. B, Typical recordings 
of cycle lengths from single monolayers transduced with (left-to-right) LV-GFP, LV-HCN4 (MOI 2.5) 
and LV-HCN4 (MOI 5); upper panels represent baseline and lower panels represent measurements 
10 min after the addition of DBcAMP on the same monolayer. C, Left: Box-plots of all cycle 
lengths in each experimental group at baseline (white) and after stimulation with DBcAMP (gray). 
Boxes include middle quartiles (25–75%), bars within boxes represent median values, whiskers 
indicate smallest and largest non-outlier values. Outliers are defined as smaller or larger than 
1.5 times interquartile range and are not shown. Right: Mean beating rates (beats per minute, 
bpm) at baseline (white) and after stimulation with DBcAMP (gray).
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after lentiviral overexpression. We also show that beating rates of cardiac myocyte 
monolayers increase by lentiviral HCN4 overexpression. In addition, monolayers that 
are transduced with a sufficient amount of HCN4 demonstrate faster and more uniform 
beating rates upon addition of DBcAMP. These findings together indicate that LV-HCN4 
transduction at a certain threshold confers responsiveness to autonomic control. 

HCN4 overexpression resulted in slow diastolic depolarization, which was 
efficiently blocked by Cs+. However, blockade of HCN did not abolish spontaneous 
activity completely (Figure 5). This contrasts with findings of Er and colleagues.27 
They demonstrated that the overexpression of a dominant-negative HCN2 construct 
abolished the spontaneous activity completely in neonatal rat myocytes. This 
inconsistency might be due to the fact that our experiments were performed in 
single myocytes or that pacemaker formation in neonatal rat myocytes is due to an 
ensemble of ion currents, as is the case in SA node cells.37 Interestingly, modulation of 
T-type Ca2+ current,38 Na+-Ca2+ exchange current,31 and Ca2+ homeostasis33 also affects 
beating rates significantly, indicating that pacemaking activity in neonatal myocytes is 
not entirely based on If. Detailed experiments are required to address the mechanism 
of neonatal rat myocytes pacemaking. 

Our study points to transduction efficiency as a critical factor in appropriate 
responsiveness to cAMP stimulation of If. This finding should aid the in vivo development 
of a biological pacemaker because it indicates that a threshold of transduction 
efficiency must be obtained in a focal area to generate a cAMP-responsive biological 
pacemaker. Kashiwakura et al. described that a transduction efficiency of 3% to 5% 
in the left ventricle of guinea pigs was sufficient to create a biological pacemaker 
with a synthetic pacemaker channel.39 However, this transduction efficiency was 
calculated with respect to the whole ventricle and is therefore not comparable with the 
transduction efficiencies in our study. We found that a minimal transduction efficiency 
of 27±2% in neonatal cardiac myocytes was necessary to generate a monolayer of cells 
which responded appropriately to cAMP stimulation. Responsiveness to autonomic 
modulation is a key advantage of a biological pacemaker compared to its electronic 
counterpart. In our design, autonomic modulation was expected, since HCN4 channel 
activity is known to be affected by alterations in cAMP levels, and modifications in 
cAMP levels are normally a direct result of β-adrenergic and muscarinic stimulation. 
Moreover, it has been demonstrated that HCN4 channels are more responsive to 
cAMP than HCN1 or HCN2.5,18–20 

The transduction efficiency found in human cardiac myocytes is not directly comparable 
with the transduction efficiency found in neonatal rat cardiac myocytes. It is therefore 
not yet possible to draw definite conclusions regarding the feasibility of obtaining 
sufficient transduction efficiency in the human heart with lentiviral gene delivery. One 
of the challenges is to develop a method of culturing human cardiac myocytes in which 
functional properties are sufficiently preserved to allow for in vitro electrophysiological 
studies. Human cardiomyocytes are isolated from atrial fragments that may be obtained 
during the preparation of extra-corporeal circulation during cardiac surgery. At present, 
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this mode of cell acquisition does not preserve the cellular integrity sufficiently well to 
conduct electrophysiological studies. To further determine the maximal transduction 
efficiency of a lentiviral vector, the use of in  vivo studies may be more valuable since 
different groups reported greatly varying in vivo transduction efficiencies.12–15 

The development of a biological pacemaker requires longterm and stable 
expression. Although we found that lentiviral HCN4 expression was stable for more 
than 1 month in cultured HEK293T cells (data not shown), long-term in vivo studies 
must be performed to determine the usefulness of lentiviral HCN4 gene transfer when 
therapeutic applications are considered. Lentiviral vectors appear to be very promising 
for long-term expression in vivo. We have, for instance, shown that lentiviral vectors 
are suitable for the expression of therapeutic genes in skeletal muscle, pancreas, and 
liver for more than 1 year.16,40 In conclusion, HCN4 gene therapy shows great potential 
to initiate pacemaker function in  vitro. In  vivo experiments are necessary to further 
evaluate the effects of lentiviral overexpression of HCN4.
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