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Abstract 

We performed computer simulations using the Fabbri–
Severi model of a human sinus node cell to assess whether 
action potential (AP) clamp experiments on transfected 
cells could serve as a useful tool for risk stratification of 
sinus bradycardia due to loss-of-function mutations in the 
HCN4 gene, which encodes the ion channels carrying the 
hyperpolarization-activated ‘funny’ current (If). 

For a total of 12 well-documented HCN4 mutations 
from the literature, we simulated AP clamp experiments on 
transfected cells and computed the charge carried by the 
wild-type or mutant If channels during the diastolic 
depolarization (Qf). For each of the mutations tested, we 
then incorporated the mutation-induced changes in fully-
activated conductance and kinetics of If into the Fabbri–
Severi model and determined the cycle length in the 
presence of the specific mutation at different levels of 
autonomic tone. At each level, the beating rate of the model 
cell showed a close correlation with the charge carried by 
the HCN4 channels in the simulated AP clamp experiments 
(R² of 0.90–0.99). More importantly, the clinically 
observed minimum or resting heart rates showed a strong 
correlation with Qf (R2 = 0.73 and R2 = 0.71, respectively). 

We conclude that AP clamp on transfected cells is a 
promising tool for risk stratification of sinus bradycardia 
due to loss-of-function mutations in HCN4. 

 
 

1. Introduction 

The HCN4 gene encodes the HCN4 protein, which is the 
major HCN isoform of the ion channels in the human 
sinoatrial node (SAN) that mediate the hyperpolarization-
activated ‘funny’ current If (also called ‘pacemaker 
current’). If is a depolarizing inward current during the 
diastolic depolarization phase of the human SAN action 
potential (AP) and plays an important modulatory role [1]. 
Not surprisingly, loss-of-function mutations in HCN4 have 
been associated with familial sinus bradycardia. In the 

present study, we tested whether AP clamp experiments on 
HCN4-transfected cells can explain the severity of the 
sinus bradycardia without the need for further voltage 
clamp experiments and consequential data analysis to 
determine individual biophysical parameters of If. 

First, we selected from the literature those loss-of-
function mutations in HCN4 that have been associated with 
familial sinus bradycardia and for which both clinical and 
in vitro data are available, with the condition that the 
clinical data include quantitative heart rate data from at 
least two mutation carriers. The in vitro data (decrease in 
fully-activated conductance, hyperpolarizing shift in 
voltage dependence of both steady-state activation and 
(de)activation time constant) were then used to determine 
the charge carried by If during the diastolic depolarization 
phase of a prerecorded human SAN AP waveform (Qf). 
Next, we assessed the extent to which this Qf predicts (1) 
the beating rate of the Fabbri–Severi model of a human 
SAN pacemaker cell [2] when applying the mutation-
induced changes in If observed in vitro, and (2) the heart 
rate of patients carrying the specific mutation in HCN4 
observed in vivo. We show that the beating rate of the 
model cell as well as the clinically observed minimum or 
resting heart rate show a strong correlation with Qf and 
conclude that the AP clamp is a promising tool for risk 
stratification of sinus bradycardia due to loss-of-function 
mutations in HCN4. Recently, the results of our study have 
been published as a full-length paper elsewhere [3]. 

 
2. Methods 

2.1. Simulation of AP clamp experiments 

A typical prerecorded AP waveform from a small and 
unique set of single isolated human SAN cells [4], with a 
cycle length of 813 ms, was used to construct a train of 100 
APs that could be used as a command signal of ≈82 s 
duration under voltage clamp conditions, which was long 
enough to achieve stable behaviour of the HCN4 current 
during the simulated AP clamp experiments. The custom 
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software to simulate such AP clamp experiments was 
compiled as a 32-bit Windows application using Intel 
Visual Fortran Composer XE 2013 and run on an Intel 
Core i7 processor-based workstation. For the numerical 
reconstruction of the HCN4 current, we used the equations 
that we based on our experimental data on If from the same 
set of single isolated human SAN cells [5]. These equations 
were also used by Fabbri et al. [2] in their Fabbri–Severi 
model of a human SAN pacemaker cell. 

 
2.2. Electrical activity of human SAN cells 

The electrical activity of a single isolated human SAN 
pacemaker cell was simulated using the comprehensive 
model of such a cell developed by Fabbri et al. [2], known 
as the Fabbri–Severi model, with updated equations for the 
slow delayed rectifier potassium current (IKs) [6]. Vagal 
tone was simulated by setting the model concentration of 
acetylcholine (ACh) to 20 nM. 

The CellML code [7] of the Fabbri–Severi model, as 
available from the CellML Model Repository [8], was 
edited and run in version 0.9.31.1409 of the Windows-
based Cellular Open Resource (COR) environment [9]. All 
simulations were run for a period of 100 s, which was long 
enough to achieve stable behaviour. The data analyzed are 
from the final five seconds of this 100 s period. 

 
2.3 Loss-of-function mutations in HCN4 

A total of 12 loss-of-function mutations in HCN4 met 
the inclusion criteria described in Section 1. These 12 
mutations (all heterozygous) are listed in Table 1 below, 
together with (1) the associated scaling factor to describe 
the experimentally observed decrease in fully-activated 
conductance (gf) and (2) the hyperpolarizing shift in the 
voltage dependence of the steady-state activation and the 
time constant of (de)activation. The G482R mutation 
appears twice (labelled ‘a’ and ‘b’) because of widely 
differing in vitro data. The sources of the in vitro data and 
the translation of these data into the parameters in Table 1 
have been described in detail elsewhere [3]. 

 
3. Results 

Using the parameter settings of Table 1, we simulated 
AP clamp experiments to determine the charge that is 
carried by If during the diastolic depolarization of a human 
SAN pacemaker cell (Qf) for each of the mutations listed. 
Figure 1, A and B, shows the prerecorded human SAN AP 
with its diastolic depolarization and the associated wild- 
type (WT) If, which contributes to diastolic depolarization 
as an inward current that carries a charge of 1.00 pC (Fig. 
1B, filled area). Simulating the (heterozygous) R375C 
mutation by halving gf and shifting the voltage dependence 
by −14 mV (Table 1) resulted in the If trace of Fig. 1C, 

Table 1. Mutation-induced changes in If characteristics. 
Mutation 
in HCN4 

Scaling factor 
for gf 

Shift in voltage 
dependence (mV) 

R375C 0.5 −14 
R378C 0.43 −7.9 
A414G 1 −19.9 (y∞), −11.9 (τy) 
G480R 0.46 −10 
Y481H 1 −44 
G482Ra 1 −39 
G482Rb 0.35 0 
A485V 0.32 −15 
K530N 1 −14 
R550C 1 −4 
R666Q 0.46 0 
S672R 1 −4.9 
695X 1 −10.9 

If: hyperpolarization-activated ‘funny’ current; gf: fully-
activated If conductance; y∞: steady-state activation; τy: 
time constant of (de)activation. See also Section 2.3. 
 

 
Figure 1. Simulated AP clamp experiment to determine the 
charge carried by If during diastolic depolarization. (A) AP 
waveform of an isolated human SAN pacemaker cell. 
During the diastolic depolarization from the maximum 
diastolic potential (MDP) to the take-off potential (TOP), 
the membrane potential (Vm) depolarizes by 23 mV. (B) 
Reconstructed wild-type (WT) If, which carries a charge of 
1.00 pC (filled area) as an inward current during diastolic 
depolarization. (C) Reconstructed (heterozygous) R375C 
mutant If, which carries a charge of 0.20 pC. 
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which is much smaller in amplitude and carries a charge of 
only 0.20 pC. Similarly, we reconstructed If for each of the 
other (heterozygous) mutations listed in Table 1 and 
determined their Qf. 

We also used the parameter settings from Table 1 to run 
the Fabbri–Severi model and obtain its cycle length (and 
pacing rate) for each of the mutations, as illustrated in 
Figure 2 for the R375C mutation under control conditions 
(no rate modulation; Fig. 2A) and under vagal tone  
(20 nM ACh; Fig. 2B). The mutation-induced decrease in 
If reduced the pacing rate from 70.2 to 56.9 beats/min 
under control conditions (Fig. 2A) and from 42.4 to 29.3 
beats/min under vagal tone (Fig. 2B). 

 

 
Figure 2. Electrical activity of the Fabbri–Severi model of 
a human SAN pacemaker cell with its default ‘wild-type’ 
If (WT; blue lines) and with the (heterozygous) R375C 
mutant If (R375C; orange lines) at different levels of 
autonomic tone. (A) No rate modulation (default model). 
(B) Vagal tone (simulated ACh concentration of 20 nM). 
 

After obtaining pacing rate data for each of the 
mutations, as illustrated in Figure 2 for R375C, we plotted 
these pacing rates against the associated Qf from the 
simulated AP clamp experiments (Fig. 1), resulting in 
Figure 3. At both levels of autonomic tone, there is a very 
strong correlation between pacing rate and Qf, suggesting 
that data on Qf obtained in AP clamp experiments on 
transfected cells expressing the HCN4 channels of interest, 
as compared to Qf for wild-type channels, can predict the 
severity of sinus bradycardia in mutation carriers. 

 
Figure 3. Pacing rate of the Fabbri–Severi model of a 
human SAN pacemaker cell with its default ‘wild-type’ 
(WT) If (blue squares) and for each of the (heterozygous) 
mutations listed in Table 1, as a function of their Qf at 
different levels of autonomic tone. Dashed lines are linear 
fits. 

 
Keeping in mind that the promising data presented in 

Figure 3 are based on the ideal case of an If in a (simulated) 
human SAN pacemaker cell with biophysical parameters 
that are completely identical to those of the HCN4 current 
in an expression system, we assessed to what extent the 
data on Qf obtained from the (simulated) AP clamp 
experiments can predict the clinically observed heart rates 
of mutation carriers, as available in the literature for the 12 
loss-of-function mutations of Table 1. For some of these 
mutations, heart rate data are available from 24-hour 
Holter recordings, for others from exercise testing, and for 
several from both. Figure 4A shows the minimum and 
average heart rates obtained during 24-hour Holter 
recordings, whereas resting heart rates obtained during 
exercise testing are shown in Figure 4B. 
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Figure 4. (A) Minimum and average heart rates obtained 
during 24-hour Holter recordings and (B) resting heart 
rates obtained during exercise testing from heterozygous 
carriers of the (heterozygous) mutations in HCN4 as 
indicated or from non-carriers of the same family as a 
function of Qf. Dashed lines are linear fits. 
 

The clinically observed minimum heart rate obtained 
during 24-hour Holter recordings (Fig. 4A) shows a strong 
correlation with Qf (R2 = 0.73; p < 0.001, ANOVA). The 
average heart rate shows a less clear relationship (R2 = 
0.56), but is still statistically significant (p = 0.002). The 
resting heart rate obtained during exercise testing (Fig. 4B) 
shows a strong correlation with Qf (R2 = 0.71; p = 0.001). 

4. Conclusion 

While a translational perspective remains to be seen, we 
conclude that AP clamp on transfected cells, without the 
need for further voltage clamp experiments and data 
analysis to determine individual biophysical parameters of 
If, is a promising tool for risk stratification of sinus 
bradycardia due to loss-of-function mutations in HCN4. 

 
References 

[1] M. Hoekstra, A. C. G. van Ginneken, R. Wilders, and A. O. 
Verkerk, “HCN4 current during human sinoatrial node-like 
action potentials,” Prog. Biophys. Mol. Biol., vol. 166, pp. 
105–118, Nov. 2021. 

[2] A. Fabbri, M. Fantini, R. Wilders, and S. Severi, “Compu-
tational analysis of the human sinus node action potential: 
Model development and effects of mutations,” J. Physiol., 
vol. 595, no. 7, pp. 2365–2396, Apr. 2017. 

[3] A. O. Verkerk, and R. Wilders, “The action potential clamp 
technique as a tool for risk stratification of sinus bradycardia 
due to loss-of-function mutations in HCN4: An in silico 
exploration based on in vitro and in vivo data,” 
Biomedicines, vol. 11, no. 9, art. no. 2447, Sep. 2023. 

[4] A. O. Verkerk, R. Wilders, M. M. G. J. van Borren, R. J. G. 
Peters, E. Broekhuis, K. Lam, R. Coronel, J. M. T. de 
Bakker, and H. L. Tan, “Pacemaker current (If) in the human 
sinoatrial node,” Eur. Heart J., vol. 28, no. 20, pp. 2472–
2478, Oct. 2007. 

[5] A. O. Verkerk, M. M. G. J. van Borren, R. J. G. Peters, E. 
Broekhuis, K. Lam, R. Coronel, J. M. T. de Bakker, H. L. 
Tan, and R. Wilders, “Single cells isolated from human 
sinoatrial node: Action potentials and numerical 
reconstruction of pacemaker current,” Annu. Int. Conf. IEEE 
Eng. Med. Biol. Soc., vol. 2007, pp. 904–907, Aug. 2007. 

[6] A. O. Verkerk, and R. Wilders, “Human sinoatrial node 
pacemaker activity: Role of the slow component of the 
delayed rectifier K+ current, IKs,” Int. J. Mol. Sci., vol. 24, 
no. 8, art. no. 7264, Apr. 2023. 

[7] A. A. Cuellar, C. M. Lloyd, P. F. Nielsen, D. P. Bullivant, 
D. P. Nickerson, and P. J. Hunter, “An overview of CellML 
1.1, a biological model description language,” Simulation, 
vol. 79, no. 12, pp. 740–747, Dec. 2003. 

[8] C. M. Lloyd, J. R. Lawson, P. J. Hunter, and P. F. Nielsen, 
“The CellML Model Repository,” Bioinformatics, vol. 24, 
no. 18, pp. 2122–2123, Sep. 2008. 

[9] A. Garny, P. Kohl, and D. Noble, “Cellular Open Resource 
(COR): A public CellML based environment for modelling 
biological function,” Int. J. Bifurcat. Chaos, vol. 13, no. 12, 
pp. 3579–3590, Dec. 2003. 

 
Address for correspondence: 
 
Ronald Wilders, PhD 
Department of Medical Biology 
Amsterdam University Medical Centers 
University of Amsterdam 
Meibergdreef 15, 1105 AZ Amsterdam 
The Netherlands 
E-mail: r.wilders@amsterdamumc.nl 

Page 4



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



