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07-Nov-20221st Editorial Decision

Dear Dr Heijman, 

Re: JP-RP-2022-283976 "In-silico analysis of the dynamic regulation of cardiac electrophysiology by Kv11.1 ion-channel
trafficking" by Stefan Meier, Adaïa Grundland, Dobromir Dobrev, Paul GA Volders, and Jordi Heijman 

Thank you for submitting your manuscript to The Journal of Physiology. It has been assessed by a Reviewing Editor and by
2 expert Referees and I am pleased to tell you that it is considered to be acceptable for publication following satisfactory
revision. 

Please advise your co-authors of this decision as soon as possible. 

The reports are copied at the end of this email. Please address all of the points and incorporate all requested revisions, or
explain in your Response to Referees why a change has not been made. 

NEW POLICY: In order to improve the transparency of its peer review process The Journal of Physiology publishes online
as supporting information the peer review history of all articles accepted for publication. Readers will have access to
decision letters, including all Editors' comments and referee reports, for each version of the manuscript and any author
responses to peer review comments. Referees can decide whether or not they wish to be named on the peer review history
document. 

Authors are asked to use The Journal's premium BioRender (https://biorender.com/) account to create/redraw their Abstract
Figures. Information on how to access The Journal's premium BioRender account is here:
https://physoc.onlinelibrary.wiley.com/journal/14697793/biorender-access and authors are expected to use this service. This
will enable Authors to download high-resolution versions of their figures. The link provided should only be used for the
purposes of this submission. Authors will be charged for figures created on this premium BioRender account if they are not
related to this manuscript submission. 

I hope you will find the comments helpful and have no difficulty returning your revisions within 4 weeks. 

Your revised manuscript should be submitted online using the links in Author Tasks: Link Not Available. 

Any image files uploaded with the previous version are retained on the system. Please ensure you replace or remove all
files that have been revised. 

REVISION CHECKLIST: 

- Article file, including any tables and figure legends, must be in an editable format (eg Word) 

- Abstract figure file (see above) 

- Statistical Summary Document 

- Upload each figure as a separate high quality file 

- Upload a full Response to Referees, including a response to any Senior and Reviewing Editor Comments; 

- Upload a copy of the manuscript with the changes highlighted. 

You may also upload: 

- A potential 'Cover Art' file for consideration as the Issue's cover image; 

- Appropriate Supporting Information (Video, audio or data set https://jp.msubmit.net/cgi-bin/main.plex?
form_type=display_requirements#supp). 

To create your 'Response to Referees' copy all the reports, including any comments from the Senior and Reviewing Editors,
into a Word, or similar, file and respond to each point in colour or CAPITALS and upload this when you submit your revision.

I look forward to receiving your revised submission. 

If you have any queries please reply to this email and staff will be happy to assist. 

Yours sincerely, 



Natalia Trayanova 
Senior Editor 
The Journal of Physiology 

---------------- 

REQUIRED ITEMS: 

-Author photo and profile. First (or joint first) authors are asked to provide a short biography (no more than 100 words for
one author or 150 words in total for joint first authors) and a portrait photograph. These should be uploaded and clearly
labelled with the revised version of the manuscript. See Information for Authors for further details. 

-The Journal of Physiology funds authors of provisionally accepted papers to use the premium BioRender site to create high
resolution schematic figures. Follow this link and enter your details and the manuscript number to create and download
figures. Upload these as the figure files for your revised submission. If you choose not to take up this offer we require figures
to be of similar quality and resolution. If you are opting out of this service to authors, state this in the Comments section on
the Detailed Information page of the submission form. The link provided should only be used for the purposes of this
submission. Authors will be charged for figures created on this premium BioRender account if they are not related to this
manuscript submission. 

-Please upload separate high-quality figure files via the submission form. 

-Your paper contains Supporting Information of a type that we no longer publish. Any information essential to an
understanding of the paper must be included as part of the main manuscript and figures. The only Supporting Information
that we publish are video and audio, 3D structures, program codes and large data files. Your revised paper will be returned
to you if it does not adhere to our Supporting Information Guidelines 

-A Statistical Summary Document, summarising the statistics presented in the manuscript, is required upon revision. It must
be on the Journal's template, which can be downloaded from the link in the Statistical Summary Document section here:
https://jp.msubmit.net/cgi-bin/main.plex?form_type=display_requirements#statistics 

-Papers must comply with the Statistics Policy https://jp.msubmit.net/cgi-bin/main.plex?
form_type=display_requirements#statistics 

In summary: 

-If n {less than or equal to} 30, all data points must be plotted in the figure in a way that reveals their range and distribution.
A bar graph with data points overlaid, a box and whisker plot or a violin plot (preferably with data points included) are
acceptable formats. 

-If n > 30, then the entire raw dataset must be made available either as supporting information, or hosted on a not-for-profit
repository e.g. FigShare, with access details provided in the manuscript. 

-'n' clearly defined (e.g. x cells from y slices in z animals) in the Methods. Authors should be mindful of pseudoreplication. 

-All relevant 'n' values must be clearly stated in the main text, figures and tables, and the Statistical Summary Document
(required upon revision) 

-The most appropriate summary statistic (e.g. mean or median and standard deviation) must be used. Standard Error of the
Mean (SEM) alone is not permitted. 

-Exact p values must be stated. Authors must not use 'greater than' or 'less than'. Exact p values must be stated to three
significant figures even when 'no statistical significance' is claimed. 

https://jp.msubmit.net/cgi-bin/main.plex?form_type=display_requirements#authorprofile
https://app.biorender.com/portal/jphysiol
https://jp.msubmit.net/cgi-bin/main.plex?form_type=display_requirements#figures
https://jp.msubmit.net/cgi-bin/main.plex?form_type=display_requirements#supp


-Statistics Summary Document completed appropriately upon revision 

---------------- 

EDITOR COMMENTS 

Reviewing Editor: 

Both reviewers find the work interesting, exciting, and potentially impactful. The presentation is balanced and model
assumptions and limitations are well discussed. However, the reviewers found that clarification and justification is needed in
several aspects of the model and simulations. 

----------------- 

REFEREE COMMENTS 

Referee #1: 

The article entitled "In-silico analysis of the dynamic regulation of cardiac electrophysiology by KV11.1 ion-channel
trafficking" by Meier and colleagues introduces an ion channel trafficking model to demonstrate complex regulation of
ventricular cardiomyocyte repolization by mutations, temperature, and different medications that impact KV11.1 channel
trafficking/gating across different time scales. The in-silico trafficking framework is a novel step in the modeling the
physiology of ion channel function on the ventricular cell action potential and likely represents the initial step in what will be
an important component of future modeling. The strengths of the article are the model is that although the model is very
simple, it recapitulates many aspects of published experimental data. The authors apply the model to several applications
that help to validate its utility (e.g., mutations, medications that negative or positively impact KV11.1 channel trafficking, and
temperature). The authors do a good job of discussing the limitations/simplifying assumptions of the modeling. However,
some concerns exist. Some of the modelization as presented is not intuitive and, in some cases, it is unclear what the
authors are trying to demonstrate. Additional clarification and justification is needed. 

1) Most KV11.1 missense mutations that cause long QT syndrome disrupt the trafficking of the mutant KV11.1 channels. As
noted by the authors, this is thought to primarily occur in the forward trafficking step. However, relative to the model, this
includes disruptions in the "production step (Psi)" of the model because this encompasses so many different steps. These
data are qualitatively captured in Figure 3 but this concept seems underexplored. The inclusion of data for a unique type of
KV11.1 missense mutation that does not traffic normally, A57P, are intriguing. However, as presented the data in Figure 4
and Table 1 are not easy to interpret. Table 1 only shows the parameters for the mutant simulations (why not include WT
parameters for reference?). Additional description for how the four parameter sets were obtained would be helpful. 

"Subsequently, the four model rates were individually scaled to match the relative difference in membrane levels between
the wild-type and mutant Kv11.1 channel, while the other three rates were kept constant, providing four starting points for
parameter optimization." 

Can the authors clarify which rate constants were maintained for a given parameter set? 

2) Embedding the trafficking model as part of the ventricular action potential simulation is exciting. However, some of the
output results are not intuitive. This reviewer is surprised that only a 35% reduction in KV11.1 current was sufficient to cause
such a prolongation of the AP (Figure 4D)? Or how simulated reductions in IKR sometimes caused the AP to fail to
repolarize in other situations (Figure 5 and 7). Is the O'Hara-Rudy action potential used overly sensitive to small changes in
the IKR? Or does this reflect the challenges of embedding the IKr model in the ventricular AP simulation? How does the
duration of the "embedded O'Hara-Rude model" action potential compare to the duration of the original O'Hara-Rudy action
potential model? Do analogous reductions in IKR in both models cause similar changes in action potential duration? 

Given the differences in patient QTc interval data with fever and hypothermia and the lack of concordant/unusual result with
the AP modeling in Figure 7- it is unclear how including the AP simulations improves the manuscript. As noted by the
authors, many things change with fever that are not incorporated in the simulation- please clarify the purpose of including



these data given these limitations. 

3) Figure 5D and 5E need clarification. Are these simulations done with pentamidine? Or simulating dofefilide alone? If done
without pentamidine, does dofetilide alone increase the trafficking of KV11.1 channels (in the absence of pentamidine)?
Please clarify. 

Minor 

Do the waveform used to simulate currents in Figure 6B have corresponding experimental data? Why was this voltage
waveform chosen to show the model output? Can the authors use these data to compare the simulated KV11.1 to
experimental data of IKV11.1 measured at high temperatures (see PMID: 18551196)? 

As noted by the authors, there are many known modulators of KV11.1 channel trafficking and while several are included
here, but some of the more common clinically relevant ones are not. Particularly how extracellular K+ levels impact cardiac
cellular action potentials and KV11.1 channels trafficking (e.g., with hyopkalemia). There are rich experimental data set on
the effects extracellular K+ on modifying KV11.1 channel trafficking (as included in the cited reference Guo et al., 2009 and
PMID: 20133899). 

Is it significant that Kanner et al., also reported two other mutations (N33T and R56Q), which disrupt forward trafficking like
A57P but also decrease surface stability, express similar KV11.1 channel protein levels at the cell surface member. From a
modeling perspective- what might this mean/suggest? 

Referee #2: 

Summary Comments: 

• The authors present a framework for incorporating ion-channel trafficking into computational models of cardiac
electrophysiology, which currently do not incorporate them. This model uses Kv11.1 (hERG), the channel for which the most
experimental data are available, as a proof-of-concept. This model incorporates temperature- and drug-dependent effects
on channel kinetics and trafficking to enable a more sophisticated approach to modeling channel behavior. After optimization
and parameter sensitivity analyses, the authors identified key differences between the acute and chronic electrophysiology
of temperature changes and drugs that modify channel kinetics and trafficking. Moreover, this provides a potential framework
for future work investigating the role of channel trafficking and its modulation to arrhythmogenesis. 

• Overall, the paper flowed relatively well. There were a few points of confusion: 

o In the Methods section, it was not immediately clear how certain parameter modifications were explicitly integrated into the
model. Additional explanatory text and updates to Figure 1 would strengthen the paper. 

o The "inverse" or "opposite" effects of temperature increases and decreases are referenced before the precise effects are
described in detail near the end of the Results section. Clarifying the language in these locations would be helpful. 



• Overall, model predictions of experimental data were fairly robust, save for a few minor discrepancies. These may not
significantly impact the results, but a discussion of their potential impact (and/or tweaking the model to verify this) would
strengthen the paper. There were a few places where the figures could be modified to resolve ambiguities in presentation
and clarify the methods. See specific comments below. 

• Discussion and Limitations were robust and comprehensive. The model predictions with respect to temperature
contradicted observed clinical impacts, but potential reasons for this discrepancy were discussed in detail. It may be
beneficial to include a brief discussion on fever as a trigger for arrhythmia in those with a vulnerable substrate (e.g., Brugada
Syndrome). 

• This is an important contribution to the modeling literature and suggests several future directions for further research. 

- 

Specific Suggestions: 

• 85-87 

o Please clarify this sentence: "Dofetilide substantially increased Kv11.1 membrane levels at supraphysiological
concentrations that produce significant channel block, but not at clinically-relevant concentrations." 

o Does "supraphysiologic concentrations" refer to dofetilide or Kv11.1? Does this mean that subclinical levels of dofetilide
increased Kv11.1 membrane levels AND produced significant channel block? 

• 89-98 

o "The opposite was true" is unclear. Does this mean that lower temperature slowed kinetics, decreased IKr acutely, had
increased trafficking after 24 hours, and increased IKr chronically? 

• 129 

o "The opposite is true for hypothermia." 

o Same comment as above. I think this would benefit from additional clarification. 

• 169 

o The notation is confusing. What do "M#(1)" and "S#(2)" denote? Is this a typo? 

o On second look, this appears to be a formatting error for equation numbering that is carried through the document? 

• 209 (Equation 5) 

o Additional clarity on how the lambda parameter is explicitly embedded within the model would be helpful. 

• 254-255 

o Figure 2B: At 3 minutes, model appears to imply substantially less recycling than Dennis et al. (2011)? This is potentially
important for acute phenomena. While authors acknowledge this, an explanation of potential impacts of this discrepancy
(either here, or in the Discussion/Limitations section) would strengthen the paper. Overall, the model predictions were in line
with experimental data. 

• 334-341 

o These sentences help clarify the confusion in lines 89-98 and 129 regarding the effects of temperature on kinetics,
channel trafficking, and acute vs. chronic IKr current. The earlier sections would benefit from this level of clarity, since they
precede this section. 



14-Oct-2022

• 406-407 

o This section would benefit from an explanation of how the rapid kinetics in Kanner et al. (2018) (minutes vs. hours in other
literature) could potentially impact the conclusions of this paper, in addition to clinical implications. It is clear from the
methods section (288-292) that this was compensated for by taking relative differences in dynamics between the wild-type
and mutant Kv11.1, but what impact would the timescale of kinetics have clinically? 

• Figure 1: 

o The paper would benefit from a modification to Figure 1A/1B (or an additional subfigure) to make explicit how temperature
and drug modifications of model parameters affect the model. While there is text in the figure description that discusses this,
a visual representation would make the methods easier to follow. 

• Figure 2: 

o Overall, the model fit experimental data well. One exception is the acute phase of recycling in Figure 2B, in which model
underpredicts Denis et al. (2011) at 3 minutes. See discussion of lines 254-255. 

• Figure 5: 

o Overall, the model fit experimental data well. There is a minor underprediction of mature channel trafficking at low
concentrations of dofetilide (Figure 5B). A small description of possible impacts in the Discussion could be beneficial. 

o In Figure 5D, the upper and lower graphs are quite close together. In combination with the color change in the middle
section (drug application), this makes the graphs somewhat confusing, on first glance. Separating the upper and lower
graphs (there appears to be sufficient space above Figure 5E) would make this clearer. Alternatively/additionally, a break in
the dashed lines would help the reader to distinguish the graphs from one another. 

_______________________________________________ 

END OF COMMENTS 

Confidential Review



05-Dec-20221st Authors' Response to Referees



Responses to Referees on the paper:  

‘In-silico analysis of the dynamic regulation of cardiac electrophysiology by Kv11.1 ion-

channel trafficking’ by Stefan Meier, Adaïa Grundland, Dobromir Dobrev, Paul G.A. 

Volders, and Jordi Heijman. 

 

We are grateful for the excellent feedback from both referees. Based on their comments, we 

expanded the model with regulation of Kv11.1 trafficking by hypokalaemia. We subsequently 

updated the model parameters to account for these changes and the new data, which also 

resulted in an improved fit for the effects of dofetilide on Kv11.1 trafficking. As such, we re-

ran all the simulations and updated the figures and tables accordingly. None of the original 

conclusions of our paper were affected by these changes. 

Referee #1: 
 

The article entitled "In-silico analysis of the dynamic regulation of cardiac electrophysiology 

by KV11.1 ion-channel trafficking" by Meier and colleagues introduces an ion channel 

trafficking model to demonstrate complex regulation of ventricular cardiomyocyte 

repolization by mutations, temperature, and different medications that impact KV11.1 channel 

trafficking/gating across different time scales. The in-silico trafficking framework is a novel 

step in the modeling the physiology of ion channel function on the ventricular cell action 

potential and likely represents the initial step in what will be an important component of 

future modeling. The strengths of the article are the model is that although the model is very 

simple, it recapitulates many aspects of published experimental data. The authors apply the 

model to several applications that help to validate its utility (e.g., mutations, medications that 

negative or positively impact KV11.1 channel trafficking, and temperature). The authors do a 

good job of discussing the limitations/simplifying assumptions of the modeling. However, 

some concerns exist. Some of the modelization as presented is not intuitive and, in some 

cases, it is unclear what the authors are trying to demonstrate. Additional clarification and 

justification is needed. 

We would like to thank the referee for their careful assessment and important comments and 

suggestions that helped us to further improve our manuscript. We did our best to better clarify 

our model and have provided a point-by-point response to the comments below. 



 

1) Most KV11.1 missense mutations that cause long QT syndrome disrupt the trafficking of 

the mutant KV11.1 channels. As noted by the authors, this is thought to primarily occur in the 

forward trafficking step. However, relative to the model, this includes disruptions in the 

"production step (Psi)" of the model because this encompasses so many different steps. These 

data are qualitatively captured in Figure 3 but this concept seems underexplored. The 

inclusion of data for a unique type of KV11.1 missense mutation that does not traffic 

normally, A57P, are intriguing. However, as presented the data in Figure 4 and Table 1 are 

not easy to interpret. Table 1 only shows the parameters for the mutant simulations (why not 

include WT parameters for reference?). Additional description for how the four parameter sets 

were obtained would be helpful.  

"Subsequently, the four model rates were individually scaled to match the relative difference 

in membrane levels between the wild-type and mutant Kv11.1 channel, while the other three 

rates were kept constant, providing four starting points for parameter optimization." 

Can the authors clarify which rate constants were maintained for a given parameter set? 

Based on the referee’s suggestion, we have added the wild-type parameters to Table 1 and 

Table 6: 

Table 1. Calibrated ion channel trafficking parameters. 

Parameter Value (per hour) 

α 6.56850075 

β 2.101663125 ⋅ (κb/κbref) 

δ 0.599592 ⋅ (κd/κdref) 

ψ 423.26175750000004 ⋅ λ ⋅ θ 

*Note, θ, λ, κb, and κd reflect the temperature, drug and extracellular [K+] modulators from 

equations 4, 5, 8, and 9, respectively. Moreover, the κbref and κdref are the results from 

equations 8 and 9 with extracellular [K+] set at 5.4 mmol/L. 

Table 6. Parameter sets related to Kv11.1 p.(A57P) mutation simulations. 

 α β δ ψ 



WT parameters  6.56850075 2.101663125 0.599592 423.2617575 

Parameter set 1 4.39878871 1.93333205   0.65697293 408.40110484 

Parameter set 2 7.98396124 2.06770286 0.81350517 298.70774597 

Parameter set 3 6.71166945 2.06613057 0.97941628 421.38040913 

Parameter set 4 6.83359678 2.05937586 0.62798972 269.66811756 

 

Furthermore, we have provided additional clarification on the derivation of the mutant 

parameter sets in the text at lines 321-327 as: “Four starting points for parameter 

optimization were created by scaling each model rate individually to approximate the 35% 

reduction of Kv11.1 membrane channel levels, while keeping the other rates constant. For 

example, parameter set 1 was obtained by reducing α by approximately 35% while the other 

rates were kept at their WT values. Initial values for parameter sets 2-4 were obtained 

similarly by scaling β, δ, and ψ. Thereafter, all four parameter sets were optimized by 

updating all the rates from each parameter set.” 

Finally, we have also added an additional sentence to the discussion at lines 432-435 that 

addresses the fact that channel production and first part of forward trafficking are lumped 

together: “In this model structure, ψ reflects both channel production and the first part of 

forward trafficking (e.g., microtubule-mediated trafficking between ER and GC), so we 

cannot distinguish between the effects of modulators on these two components.”  

2) Embedding the trafficking model as part of the ventricular action potential simulation is 

exciting. However, some of the output results are not intuitive. This referee is surprised that 

only a 35% reduction in KV11.1 current was sufficient to cause such a prolongation of the AP 

(Figure 4D)? Or how simulated reductions in IKR sometimes caused the AP to fail to 

repolarize in other situations (Figure 5 and 7). Is the O'Hara-Rudy action potential used overly 

sensitive to small changes in the IKR? Or does this reflect the challenges of embedding the 

IKr model in the ventricular AP simulation? How does the duration of the "embedded O'Hara-

Rude model" action potential compare to the duration of the original O'Hara-Rudy action 

potential model? Do analogous reductions in IKR in both models cause similar changes in 

action potential duration? 



To investigate the sensitivity of our embedded trafficking model, we compared the action 

potentials of our model with the original ORd and evaluated the effect of a 35% reduction in 

IKr conductance in the original ORd with the simulated mutation in our trafficking Markov 

model IKr formulation. During this comparison we realised that the baseline ORd IKr was 

smaller than the trafficking IKr model. We compensated for this difference by scaling down 

the conductance by 30% in the Markov model. Referee Figure 1, below, shows that with this 

update the original ORd APD is comparable to the WT trafficking model APD 

(approximately 400 ms at a basic cycle length of 60 s). Then, the mutant behaviour was 

approximated by scaling down the IKr conductance of the original ORd by 35%, which 

resulted in an approximately 100 ms APD prolongation. This matches the MT APD 

prolongations seen in our simulations with the trafficking model (Referee Figure 1 & Figure 

4D) and indicates that our model doesn’t increase the sensitivity of the ORd model. 

We have indicated this aspect in the revised manuscript at lines 334-336: “A similar IKr 

reduction in the original ORd model resulted in a comparable APD prolongation of 

approximately 100 ms (data not shown). ” 
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Referee Figure 1. Action potential duration comparison. The original IKr formulation of the 

ORd model is presented as the black dotted line. The MT behaviour was mimicked by scaling 

down the original ORd IKr formulation (through the conductance) by 35%, which is presented 

as the red dotted line. 

 

Given the differences in patient QTc interval data with fever and hypothermia and the lack of 



concordant/unusual result with the AP modeling in Figure 7- it is unclear how including the 

AP simulations improves the manuscript. As noted by the authors, many things change with 

fever that are not incorporated in the simulation- please clarify the purpose of including these 

data given these limitations. 

We agree with the referee that fever has multiple effects. The goal of the simulations in 

Figure 7 was to highlight the combined effects of acute temperature-dependent changes in 

Kv11.1 channel gating and long-term regulation of Kv11.1 channel trafficking on 

repolarization. Since these are opposing effects (with higher temperatures increasing IKr 

through Kv11.1 gating modulation, but reducing the number of channels in the membrane), 

the combined effects are difficult to dissect experimentally and can only be predicted with a 

computational model. We have added a sentence to the discussion in lines 562-564 to clarify 

this: “As such, the goal of Figure 7 was not to show the macroscopic effects of fever, but 

rather the temporal effects of temperature on gating and trafficking, and their combined effect 

on APD.” 

 

3) Figure 5D and 5E need clarification. Are these simulations done with pentamidine? Or 

simulating dofefilide alone? If done without pentamidine, does dofetilide alone increase the 

trafficking of KV11.1 channels (in the absence of pentamidine)? Please clarify. 

This has been clarified in the results at lines 345-347 as: “We subsequently employed the 

model to investigate the combined effect of acute channel inhibition and long-term trafficking 

promotion by dofetilide in the absence of pentamidine.”  

Furthermore, the legend of Figure 5 was updated with: “Note, these simulations were 

performed without pentamidine.”. 

A recent study has shown an approximately 60% increase in WT Kv11.1 levels after 24 hours 

of incubation with 5 µmol/L E-4031 (Al-Moubarak et al., 2020) in the absence of 

pentamidine or other compounds impairing Kv11.1 trafficking. Our simulations with 1 

µmol/L dofetilide showed a comparable increase in Kv11.1 channels over 24 hours. In 

agreement, previous work has shown that E-4031 and dofetilide have qualitatively similar 

effects on Kv11.1 trafficking, with dofetilide being a more potent rescuer of trafficking-

deficient Kv11.1 mutants (Qile et al., 2020). Thus, it appears plausible that dofetilide alone 

can indeed increase Kv11.1 membrane levels, as suggested by our simulations. 



 

Minor 

 

Do the waveform used to simulate currents in Figure 6B have corresponding experimental 

data? Why was this voltage waveform chosen to show the model output? Can the authors use 

these data to compare the simulated KV11.1 to experimental data of IKV11.1 measured at 

high temperatures (see PMID: 18551196)? 

We implemented the protocol from the suggested literature and re-ran the simulations for the 

corresponding temperatures (i.e., 23, 35, and 40 °C) (Amin et al., 2008). We replaced the IKr 

traces in Figure 6B with the new results and added a comparison of the relative temperature 

dependence of experimental and simulated tail current amplitudes to Figure 6C. Although our 

model is slightly less sensitive to temperature changes, the tail current amplitudes are still 

smaller at lower temperatures and larger at higher temperatures, while being within the 

standard deviation of the experimental data (Amin et al., 2008).  



 

Figure 6. Temperature-dependent regulation of Kv11.1 gating. A, Calibration of the shift 

in midpoint of voltage dependence and Q10 values for activation, deactivation, inactivation 

and recovery of IKr in experimental recordings (Zhou et al., 1998; Mauerhofer & Bauer, 2016) 

and model. B, Combined effects of temperature-dependent changes in midpoint and Q10 on IKr 

at 30, 37, and 40 °C. Inset shows voltage-clamp protocol for steady-state and tail IKr. C, 

Relative tail current amplitudes at 23, 35 and 40 °C normalised to 35 °C obtained with the 

voltage-clamp protocol from panel B in experimental recordings (Amin et al., 2008) and 

model. 



 

As noted by the authors, there are many known modulators of KV11.1 channel trafficking and 

while several are included here, but some of the more common clinically relevant ones are 

not. Particularly how extracellular K+ levels impact cardiac cellular action potentials and 

KV11.1 channels trafficking (e.g., with hyopkalemia). There are rich experimental data set on 

the effects extracellular K+ on modifying KV11.1 channel trafficking (as included in the cited 

reference Guo et al., 2009 and PMID: 20133899). 

We thank the referee for this excellent suggestion and have extensively revised our model to 

include regulation of Kv11.1 trafficking by extracellular [K+], enabling simulations of the 

effects of hypokalaemia. The hypokalaemia equations (eq. 8 & 9) are presented in the 

methods at lines 227-241 and the parameters in Table 5 as:  

“The ORd model is sensitive to changes in extracellular [K+], which, besides changing the 

driving force for all K+ currents, also modulates the gating of IKr and the inward-rectifier K+ 

current (IK1). However, extracellular [K+] also modulates Kv11.1 trafficking (Guo et al., 

2009; Massaeli et al., 2010), which is not part of the original ORd model. Here, we modelled 

the trafficking effects of hypokalaemia through changes in β and δ, because experimental 

studies have shown that hypokalaemia primarily affects Kv11.1 channel internalisation and 

degradation (Guo et al., 2009; Massaeli et al., 2010). In particular, the β rate was scaled by a 

factor κb (Figure 1A), as follows: 

𝜅 = 1 + 𝛼 − 11 + ൬ሾ𝐾ାሿ𝑘 ൰ೖ  #ሺ8ሻ
 

where αk is the magnitude of the extracellular [K+]-induced internalisation, [K+] is the 

extracellular K+ concentration, km is the affinity for extracellular [K+], and hk is the Hill 

factor for [K+]. Similarly, the effects of extracellular [K+] on δ were modelled as: 

𝜅ௗ = 1 +  𝑠 ∙ 𝛼 − 11 + ൬ሾ𝐾ାሿ𝑘 ൰ೖ  #ሺ9ሻ
 

where s is a scalar determining the relative impact of extracellular [K+] on δ vs β. The final 

parameters related to extracellular [K+] can be found in Table 5.” 

 



Table 5. Calibrated parameters for the effects of extracellular [K+] on trafficking for 

‘overnight’ (i.e., 12 hours) and ‘week’ model configurations. 

Parameter ‘Overnight’ value ‘Week’ value 

ak 7.249733 7.249733 

km 0.278542 0.871920 

hk 2.895935 2.691968 

S 0.226791 0.226791 

 

The results are presented in lines 379-403 and Figure 8 as:  

“Extracellular [K+] is a prominent regulator of ventricular electrophysiology, with both 

hyper- and hypokalaemia being associated with increased risk of cardiac arrhythmias. 

Previously, hypokalaemia has been shown to negatively regulate Kv11.1 channel gating and 

membrane stability in a concentration-dependent manner through increased internalisation 

and degradation (Guo et al., 2009; Massaeli et al., 2010). The model’s extracellular [K+] 

dependence was calibrated to experimental data from Guo et al. (2009), which revealed a 

distinct half-maximal concentration after overnight (i.e., 12 hours) incubation compared to 

incubation for a week (Figure 8A, left vs. right panel). The rate of decrease in Kv11.1 

membrane levels in the presence of low (0.1 mmol/L) extracellular [K+] and the rate of 

recovery of Kv11.1 membrane expression after switching back to 5.0 mmol/L extracellular 

[K+] following overnight incubation at 0.1 mmol/L were also calibrated based on 

experimental data (Figure 8B). The corresponding ‘overnight’ and ‘week’ parameter sets can 

be found in Table 7. Subsequently, we performed similar simulations to those in Figure 5D to 

evaluate the combined acute and long-term (trafficking) effects of hypokalaemia. After 24 

hours, the [K+] was reduced from 5.4 mmol/L to 2.5 mmol/L, reflecting a clinically-relevant 

hypokalaemia. The ‘overnight’ parameter set resulted in an approximately 20% reduction in 

IKr , however, the amount of Kv11.1 membrane channels remained stable, reflecting the acute 

effects of hypokalaemia on channel gating over time (Figure 8C). For the ‘week’ parameter 

set, the reduction in IKr was much more pronounced (e.g., approximately 45%) due to an 

additional 25% reduction in Kv11.1 membrane channels (Figure 8C). This is also reflected in 

differences between APD prolongation immediately after extracellular [K+] was reduced to 

2.5 mmol/L (25th hour; Figure 8D) and towards the end of the hypokalaemic period (47th 

hour). With the ‘overnight’ parameters, APD remained mostly stable after the first hour of 



hypokalaemia (Figure 8D, left panel). By contrast, the APD related to the ‘week’ parameters 

substantially increased during hypokalaemia (Figure 8D, right panel).” 

 



 

Figure 8. Modelling the effects of hypokalaemia. A) Concentration-dependence of 

extracellular [K+] on Kv11.1 membrane levels based on overnight incubation (i.e., 12 hours; 

left) or incubation for one week (right) in experimental data (Guo et al., 2009) (symbols) and 



corresponding model versions (lines). Experimental data were based on IKr recordings in 5 

mmol/L [K+] after incubation at the indicated concentration for 12 hours or one week, which 

were used as a proxy for Kv11.1 membrane levels. B) Time course of reduction in Kv11.1 

membrane levels in response to incubation in low (0 mmol/L in experiments, 0.1 mmol/L in 

model) extracellular [K+] (left) or recovery after 12 hours at low extracellular [K+] following 

re-exposure to 5 mmol/L extracellular [K+] (right) in experimental data (Guo et al., 2009) as 

well as ‘overnight’ and ‘week’ model configurations. C) Simulated time course of IKr (left) 

and Kv11.1 membrane levels (right) during 24 hours at baseline (i.e., 5.4 mmol/L [K+]), 

followed by 24 hours with hypokalaemia (2.5 mmol/L), and 24 hours at baseline, revealing 

acute inhibition for both the ‘overnight’ and ‘week’ model configurations, and long-term 

decrease of Kv11.1 membrane levels for the ‘week’ parameters. The dashed vertical lines 

(grey) indicate the start and end of hypokalaemia. D) Action-potential morphology at various 

time points from the simulations in panel C for the ‘overnight’ parameters (dashed lines) and 

‘week’ parameters (solid lines), showing the acute prolongation of repolarization duration for 

both parameter sets and subsequent additional APD prolongation for the ‘week’ parameters, 

which remains present after cessation of hypokalaemia due to the decrease in Kv11.1 

membrane levels (compare blue vs. black curves in right panel). 

Finally, we also discussed the simulation results and their relation to cardiac 

arrhythmogenesis in lines 566-576 as:  

“Hypokalaemia affects several key repolarizing K+ channels and is a known risk factor for 

cardiac arrhythmogenesis (Pezhouman et al., 2015). Our simulations show an acute 

prolongation of APD and hyperpolarization of the resting membrane potential in response to 

hypokalaemia (Figure 8), in line with experimental data (Pezhouman et al., 2015). In 

addition, severe hypokalaemia may induce additional APD prolongation over time due to a 

decrease in Kv11.1 membrane levels. Whether this effect occurs at clinically relevant 

concentrations depends on the affinity of Kv11.1 trafficking for extracellular [K+]. Guo et al. 

(2009) identified a half-maximal effect on Kv11.1 internalisation of 0.5 mmol/L for 12-hour 

incubation and 2.1 mmol/L for 1-week incubation. Thus, while short periods of clinically 

relevant hypokalaemia are unlikely to affect Kv11,1 membrane levels, longer periods may 

reduce Kv11.1 levels, potentially contributing to excessive APD prolongation.“ 

 

Is it significant that Kanner et al., also reported two other mutations (N33T and R56Q), which 

disrupt forward trafficking like A57P but also decrease surface stability, express similar 



KV11.1 channel protein levels at the cell surface member. From a modeling perspective- what 

might this mean/suggest? 

We deliberately chose a mutation with an isolated forward trafficking phenotype, because we 

wanted to investigate whether our model could identify the rate(s) responsible for this 

mutation. Our hypothesis was that the model would identify ψ and α as the primary 

parameters involved. However, after the optimization based on the mutant data, we found that 

this relatively straightforward phenotype could be reproduced with different parameter sets. 

Given that this ‘simple’ phenotype was already difficult to identify, the model will not be able 

to identify the relative contribution of individual rates for more complex phenotypes.  

This important aspect has now been addressed in the revised discussion at lines 481-485: 

“Despite the model’s simplicity, our sensitivity analyses (Figures 3-4) revealed that similar 

phenotypic behaviour of LQTS2 mutations can be obtained through markedly different 

parameter combinations, even for a mutation (p.(A57P)) for which experimental data indicate 

that only forward trafficking is impaired. Mutations with more complex phenotypes (Kanner 

et al., 2018) are even less likely to provide a unique parameter set.” 

 

 

  



Referee #2: 
 
Summary Comments: 

 

• The authors present a framework for incorporating ion-channel trafficking into 

computational models of cardiac electrophysiology, which currently do not incorporate them. 

This model uses Kv11.1 (hERG), the channel for which the most experimental data are 

available, as a proof-of-concept. This model incorporates temperature- and drug-dependent 

effects on channel kinetics and trafficking to enable a more sophisticated approach to 

modeling channel behavior. After optimization and parameter sensitivity analyses, the authors 

identified key differences between the acute and chronic electrophysiology of temperature 

changes and drugs that modify channel kinetics and trafficking. Moreover, this provides a 

potential framework for future work investigating the role of channel trafficking and its 

modulation to arrhythmogenesis. 

 

• Overall, the paper flowed relatively well. There were a few points of confusion: 

We would like to thank the referee for the positive assessment, useful comments and the 

proposed changes/additions. A point-by-point response to the referee’s comments is provided 

below.  

 

o In the Methods section, it was not immediately clear how certain parameter modifications 

were explicitly integrated into the model. Additional explanatory text and updates to Figure 1 

would strengthen the paper. 

We added the temperature- (i.e., θ), drug- (i.e., λ), and hypokalaemia (i.e., κb & κd) parameters 

to the model overview in Figure 1A and Figure 1C. The corresponding changes to the text 

are addressed in greater detail in response to the referee’s ‘specific suggestions’ below.  

 

o The "inverse" or "opposite" effects of temperature increases and decreases are referenced 

before the precise effects are described in detail near the end of the Results section. Clarifying 

the language in these locations would be helpful. 

We carefully addressed these issues below in response to the referee’s ‘specific suggestions’. 

In brief, we updated these sentences by explicitly explaining the effects of lower temperature, 



rather than referring to the opposite to higher temperatures.  

 

• Overall, model predictions of experimental data were fairly robust, save for a few minor 

discrepancies. These may not significantly impact the results, but a discussion of their 

potential impact (and/or tweaking the model to verify this) would strengthen the paper. There 

were a few places where the figures could be modified to resolve ambiguities in presentation 

and clarify the methods. See specific comments below. 

We modified the figures based on the referees suggestions as detailed in our responses below. 

 

• Discussion and Limitations were robust and comprehensive. The model predictions with 

respect to temperature contradicted observed clinical impacts, but potential reasons for this 

discrepancy were discussed in detail. It may be beneficial to include a brief discussion on 

fever as a trigger for arrhythmia in those with a vulnerable substrate (e.g., Brugada 

Syndrome). 

We agree that this would provide relevant context and have incorporated this information in 

the revised discussion at lines 538-540: “It is known that fever can be an important trigger of 

arrhythmias when a vulnerable substrate is present, e.g., in Brugada Syndrome (Adler et al., 

2013; Roterberg et al., 2020) or for certain LQT2 mutations (Amin et al., 2008).” 

 

• This is an important contribution to the modeling literature and suggests several future 

directions for further research.  

We thank the referee for their positive assessment.  

 

Specific Suggestions: 

 

• 85-87 

 

o Please clarify this sentence: "Dofetilide substantially increased Kv11.1 membrane levels at 

supraphysiological concentrations that produce significant channel block, but not at clinically-

relevant concentrations." Does "supraphysiologic concentrations" refer to dofetilide or 

Kv11.1? Does this mean that subclinical levels of dofetilide increased Kv11.1 membrane 

levels AND produced significant channel block? 



We tried to clarify this in lines 72-74, which now read: “Supraphysiological dofetilide 

concentrations substantially increased Kv11.1 membrane levels while also producing 

significant channel block, while clinically-relevant concentrations did not affect trafficking”. 

 

• 89-98 

 

o "The opposite was true" is unclear. Does this mean that lower temperature slowed kinetics, 

decreased IKr acutely, had increased trafficking after 24 hours, and increased IKr chronically? 

Although the referee’s interpretation of this sentence is correct, we agree that the phrasing is 

somewhat complex. Unfortunately, given the word limit of the abstract and the new extensive 

data obtained during the revision that had to be incorporated, we were unable to expand the 

explanation. In the main text we have now more extensively explained what this ‘opposite’ 

effect is (see below).  

 

• 129 

 

o "The opposite is true for hypothermia." 

 

o Same comment as above. I think this would benefit from additional clarification. 

At lines 117-119, we re-formulated the sentence: “The opposite is true for hypothermia, 

which acutely decreased IKr due to slower Kv11.1 channel gating, but on the long term 

increased IKr due to increased Kv11.1 trafficking.” 

 

• 169 

 

o The notation is confusing. What do "M#(1)" and "S#(2)" denote? Is this a typo? 

o On second look, this appears to be a formatting error for equation numbering that is carried 

through the document? 

We thank the referee for this comment and apologise for these errors. This was a formatting 

error for the equation numbering caused by the pdf-converter of the journal. We were 

unfortunately unable to avoid this issue when re-uploading the revised submission, but will 



make sure that this is implemented correctly during the proof-phase when the manuscript has 

been accepted. 

 

• 209 (Equation 5) 

 

o Additional clarity on how the lambda parameter is explicitly embedded within the model 

would be helpful. 

We have updated Figure 1 and added equations 10-12 on lines 244-255 to the revised 

manuscript to explain how the modulators (i.e., temperature and drugs), as well as the new 

modifier extracellular [K+], which was added in response to comments from Referee 1, affect 

the trafficking rates:  

“The trafficking effects of temperature, drugs, and extracellular [K+] were introduced as 

scaling factors to the appropriate rates in the trafficking model: 𝜓 =  𝜓௦  ∙  𝜆 ∙ 𝜃#ሺ10ሻ  

where ψbase is the baseline production rate as shown in Table 1, λ represents the opposing 

effects of pentamidine and dofetilide, and θ represents the temperature-dependent regulation 

of Kv11.1 channel trafficking. In addition, 

𝛽 =  𝛽௦  ∙  ቆ 𝜅𝜅ቇ #ሺ11ሻ  

where βbase is the baseline internalisation rate (Table 1), κb is the effect of extracellular [K+] 

on β, and κbref is the reference value of κb at 5.4 mmol/L extracellular [K+]. Similarly, 

𝛿 =  𝛿௦  ∙  ቆ 𝜅ௗ𝜅ௗቇ #ሺ12ሻ  

where δbase is the baseline degradation rate (Table 1), κd is the effect of extracellular [K+] on 

δ, and κdref is the reference value of κd at 5.4 mmol/L extracellular [K+].” 

 

 

• 254-255 

 

o Figure 2B: At 3 minutes, model appears to imply substantially less recycling than Dennis et 



al. (2011)? This is potentially important for acute phenomena. While authors acknowledge 

this, an explanation of potential impacts of this discrepancy (either here, or in the 

Discussion/Limitations section) would strengthen the paper. Overall, the model predictions 

were in line with experimental data. 

We agree with the referee that this is one component that has been challenging to reproduce. 

We have acknowledged this limitation in the revised discussion on lines 494-501: “In 

particular, the experimental data from Dennis et al. (2011) in Figure 2B showed 

approximately 60% Kv11.1 recycling within 3 minutes after 30 minutes of experimental 

channel internalisation. Thereafter, the amount of channel recycling remains stable. Our 

model shows a more sigmoidal increase in channel recycling, with the model recycling rate 

falling within the experimental standard deviation after 10 minutes. This difference might 

lead to an underestimate of the short-term (occurring within 5 minutes) effects of modulators 

of channel recycling and should be taken into consideration when interpreting our findings.”   

 

• 334-341 

 

o These sentences help clarify the confusion in lines 89-98 and 129 regarding the effects of 

temperature on kinetics, channel trafficking, and acute vs. chronic IKr current. The earlier 

sections would benefit from this level of clarity, since they precede this section. 

We hope that our changes in response to the previous comments have helped to clarify these 

aspects. 

 

• 406-407 

 

o This section would benefit from an explanation of how the rapid kinetics in Kanner et al. 

(2018) (minutes vs. hours in other literature) could potentially impact the conclusions of this 

paper, in addition to clinical implications. It is clear from the methods section (288-292) that 

this was compensated for by taking relative differences in dynamics between the wild-type 

and mutant Kv11.1, but what impact would the timescale of kinetics have clinically? 

While the faster time course identified by Kanner et al. (2018) is noteworthy and we are keen 

to see whether additional experimental studies with novel methodologies will support these 

findings, we believe that the general conclusions of our manuscript about the complex 



combined effects of acute (gating) and more long-term (trafficking) regulation of 

electrophysiology would remain intact. However, the definition of what constitutes ‘long-

term’ would likely change in this case. We implemented this in the discussion at lines 473-

477: “Moreover, the distinct acute and long-term effects identified in the present study would 

likely still apply even if future experiments would show faster time courses, just for different 

time points (e.g., 1 vs. 12 hours could be 10 vs. 60 minutes). The ‘long-term’ effects of 

trafficking modulators would then be observable after a couple of hours instead of 24-48 

hours.” 

 

• Figure 1: 

 

o The paper would benefit from a modification to Figure 1A/1B (or an additional subfigure) 

to make explicit how temperature and drug modifications of model parameters affect the 

model. While there is text in the figure description that discusses this, a visual representation 

would make the methods easier to follow. 

We have added θ, λ, κb, and κd (temperature, drugs and extracellular potassium, respectively) 

to the ψ, β and δ rates in Figure 1A and Figure 1C and we added the δ rate as degradation 

rate in Figure 1C, which was missing in the original version. The revised figure is shown 

below. In the figure legend, we have provided additional text explaining these scalars: “The 

temperature (θ), drugs (λ), and extracellular [K+] (κb and κd) parameters are used to scale 

the ψ, β, and δ rates.” 



 
Figure 1. Model components required to simulate regulation of Kv11.1 trafficking and 
gating, and its effects on ventricular cardiomyocyte electrophysiology. A, The Kv11.1 

trafficking model consist of two-states (M: Membrane, S: Sub-membrane) with four rates (ψ: 



production rate, α: forward trafficking rate, β: internalisation rate, and δ: degradation rate). 

The temperature (θ), drugs (λ), and extracellular [K+] (κb and κd) parameters are used to scale 

the ψ, β, and δ rates. B, The Clancy and Rudy (2001) IKr Markov model was used to create a 

temperature-sensitive model of IKr gating by shifting the voltage dependence of all the rates 

and scaling each rate with their respective Q10 values (Clancy & Rudy, 2001). In particular, 

αn, βn, α2
’, and μ rates were scaled with Q10Activation and Q10Deactivation, while αi and βi were 

scaled with Q10Inactivation and Q10Recovery, respectively. C, The trafficking, temperature, drug, and 

extracellular [K]+ components controlling IKr were embedded in the O’Hara-Rudy (ORd) 

human ventricular action potential model (O'Hara et al., 2011). Adapted from O’Hara et al. 

(2011) and the nucleus, endoplasmic reticulum (ER), and Golgi complex (GC) were created 

with BioRender.com. 

 
• Figure 2: 

 

o Overall, the model fit experimental data well. One exception is the acute phase of recycling 

in Figure 2B, in which model underpredicts Denis et al. (2011) at 3 minutes. See discussion of 

lines 254-255. 

We addressed this comment above. 

 

• Figure 5: 

 

o Overall, the model fit experimental data well. There is a minor underprediction of mature 

channel trafficking at low concentrations of dofetilide (Figure 5B). A small description of 

possible impacts in the Discussion could be beneficial. 

The model has been updated to incorporate regulation by extracellular [K+] in response to 

comments from Referee 1. The parameter optimization in the presence of these additional 

data resulted in a better fit for several components, although a slight underestimation at the 

lower dofetilide concentrations (0.01 – 0.03 µmol/L) remains (Figure 5B). Given that the 

experimental studies primarily used higher dofetilide concentrations (e.g., in Figure 5C), these 

concentrations received a larger weight during optimization. This aspect has been briefly 

mentioned in the revised discussion in lines 501-505:  



“The model also slightly underestimated the effect of dofetilide on Kv11.1 trafficking at low 

doses (Figure 5B), since we emphasised the 1 µmol/L concentration, which is what is 

primarily used experimentally. As such, the effect of clinically relevant concentrations may 

have been slightly underestimated.” 

 

o In Figure 5D, the upper and lower graphs are quite close together. In combination with the 

color change in the middle section (drug application), this makes the graphs somewhat 

confusing, on first glance. Separating the upper and lower graphs (there appears to be 

sufficient space above Figure 5E) would make this clearer. Alternatively/additionally, a break 

in the dashed lines would help the reader to distinguish the graphs from one another. 

We added a break in the dashed lines and increased the space between the upper and lower 

graph.   



 
Figure 5. Modelling the effects of pentamidine and dofetilide on Kv11.1 gating and 
trafficking. A, The pentamidine concentration dependence of Kv11.1 membrane levels after 

24 hours incubation in experimental data from Asahi et al. (2019) (red bars) and model (black 

bars). B, The concentration dependence of dofetilide-induced rescue of mature Kv11.1 (155 

kDa) levels in the presence of pentamidine (10 µM for 48 hours) after 48 hours of incubation 

in experimental data (Varkevisser et al., 2013) and model. C, The temporal dynamics of 



dofetilide (1 µM)-induced rescue of mature Kv11.1 levels after 48-hours pretreatment with 

pentamidine in experimental data (Varkevisser et al., 2013) and model. D, Time course of IKr 

(top) and Kv11.1 membrane levels (bottom) during 24 hours at baseline, followed by 24 hours 

with simulated dofetilide application (3.4 nmol/L or 1 µmol/L) and 24 hours at baseline, 

revealing acute inhibition and long-term rescue of Kv11.1 membrane levels. The dashed 

vertical lines (grey) indicate the start and end time of dofetilide application. Note, these 

simulations were performed without pentamidine. E, Action-potential morphology at various 

points in the time course shown in panel D for the simulations with 3.4 nmol/L dofetilide 

(solid lines) and 1 µmol/L dofetilide (dashed lines), showing the acute prolongation of 

repolarization duration and shortening of repolarization after cessation of simulated dofetilide 

application due to the increase in Kv11.1 membrane levels. Note, these simulations were 

performed without pentamidine. 
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Senior Editor 
The Journal of Physiology 

---------------- 

EDITOR COMMENTS 

Reviewing Editor: 

Reviewer 1 deems the study highly influential, but suggests that the concept that wild type KV11.1 channel trafficking is
increased with drugs the block IKR is not well supported experimentally and these data should be removed. The authors are
invited to review the references provided in Reviewer 1's comments. 

----------------- 

REFEREE COMMENTS 

Referee #1: 

The authors have been very responsive to my concerns. This manuscript will advance the computational modeling of
cardiac electrophysiology. However, major concerns regarding the simplifying assumptions used for the modeling in Figure
5D-5E remain. The concept that drugs which rescue the trafficking of mutations also increases the trafficking of wild type
KV11.1 channels is not well supported and whether dofetilide increases the trafficking of wild type KV11.1 channels has not
been demonstrated. These data should be removed from the manuscript. The reason is the majority of experimental
evidence does not support the concept that drugs which block IKR can also increase the trafficking and functional
expression of wild-type KV11.1 channels. 

Major concern: 

The authors justify modeling the increase of wild type KV11.1 channel protein in Figure 5D-5E based on the results in Al-
Moubarak et al., 2020 studying cells expressing wild type KV11.1 channels in E-4031 (not dofetilide). The simplifying
assumption is the effect that dofetilide will have on trafficking of wild type KV11.1 channels is similar. This needs to be
demonstrated at the functional level. 

The data the authors cite to support the concept that wild type KV11.1 channel trafficking is increased with drugs the block
IKR is indirect (using an on cell protein labeling method). It does not show incubating cells in E-4031 increases the functional
expression of wild type KV11.1 channels measuring currents. The concept, of how different drugs that affect block of IKR
and/or impact the trafficking of wild type and mutant Kv11.1 channels, has been extensively explored in PMID 15950494.
This later study does not support the idea that drugs that rescue mutant channels also increase the trafficking of wild type
KV11.1 channels. Moreover, studies cited by the authors also show drugs that increase the trafficking of mutant channels do
not increase the functional expression of wild type KV11.1 channels (including E-4031). This includes Amin et al., 2008.
These are not isolated findings, please see: PMID 11741928 and PMID 16432067. 



05-Dec-2022

Referee #2: 

All of the comments from the previous review were thoroughly addressed. 

_______________________________________________ 

END OF COMMENTS 

1st Confidential Review



26-Jan-20232nd Authors' Response to Referees



Responses to Referees on the paper:  

‘In-silico analysis of the dynamic regulation of cardiac electrophysiology by Kv11.1 ion-
channel trafficking’ by Stefan Meier, Adaïa Grundland, Dobromir Dobrev, Paul G.A. 
Volders, and Jordi Heijman. 

 

Referee #1: 
 

The authors have been very responsive to my concerns. This manuscript will advance the 
computational modeling of cardiac electrophysiology. However, major concerns regarding the 
simplifying assumptions used for the modeling in Figure 5D-5E remain. The concept that drugs 
which rescue the trafficking of mutations also increases the trafficking of wild type KV11.1 
channels is not well supported and whether dofetilide increases the trafficking of wild type 
KV11.1 channels has not been demonstrated. These data should be removed from the 
manuscript. The reason is the majority of experimental evidence does not support the concept 
that drugs which block IKR can also increase the trafficking and functional expression of wild-
type KV11.1 channels. 

We thank the referee for their positive assessment and are grateful for the additional explanation 
and suggestions. A detailed response is provided below. 

The authors justify modeling the increase of wild type KV11.1 channel protein in Figure 5D-
5E based on the results in Al-Moubarak et al., 2020 studying cells expressing wild type KV11.1 
channels in E-4031 (not dofetilide). The simplifying assumption is the effect that dofetilide will 
have on trafficking of wild type KV11.1 channels is similar. This needs to be demonstrated at 
the functional level. 

The data the authors cite to support the concept that wild type KV11.1 channel trafficking is 
increased with drugs the block IKR is indirect (using an on cell protein labeling method). It 
does not show incubating cells in E-4031 increases the functional expression of wild type 
KV11.1 channels measuring currents. The concept, of how different drugs that affect block of 
IKR and/or impact the trafficking of wild type and mutant Kv11.1 channels, has been 
extensively explored in PMID 15950494. This later study does not support the idea that drugs 
that rescue mutant channels also increase the trafficking of wild type KV11.1 channels. 
Moreover, studies cited by the authors also show drugs that increase the trafficking of mutant 
channels do not increase the functional expression of wild type KV11.1 channels (including E-
4031). This includes Amin et al., 2008. These are not isolated findings, please see: PMID 
11741928 and PMID 16432067. 

Based on the referee’s suggestion, we adapted the drug simulations to only rescue Kv11.1 
channels when both pentamidine and dofetilide are present (as demonstrated in Varkevisser et 
al. 2013), but not in the presence of dofetilide alone. In particular, we have modified the 
amplitude (a) term of our ‘drug-effect’ equation (eq. 5) to a’, defined as: 



𝑎ᇱ = 𝑎ቀ1 + 𝑒𝑥𝑝൫−ሺሾ𝑃ሿ − 𝑏ሻ൯ቁ ሺ7ሻ 
with a the magnitude of the dofetilide-induced promotion of trafficking in the presence of 
pentamidine, [P] is the pentamidine concentration in µmol/L, b is the midpoint of the 
pentamidine dependence.” 
We have added the additional parameter (b) to table 4: 

Table 4. Calibrated parameters for the drug effects on trafficking. 

Parameter Value 

H 2.196566 

hD 0.525717 

A 0.730636 

kmD 0.329207 

km’ 6.628938 

R 0.126642 

b 6 

 

This formulation ensures that dofetilide only has a rescuing effect when pentamidine is present. 
We subsequently separated the calibration and the modelling of the pentamidine/dofetilide 
effects shown in Figure 5 of the original manuscript into Figure 5 (calibration) and Figure 6 
(modelling/simulation). Most importantly, we now show two simulations for each 
concentration of dofetilide in Figure 6: in the presence of 5 µmol/L pentamidine (showing the 
rescuing effect) and without pentamidine (showing a negligible effect of dofetilide on Kv11.1 
trafficking). The revised figures are shown below. We have adapted the results section 
accordingly (Lines 344-366):  

“After parameter optimization, the model could accurately reproduce the concentration-
dependent effect of pentamidine on Kv11.1 membrane levels (Figure 5A), as well as the 
concentration and time-dependent rescue of mature Kv11.1 levels (155 kDa) by dofetilide in the 
presence of 10 µmol/L pentamidine (Figures 5B-C). We subsequently employed the model to 
investigate the combined effect of acute channel inhibition and long-term trafficking promotion 
by dofetilide in the presence of 5 µmol/L pentamidine (Figure 6, dashed lines) and absence of 
pentamidine (Figure 6, solid lines). A supraphysiological (1 µmol/L) concentration of 
dofetilide acutely completely inhibited IKr, while promoting an approximately 50% increase in 
membrane channels over 24 hours in the presence of pentamidine (Figure 6A, dashed lines). 
By contrast, in the absence of pentamidine, dofetilide had a negligible effect on Kv11.1 
membrane trafficking (Figure 6A, solid lines). The acute inhibition resulted in repolarization 
failure during dofetilide treatment (25th hour; Figure 6A, bottom panel). However, the rescue 
of Kv11.1 membrane channels after 24 hours of dofetilide caused a slight AP shortening shortly 



after dofetilide application was stopped, counteracting the effects of pentamidine (50th hour; 
Figure 6A, bottom panel). By contrast, a more clinically relevant dofetilide concentration (3.4 
nmol/L) produced a modest acute IKr inhibition that prolonged AP duration (APD), while 
having a minimal rescuing-effect on membrane channel numbers after 24 hours independent of 
the presence of pentamidine (Figure 6B). As such, there was only a minimal rebound in APD 
after cessation of simulated dofetilide application. Thus, while dofetilide can rescue Kv11.1 
trafficking under pathological conditions (e.g., trafficking blocker pentamidine), this effect 
appears negligible at clinically relevant concentrations. However, other drugs and trafficking-
modulators such as temperature may alter Kv11.1 membrane levels over a physiological 
range.” 

 

In addition, we added the following to the Discussion on Lines 531-543:  

“Previous experimental work has shown that high concentrations of dofetilide can rescue 
Kv11.1-trafficking deficiencies induced by pentamidine (Varkevisser et al., 2013). Similarly, 
our model only rescues channels when pentamidine is present, however, our results also 
suggest that the impact of dofetilide on trafficking is likely limited for clinically relevant 
concentrations, even in the presence of pentamidine. In general, drugs that rescue ion-channel 
trafficking primarily seem to have an effect during aberrant conditions (e.g., trafficking 
deficient mutations, trafficking blockers), but may not be able to increase Kv11.1-trafficking 
under physiological conditions (Wible et al., 2005; Anderson et al., 2006; Varkevisser et al., 
2013). However, a recent study has shown an approximately 60% increase in WT Kv11.1 levels 
after 24 hours of incubation with 5 µmol/L E-4031 (Al-Moubarak et al., 2020) in the absence 
of pentamidine or other compounds impairing Kv11.1 trafficking. More research on the effects 
of trafficking rescuers under physiological conditions is therefore warranted. Moreover, 
distinct short- and long-term effects of dofetilide… 

 



 

Figure 5. Calibration of the effects of pentamidine and dofetilide on Kv11.1 trafficking. A, 
The pentamidine concentration dependence of Kv11.1 membrane levels after 24 hours 
incubation in experimental data from Asahi et al. (2019) (red bars) and model (black bars). B, 
The concentration dependence of dofetilide-induced rescue of mature Kv11.1 (155 kDa) levels 
in the presence of pentamidine (10 µmol/L for 48 hours) after 48 hours of incubation in 
experimental data (Varkevisser et al., 2013) and model. C, The temporal dynamics of dofetilide 
(1 µmol/L)-induced rescue of mature Kv11.1 levels after 48-hours pre-treatment with 10 µmol/L 
pentamidine in experimental data (Varkevisser et al., 2013) and model. 



 

Figure 6. Simulated effects of pentamidine and dofetilide on Kv11.1 gating and trafficking. 
A, Time course of IKr (top panel) and Kv11.1 membrane levels (middle panel) during 24 hours 
at baseline (solid lines) or with 5 µmol/L pentamidine (dashed lines), followed by 24 hours with 
simulated dofetilide application (1 µmol/L) and 24 hours at baseline, revealing acute inhibition 
and long-term rescue of Kv11.1 membrane levels only during the presence of pentamidine. The 
dashed vertical lines (grey) indicate the start and end time of dofetilide application. The bottom 
panel shows the action-potential morphology at various points in the time course shown in the 
other panels for the simulations with 1 µmol/L dofetilide with pentamidine (solid lines) and 



without pentamidine (dashed lines), showing acute prolongation of repolarization duration for 
both conditions, but only a slight shortening of repolarization after cessation of simulated 
dofetilide application due to the complete rescue and minor increase in Kv11.1 membrane 
levels. B, Similar to panel A, for 3.4 nmol/L dofetilide. The bottom panel shows action potential 
prolongation when pentamidine is present due to a reduction of the number of membrane 
channels. The subsequent simulated dofetilide administration (3.4 nmol/L) had minimal effects 
on Kv11.1 trafficking.” 
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30-Jan-20232nd Revision - Editorial Decision

Dear Dr Heijman, 

Re: JP-RP-2023-283976R2 "In-silico analysis of the dynamic regulation of cardiac electrophysiology by Kv11.1 ion-channel
trafficking" by Stefan Meier, Adaïa Grundland, Dobromir Dobrev, Paul GA Volders, and Jordi Heijman 

We are pleased to tell you that your paper has been accepted for publication in The Journal of Physiology. 

TRANSPARENT PEER REVIEW POLICY: To improve the transparency of its peer review process, The Journal of
Physiology publishes online as supporting information the peer review history of all articles accepted for publication. Readers
will have access to decision letters, including Editors' comments and referee reports, for each version of the manuscript, as
well as any author responses to peer review comments. Referees can decide whether or not they wish to be named on the
peer review history document. 

The last Word (or similar) version of the manuscript provided will be used by the Production Editor to prepare your proof.
When this is ready you will receive an email containing a link to Wiley's Online Proofing System. The proof should be
thoroughly checked and corrected as promptly as possible. 

Authors should note that it is too late at this point to offer corrections prior to proofing. The accepted version will be
published online, ahead of the copy edited and typeset version being made available. Major corrections at proof stage, such
as changes to figures, will be referred to the Editors for approval before they can be incorporated. Only minor changes, such
as to style and consistency, should be made at proof stage. Changes that need to be made after proof stage will usually
require a formal correction notice. 

All queries at proof stage should be sent to: TJP@wiley.com. 

Are you on Twitter? Once your paper is online, why not share your achievement with your followers? Please tag The Journal
(@jphysiol) in any tweets and we will share your accepted paper with our 30,000 followers! 

Yours sincerely, 

Natalia Trayanova 
Senior Editor 
The Journal of Physiology 

P.S. - You can help your research get the attention it deserves! Check out Wiley's free Promotion Guide for best-practice
recommendations for promoting your work at www.wileyauthors.com/eeo/guide. You can learn more about Wiley Editing
Services which offers professional video, design, and writing services to create shareable video abstracts, infographics,
conference posters, lay summaries, and research news stories for your research at www.wileyauthors.com/eeo/promotion. 

IMPORTANT NOTICE ABOUT OPEN ACCESS: To assist authors whose funding agencies mandate public access to
published research findings sooner than 12 months after publication, The Journal of Physiology allows authors to pay an
Open Access (OA) fee to have their papers made freely available immediately on publication. 

The Corresponding Author will receive an email from Wiley with details on how to register or log-in to Wiley Authors
Services where you will be able to place an order. 

You can check if your funder or institution has a Wiley Open Access Account here: https://authorservices.wiley.com/author-
resources/Journal-Authors/licensing-and-open-access/open-access/author-compliance-tool.html. 

---------------- 

EDITOR COMMENTS 

Reviewing Editor: 

Thank you for addressing the reviewer's critiques. Congratulations! 

----------------- 

REFEREE COMMENTS 

Referee #1: 



26-Jan-2023

The authors have satisfactorily addressed all of my concerns. 

2nd Confidential Review


