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ORIGINAL

Abstract

The Tong et al. (2011) publication presents a comprehensive mathematical model of electro-
mechanical behaviour in a uterine smooth muscle cell. It incorporates ion channel currents into a
classic Hodgkin-Huxley membrane voltage formulation as well as Ca?* concentration dynamics
with pumps and exchangers. Mechanical force generation by way of the Hai-Murphy smooth
muscle cell model is computed based on the CaZ* concentrations. The ‘full’ Tong 2011 model
(FTM) includes nineteen ordinary differential equations for the ion channel activation/inactivation
variables out of a total of 105 equations overall. An effort at reducing the FTM into a smaller
number of equations for computational efficiency - the ‘reduced’ Tong model (RTM) - aims at
reproducing the overall behaviour of the FTM without excessive detail. We present here the
CellML implementation of the RTM for simulating the FTM within the context of the reduced
model’s primary publication as derived from the Tong et al. (2011) model.

Keywords: uterine smooth muscle, computational model, reduction order, cellular calcium,
myometrial contraction, CellML
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Primary Publications

S. A. Means, M. W. Roesler, A. S. Garrett, L. Cheng, and A. R. Clark. Steady-state approximations
for hodgkin-huxley cell models: Reduction of order for uterine smooth muscle cell model.
PLOS Computational Biology, 19(8):1-23, 08 2023. doi: 10.1371/journal.pchi.1011359. URL
https://doi.org/10.1371/journal.pcbi.1011359.

1 Introduction

Balancing computational tractability and realism is a persistent concern for mathematical modeling.
Of the published uterine smooth muscle cell (USMC) models, the Tong et al. (2011) version is
somewhat of a gold standard for the cell type, yet encompasses a substantial computational
expense in solving the nineteen ODEs amongst the full suite of 105 equations for the ‘full’ Tong
Model (FTM). We present the mathematical model for a ‘reduced’ Tong Model (RTM) aimed
at reproducing the overall behaviour of the FTM but with reduced computational expense as
developed by Means et al. (2023). Both the FTM and RTM are available in the Physiome Model
Repository (PMR) (Yu et al., 2011), and we utilise the implementations provided for presenting
the results given in the RTM model primary publication of Means et al. (2023) comparing the
FTM and RTM simulations.
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2 Model description

2.1 Primary Publication

The FTM model (Tong et al., 2011) assembles numerous ion channel submodels for representing
the membrane voltage (V,,) with a Hodgkin-Huxley formalism. Of these submodels, the FTM
includes one Na*, two Ca?* (V,,-gated), five K* as well as a non-specific Cation channel and a
‘hyperpolarisation’ Na* and K* channel. These entail a total of nineteen ODEs for activation
and inactivation variables. Additional Ca%* dynamic mechanisms such as a plasma-membrane
ATP-ase pump and the Na*-Ca?* exchanger are included and another exchanger, the Na*-K*
transporter appears as well. [Ca%t]; in turn provides activation of a Hai-Murphy cross-bridge
model describing contraction for smooth muscles Hai and Murphy (1988). For the RTM, only
the ion channel mechanisms and transporters are considered for reduction; particularly, the
activation and inactivation variables are considered in turn for steady-state approximations. The
primary paper of Means et al. (2023) is then the focus of the model consideration: comparison
between presented results in Means, et al. of the RTM with the FTM is provided in this article
demonstrating CellML implementations of both the reduced and full model variants.

2.2 CellML Models

Implementations of both the FTM and RTM are available in the Physiome Model Repository
(PMR) here and here, respectively. This article focuses on the reproduction of results presented
in the primary article of Means et al. (2023) and not results presented in Tong et al. (2011), and is
thus arranged accordingly.

Individual results of the primary article are then organised according to reproduction of key
results from the FTM associated article. Variations of parameters and enabling or disabling of
full dynamical variables or utilisation of their steady-state approximating equivalents are noted
where suitable.

Two sets of simulations experiments are presented in the results of primary article:

1. Reproduction of experimental data simulated in Fig. 12 of FTM using the RTM-described
‘Standard Simulation Protocol”:

(@) Applied stimulus, I,,,, of -0.5 pA/pF, duration 2 seconds.
(b) V., [Ca%*]; and force generation output comparison.
2. Reproduction of experimental data simulated in Fig. 11 of FTM:
(a) Applied stimulus, I,,,, of -0.9 pA/pF, duration 9 seconds.
(b) Applied stimulus, I,,,, of -0.4 pA/pF, duration 9 seconds.
(c) Depolarising K* elevated external concentration.
(d) Applied stimulus, I, of -0.3 pA/pF, duration 9 seconds.
(e) Applied stimulus, I,,,, of -0.2 pA/pF, duration 49 seconds.
(f) V,, output comparison.

Details of parameter variations are noted in the corresponding figure subtitles as well as referred
to in the primary publication.

3 Model Results

Note, the originating simulation data was generated in OpenCOR, as well as the reproduction
for both the FTM and RTM using PMR implementations of the respective CellML models; no
extraction of figures was performed for this presentation. All figures generated with CellML
implementation with minor variations in applied stimulus strength or duration (I,;;,) conductances
(i.e., gk1) as noted throughout and readily reproducible given said variations when performed
manually in the CellML file available at the PMR.
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3.1 Standard Simulation Protocol (SSP)

The SSP formed the basis for a test case of accuracy and performance with the RTM versus
the FTM, given above noted parameters of stimulus and duration. All initial conditions of the
numerous concentrations, membrane voltage and activation or inactivation variables are as noted
in the FTM (and RTM) description. For the FTM, the result is itself a reproduction of experimental
traces given in Okabe, et al. (Okabe et al., 1999); the result shown in Fig. 1 is generated with
the Tong, 2011 PMR CellML implementation. The RTM generates the observed reproduction
of results as shown utilising the Reduced Tong, 2011 PMR CellML implementation deploying
steady-state approximations of the full model’s ordinary differential equations. Both the FTM and
RTM curves are as demonstrated from the originating publication, where the FTM result is shown
with black '+ and RTM with a blue trace. Differences between them are a result of the reduction
method described in the primary publication, Means, et al. (Means et al., 2023). Note, all initial
conditions and parameter values are set to defaults in the provided CellML implementations at
the PMR.

Figure 6 Primary P
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RTM-CellML

(a) Time tin secs

+ FTM-CellML
RTM-CellML

Vmin mV
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+ FTM-CellML
——RTM-CellML | |

0 é 4 6 é 10
(C) Time tin secs
Figure 1. SSP Reproduction: FTM and RTM results: black "+’ and blue trace, respectively. All
initial conditions are identical between them with an applied stimulus, Is;m of -0.5 pA/pF for
two seconds initiated at time ¢t = 1.0 secs.

3.2 I,,, Variations

The primary paper demonstrates functionality of the RTM model as a whole applied to scenarios
demonstrated in Figure 11 of the original Tong, et al. paper where applied stimulus, I, is varied
along with a test depolarising pulse of extracellular potassium, K}. Plots show in this instance data
taken from the originating OpenCOR computations for the primary paper (labeled 'Means, et al)
and regenerating code ('CellIML’) with black '+" and blue traces, respectively (Figure 2). 'Base case’
for RTM results generated include variations to channel conductances as described in the primary
publication; variants thereof described as such as noted primarily include changes to I, or gk
(see Fig. 2). Deviations in results between the original data traces and reproduction are minimal
if at all - particularly with the longer-term stimulus of Panel (e). Each result stems from gradual
reduction in I,,, with the suite of varied conductances for the channels included in the RTM
along with steady-state approximations; note, there is no comparison trace here with the FTM
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result of Figure 11, Tong, et al. 2011 (Tong et al., 2011). Nevertheless, the primary paper results
given in Figure 7 of Means, et al. (Means et al., 2023) demonstrate production of each trace with
the appropriate value of I, as noted: -0.9, -0.4, -0.3 and -0.2 pA/pF for Panels (a-b) and (d-e).
The longer-time duration for these results of 9 seconds and longer with (e) generate the longer
set of action potentials as well. Note, Panel (e) includes a variation to the conductance of the K1
potassium channel with gi; = 0.75 pA/pF. Alternatively, Panel (c) of Fig. 2 shows not a variation
of I:im but rather effect of a depolarising K7 pulse, where concentration of extracellular K* is set
to 10 mM. These variations are applied manually to the provided RTM CellML implementation
available at the PMR; no automated scripts generate these results as of writing this article.

Traces shown in Fig. 2 reproduce results given in Means, et al. aimed at showing ability of RTM to
mimic production of the experimental traces of Wilde and Marshall, 1988 (Wilde and Marshall,
1988) and Meisheri, 1979 (Meisheri et al., 1979), as referenced in Tong, et al. The OpenCOR
implementations of both the FTM and RTM variants of Tong, et al. 2011 demonstrate ability to
produce results from both Tong, et al., 2011 and Means, et al.
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Figure 2. Reproduction of I, variants. Panel (a): Isim=-0.9 pA/pF, duration 9 seconds (¢p =1
to tr = 10 secs; all parameters identical to base case). Panel (b): Ls;i»=-0.4 pA/pF, duration 9
seconds (to = 1 to tr = 10 secs; all parameters identical to base case). Panel (c) Is;m=0; external
K pulse 10 mM (all parameters otherwise identical to base case). Panel (d): Isim=-0.3 pA/pF,
duration 9 seconds (all parameters identical to base case). Panel (e) Is;jm=-0.2 pA/pF, duration
49 seconds, gk1=0.75 pA/pF (all parameters otherwise identical to base case).

4 Discussion

We demonstrated reproducibility of the RTM version of the FTM as shown in the primary article
of Means, et al. (Means et al., 2023). We utilised the available CellML implementation of the RTM
available at the PMR for said demonstration, as well as the FTM implementation for comparisons
where noted. Each result shown is a replication of the original results given in Means, et al. with
only a minor variation in ggias noted in for the I, variants presented in Fig. 2 Panel (e). All
results shown here are readily computable by way of the CellML models in the repository with
slight modifications to the parameter values and stimulus protocols as detailed above.
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Reproducibility report for: Steady-state Approximations for Hodgkin-Huxley Cell Models: Towards Multi-scale
Models of Uterine Smooth Muscle.

Submitted to: Physiome

Manuscript identifier: S000023

Curation outcome summary: We successfully reproduced Figure 1 and Figure 2 as presented in the manuscript.

Box 1: Criteria for repeatability and reproducibility

H Model source code provided:
[0 Source code: a standard procedural language is used (e.g. MATLAB, Python, C)

O There are details/documentation on how the source code was compiled
[0 There are details on how to run the code in the provided documentation
O The initial conditions are provided for each of the simulations

O Details for creating reported graphical results from the simulation results

B Source code: a declarative language is used (e.g. SBML, CellML, NeuroML)

B The algorithms used are defined or cited in previous articles
B The algorithm parameters are defined
B Post-processing of the results are described in sufficient detail

O Executable model provided:
[0 The model is executable without source (e.g. desktop application, compiled code, online service)

O There are sufficient details to repeat the required simulation experiments
B The model is described mathematically in the article(s):
B Equations representing the biological system
B There are tables or lists of parameter values
B There are tables or lists of initial conditions
B Machine-readable tables of parameter values

B Machine-readable tables of initial conditions
H The simulation experiments using the model are described mathematically in the article:

B Integration algorithms used are defined
[0 Stochastic algorithms used are defined
[0 Random number generator algorithms used are defined

O Parameter fitting algorithms are defined

B The paper indicates how the algorithms yield the desired output

CRBM Reproducibility Report version 1.2
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Box 2: Criteria for accessibility

B Model/source code is available at a public repository or researcher’s web site

O Prohibitive license provided
[0 Permissive license provided
B Open-source license provided
B All initial conditions and parameters are provided

B All simulation experiments are fully defined (events listed, collection times and measurements
specified, algorithms provided, simulator specified, etc.)

Box 3: Rules for Credible practice of Modeling and Simulation?

4Model credibility is assessed using the Interagency Modeling and Ananlysis Group conformance rubric:
https://www.imagwiki.nibib.nih.gov/content/10-simple-rules-conformance-rubric

Define context clearly: Extensive
Use appropriate data: Extensive

Evaluate within context: Extensive

Use version control: Extensive

[

[

[

O List limitations explicitly: Insufficient
[

B Document adequately: Adequate
[

Conform to standards: Extensive

Box 4: Evaluation

B Model and its simulations could be repeated using provided declarative or procedural code

B Model and its simulations could be reproduced

CRBM Reproducibility Report version 1.2
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Summary comments: Model and source code are available in the associated OMEX archive. This was used
in our attempt to reproduce the results presented in the paper. We successfully ran the CellML models with the
parameter settings as stated in the manuscript to reproduce the figures as presented.

Beronnd Conpodosaf
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Curator at Center for Reproducible Biomedical Modeling
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CRBM Reproducibility Report version 1.2


https://reproduciblebiomodels.org

	S000023.pdf
	Introduction
	Model description
	Primary Publication
	CellML Models

	Model Results
	Standard Simulation Protocol (SSP)
	Iapp Variations

	Discussion
	Acknowledgement

	CRBM_Reproducibility_Report__v1_3_S000023

