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Abstract: In this study, we propose the coupling of two different model of uterine smooth
muscle cell. One is an electrical model an the other is a mechanical model. The coupling
between both models is based on the concentration of calcium inside the cell compart-
ment. Two results are shown, one is a result for a unique cell with one and several action
potentials induced, the other is for a two dimensional tissue like matrix. Results show
that when several action potentials are initiated in the electrical model, the tissue is able
to contract entirely.

Introduction: The electromyogram recording of the uterine muscle is a useful technique
to get a clinical diagnosis over the women’s pregnancy. In that condition, the EMG is
named electrohysterogram (EHG) [1]. This EHG gives information only about the elec-
trical activity of the muscle, which is a very important component of the contraction.
This muscular electrical activity pass through different kind of tissues, including fat and
skin, and then undergoes a spatial and frequency filtering before being recorded with
electrodes. A correlation between the electrical activity model of uterine cell and the
EHG has already been proved [2]. However, EHG does not give information about the
mechanical effect on the smooth muscle cells (SMC), such as the force generation. The
knowledge of this force of each cell of the uterine muscle could, for instance, lead to the
computation of the intrauterine pressure which is another measure that physician can
performed to evaluate the uterus working [3]. It is obvious that the electrical and the
mechanical properties of this smooth muscle are linked together. It is widely admit that
the contraction of SMCs are initiated by the intracellular calcium concentration, named
[Ca®*]i, which links itself to the contractile elements of the SMC (actin and myosin) [4].
It is also proved that the mechanical changes in the SMC induce electrical modification
of the cell, especially though stretch-activated channels [5]. The latter is not considered
in the study proposed here.

Purpose: We proposed here a modelization of the uterine smooth muscle with an
electrical-force coupled model where the electrical aspects of the contraction are corre-
lated with the force generation. In this way, the electrical propagation through the muscle
can be used to observe mechanical force which is produced. In addition, the electrical
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properties of the SMCs do not seam sufficient enough to justify the contraction behavior
of the SMCs because the dynamics of SMCs contraction are slower than electrical ones.
Indeed, even when an action potential (AP) cycle of a cell is over, the cell continue being
contracted. A Such model could be used to correlate the electrical activity of the muscle,
which is easily recorded with EHG signals, with the force generation of the muscle. This
could lead to a better determination for predicting and preventing pre-term labor for in-
stance.

Materials and Methods: To obtain the developed force of a SMC, we used a modified
Hai-Murphy model (from a the original model of Hai-Murphy [6] which was originally
made for the airway SMCs) which is dedicated to the uterine muscle [7]. This model
has been chosen because it is commonly used to determine the force generation of SMCs
8,9, 10] and it was correlated with experimental measurement, in particular for uterine
muscle [7, 11] which is the targeted muscle in this study. Hai-Murphy model is coupled
with an electrical model from a previous study [2] which include the intracellular concen-
tration of calcium ions. The coupling is then performed with this calcium concentration
which is an important parameter in the modified Hai-Murphy force model. We first in-
troduce the electrical model of the uterine SMC and next the mechanical model.
FElectrical model: The Red3 model (Reduced 3 equations) is used here. It is a reduced
version of the model from [12], based on Hodgkin-Huxley model, express such as:
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where V,, the trans-membrane potential, nx the potassium activation variable, and [Ca?*]i
the intracellular calcium concentration. Other information about this model can be found
in [2]. The link between SMCs is modeled through gap-junctions with a spacial diffusion
of V,,, over the cells. This model has the particularity to compute the intracellular calcium
concentration which allows the link with the mechanical model below. That is not always
the case in AP models as FitzZHugh-Nagumo or Noble models for instance.

Mechanical model: We use for this study, the modified Hai-Murphy model from Maggio
et al [7] who modified the original model [6] to better correspond to uterine SMCs. The
mechanical contraction is based on four-state kinetic cross-bridge where the fraction of
cross-bridge in each state can be computed. The figure 1 shows a diagram of the four
states cross-bridges denoted M for unattached and unphosphorylated, Mp for unattached
and phosphorylated, AMp for attached and phosphorylated, and AM for attached and un-
phosphorylated. k1 to k7 are the transition rates from one state to another where k1 and
k6 are the myosin head phosphorylation rate, k2 and k5 are the dephosphorylation rate,
k3 is the myosin head attachment rate, and k4 and k7 are the myosin head detachment.
From the reference [7], k1=k6 and k2=k5 and the equations of cross-bridges distribution

dM/dt k1 k2 0 k7 M

aMp/at | | k1 —k2—k3 K4 0 Mp )
dAMp/dt | | 0 k3 —kd—k5 k6 AMp |’

dAM /dt 0 0 k5 —k6—k7) \ AM

where the initial conditions are M(0)=1 and Mp(0)=AMp(0)=AM(0)=0 and the sum of
the four states is always one. The link between the two models is based on the calcium
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concentration and how this concentration acts on the mechanical model. The link has
been introduced by Burzstyn et al. [11] on the k1 parameter (the phosphorylated rate of
cross-bridges):

[Ca2+]?k1

[Ca?+ ] + [Cai/gMLCK

k1(t) = o (3) F(t) = K(AMp(t) + AM(t)) (4)

where [Caf;“2 VoK) 18 the concentration of intracellular calcium which corresponds to half
activation of the myosin light-chain kinase and n,, is the Hill coefficient of that activation.
Then, the force generated by the SMC is the sum of both attached state (AM and AMp)
with a proportional coefficient K (equation 4).

k1
M ——> Mp Table 1: Parameters of the mechanical Hai-
€ K2 Murphy model from Maggio et al. experiment
7]
k7 k4] |k3
Parameter Value
2+
s [CaZfpuror]  464.0758 n)
am € AM k2 0.1399 s7!
—_— p .
k6 k3 14.4496 s
-1
Figure 1: Diagram of the cross-bridge cycle k4 3.6124 s
of Hai-Murphy model. M means unattached kb k2
and unphosphorylated, Mp means unattached k6 k1
and phosphorylated, AMp means attached and k7 0.1340 s
phosphorylated, AM means attached and un- 47135
phosphorylated. k1 to k7 are the transition M )
rates from one state to another. K 5.0859

Results: When an AP is initiated in the electrical model, that induces an increase of the
calcium concentration in the cell [2]. The calcium lies itself with the calmoduline which
activates the actin-myosin sliding with one another, and then, produce a force generation.
The result of the force is given at two different scales: with a unique cell and with a tissue
like matrix of cells.

One_cell: In the figure 2, an example of the co-simulation of both electrical and mechanical
model is presented. A unique AP was induced in the electrical model with a stimulation
current added to Vm. we see that the AP triggers an increase in the calcium concentration.
Then, the force start to increase and stays activated even when the calcium concentration
becomes low. That is due to the mechanical dynamics which is slower than electrical one.
In the figure 3, we see an example of both model working together with a continuous stim-
ulation which allows the generation of AP in series. In that way, we see on the panel a. the
Vm potential where 20 APs are generated over 15 seconds. The influence of the successive
APs, on the mechanical model, is that their is an accumulation of the generated force from
each AP. Indeed, in the panel c. we see the generate force being higher and higher through
APs. This phenomenon is due to the calcium concentration which is longer present in the
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cell at a high value which let more time to the mechanical process to be activated. With
continuous AP fire, the mechanical model reacts as if the cell was in a tetanic contraction.
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Figure 2: Example of the coupling of both elec-
trical and mechanical models where one twitch
was induced. We see in a. the inter-membrane
tension Vm and in b. the calcium concentration
from the electrical model. In ¢, we see the force
generation from the mechanical model and the
link with calcium concentration from the elec-
trical model.

Figure 3: Example of the coupling of both elec-
trical and mechanical models where several APs
were induced during 15 seconds. We see in
a. the intermembrane tension Vm and in b.
the calcium concentration from the electrical
model. In c., we see the force generation from
the mechanical model and the link with calcium
concentration from the electrical model.

Tissue like matrixz of cells: In the figures 4 and 5, an example of the co-simulation of both
electrical and mechanical model is presented for a two dimensional tissue with 150 by 150
SMCs. A peacemaker cell is controlled at the center of the tissue ([125 ; 125]). In the
figure 4 we see the electrical properties of the tissue through the potentials Vm. To the
top, the temporal inter-membrane potential Vm signal of the cell (position: [10 ; 10]). To
the bottom, six pictures of the two dimensional Vm view (corresponding to time t={0.1,
0.45, 0.85, 1.25, 1.65, 2.05 s}) where we see the APs spread along the tissue. In the figure
5 we see the mechanical properties of the tissue through the force F. To the top, the
temporal force F signal of the cell (position: [10 ; 10]). To the bottom, six pictures of the
two dimensional force view (corresponding to time t={0, 2, 4, 6, 8, 10 s}) where we see
the SMCs being contracted on the entire tissue. We can notice that the Vm potentials
(issue from the APs spreading along the tissue, see figure 4) are not at the same value
on the entire tissue at a t instant. This is not the case for the force values (see figure
5) which are quite similar along the tissue, certainly due to the slower dynamics of the
mechanical model. This behavior is quite similar to the uterine working in the sense
that, when observing an EHG, a lot of APs are recorded while a unique twitch of force is
recorded over one contraction through intrauterine pressure [13]. A video of this simula-
tion is available online at: http://www.utc.fr/~webdsi/mesdocuments/data/public/
86£8e9b5a20c75a8bc6569b765aa89d1 . php

Discussion and Conclusions: In this work, we saw a possible combination of two mod-
els giving a relation between electrical AP propagation and the force generation of the
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Figure 4: Example of Vm for a co-simulation with two dimensional tissue. To the top, the temporal
signal of the cell (position: [10 ; 10]) inter-membrane potential Vm. To the bottom, six pictures of the
two dimensional Vm view where we see the APs spread along the tissue.
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Figure 5: Example of Force for a co-simulation with two dimensional tissue. To the top, the temporal
signal of the cell (position: [10 ; 10]) force F. To the bottom, six pictures of the two dimensional force
view where we see the SMCs being contracted on the entire tissue.

uterine SMCs. Results show the dependence of the force generation from the electrical
AP propagation through the muscular tissue. However, a kind of inertia of the force,
with respect to the AP, is present, which maintain a force generation during the cells
repolarization. That could be due to the strong dephosphorylated attached myosin. The
correlation between electrical and mechanical model could lead to a better understanding
of mechanisms over the uterine contraction. For instance, link the entire uterine muscle
contraction with force and electrical cells properties together could lead to a prediction
of the contraction under divers constrains (medicinal for instance). A future study will
be to use the result of the force computation with the deformation of the muscle cell and
the distortion of shape which can exist among cells.
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