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Abstract

Background: The cell membrane acts as a filter, allowing ions to enter and leave the cell. Ionic channels are responsible for passing
ions. This task is the responsibility of the ion channel gates, and ion transfer generates the action potential. Potassium channels
play a prominent role in gastrointestinal smooth muscle cells and slow-wave production. Potassium channels are involved in acid
secretion and gastric contraction. Gastric functional problems such as reflux disease and motility disorder are classified as electro-
physiological disorders.

Objectives: This study aimed to investigate the effect of potassium channel gates on the electrophysiology of the human gastric
smooth muscle cells.

Methods: Three states were considered for the potassium channels gate (Including physiological state, 50% blockage, and 90%
blockage) to investigate the effect of the status of the gates, and a slow-wave diagram was obtained in these three states. Then,
the value and the time of action potential were compared at five indicator points (initial potential, maximum spike potential, min-
imum valley potential, maximum plateau potential, and resting potential) in slow-wave.

Results: The results showed that the maximum effect of the activation parameter of the potassium channel gate (74, kn:) wWas in
90% blockage compared to the physiological state, so that the maximum spike potential decreases by 2.43%. Also, a 90% blockage
in the fast potassium channel gate inactivation parameter (7, i ;) increased the maximum spike potential by 12.6% compared to
the physiological state, while the minimum valley potential increased by 3%. In addition, the 7¢, x y; parameter reduced the time of
occurrence of the maximum plateau potential by 7.9%.

Conclusions: Potassium channels affect the slow-wave of the human gastric smooth muscle cell in spike, valley, and plateau phases.
Using this method and blocking ion channels by pharmacological agents, the effect of ions in different phases of the slow-wave can
be investigated. Also, it can help improve the contractile and motility disorders of the smooth muscles of the gastrointestinal tract.
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1. Background tine (4).

The cell membrane acts as a filter, allowing materials
and ions to enter and leave the cell. Ion channels, located
in the cell membrane, transport ions into and out of the
cell. Each ion channel has gates that determine the rate of
ion passage and generate the action potential (AP) (1). Im-
paired ion conduction can lead to cell and tissue dysfunc-
tion. Potassium channels affect the contractile and move-
ment behavior of gastrointestinal smooth muscle cells (2,
3). The stomach is one of the most important parts of the
digestive system, which is responsible for grinding, mix-
ing, and propulsion the obtained substances to the intes-

Gastric functional problems are classified as electro-
physiological disorders. These disorders include func-
tional dyspepsia, gastroesophageal reflux disease, cyclic
vomiting syndrome, motility disorder (5, 6). Gastroin-
testinal electrophysiological problems can be ameliorated
by implanting a bioelectronic chip into the gastric body
and secondary stimulation using a slow-wave pattern (7).
Potassium channels control the influx and efflux of potas-
sium ions and have a great effect on the slow-wave forma-
tion and gastric acid secretion (8, 9). Impaired potassium
channel function leads to disruption of ion homeostasis
and acid secretion in the gaster (9,10). These disorders may
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cause chronic gastric atrophy and gastric cancer (11, 12). So
far, limited studies have been performed on gastrointesti-
nal smooth muscle cells compared to the heart (13). A nu-
merical model was presented by considering mathemati-
cal formulas for small bowel motility patterns (14). A quan-
titative model of the stomach was provided by Corrias and
Buist (15). Studies have been performed on the quantita-
tive model of the human jejunum (16), and the electrophys-
iological model of the human colon (17). Furthermore, re-
search has been done on the distribution of the slow-wave
in the gastric wall (18).

Adistinctive feature of this study is the survey of potas-
sium channel gates’ position on the passage of potassium
ions. The entry and exit of potassium ions are one of the
causes of the contraction and movement of gastric mus-
cles. By controlling the condition of the gates and open-
ing and closing them, slow-wave production disorders and
dysmotility of the gastric wall muscles can be improved.
One of the most important applications of this research
is to control the condition of gates and blockage of potas-
sium channels using pharmaceutical agents. Due to the
importance of potassium channels, this study aimed to in-
vestigate the change of potassium channel gates’ position
in different time states on the electrophysiological model
of the human gastric smooth muscle cell (HGSMC) by in
silico method. Using the electrophysiological model, the
parameters affecting the AP and the slow-wave of the cell
can be investigated and predicted without laboratory in-
struments.

2. Methods

Hodgkin-Huxley’s approach was used to simulate and
model the gastric cell. The Hodgkin-Huxley approach as-
sumes a cell membrane as an electronic circuit. This model
(Equation1)is used to calculate changes in cell membrane
potential over time (de / ag) (19).

de Iion + IStimulation
= 1
dt Cm 2

where I;on, Istimulation, and Cy, are the overall cell
current, stimulus current, and cell capacitance, respec-
tively. All parts of the gastrointestinal tract have smooth
muscles, ion channels, and similar slow waves (15-17).
Therefore, to simulate the electrophysiological model of
HGSMC, the colonic ion current formula (Equation 2) was
used (17).

Lion = Ixpi + Ixni + INa + IcaT @)
+ Icar + INax + INsLc + INcx

The currents in Equation 2 are as follows: over-
all cell current (f;0,,), fast potassium (Ixf;), potassium

(Ixni), sodium (In,), T-type calcium (I¢,7), L-type cal-
cium (I¢qr), sodium-potassium pump (Iy.x ), leakage
(InsLc) sodium-calcium exchanger (I y ¢ x ). The unit of
all currents is picoampere. Figure 1shows a schematic view
of the HGSMC.

Then, the physiological characteristics of the gastric
cell were used for greater adaptation. Membrane poten-
tial and cell capacitance were considered in-70 mV and 77
pF, respectively. The concentration of ions was considered
as follows: intracellular potassium (164 mM), extracellu-
lar potassium (5.9 mM), intracellular sodium (10 mM), ex-
tracellular sodium (137 mM), and extracellular calcium (2.5
mM) (15). These values were placed in the electrophysiolog-
ical model of the colon. Then, a slow-wave curve was ob-
tained similar to the gastric model by optimizing the other
parameters (15). Then, potassium channels were examined
separately. In this model, I,,; and Ik ; are described by
the following equations:

IKni:GKni XdKni XfK'ni X (Vm_EK) (3)

Ixfi = Gryi X disi X frgi X (Vin — Ek) (4)

Where G is the maximum conductance, d and f are ac-
tivation and inactivation gating variables, respectively, V.,
is the membrane potential, and Fx is the Nernst potential
for K* (15,17). The equations for the activation and inactiva-
tion parameters of potassium channel gates are as follows.

dd kni Km — dkni
Kfi _  Kfi Kfi (5)
dt TdKni
KFi
) — Frons
P TBy — gy ©
dt T fKni
K

Where (d%,.; s Yand (f%.: Kas ) are the steady-state parame-
ters of the gatmg varlables (d Kns )and (d Kns ) are the gat-
ing variables, (7, xni ) and (TL %) are the time constant
of the gating variables for the activation and inactivation
parameters, respectively (15,17).

Finally, the condition of the channel gates [the time
constant of the gate (7)] was examined in three states, and
changes were applied in the coefficients of this parameter.
(1) Physiological state, (2) 50% blockage [50% of the time
constant],and(3) 90% blockage [90% of the time constant].
The time constant of the gating variables is considered a
symbol of closed gates.

Then, the value and time of AP were compared at five in-
dicator points in slow-wave. These points are initial poten-
tial (IP), maximum spike potential (MSP), minimum valley
potential (MVP), maximum plateau potential (MPP), and
resting potential (RP).

Gene Cell Tissue. 2022; 9(4):e119450.



Taghadosi H et al.

Extracellular

Ikni

ICaL [

Ilsﬁ

1 Incx

[ntracellular

[caTt ]

7

INa [ ]

. ] Inak

7

1 INsLC

Nucleus

Excitable Membrane

Figure 1. Schematic view of the HGSMC model. Calcium currents (/c o, Ic o), sodium current (I 4 ), potassium currents (g s , Ip(f,-), sodium-calcium exchanger

(I nc x ) sodium-potassium pump (I n o i ), and leakage current (I N s 1. )-

3. Results

The results of the electrophysiological model of the
HGSMC for the indicator points are expressed in the slow-
wave diagram as the AP value and time [Volt (time)] in the
Table 1. the AP value and time are in millivolt and millisec-
ond, respectively. The slow-wave diagram in the physiolog-
ical state of the HGSMC is shown in Figure 2.

This curve has initial, depolarization, spike, valley,
plateau, repolarization, and rest phases. The duration of
one cycle slow-wave in the HGSMC is about 20 seconds
(2.81cpm), while they are 5 and 6 cpm in the colon and
the jejunum, respectively (15-17). The results were consis-
tent with the experimental results in terms of shape, am-
plitude, and slow-wave duration (20, 21). Three states were
considered for the time constant of the gate variables (7)
of potassium channels. These three states are displayed as
follows on the graphs: physiological state (blue line), 50%
blockage (red line), and 90% blockage (green line). The re-
sults of three different states for activation (74, xr;),and in-
activation (7, i ;) parameters of the potassium channel
gates are shown in Figure 3A and B, respectively.

Figure 3A shows the effect of 74 x,; parameter on the
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MSP and MVP. The slight effect of 7 g ,; parameter on MSP
is shown in Figure 3B. In other phases, no difference is ob-
served between the three states. The results are given in full
in Table 2. The results of Table 2 showed that the maximum
effect of the 74 x; parameter was in 90% blockage com-
pared to the physiological state. In this case, the maximum
potential of MSPand MVP relative to the physiological state
vary by -2.43 and 0.18 mV, respectively. Also, an increase by
64 ms was observed in the valley phase. In addition, the
maximum effect of the 77 x,,; parameter was very small at
MSP in 90% blockage (decreased by 0.05 mV).

The parameters of fast potassium channel gates are
shown in Figure 4. Activation parameter (74 k f;) and inac-
tivation parameter (7, g r;) are shown in Figure 4A and B,
respectively. The small effect of 74 g r; parameter on MSPiis
shown in Figure 4A, and the significant effect of 7¢ f r; pa-
rameter on MSP and MVP is shown in Figure 4B on the slow-
wave. Also, in the repolarization phase, 7¢ i r; parameter
had little effect. The results are shown in detail in Table 3. As
can be seen in Table 3, the 74 f y; parameter has no signifi-
canteffect on the slow-wave curve relative to the physiolog-
ical state (reduction MSP by 0.35 mV). Also, the 77 x ¢; pa-
rameter had a significant effect on MSP and MVP in the case
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Table 1. The Value and Time of AP at Different Indicator Points on the Slow-Wave Curve of the HGSMC in the Physiological State

State

Blockage (%) Parameter 1P MSP MVP MPP RP
Physiological 0 Volt (time) 70.06 (1) 36.72 (1028) -43.26 (1136) -40.92(5494) 70.06 (20000)
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Figure 2. The slow-wave of the HGSMC in physiological state.
Table 2. The Value and Time of AP at the Indicator Points on the Slow-Wave Curve of the HGSMCin T4, ki and Ty, i ,; Parameters
State Blockage (%) Parameter P MSP MVP MPP RP
50 Volt (time) 70.06(1) | -37.71(1027) -43.16 (1181) -40.92(5494) | -70.06(20000)
Td,Kni
90 Volt (time) 70.06(1) | -39.15(1030) | -43.08(1200) | -40.92(5497) | -70.06(20000)
50 Volt (time) | -70.06(1) | -36.76(1028) -43.26 (1137) -40.92(5492) | -70.06(20000)
Tf,Kni
90 Volt (time) 70.06(1) | -36.77(1028) -43.25 (1137) -40.92(5492) | -70.06(20000)

of 90% blockage (increase about 4.62 and 1.28 mV). In addi-
tion, the decrease was observed in the valley and plateau
phases by 278 and 433 milliseconds, respectively.

4. Discussion

In this study, the role of potassium channel gates on
the slow-wave was investigated in the HGSMC. Due to the
similarity of gastrointestinal cells (smooth muscle, ionic
currents, slow-wave curve), the gastric cell model was
adapted from the electrophysiological model of the colon
(17). Then, gastric cell properties were placed in the colon
model and a slow-wave was obtained similar to Corrias’s

study (15), and experimental findings (20, 21). To com-
pare the results, the value and time of membrane po-
tential were used at several indicator points in the slow-
wave curve. Three states (physiological, 50% blockage, 90%
blockage) were considered to evaluate the condition of the
channel gates, and the results were compared in the indi-
cator points.

The results showed that the effect of 74, ks and 77 g r;
on the slow-wave in the case of 90% blockage was more
than other parameters. The parameter 74 x,; decreased
MSP by 6.6%, whereas increased MVP by 0.4% (Figure 3A).
The parameter 7y  s; increased MSP by 12.6% and MVP by
3%. Also, the time of occurrence of MPP has been reduced

Gene Cell Tissue. 2022; 9(4):e119450.
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Figure 3. The effect of potassium channel gates on a slow-wave of the HGSMC in three states. Physiological state (blue line), 50% blocked (red line), 90% blocked (green line).
(A) Td, K ni parameter, (B) T, i< ,s parameter.

by 7.9% (Figure 4B). These results are consistent with the  agents(15-17). It seems that the changes in spike, valley,and
results of gastric, jejunal, and colon models when potas- plateau phases were increased in the slow-wave by decreas-
sium channels are blocked by simulating pharmacological ing potassium ion permeability.

Gene Cell Tissue. 2022; 9(4):e119450. 5



Taghadosi H et al.

o A
o 1S
I I

&
o
I

Membrane Potential (mV)
& n
(6] (@)}

T I

-36 - .
—Physiological State

38" ——50 % blocked
——90 % blocked

-40 ¢

-42 ¢

1100 1200 1300
Time (ms)

(B)

)
()}
I

Membrane Potential (mV)

8 10 12 14 16 18 20

—Physiological State
-34¢ —50%blocked |

——90 % blocked

1100 1200 1300
Time (ms)

8 10 12 14 16 18 20

Time (s)

Figure 4. The effect of fast potassium channel gates on a slow-wave of the HGSMC in three states. Physiological state (blue line), 50% blocked (red line), 90% blocked (green

line). (A) T4, i yi parameter, (B) Tf, f y; parameter.

Pharmacological agents can be used to block potas-  as potassium channel blockers (2, 22). Also, flecainide
sium channels, control slow-wave phases, and improve and 4-aminopyridine are known as fast potassium channel
motility disorders in the gastrointestinal tract. In smooth  blockers (2, 23). The effect of K" channels has been known
muscle cells,apamin and tetraethylammonium are known  asamajor factor in the behavior of gastrointestinal cells (2,

Gene Cell Tissue. 2022; 9(4):e119450.
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Table 3. The Value and Time of AP at the Indicator Points on the Slow-Wave Curve of the HGSMCin 74 i y; and T, f y; Parameters

State Blockage (%) Parameter 1 MSP MVP MPP RP
. 50 Volt (time) | -70.06(1) | -36.99(1028) | -43.25(1138) | -40.92(5494) | -70.06(20000)
L 90 Volt (time) | -70.06(1) | -37.07(1029) | -43.24(1139) | -40.92(5494) | -70.06(20000)
50 Volt (time) | -70.06(1) | -36.80(1028) | -42.99(115) | -40.90(5061) | -70.06(20000)
T 90 Volt(time) | -70.06(1) | -3210(1034) | -41.97(1414) | -40.90(5059) | -70.06(20000)
3). Potassium channels have a critical role in acid secretion =~ Acknowledgments

in parietal cells in the gastric mucosa and regulation of cell
volume in small intestinal epithelial cells. They also affect
the transport of salt and water in the epithelial cells of the
colon (24). Potassium ion channels have a significant effect
on the contraction of smooth muscle cells, thus changing
the diameter of blood vessels and blood pressure (25, 26).

Yuan et al. conducted a thorough study on physiologi-
cal characteristics of potassium channels and their impor-
tance in the stomach and related diseases (9). The proper
functioning of potassium channels has an important effect
on the stimulation of the HGSMC (2, 3, 22, 23), which was
discussed in this study. This study aimed to develop mod-
eling of gastrointestinal muscle cells. So far, more limited
studies have been performed on modeling the gastroin-
testinal tract than the heart. While different models have
been suggested for the heart, including electrophysiolog-
ical, electrochemical, three-dimensional, FEM, and quan-
titative (13, 27, 28). Finally, considering the results of this
study, pacemakers may be designed to control the contrac-
tile activity of the gastric smooth muscle, such as the heart
(7, 29). In the future, further studies should be performed
on calcium channel gates (contraction factor) and sodium
channel gates (depolarization factors). Using this method
may elucidate the effect of ions on slow-wave phases in
smooth muscle cells.

4.1. Conclusions

The highest effect of potassium channels was observed
in the spike, valley, and plateau phases in slow-wave of the
HGSMC. Motility disorders may be improved by blocking
the channels and limiting the passage of ions by pharma-
cological agents. The electrophysiological model can in-
vestigate and predict the behavior of channels and gates
in cell membrane without a laboratory environment.
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Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal web-
site and open PDF/HTML|.
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