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Heavy metals in the water environment are known to have a negative effect on the viability of fish in early development. We have dis-
cussed the influence of environmental factors on early embryo development from the viewpoint of the correlation adaptometry method.
The analysis of time series with the subsequent construction of a mathematical model was used to determine the change in the greatest effect
of certain types of ions on the values of the transmembrane potential for prognostic purposes. The membrane potential is accepted as an
integral indicator of the state of the embryos. Structures of five elements of the same type were constructed for the time shifts from 0 to
180 minutes. Each element in the system characterizes the value of the transmembrane potential that was measured in a cell incubated in one
of the five solutions during early embryo development. Mathematical models describing the cell membrane potential dynamics have been
created and studied. It was noted that the transmembrane potential dynamics of embryo cells is dependent on a change in the value of the
correlation coefficient between elements of the system. A decrease in the sum of the correlations between individual elements of the system
with an increase in the magnitude of the time shift is established. The results of the numerical solutions of the system equations indicated the
sequence of changes in the greatest effect of the incubation medium on the value of the membrane potential in cells. The study of the mem-
brane potentials’ dynamics, using the total values of the strength of correlation, confirmed the influence of heavy metals in the incubation

medium on the membrane potential of embryo cell in early development.
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Introduction

Reproduction and development of aquatic animals largely depends
on environmental factors and are sensitive to water pollution. The research
on aquatic animals has both theoretical and practical importance for ma-
king long-term ecological research in changes of development, productivi-
ty, and reproduction of organisms (Shcherbachenko, 2014; Bhagat et al.,
2020). Embryonic objects in aquatic media are affected by various physi-
cal and chemical impacts, namely temperature, pH, ionic composition of
the aquatic environment, and environmental pollutants (Sfakianakis et al.,
2015; Dos Santos et al., 2020). The effects on embryonic development of
the environmental factors depend on their duration and strength (Isaza
etal., 2020).

The heavy metals are well-known pollutants including in the aquatic
environment. Heavy metals are known environmental factors. The most
bioavailable form of metals that results in toxicity is mainly in the form of
complexes with inorganic ligands and toxic hydrate ions in the water.
The toxicity of heavy metals depends on the age of the individual, deve-
lopmental stage of the embryo, as well as the dose, route of exposure, the
chemical composition and, thus, the solubility of the nanoparticles, bio-
availability, toxicokinetics (absorption, distribution, biotransformation, and
excretion), toxicodynamics (interactions with ligands) (Kennedy, 2011;
Tchounwou et al., 2012; Lacave et al., 2016). Such forms of chemicals,
even at submolar concentrations, cause metabolic disorders, carcinogenic
and toxic effects as well as structural changes, the development of abnor-
mal behaviour or death (Singh et al, 2011; Seneviratne et al., 2019;
Gokalp et al., 2020; Yoo et al., 2020). A wide range of negative changes
in the viability of the fish embryo under influence of the heavy metals has
been found (Martinez et al., 2017; Klein et al., 2019; Gouva et al., 2020).
One of the effects of the heavy metals on early embryo development is the

occurrence of embryonic deformities following fertilization (Kerekes
etal,, 2020). It was observed that combined exposures to heavy metals
have a greater effect on zebrafish embryos (Aldavood et al., 2020). Howe-
ver, some elements, such as zinc or copper are involved in a large number
of biological processes, they regulate metabolic processes and are impor-
tant components of enzymes (Jakimska et al., 2011; Sonnack et al., 2017;
Puar et al., 2020).

Bioelectric signaling, called the transmembrane potential plays a cen-
tral role in several biological functions (Whited & Levin, 2019). It affects
many of the intercellular and intracellular functions that regulate prolifera-
tion, cell differentiation, and migration of cell, cell volume, apoptosis
(Sundelacruz et al., 2009; Abdul Kadir et al., 2018).

Transmembrane potential alterations during embryogenesis represent
the embryo cell state. Transmembrane potential plays a key role in em-
bryonic development and also influences stem cells and tumour formation
(Pai et al., 2016; Abdul Kadir et al., 2018; Levin & Martyniuk, 2018).
Changes in membrane potential across the plasma membrane affects cell
growth (Zhou et al., 2015). The transmembrane potential, is one of the
indicators of cell viability, which is sensitive to the environmental factors
that affect the cell (Sfakianakis et al., 2015; Cervera et al., 2018; Cervera
etal,,2019).

There are only a few literature reviews of effects of heavy metals on
the transmembane potential of fish in early embryogenesis. Reviews have
focused on the key questions about heavy metal accumulation in organ-
isms, transport and toxicity in aquatic systems, metal metabolism (Sfiru et
al., 2018; Wang & Tan, 2019).

There have been many mathematical models that are applied to pro-
vide awareness of the toxicity of heavy metals or their mixture on orga-
nisms (Gerasimenko et al., 2016; Grech et al., 2017). Almost all mathe-
matical models that describe heavy metals” metabolism belong to determi-
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nist differential equation models (Curis et al., 2009). The transmembrane
potential at the early stages of embryonic development of the fresh water
fish loach Misgurnus fossilis L. is used for prognostic purposes to study
the effect of heavy metals on cells (Chrishtop et al., 2014). Results of time
series analysis from the previous study are used for developing a mathe-
matical model for comparing transmembrane potentials to influence of
each metal on the embryo cells. The time series model indicated results
that transmembrane potential for embryo cells incubated in different solu-
tions close in time were more closely related than distant ones (Ivashkiv
etal., 2001).

In this study, we developed and investigated the mathematical model
of the dynamic of transmembrane potential for loach embryos incubated
on the incubated media containing known concentrations of nickel (Ni),
cobalt (Co), tin (Sn), and zinc (Zn). The mathematical model shows simi-
larities in the dynamics of the transmembrane potential at the influence of
heavy metals on the embryo cells. This study will provide useful insight
for a better understanding of the effects of heavy metals on the transmem-
brane potential of aquatic animals.

Materials and methods

The interest in study of the combined effect of toxic elements has ari-
sen because of their inconsistent impacts on the environment (Yoo et al.,
2020). The dynamics of the transmembrane potentials were registered for
the fresh water fish loach Misgurnus fossilis L. embryos incubated on five
media. Five media were used: control solution was Goldfteter’s solution,
Ni — embryos incubated in solution containing Ni** in concentration
10™ M, Co — embryos incubated in solution containing Co" in concentra-
tion 10™* M, Sn— embryos incubated in solution containing Sn®" — 107 M,
Zn — embryos incubated in solution containing Zn>" — 10~ M (Boiko &
Sanagursky, 2000).

The cross-correlation coefficients were used to define the similarity
between the two transmembrane potentials of embryo cells incubated in
the Golfreter’s solution and solutions with the heavy metals were em-
ployed to compute direction, strength, and temporal features of the metals’
influence. This technique has revealed the occurrence of positive correla-
tion and negative correlation between the pairs of transmembrane poten-
tials of cells incubated in different solutions. The algorithm proposed in the
paper (Ivashkiv et al., 2001) is used for this purpose, where the degree of
similarity in transmembrane potentials is performed by cross-correlation
analysis. The strengths of the relationships between ten pairs of the trans-
membrane potentials of embryo cells in early embryogenesis were deter-
mined.

Dynamic parameters, such as the transmembrane potential, adequate-
ly reflect the live object state in different conditions. Modeling dynamics
in transmembrane potential for germ cells, incubated in media containing
the highly toxic heavy metals, consists of the following steps: at the first
step the coefficients of cross-correlations are determined Rxy;(t) between
the values of the potential signals (n = 5), registered in the control and
exposure to jons NiZ¥, Co?", Sn*" and Zn*" for specified time offsets 7; on
the second step the structures of mutual influence of n parameters during
the synchronous germ cells divisions to 360 min are constructed, on the
third step — dynamics of potential at influence on it of ions of heavy metals
is defined.

The graph analysis is used to visually represent the strength of the re-
lationship between two signals. It is a statistical tool that detects homoge-
neous groups combined with the internal commonality of the studied
parameters (Krishtop, 2005). The general view of a graph was mapped as
an undirected graph G=(V, E) where V = {c, v,, v3, v4, Vs5} denotes the set
of vertices and E is the set of connections between these vertices or the set
of edges, that are represented as pairs of endpoints. The connection bet-
ween each pair of vertices referred to the existence of a relationship bet-
ween the vertices. To map a graph number of all possible connections
between these vertices were defined. It is assumed that the order of place-
ment of the elements in the scheme is not taken into account. All combina-
tions of interaction between n values of transmembrane potential on the
studied time interval are considered in pairs, where n = 1-5 is the number
of independent tests. The number of maximum connections for the pro-
posed schemes is equal 10. The obtained combinations are represented as

the number of combinations of n elements in m, where 1 <m >n and
calculated by the formula for combinations (Anderson, 2003):
e n!
Cn” = m! (-1

Graphs represent data as relationships between vertices that are the
values of the signals (Fig. 1): v; or TMP is the transmembrane potential
measured in an embryo cell incubated in Golfreter's solution, v, or
TMP(Ni*") is transmembrane potential measured in an embryo cell incu-
bated in medium with Ni** jons, v; or TMP(Co™) is transmembrane
potential measured in an embryo cell incubated in medium with Co®" ions,
v4 or TMP(Sn*") is transmembrane potential measured in an embryo cell
incubated in medium with Sn®* ions, vs or TMP(Zn®") is transmembrane
potential measured in an embryo cell incubated in medium with Zn*" ions.

Each vertice contains 4 connections that is a set of directed edges.
Thus, the four vertices affect the fifth vertice. The edges between the ver-
tices represent the strength of the connection and are numerically equal to
the cross-correlation coefficients between the pair of the transmembrane
potentials measured for cells incubated in different solutions for a given
time shift of .

In this work, a mathematical model for determining the impact of
heavy metals on the transmembrane potential was developed. The develo-
ped mathematical model consists of first order ordinary differential equa-
tions with coefficients that are the sum edge weight for each node. Coefi-
cients for model differential equations are called the sum of the correla-
tions, because, all influences are directed towards a separate “‘main”
element, ie there is one direction of influence to the “main’ element of the
system from the other four elements. The coefficient is defined as a the
rate constant of interaction between two elements in the system (Razzhe-
vaikin & Shpitonkov, 2008).

The criterion of the intensity of population adaptation to external in-
fluences is calculated by estimation of the connectivity of the various
analysis parameters using the weight of the correlation graph (Razzhevai-
kin & Shpitonkov, 2008). Thus, the sum of the correlation coefficients is
equal to the algebraic sum of the cross-correlation coefficients, which
operate in pairs on a particular element. The values of the coefficients for
the system of differential equations are found by adding the cross-
correlation coefficients. As a result, we observe that their numerical values
go beyond scope [1; 1]. For example,

'I':l = RI:T:PF:II.T:PF_.” 2+ + R[T.‘»Ir"'j [THP 2+)+R :mp:_y:;-wmu:&Rf!ijf!bFzﬁuj

where R rrzyrrae, 1S the cross-correlation coefficient between the

transmembrane potential of the embryo cell incubated in Golfreter’s solu-
tion and the transmembrane potential of the embryo cell incubated in a
solution containing Ni2+, R ragpyragp, i the cross-correlation coef-

ficient between the transmembrane potential of the embryo cell incubated
in Golfeter’s solution and the transmembrane potential of the embryo cell
incubated in a solution containing Co®", R rpgzyrmaes, 18 the cross-
correlation coefficient between the transmembrane potential of the emb-
ryo cell incubated in Golfieter’s solution and the transmembrane potential
of the embryo cell incubated in a solution containing Sn*,

R,:TMF:":TM;Z is the cross-correlation coefficient between the trans-

membrane potential of the embryo cell incubated in Golfreter’s solution
and the transmembrane potential of the embryo cell incubated in a solu-
tion containing Zn>". Therefore, the coefficients are given as equal to the
sum of the cross-correlation coefficients ky, = XRxjy;, m = 1-25, which
affect each of the five elements. The coeficients used in the mathematical
model for each case of the time shift are unitless when no units are shown
(Table 1).

The mathematical model of the dynamics of the transmembrane po-
tentials in early stage of development of fish embryo with constant coefti-
cients is:

dy.

_rEtl = kyVy HRaVn + kaVa + Ry + KsVs

d}.: 1 1 1 T 1

ar - el + sV Hrgls H gl + gl

d}.-! 1 T 1 1 T -
dr + gVt Kyala + Rl T RysVs (1)
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-

dt
I'.'£..!"r5- T T I
dp = + KoV +KogVa + Kag¥y +KazVs

where % is the rate of the Uansmemblane potential of an embryo cell

incubated in Golfreter’s solutlon, d .

potentlal of an embryo cell incubated in Golfreter’s solution with Ni**

dy
ions; = i

incubated in Golfteter's solution with Co’" ions; F is the rate of the

transmembrane potential of an embryo cell incubated in Golfieter’s solu-

= kyg¥1 + kz¥y + Kagha + Kol +Kgp¥s

¥ is the rate of the transmembrane

 is the rate of the transmembrane potentlal of an embryo cell

tion with Sn" ions; F is the rate of the transmembrane potential of an
embryo cell incubated in Golfieter’s solution with Zn*
Table 1
Value of parameters of the mathematical model
for each case of the time shift
Coeffi- _ _ _ Time Ehlﬂs _ _ _
cients = = = = = = =
Omn 30min 60mn 90min 120min 150 min 180 min
ki 1.55 237 1.98 1.15 -0.38 —1.63 -142

k 020 0.62 0.61 046 0.05 -040 046
ks 0.54 0.67 0.52 027 -014 -043 040
ky 0.73 0.68 048 0.06 -037 042 022
ks 0.08 042 036 036 0.09 -038 037
ke 020 0.62 0.61 046 0.05 -040 046
ks 239 126 035 -011 067 -110 089
ks 0.88 029 -011 -022 028 -026 -0I8
ko 0.66 0.70 -015  -026 030 -022 010
ko 0.65 0.26 -001 010 014 021 0I5
ki 0.56 0.67 0.52 027 -014 -043 040
ki 0.88 029 -011 -022 028 -026 018
ki3 2.89 1.74 0.61 0.07 -094  -139 098
ks 0.87 0.38 0.06 -019 -042 036 -0l6
kis 0.60 040 0.14 0.08 -010 -034 024
kg 0.73 0.68 048 0.06 -037 042 022
ki 0.63 0.10 -015 026 030 022 010
kis 0.87 040 0.06 -019 -042 036 -0l6
ko 261 1.82 0.68 -035 119 136 075
koo 0.38 0.66 029 0.05 0.10 036 028
ko 0.08 042 0.36 0.36 0.09 -038 034
k» 0.67 0.26 001 -010 014 021 0I5
ks 0.60 040 0.14 0.08 -010 034 024
kos 038 0.70 030 0.05 -010 -036 028
kos 1.73 1.74 0.80 0.39 024 128 101

All of these parameters relate to a single system, the transmembrane
potential of the loach blastomere, and reflect the state of its corresponding
elements over time, so this can be used to construct a functional diagram
describing their interaction.

Initial conditions for the system of differential equations are given:
y1(0) =—50 mV; y»(0) =—43.8 mV; y3(0) =—44.8 mV; y,(0) =—453 mV,
y5(0)=—45 mV (Boiko & Sanagursky, 2000).

The dynamic behaviour of the transmembrane potential was deter-
mined by solving the system linear ordinary differential equations numeri-
cally. The solutions of the initial value problem problem were obtained
using a fourth-order Runge-Kutta method using Matlab R2014a (Yaki-
menko, 2019).

Results

The graphs of mutual influence of the transmembrane potential of
cells of early embryos of Misgurnus fossilis L. at different cleavage stages,
incubated in Golfieter’s solution and media with heavy metals as Ni*',
Co™, S, Zn®" for the time shifts of T from 0 to 180mmmagwenmne
mterval of 30 min are shown in Figure 1. The lines in the graph determine
whether each pair of transmembrane potentials are connected, and the values
of the cross-correlation coefficient are shown in Figure 1 as the scope. Ac-
cording to the structures (Fig. 1), the gradual change of effect caused by
different incubation solutions with heavy metals or Golfreter’s solution,
and the control solution on the transmembrane potential was followed.

e TMP (Ni2*)

TMP (C0%") i / — TMP (Sn*")
TMP (Zn>")
a
TMP TMP (Ni*7)

TMP (Zn?*)

TMP {N1~ )

| TMP Sn2+)

TMP (ZnZ")

—— TMP (Ni?*)

o
=iy
TMP (Sn?*)

TMP (Zn")
g

Fig. 1. The graph data structure for a five vertices at time shifts: =0 min (@),
at t=30 min (b); at t=60 min (¢); at T=90 min (d); at T= 120 min (e);
att=150 min (f); at t= 180 min (g); P =0.05; * — correlation magnitude:
1.0-0.8
0.8-0.6

It is shown that the cross—correlation between the transmembrane po-
tential of cells incubated in solutions containing heavy metals as Ni*',
Co®, Sn*" is very strong with zero offsets (Fig. 1a). The cross-correlation
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between pairs of transmembrane potentials of cells incubated in solution
containing NiZ¥, Co®*, Sn*', Zn®" ions is strong with the time shift of T =
30 min, indicating that the one “leader”” from the heavy metals cannot be
determined (Fig. 1b).

A tight relation was found between the transmembrane potential of a
cell incubated in Golfteter’s solution and the transmembrane potential of a
cell incubated in a solution containing Ni** at time shifts t= 60 and 90 min
(Fig. 1c, d), but the relation was weaker than for zero offsets and tie shift of
30 min. Solutions with Co?" and Sn** ions influence embryo cells at early
embryo development, which results in the strong correlation between the
transmembrane potentials at the time shift T= 120 min (Fig. 1e).

The correlation is significant between transmembrane potentials re-
corded for embryo cells incubated in solutions with NiZ", Co®", Sn®" ions
at time shift of T = 150 min (Fig. 1f) and for the time shift of T= 180 min
significant correlation is found between transmembrane potentials measured
for embryos incubated with Ni** jons and Golfreter’s solution (Fig. 1g).

The mathematical model (/) was solved to establish the dynamic of
the transmembrane potential behaviour over time, which depends on the
magnitude of the closeness of the relationship between the elements for
the experimental time shifts (Fig. 2-8).

Dt -
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Yi(f) —sfe——e—
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L
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Fig. 2. The dynamics of transmembrane potential at time shift =0 min:
(1) the rate of change of the transmembrane potential of an embryo cell
incubated in Golfreter’s solution, (2) the rate of change of the transmem-
brane potential of an embryo cell incubated in a medium with Ni** ions,
(3) the rate of change of the transmembrane potential of an embryo cell
incubated in a medium with Co?" ons, (4) the rate of change of the trans-
membrane potential of an embryo cell incubated in a medium with Sn**
ions, () the rate of change of the transmembrane potential of an embryo
cell incubated in a medium with Zn*" ions
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Fig. 3. The dynamics of transmembrane potential at time shift t= 30 min:
(1) the rate of change of the transmembrane potential of an embryo cell
incubated in Golfreter’s solution, (2) the rate of change of the transmem-
brane potential of an embryo cell incubated in a medium with Ni** ions,
(3) the rate of change of the transmembrane potential of an embryo cell
incubated in a medium with Co?" ons, (4) the rate of change of the trans-
membrane potential of an embryo cell incubated in a medium with Sr®"
ions, () the rate of change of the transmembrane potential of an embryo
cell incubated in a medium with Zn*" ions

The first examined was the dynamic of the of transmembrane poten-
tial under the action of heavy metals on an embryonic object in early
embryogenesis at time shift 1 that equals to 0 min (Fig. 2), time shift 7 that
equals to 30 min (Fig. 3), time shift t that equals to 60 min (Fig. 4), time
shift t that equals to 90 min (Fig. 5), time shift T that equals to 120 min
(Fig. 6), time shift T that equals to 150 min (Fig. 7), time shift t that equals
to 180 min (Fig. 8).
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Fig. 4. The dynamics of transmembrane potential at time shift t= 60 min:
(1) the rate of change of the transmembrane potential of an embryo cell
incubated in Golfieter’s solution, (2) the rate of change of the transmem-
brane potential of an embryo cell incubated in a medium with Ni** ions,
(3) the rate of change of the transmembrane potential of an embryo cell
incubated in a medium with Co®" ions, (4) the rate of change of the trans-
membrane potential of an embryo cell incubated in a medium with Sn®*
ions, () the rate of change of the transmembrane potential of an embryo
cell incubated in a medium with Zn*" ions

Vst —

055 L L ! I L L L I L
0o o1 02z 03 04 05 0B 07 08 08 10

Fig. 5. The dynamics of transmembrane potential at time shift =90 min:
(1) the rate of change of the transmembrane potential of an embryo cell
incubated in Golfreter’s solution, (2) the rate of change of the transmem-
brane potential of an embryo cell incubated in a medium with Ni** ions,
(3) the rate of change of the transmembrane potential of an embryo cell
incubated in a medium with Co®" jons, (4) the rate of change of the trans-
memibrane potential of an embryo cell incubated in a medium with Sn®"
ions, () the rate of change of the transmembrane potential of an embryo
cell incubated in a medium with Zn”* ions

The smooth changes of the non-oscillating curve predicted by our
model are presented in (Fig. 2-8). The parameter values for the model
equations are those listed in Table 1. The time limit value is taken when
calculating time from O to 1. Figure 2 shows the similar changes in the
transmembrane potential of cells over time. Numerical values of the coef-
ficients of the equations correspond to the time shift T = 0 min. The very
similar results of the dynamic behaviour for the transmembrane potential
were obtained that are convex monotonically decreasing functions at time
shifts T =0, 30 and 60 min (Fig. 2-4). Curves of the functions grown
monotonically at time shift of t=90-180 min (Fig. 5-8). Since the coefi-
cients of the equations are positive on time shifts up to t= 90 min and the
values of the coefficients are negative with T= 90 min, the functions grow
monotonically and are convex upwards.
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Fig. 6. The dynamics of transmembrane potential at time shift t=
120 min: (/) the rate of change of the transmembrane potential of an emb-
ryo cell incubated in Golfreter’s solution, (2) the rate of change of the
transmembrane potential of an embryo cell incubated in a medium with
Ni** ions, (3) the rate of change of the transmembrane potential of an
embryo cell incubated in a medium with Co®" fons, (4) the rate of change
of the transmembrane potential of an embryo cell incubated in a medium
with Sn*" ions, (5) the rate of change of the transmembrane potential
of an embryo cell incubated in a medium with Zn®" ions

0.000

oo EI‘W EIIZ EI‘E Ellfl EIIS EIIE D‘? EIIB D‘B 10
t
Fig. 7. The dynamics of transmembrane potential at time shift t=

150 min: (/) the rate of change of the transmembrane potential of an emb-

ryo cell incubated in Golfreter’s solution, (2) the rate of change of the
transmembrane potential of an embryo cell incubated in a medium with

Ni*" jons, (3) the rate of change of the transmembrane potential of an

embryo cell incubated in a medium with Co®" fons, (4) the rate of change

of the transmembrane potential of an embryo cell incubated in a medium
with Sn*" ions, (5) the rate of change of the transmembrane potential

of an embryo cell incubated in a medium with Zn*" ions

Discussion

The transmembrane potential plays a key role in development of or-
ganism, regeneration and disease. But in the literature, there is little infor-
mation on the transmembrane potential and the effects of heavy metals on
the dynamic of this bioelectric signal in early stages of embryo develop-
ment.

Previous study has reported the degree of similarity between the
transmembrane potentials of loach Misgurnus fossilis L. embryo cells at
the early stages of embryo development interacting with heavy metals in
the incubation media (Boiko & Sanagursky, 2000; Ivashkiv et al., 2001).

Correlation strength between pairs of the transmembrane potentials
differs with the time shift. This relationship is illustrated in (Fig 1). It is
shown that the correlation strength decreases as the lag increases increase
up to 180 min. It can be assumed that the decrease in the correlation
strength with the time shifts is due to the fact that Ni**, Co®", Sn’" ions
have an inhibitory effect on active transport systems, that maintain the
transmembrane potential of the cell. Boiko et al. (2004) have reported
changes in the Na’, K'-ATPase activity under influence of the heavy

metals (Chen et al., 2017). The enzymatic sensitivity to heavy metals is
different in early embryo development and the Na', K'-ATPase exhibits
the greatest inhibition activity against Ni** ions (Boiko et al,, 2004).
The closeness of the relationship between transmembrane potential for
embryos incubated in media with Zn>" and in the control solution remains
moderate or weak with increasing time shifts. Obviously, this result is due
to the fact that Zn”", as an important trace element in the life cycle of em-
bryonic organisms (Vallee & Falchuk, 1993; Dehbandi et al., 2020), anta-
gonizes the toxic effects of heavy metals (Formigari et al., 2007). Since Zn
is a metal that competes with Ca in the gill surface and can inhibit the
Ca*'~channels (Cousins et al., 2006) and Ca*" influx and K* or Na" efflux
through specific ionic channels change the transmembrane potential of the
embryo cell this results in indirect influence of this trace metal on the
membrane potential. The more the weight of the correlation graph falls,
the more the effect of the environmental factor, as heavy metals in the
incubation solution, on the embryo development is effective.

0.01

0.00r B

TME, mV

oot —

0021 B
Y —se———sfe—
Yalrf)
Valr)
D ) e——s—

1 vslry

L L
0o o1 02 03 04 05 06 07 08 08 10
t

Fig. 8. The dynamics of transmembrane potential at time shift t=
180 min: (/) the rate of change of the transmembrane potential of an emb-
ryo cell incubated in Golfreter’s solution, (2) the rate of change of the
transmembrane potential of an embryo cell incubated in a medium with
Ni* ions, (3) the rate of change of the transmembrane potential of an
embryo cell incubated in a medium with Co™" ions, (4) the rate of change
of the transmembrane potential of an embryo cell incubated in a medium
with Sn?" ions, (5) the rate of change of the transmembrane potential of an
embryo cell incubated in a medium with Zn*" ions

00

The graph structures proposed in the work were used to visualize a
qualitative change in the regulation of the magnitude of the transmem-
brane potential by heavy metals. In order to better understand the effect of
heavy metals on the transmembrane potential the mathematical model
was constructed with sum cross-correlation coefficients. A mathematical
model describing the dynamics of transmembrane potential in embryonic
objects at the stage of early embryonic development is developed. They
also serve to phenomenologically describe the processes represented by a
set of elements with known characteristics. Using this approach, it is
shown that the simultaneous action of the ions group cause changes in the
transmembrane potential, which are fixed in the time shift before the
second division. And the critical moment of change of the transmembrane
potential is found from time shift of 90 min. The results obtained by nu-
merical solution of systems of equations indicate a consistent change in
the coefficient km between the transmembrane potential of embryo cells
incubated in five solutions. The nature of the change km between the pair
elements of the system indicates the degree of their belonging to the
processes of generation of the transmembrane potential of the embryonic
cell. The general decline km indicates the growing role of higher order
subsystems, which are components of the plasma membrane, in embryo-
genesis.

There are oscillatory changes in the membrane properties of cleaving
embryos from the value of approximately —40 mV at the first division to
approximately —70 mV after the fifth division (Bregestovski, 1992).
The transmembrane potential with lag and effects of heavy metals change
the magnitude to positive value. That can be explained by long term effect
of heavy metals on transport systems of embryo cells that maintain the
transmembrane potential.
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The dynamics of the transmembrane potential were determined by
equal behaviour at the time shift 0 min, and 30 min that can be explained
by strong correlation dependence. Thus, as the total strength of the rela-
tionship between the two curves describing the dynamic of the transmem-
brane potential of the embryo cell decreases under the action of factors, the
functions describe the following properties: (1) the function is monotonic
and convex, (2) the function is monotonic and changes the direction of
convexity. The function acquires positive values at time shifts from t =
90 min up to = 180 min. These simulations also show that the values of
cross-correlation coefficients (Razzhevaikin & Shpitonkov, 2008) directly
affect the behaviour of functions.

The processes that cause general changes in the level of transmem-
brane potential in the studied time interval are closely related. Characters
of changes in the total strength of correlations between pairs of elements in
the system y;(t), ya(t),. . ., y5(t) are illustrated with diagrams (Fig. 1). Direc-
tion of decreasing value km observed with increasing magnitude of the
time shift. The coefficient km, considered between the pair elements of the
system, gradually changes the maximum value with time shifts from one
of the studied pairs to others. Obviously, this determines the change in the
generation of transmembrane potential. Thus, the curves of the transmem-
brane potential of the embryo cells are characterized by transient beha-
viour, which is determined by the chemical composition of the incubation
medium for cold-blooded animals and the effects caused by time shifts.
Heavy metals directly affect the systems of the plasma membrane that
maintain the membrane potential, and their sensitivity to ions changes
over time. From the heavy metals used in the various concentrations, zinc
was proved to be the most toxic heavy metal causing increased risk of
mortality and shorter life expectancy for zebrafish eggs (Gouva et al.,
2020). In the diagrams, this assumption is represented by small values the
correlations at large time shifts. Graphically, this assumption can be ex-
plained by the approximation of the value of the membrane potential to
zero values.

Conclusion

Therefore, we used the results of studies of the transmembrane poten-
tial of cells incubated in media with heavy metals of known concentration.
The structures of pairwise interdependencies between the indicators of the
transmembrane potential for given time shifts are constructed. The ma-
thematical model qualitatively reproduces the structure of functional inte-
ractions of individual elements of the system. In conclusion, this study is
one of the attempts to model change of influence of heavy metals that
have been experimentally observed in the different animal objects. Theo-
retical evidence yielded by this study supports that the leadership effect of
heavy metals on the transmembrane potential of embryo cells in early
embryo development changes with time shifts. The combined effects of
various metal mixtures are complicated and need to be further studied in
diverse marine species.
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