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Abstract

Functional activity is a basic concept of biology; however, instrumental methods of its
determination are absent. The interrelation between bone marrow cell proliferative activity, as one of the
functional activity parameters, the content of calcium, copper, and reactive oxygen species (ROS) in the
cells, and the electrical conductivity of the cell culture was studied in young and old Wistar rats aged 3
and 20 months. We determined the electrical conductivity of the bone marrow cell cultures and
parameters of bone marrow cells (proliferative activity and calcium, copper and ROS content). The bone
marrow cells of old intact animals had higher proliferative activity in the primary culture as compared to
that of young animals. The content of the 8 main morphological cell types in the young and old animals
were similar, while the lymphocyte content was larger in the old animals. Content of ions in the bone
marrow cell cultures of old animals as compared with that in young animals varied as follows: Content of
calcium was 75 % higher, copper was 5 times lower, and ROS was 2.5 times lower. It was found that the
conductivities of the pure culture medium and of that after the cultivation of the bone marrow cells in the
nutrient medium were significantly different. It has been suggested that the electrical conductivity of
biological media could be used as an integral characteristic of the ionic composition and structural
organization of biological media.
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Introduction

Investigation of the cell functional activity of various tissues and organs is of great interest in
solving a number of medical and biological problems. First of all, it of concern to problems related to
oncopathology, autoimmune pathology, gerontology, and geriatrics. However, researchers are faced with
the fact that the concept of “functional state”, which is a basic concept of modern science of biological
systems, does not have an unambiguous interpretation. This is due to the lack of our knowledge about the
integrative activity of biological systems [1]. In this regard, the search for instrumental methods for
assessing functional states is an urgent task. In medical practice, when determining functional states, the
concepts of “norm” and “pathology” are used. However, there is no borderline between a normally
functioning system and pathology. At the same time, even minor deviations from the homeostatic norm
can lead to persistent functional changes in response to subsequent actions of stress factors. Age-
dependent changes in biological systems can serve as an example of such functional changes. An example
of functional changes at the cellular level of the organization of biological systems can be the activity of
proliferation; that is, populations of non-dividing cells and actively dividing cells that can be considered
as different functional states.

A number of works have been devoted to studying cell proliferative activity [2-4]. Significant
successes have been reported in solving this vital problem [5,6]. It was shown that cell division regulation
depends on a number of factors, and can be implemented in various ways [7]. Thus, there exists a need to
search and develop integrative methods for assessing proliferative cell activity as a parameter of
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functional states. The available data suggest that integrative methods can be based on physical quantities,
such as the electrical conductivity and permittivity of biological media. As is known, electrical
conductivity is defined by charged particles moving in an electric field [8,9]. Data exist that indicate a
relationship between the ionic status of cells and their proliferative activity [10]. In this regard, the
identification of the relationship between the electrical conductivity of bone marrow cells (BMCs) and the
functional activity of the cells is of great interest.

As is known, blood and immunocompetent cells are formed in the bone marrow. The functional
activity of BMCs represents the physiological characteristics of the organism, in particular, pathologies
and age-related changes. In this regard, the study of such integral characteristics as the proliferative
activity of BMCs in culture and their relation with electrical conductivity is of great theoretical and
practical interest.

Investigation of the electrical conductivity of biological objects was started 70 - 80 years ago in the
20™ century [11]. However, interest in this promising method was somewhat lost due to the difficulty of
interpreting the obtained results. Our investigations have shown that the electrical conductivity of
biological systems is affected not only by the ionic composition, but also by the presence of lipids and
membrane structures, and the ratio between high and low molecular weight proteins in biological systems
[12]. The conductivity index can reflect the peculiarities of the organization of biological systems [13]. In
this regard, it was hypothesized that the electrical conductivity of biological systems depends on the
number of charged molecules and the structural organization of the systems and, therefore, this indicator
can be an integral indicator of the functional activity of biological systems.

Materials and methods

Experimental approach

To check the hypothesis, the BMCs of Wistar rats of different ages (3 months as young and 20
months as old animals) were obtained. Then, the proliferative activity of the BMCs in culture was defined
in vitro and the electrical conductivity of the BMC cultures was measured. The content of calcium and
copper ions, which are present in relatively large amounts in the cells, and the reactive oxygen species,
known as indicators of the redox system in the BMCs, were determined in the young and old animals.
These parameters indicated the functional activity of the BMCs.

The experimental study was based on the assumption that formation of adaptive memory affects all
hierarchical levels, starting from physicochemical to cellular results, in the temporal existence of
biological systems. Therefore, the BMCs of young and old animals with different adaptive experience
must differ in characteristics of the ionic composition, redox system, and functional cell properties. Thus,
it was expected that the BMCs formed in young and old animals from mesenchymal stem cells on the
background of different microenvironments should differ in physicochemical and functional
characteristics.

To assess some physicochemical characteristics of the BMCs, the parameters of the contents of
copper, an essential trace element of more than 30 enzymes, calcium, and reactive oxygen content (ROS)
were determined. The electrical conductivity of the BMC cultures isolated from young and old animals
was also measured as an integral indicator of ion transport activity in an electric field.

Preparing animals for the experiment

The experiments were carried out in sexually mature young and old male Wistar rats, which were
divided into 2 age groups (3 and 20 months), consisting of 6 animals. All procedures involving animals
were carried out observing bioethics rules (Council Directive 2007/526/EC, 2007) [14] taking into
account the circadian rhythms of biological responses. Therefore, animals were always fed according to a
timetable and were kept in standard conditions, and all manipulations (the administration of toxic or other
preparations) were carried out before their food intake. The animals did not receive any food for 24 h
preceding BMC isolation. The animals were always withdrawn from the experiment from 8:00 to 10:00
a.m. local time.

Extracting the BMCs and their cultivation in vitro

The BMCs were extracted from 2 femoral rat bones following the procedure described in [15], and
then were cultivated in Eagle’s medium, which included antibiotics (1% gentamycin and
1% streptomycin) and 20 % of inactivated fetal bovine serum. Cultivation was run under the standard
conditions: Temperature was 37 °C, and atmospheric CO, content was 5 %. The number of cells and their
morphotypes were determined daily from the first to the fourth day of cultivation. The content of the
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BMCs at the initial stage of cultivation always reached 2 million cells per mL (Figure 1), and was
unchanged during cultivation.

Determining the number and morphotypes of the cells

The cell count and evaluation of the viability of the BMCs were carried out as described in [16].
The BMC morphotypes were determined immediately after the culture preparation, and on the 2™ and 4™
day of cultivation, as was described in [17]. The cytological preparations were stained by the
Romanovskii-Gimza method, and then were analyzed by using a 100x Zeiss Primo Star iLED microscope
(Germany).

Measuring the calcium and ROS contents

The content of calcium ions in the BMCs was measured by adding 5 pL of the working solution to
the BMC cultures. Then, the components were mixed by pipetting and were incubated for 15 min in a
dark place at room temperature. The cells were visualized by confocal microscopy using an Olympus
FV10i-LIV laser scanning confocal microscope (Olympus, Japan) with the Olympus FV4.1 software. The
relative intensity of fluorescent radiation in each cell was measured by the Olympus FV4.1 software,
taking into account the background glow. The image deconvolution and 3D object reconstruction was
carried out by using Olympus CellSense Dimension Desktop software. The ROS content was measured
according to the recommendations of the manufacturer (Cellular ROS Assay Kit - Red (ab186027) [18]
by adding 50 pL of the cell culture (6x10%mL) to 5 pL of Fluo-3 to working solution with a content of 25
UM.

Determination of content of copper ions

The copper ions in the BMC cultures were determined by adding a mixture of sulfuric and nitric
acids (1 mL of each acid) to 500 mL of the cultures. Then, the samples were heated at 140 °C for 60 min
for mineralization. The content of copper ions in pg/10° cells was determined by using an atomic
adsorption spectrophotometer C-115-M1 (Ukraine).

Measuring the electrical conductivity of the BMCs

The BMCs were suspended in the culture medium, consisting of 199 media with antibiotics and
20 % fetal calf serum, so that 1 mL contained 3 million cells/mL. The cultures were placed into a Teflon
cell, connected to 2 ports of the Rohde & Schwarz ZNB 40 vector analyzer. The electrical conductivity
was measured in the frequency range from 100 kHz to 100 MHz with intervals of 50 kHz.

The S-parameters of measuring cell, real and imaginary parts of the impedance, Z,, and Z;,,, were
automatically measured by using a Rohde & Schwarz ZNB 40 analyzer. To calculate the electrical
conductivity of the cell cultures, the measuring cell impedance was converted to the equivalent
parameters of an electric circuit: A capacitor and resistor connected in parallel. Then, capacitance C and
resistance R of the equivalent circuit could be expressed through the real and imaginary parts of the
impedance as:
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Since the electrical conductivity of the measuring cell contents depended upon the properties of the
substance in the measuring cell and its geometric parameters, the adjustment factor k=175 m™ calculated
for a cylindrical cell with a capacity of 1 mL was introduced. Then, the specific conductivity o was
defined as:
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Statistical analysis of the results

The mean, standard deviation, and standard error of the mean, and sample size were used as the
characteristics of the obtained samples. The statistical significance of difference between the 2 data
groups was evaluated by the nonparametric Mann—Whitney test. The results were statistically processed
by the OpenOffice and Origin software packages. The data differences between the control and
experimental groups were accepted as significant at p < 0.05.
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Figure 1 The characteristics of the cell culture: a) the number of BMCs in primary culture obtained from
young and old intact animals; b) the number of morphologically identified morphotypes (1 - stab
neutrophils, 2 - metamyelocytes; 3 - lymphocytes, 4 - segmented neutrophils, 5 - myelocytes, 6 -
eosinophils, 7 - basophils, 8 - monocytes) obtained from young and old animals. All the experiments were
repeated as biological replicates for at least 3 times. The differences between samples were analyzed
using the nonparametric Mann-Whitney U test. Data are shown as mean £ S.D. *p < 0.05; ns, not
significant.

Results and discussion

Proliferative activity of the BMCs in young and old animals in vitro

The BMCs obtained from old animals were transferred to the primary culture. In a day, the cell
number increased from 2 to 4 million cells/mL. By the 3" day, the number of BMCs reached a steady-
state at a level of more than 5 million cells/mL (Figure 1). The BMCs of young animals were also
proliferated in the culture. However, their growth rate was less than that of old animals (Figure 1a).

Thus, the number of BMCs obtained from the old animals after 1 day of cultivation was 47 %
higher as compared to that of the young animals. Such behavior was observed during the whole
cultivation period (Figure 1a).

Hence, the proliferative potential of the BMCs of old animals, placed into primary culture, was
greater than that of young animals. This observation may seem unusual. However, the obtaining of BMCs
and their further cultivation was accompanied by an abrupt change in the microenvironment of these
cells. It cannot be ruled out that BMCs obtained in old animals respond to changes in the environment by
increasing proliferative activity to a greater extent than that of the BMCs of young animals. Along with
this, it is known that not all types of BMC are capable of proliferation in culture in comparison with the
BMC of young animals. In this regard, in the next series of experiments, the number of morphologically
identified types of the BMCs in young and old animals was determined. The 8 main morphotypes of the
BMCs: Monocytes, myelocytes, metamyelocytes, stab and segmented neutrophils, lymphocytes,
basophils, and eosinophils, represent 60 - 80 % of all BMC types [18].

The BMC composition of young and old animals has been proven to be similar, with the exception
of lymphocytes (Figure 1b). The number of lymphocytes in the BMCs of old animals was 2.8 times
greater as compared with that of young animals (Figure 1b). An increase in the number of lymphocytes
in the bone marrow of old animals may reflect the formation of a leukemic clone in old animals, which
may be associated with the onset of the development of a pathological process in these animals. Since
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lymphocytes are capable of proliferation in cell culture, and their number is increased in old animals, it
can be assumed that the high proliferative activity of the BMC culture obtained in old animals is
explained by the large number of lymphocytes in the BMCs of old animals. At the same time, it cannot be
ruled out that the BMCs formed in old and young animals against the backgrounds of different
microenvironments would differ in physicochemical characteristics affecting their functional activity,
such as proliferation. Based on this assumption, the ion composition and ROS content of the BMCs were
determined in the following series of experiments.

The ion composition and ROS content of the BMCs in young and old intact animals
The content of calcium ions in the BMCs of the old rats was 73 % greater than in those of young
one. The content of copper ions was 5 times lower in the young rats (Table 1).

Table 1 The content of copper, calcium, and ROS in the BMCs of young and old animals (n = 6).
Reliable differences with p < 0.05, obtained by the nonparametric Mann-Whitney U test, are noted by *.

Mean +error of the mean

Element
Young animals Old animals
Cu?', ng/10° cells 0.072 + 0.005 0.013* + 0.002
Ca?", relative units 167+4.9 230% + 8.1
ROS relative units 374+ 7.6 148* £ 5.3

Figure 2 The content of Ca®" and ROS were measured by an Olympus FV10i-LIV laser scanning
confocal microscope with Fluo-3 and Cellular ROS Assay Kit - Red (ab186027), respectively. The
relative intensity of fluorescent radiation of Ca®" and ROS in each cell was measured by the Olympus
FV4.1 software. Localization of calcium ions and ROS in bone marrow cells was measured. All the
experiments were repeated as biological replicates for at least 3 times. The differences between samples
were analyzed using the nonparametric Mann-Whitney U test. Data are shown as mean + S.D. *p < 0.05.

As is known, the ionic composition of cells is regulated by various mechanisms affecting the
functional activity of the BMCs [19]. Metal ions are part of a large number of enzymes which regulate
cell activity [20], provide intracellular signaling [21], regulate intracellular transportation, and affect the
characteristics of the cell redox system.

The ROS in the BMCs of old animals was 2.5 times lower than in that of young animals (Table 1
and Figure 2). These results suggest that the equilibrium of the prooxidant — antioxidant system in the
BMCs of old animals is shifted towards antioxidants, while that of young animals is shifted toward
prooxidants.

Consequently, the bone marrow of old animals contained a significantly larger number of
lymphocytes compared to the number of lymphocytes in the bone marrow of young animals. The number
of all other morphotypes in the bone marrow of young and old animals was the same. The transfer of cells
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to primary culture was accompanied by an increase in the proliferative activity of BMCs isolated from old
animals.

It is known that calcium ions are involved in the regulation of the functional activity of cells,
including proliferative activity. However, this relationship is quite complex, in the sense that a number of
works have revealed both positive and negative relationships. This can be explained by the fact that a
change in the number of some ions is accompanied by a change in the number of other ions. The
relationship between ions in a cell is determined by a complex set of integrative interactions. In this
regard, it is of interest to search for methods for assessing the total ionic composition of a cell. It is known
that the ionic composition in complex biological media can be determined by the characteristics of the
electrical conductivity of biological systems.

The electric conductivity of the BMCs in young and old intact animals

The electric conductivity of the BMC cultures obtained from old animals was significantly higher
than that of young animals (Figure 3). It is known that electrical conductivity in biological systems is
determined by the content of ions in solution. However, the electrical conductivity will be affected by the
structure of cell membranes, the content of lipoproteins, and the state of high and low molecular weight
proteins that make up the cells. Currently, there is no unified theory of the electrical conductivity of
biological systems that would determine the contribution of each of these components to the formation of
electrical conductivity. The obtained differences in the electrical conductivity of the BMC suspension of
young and old animals corresponded to the differences in the proliferative activity of these cells (Figures
1a and 3a).

Therefore, the similar morphotypes in the BMCs of the young and old animals differing in the ionic
composition, ROS content, and proliferation ability in primary culture may indicate their functional
differences within the same morphological types.

The electrical conductivity of the cell suspension was selected as an integral characteristic of the
ionic composition.
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Figure 3 The frequency plots of the electrical conductivity of the BMC cultures: a) 3 month rats (1) and
20 month rats (2); b) the culture medium before cell cultivation (1) and after 3 days of cell cultivation
after the removal of cells from the medium (2).

It should be noted that the frequency curves of the electrical conductivity of the BMC cultures of
young and old animals differed over the entire frequency range (Figure 3a). Since the culture of the
BMCs from young and old animals contained the same number of cells (3 million cells/mL), it can be
stated that the cellular structures of the old animals contained a larger number of charged particles and,
additionally, the cell functional activity of young and old animals also differed.

It was previously shown that, along with the ionic composition, the parameters of electrical
conductivity are significantly influenced by lipid components and the proteins composition [12]. Thus,
the removal of lipid components from the medium was accompanied by an increase in electrical
conductivity. Removal of high molecular weight proteins from a measuring cell was accompanied by a
twofold increase in electrical conductivity. It should be noted that lipid and protein components have
different effects on electrical conductivity. While lipid components are dielectrics, then high-molecular-
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weight proteins, the removal of which is accompanied by an increase in electrical conductivity, have a
system-forming function. These results allow us to assert that, in multicomponent, complex biological
systems, electrical conductivity depends both on the number of ions and other charged molecules, and on
the structural organization of biological systems and the presence of molecules with dielectric properties.
In this regard, the electrical conductivity of biological systems is an instrumental indicator of their
structural and functional organization. This hypothesis can be supported by the data on the electrical
conductivity of the culture media before and after the cultivation of bone marrow cells.

It was found that the electrical conductivity of the culture medium without cells was lower than that
of the cell cultures. As can be seen from Figure 3b, the electrical conductivity of the pure culture medium
is an almost linearly increasing function of the frequency. This may be explained by the fact that the
capacitive component of the impedance increases as the frequency is increased due to presence of
components with dielectric properties, since the culture medium is a mixture of compounds with different
electrical properties.

If the cells were cultured for 3 days in the medium, and then were removed, the electrical
conductivity of such a medium would be significantly lower than that of the pure medium. Such a
decrease in the electrical conductivity of the medium after 3 days of cell growth indicates a significant
decrease in the content of ions and charged molecules, capable of providing electric current conduction,
and an increase in components with dielectric properties in such a medium. These are components, in
particular lipoproteins, secreted by cells during cultivation. The fact of a change in the culture medium
composition is also confirmed by the fact that for such a medium the interrelation between the electrical
conductivity and the frequency of the electric current is revealed (Figure 3b).

These results indicate that medium composition during cell cultivation varies significantly, and the
capacitive component of the measuring cell impedance becomes predominant. As is known, the cells in
the process of cultivation release into the medium the amino acids, peptides, and fragments of nucleic
acids, and absorb ions and other molecules. It is important to note that dynamically varying medium
composition is accompanied by the formation of supramolecular complexes in medium. It is quite clear
that dissolved molecules and supramolecular complexes have different electrical conductivity.

Earlier, the possibility of assessing the rate of metabolic processes in a cell by measuring changes of
the electrical conductivity of the culture medium after the removal of cells was investigated. It was shown
that the electrical conductivity of the medium depends on the physiological and chemical characteristics
of cells [12].

Hence, the initial culture medium, the medium after cultivating the BMCs, and the culture of the
BMCs in the culture medium significantly differed in electrical conductivity (Figure 3).

These differences cannot be explained only by the ionic composition of these media, but
explanation should also include their structural organization: The presence of supramolecular complexes
and dielectric elements such as membranes. We believe that the electrical conductivity of biological
multicomponent dynamically changing media can serve as integral indicators of their characteristics.

Thus, the results may be summarized as follows: 1) the ionic composition of the culture medium
changed after BMC cultivation for 3 days; 2) the electrical conductivity of biological media depends not
only on the ionic composition, but also on its other components; 3) the proliferative activity of cells, their
composition, and electrical conductivity are interrelated with one another; 4) the electrical conductivity of
the cell suspension can be used in comparative studies and the evaluation of their functional activities; 5)
the electrical conductivity of culture media can be an integral characteristic of the cells.

Conclusions

The results of this work allow us to conclude that the increased amount of calcium ions and the
reduced number of free radical reaction products in the BMCs of old animals was accompanied by
increased proliferative cell activity in the primary culture. The BMC suspension of the old animals can be
characterized by increased electrical conductivity as compared to that of the young animals. The electrical
conductivity of cell suspensions can be used as the integral indicator of proliferative cell activity. The
data concerning the electrical conductivity of various biological media- the culture medium before and
after cultivation, and also of the cell suspension- are of great interest.

Frequency characteristics of the electrical conductivity for various biological media allows us to
state that several important conclusions can be drawn. First, biological media are multicomponent
dynamic systems, in the sense that their supramolecular components can be composed and decomposed.
Analytical analysis of biological media encounters great difficulties; therefore, biophysical methods can
be more promising in searching for the integral indicators of biological media. Second, the electrical
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conductivity of biological media also depends upon components with dielectric properties, such as lipids
and membrane structures. Intermolecular interactions, based on hydrophobic, hydrogen, and electrostatic
interactions, can be established between membranes and other components of biological media, i.e.,
supramolecular structures can be formed which affect the electrical conductivity. Therefore, it can be
assumed that the electrical conductivity of biological media is an integral characteristic of the electrolyte
compositions and unexplored features of under molecular complexes. Assessment of the electrical
conductivity of culture media can be used in cell biotechnology to estimate the quantitative parameters of
culture media.
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