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Abstract

Dynamics of bone marrow cells number (BMC) in the primary culture iso-
lated from young (3 months) and old (20 months) Wistar rats was investi-
gated. Proliferative activity of BMC of old animals was 2 times higher than
that of young animals in the primary culture. Such superiority of the prolifer-
ative activity of BMC in the primary culture obtained from old animals is as-
sociated with the ability to actively divide lymphocytes and longer “lifespan”
of segmented neutrophils obtained from old animals. It should be noted, that
the lymphocytes of young animals did not proliferate in the primary culture.
The content of intracellular calcium in BMC in the cells of old animals was 3
times higher compared with cells of young animals, which revealed the rela-
tionship of intracellular calcium and proliferative activity of BMC. Induction
of liver fibrosis led to an increase in the lymphocyte content in young animals
by 167%, and in old ones only by 26%, while the lymphocytes of young ani-
mals acquired the ability to proliferate in the primary culture. It has been
suggested that such differences in the behavior of BMC in primary culture
obtained in young and old animals reflect differences in the BMC microenvi-
ronment of young and old animals, which leads to changes in the epigenet-
ic-metabolic characteristics of BMC.
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1. Introduction

One of the significant achievements of the biology of the XX century can be con-
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sidered the selection, research and development of methods for the cultivation of
stem cells [1] [2]. These studies led to the formation of regenerative medicine,
the prospects for which have high hopes [3] [4].

Moreover, stem cells are interesting for gerontologists. As a result, new hypo-
theses have emerged. According to that, stem cells can become the very means
that can accelerate the regeneration of organs, and normalize the ability of an
adult organism to adapt to various extreme influences [5] [6].

Indeed, stem cells can differentiate into any type of cells depending on the
characteristics of the microenvironment [7] [8]. Currently, a sufficiently large
amount of data was obtained. They showed a therapeutic effect after transfusion
of stem cells [9] [10]. The model of Cu-induced liver fibrosis showed a pro-
nounced therapeutic effect after the administration of human embryonic stem
cells to rats [11]. These studies suggest a decrease or “exhaustion” of the stem
cell pool during ontogenesis. At the same time, the introduction of an additional
number of stem cells provides a compensatory effect. Indeed, there are quite a
large number of works in which it has been shown that the number of hemato-
poietic stem cells in the bone marrow decreases in the aging organism and more
often than in young animals [12] [13] and other pathologies associated with the
functions of immunocompetent cells and blood cells.

Along with this, there are data indicating that the number of stem cells in
bone marrow does not change with age and their proliferative potential is not
reduced [14] [15].

Currently, the study of the quantitative and qualitative characteristics of the
bone marrow cells (BMC) in ontogenesis is an important gerontological task. In
addition, further development strategies of gerontological and geriatric studies
depend on the knowledge of the answer to this question.

In this regard, the study of BMC is of particular importance. They provide
blood formation, synthesis of immunocompetent cells and are the source of me-
senchymal stem cells. In the study of a pool of stem cells, the method of deter-
mining stem cells in the bone marrow or other depots by the presence of appro-
priate cellular markers [16], or after long-term cultivation of previously isolated
stem cells [17] is most often used. At the same time, the interaction of different
cell types in the bone marrow is not taken into account, ie. age characteristics of
cellular niches and possible epigenetic changes that may occur during ontogene-
sis are not taken into account. Without knowledge of these features of BMG, it is
impossible to assess the role of stem cells in ontogenesis and influence the beha-
vior of BMC.

We believe that different experimental models should be used to solve these
complex issues. This is of great interest in understanding the regulatory systems
of cells.

In this regard, primary culture of BMC may be successful model. The follow-
ing is characteristic of the primary culture of BMC: a good analogy of cells with

an in vivo system, since the culture maintains a completely heterogeneous pop-
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ulation of BMC, which provides possible intercellular interactions. During pri-
mary cultivation, the epigenetic pattern formed in the in vivo system is still pre-
served; in a primary culture, it is possible to evaluate the potential “lifespan” of
cells in a culture and determine the factors that influence it, and the possible re-
lationship of the proliferative activity of BMC with calcium content.

In this regard, the ability of BMC to proliferate, which were isolated from
young (3 months) and old (20 months) animals in the primary culture (from 1
to 4 days of growth), as well as “lifespan” (preservation time in culture) of lym-

phocytes and neutrophils obtained from the BMC of animals were determined.

2. Materials and Methods

2.1. Experimental Scheme of Preparation of Animals for Research

A total of 32 mature male Wistar rats were separated into experiments. These
rats of two different age groups (3 and 20 month old) were obtained from Re-
search Institute of Biology, V.N. Karazin Kharkov National University (Kharkov,
Ukraine). They were housed in a temperature controlled room (20°C - 24°C)
and adapted to a 12 h light/12 h dark cycle. The animals were given free access to
food and water before and during the study. All experimental procedures em-
ployed were approved by and conducted in accordance with bioethical rules [18]
and with due consideration to circadian rhythms for the formation of biological
responses. The experiment protocol for animal should be in accordance with the
standard animal welfare guideline, and the permission should be obtained from
Ethics Committee. For 24 hours preceding isolation of BMC, animals did not
receive any food. Removing animals from the experiment was always carried out
from 8 to 10 a.m. local time.

The rats were divided into two age groups: 16 young (3-month-old, body
weight 150 - 200 g) and 16 old (20-month-old, body weight 350 - 400 g) ones. In
each age group, animals were divided into groups: an intact control group (n =
8) and a group with liver fibrosis (n = 8). Rat models of Cu-induced liver fibrosis
were established by triple intraperitoneally injection of copper sulphate in doses
1 mg/100 g of liver weight with 48 hours intervals between injections, as in in-

vestigation [19]. Rats injected with saline (0.95% NaCl) served as a control

group.
2.2.Isolation and Culture of Bone Marrow Cells in Vitro

BMC were isolated from the 2 femoral bones of the rat by the method [20] and
cultured in medium DMEM (Biowest, USA) with antibiotics (1% gentamicin
and 1% streptomycin) and 20% inactivated fetal calf serum (Gibco, USA) in
plastic cups (35 mm, Nunk, Denmark). Culture under standard conditions was
carried out at 37°C in the 5% atmosphere. The number of cells and their mor-
photypes were determined daily from 1 to 4 days of cultivation. The culture me-
dium was left unchanged. The initial concentration of BMC during culture al-

ways was 2 million cells/ml.
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2.3. Determination of Lymphocytes and Neutrophils Number

The count of BMC in animals was carried out as described in the paper [21].
Determination of lymphocytes and neutrophils was carried out immediately af-
ter a suspension of BMC was obtained, as well as on the 2nd and 4th days of
culturing as described in the paper [22]. Cytological preparations were stained
by Romanovsky-Giemsa, analyzed at 100-fold magnification with the Zeiss Pri-

mo Stari LED microscope (Germany).

2.4. Determination of Calcium Ions in Bone Marrow Cells

Intracellular calcium content was performed using a specific Fluo-3 probe. 10
pg/ml of Fluo-3 prepared on 3.03 mM phosphate buffer, containing 2.89 mM
CaCl,, was added to a suspension containing 2 million cells per ml. The cell sus-
pension with the dye was incubated for 15 minutes at 24°C, as described [23].
Cytological preparations were analyzed at 100-fold magnification with the con-

focal laser scanning microscopy of LSM 510 META Carl Zeiss (Germany).

2.5. Statistical Analysis

Average deviation, standard deviation, standard error of the mean, and sample
size were used as characteristics of the samples. The statistical significance of the
differences between the two groups of data was assessed using the nonparame-
tric Mann-Whitney U-test. The statistical processing of the results was carried
out using the STATISTICA 10 software. Differences between the control and tri-

al data were considered reliable at p < 0.05.

3. Results

Suspension of BMC obtained in young and old animals was cultured on DMEM
medium with the addition of 20% calf serum so that 2 x 10° cells per ml were
contained. It was found that if BMC were obtained from young animals, then
after 24 hours of incubation, their number increased by 60% (Figure 1).

If BMC were obtained from old animals, over the same time, under the same
conditions, their number increased by 112%, i.e. almost 2 times more compared
with young animals (Figure 1). The amount of BMC in the culture increased to
3 days of growth, after which the culture reached a stationary level, and then the
cells began to die, which corresponds to the standard behavior of cells in prima-
ry cultures [24]. After 24 hours of cultivation, the growth rate of the culture ob-
tained from old animals was slowed down faster than the cell culture of young
animals. However, differences remained for BMC obtained in older animals
compared with young animals (Figure 1).

Consequently, the culture of BMC, obtained in old animals, exceeded, in
terms of growth, the cell culture of young animals.

The BMC population is represented by different cell types: mesenchymal stem
cells, committed and differentiated cells (lymphocytes, neutrophils, myelocytes,

monocytes, eosinophils, basophils), as well as a large number of cells at different
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Figure 1. The number of BMC obtained from 1 to 4 days of in vitro culture from intact

3-month old ( —*—) and intact 20 month old (=) animals. Data percentage is ex-
pressed as mean, obtained of three independent experiments + S.E.M, n = 8 per group; p
< 0.05 between young and old animals are determined by ¥, by Mann—Whitney’s U-test.

stages of differentiation. Stem cells have the highest proliferative activity, al-
though lymphocytes also retain the ability to divide in culture [25]. However, the
intensity of lymphocyte division in a primary culture depends on a large number
of endogenous and exogenous factors.

It turned out that if BMCs were obtained from young animals and transferred
to culture, the number of lymphocytes after 2 days of cultivation decreased by
24% from the initial amount. After 4 days of cultivation, their amount decreased
by 50% from the original, i.e. there was a linear decrease in the number of lym-
phocytes, if they were isolated from young animals (Figure 2(A)).

In that case, if lymphocytes were obtained from old animals, their number, on
the contrary, increased linearly up to 4 days of cultivation. It should be noted
that the number of lymphocytes on the 4th day was increased by 48%, compared
with the initial number (Figure 2(A)).

It should be noted that in the population of BMC obtained from old animals,
there were 2 times more lymphocytes compared with young animals (Figure
2(a)).

As it is known, 15% - 24% of stab neutrophils are present in the bone marrow.
It is known that with the “release” of band neutrophils into the blood, they have
a short “lifespan” from 5 to 48 hours. The transfer of BMC to the primary cul-
ture resulted in a linear decrease in the number of band neutrophils from the
beginning of cultivation to 4 days, if BMC were obtained from young animals
(Figure 2(B)). In that case, if BMCs were obtained from old animals, their
number decreased at a slower rate compared with young animals (Figure 2(B)).

Consequently, the “lifespan” of stab neutrophils obtained from old animals
was longer in culture compared with those obtained from young animals.

The total number of stab neutrophils in the bone marrow of old animals was
6.7% more than in young animals (Figure 2(b)). In the process of differentia-
tion, stab neutrophils turn into mature segmented neutrophils, which are capa-

ble of active phagocytosis [26].
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Figure 2. The number of lymphocytes (A), band neutrophils (B) and segmented neutro-
phils (C) in the primary culture of BMC at 48 and 96 hours of cultivation obtained from
intact young (3 months) and old (20 months) animals, and the number of lymphocytes
(a), band neutrophils (b) and segmented neutrophils (c) contained in the bone marrow in
vivo of young ( =) and old ( ™™ ) animals. *Data percentage is expressed as mean,
obtained of three independent experiments + S.E.M, n = 8 per group; variants with p <
0.05 between young and old animals are determined by *, by Mann—Whitney’s U-test.

It was found that the number of segmented neutrophils of young animals in
the primary culture of BMC decreased and on the 4th day of cultivation, their
number was 32% less (Figure 2(C)). In the event that BMCs were obtained from
old animals, the number of segmented neutrophils in the culture remained al-
most unchanged during the 4 days of cultivation (Figure 2(C)). It should be
noted that the total number of segmented neutrophils in the bone marrow of old
animals was reduced by 3.3% compared with the bone marrow of young animals
(Figure 2(c)). Consequently, a large proliferative activity of BMC in the primary
culture of old animals is associated with a high proliferative activity of lympho-
cytes in old animals and a lower death rate of stab and segmented neutrophils in
the primary culture.

Such different “behavior” of BMC obtained from old and young animals un-
der the same cultivation conditions (the same medium, the same number of cells
in culture and the same cultivation conditions) may indicate differences in the
metabolic and epigenetic characteristics of BMC animals of different ages.

In the next series of experiments, the content of calcium ions in the BMC of
young and old animals was determined. At the same time, we proceeded from
the fact that an increase in the intracellular calcium content leads to the activa-
tion of cell proliferation [27]. It was found that the content of calcium ions,
judging by the activity of Fluo-3 luminescence in BMC obtained from old ani-
mals was 3 times higher than in BMC from young animals (Figure 3).

It is obvious that an increase in intracellular calcium content, on the one hand,
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Figure 3. The population of BMC of young (A) and old (B) animals, light microscopy of
Carl Zeiss Primo Stari LED (Germany). Fluo-3 fluorescence in BMC of young (C) and old
(D) animals, confocal laser scanning microscopy of LSM 510 META Carl Zeiss (Germa-
ny), and fluorescence intensity in arbitrary units in BMC obtained from young (E) and
old (F) animals, magnification x100.

indicates the presence of causes leading it to transport into the cells, and on the
other hand, suggests that BMC of old animals, rich in calcium, can be altered
and other metabolic characteristics of cells. The obtained results and available
data [28] allow us to suggest that the BMC microenvironment, which changes
with age, affects not only the speed and direction of differentiation of mesen-
chymal stem cells, but also affects the features of the metabolome and epige-
nome in finally differentiated cells. As a result, the cells that form in the bone
marrow are different from the BMCs that form in young animals, although
morphologically these types of cells may be similar. Experimental verification of
this assumption is a rather complicated task, since it requires an analysis of the
metabolic features of a small number of cells or individual cells.

However, this problem can be solved using the integral approach. If we as-
sume that, the metabolism of lymphocytes or neutrophils in young and old ani-
mals is different and on the organism of these animals to have some type of in-
fluence that will change the nature of the microenvironment in the bone mar-
row. Then the response of cells obtained from young and old animals will be-
have according to differently after transferring them to primary cultures. Since

new epigenetic and metabolic characteristics will be formed in the changed BMC
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microenvironment, when such cells are transferred to the primary culture, their
behavior will differ from BMC obtained from intact young and old animals.

It was previously shown that induction of liver fibrosis had an age-dependent
response to the behavior of BMC in culture [29].

It was found that if the lymphocytes obtained in young animals with Cu-induced
liver fibrosis were transferred to culture, they acquired the ability to actively pro-
liferate, unlike the BMC of young animals without liver fibrosis (Figure 4). At
the same time, the proliferative activity of lymphocytes obtained from old ani-
mals with liver fibrosis remained the same as for old intact animals (Figure 4).

Consequently, the development of liver fibrosis influenced the proliferative
activity of lymphocytes in young animals, but not in old animals. These results
confirm the assumption about the influence of the microenvironment on the
formation of a metabolome on differentiating into BMC and the effect of this in-
fluence depends on the initial state of the microenvironment, in the sense that it
is initially different in old and young animals.

The definition of the “lifespan” of stab neutrophils in the primary culture ob-
tained in young animals with liver fibrosis did not change as compared with
those obtained in young animals without liver fibrosis (Figure 2, Figure 4). It

should be noted that the “lifespan” of segmented neutrophils in the primary
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Figure 4. The number of lymphocytes (A), band neutrophils (B) and segmented neutro-
phils (C) in the primary culture of BMC at 48 and 96 hours of cultivation obtained from
young (3 months) and old (20 months) animals with Cu-nduced liver fibrosis, and the
number of lymphocytes (a), band neutrophils (b) and segmented neutrophils (c) con-
tained in the bone marrow in vivo of young ( =) and old ( ™™™ ) animals
Cu-induced liver fibrosis. Data percentage is expressed as mean, obtained of three inde-
pendent experiments + S.E.M, n = 8 per group; variants with p < 0.05 between young and
old animals are determined by *, by Mann—Whitney’s U-test.
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culture was 30% compared with the cells of old animals without fibrosis (Figure
2, Figure 4). It should be noted that the “lifespan” of segmented neutrophils in
the primary culture decreased if they were obtained in both young and old ani-
mals with liver fibrosis, and this was more pronounced in old than in young
animals (Figure 4).

Consequently, if BMC (lymphocytes and neutrophils) were formed against the
background of liver fibrosis, then their functional characteristics changed, judg-
ing by their ability to proliferate and retention time in the primary culture, and
this happened differently depending on the age of the animals, Ze. their backs-
tory.

4. Discussion

The results of this work can be reduced to several general provisions:

1) the amount of BMC isolated from old (20 months) rats and transferred to
the primary culture with the addition of 20% fetal calf serum increased signifi-
cantly more compared to the number of BMC isolated from young (3 months)
rats. This was particularly pronounced during the first 24 hours of cultivation;

2) such superiority in the proliferative activity of BMC in the primary culture
obtained from old animals is associated with the active proliferation of bone
marrow lymphocytes and a significant increase in “lifespan” in culture of seg-
mented neutrophils compared with those of young animals;

3) in the bone marrow of old animals contained more lymphocytes (by 62.5%)
compared with the bone marrow of young animals;

4) BMC contained 3 times more intracellular calcium compared with the cells
of young animals;

5) induction of liver fibrosis in young and old animals, induced by repeated
injections of copper sulfate, was accompanied by a pronounced age-dependent
response to BMC. Thus, in young animals, fibrosis caused an increase in the
number of lymphocytes in the bone marrow by 167%, and in old animals by
26%.

The lymphocytes of young animals formed in the bone marrow against the
background of liver fibrosis acquired the ability to proliferate after being trans-
ferred to the primary culture and did not differ, by this indicator, from the lym-
phocytes of old animals. At the same time, the “lifespan” of segmented neutro-
phils formed on the background of liver fibrosis in old animals was significantly
reduced compared with the number of neutrophils obtained in intact old rats.

The results obtained can be explained from the standpoint of the different
(age-dependent) effects of the microenvironment on the formation of epigenet-
ic-metabolic patterns in BMC. From this working hypothesis, it follows that
morphologically “similar” BMCs may differ in the characteristics of the metabo-
lome and, as a result, behave differently when changing (changing) the microen-
vironment. In other words, the metabolic heterogeneity of BMC is much more

diverse than their morphological variability.
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As known, the bone marrow is a highly vascularized tissue that has a
well-developed capillary network [30], so that the BMC microenvironment in
the bone marrow changes rapidly and effectively in accordance with the dynam-
ically changing composition of the blood. The intensity of division and the di-
rection of differentiation of BMCs are influenced by the physicochemical cha-
racteristics and composition of the cell niche [31]. It can be argued that cyto-
kines play a crucial role in the formation of cell types in the bone marrow. Cyto-
kines are a large group of polypeptide mediators (more than a hundred have
been identified) that regulate immunopathy, erythropoiesis and the functioning of
the immune system [32].

In fact, the cytokine network determines how many and what types will be
formed in the bone marrow. Lymphocytes (B-, T-, NK-cells) provide humoral
immunity (antibody synthesis), cellular immunity (cell—cell interactions) and
their induction occurs in the presence of pathogens or inflammatory processes
in the body.

Thus, the induction of inflammation—Iliver fibrosis was accompanied by an
increase in the number of lymphocytes in the bone marrow of young rats by
167% compared with the initial number. At the same time, lymphocytes, which
were formed on the background of fibrosis, acquired the ability to proliferate in
the primary culture.

At the same time, intact old animals the content of lymphocytes in the bone
marrow was the same as in young animals with fibrosis. From this, it follows
that the seemingly healthy intact old animals probably had some kind of an in-
flammatory reaction unknown to us. In that case, if liver fibrosis was induced in
old animals, the number of lymphocytes in the bone marrow also increased, but
only by 26%, compared with the initial number.

It is known that when the liver functions abnormally, the spectrum of cyto-
kines changes, the number of products of free radical reactions increases, and
mesenchymal stem cells actively migrate to the focus of inflammation [33]. It
can be assumed that such changes lead to changes in the cellular microenviron-
ment in the bone marrow. This is supported by data showing that segmented
neutrophils produced on the background of liver fibrosis in old animals had a
much shorter lifespan in the primary culture than the same cells formed in old
intact animals.

Perhaps the most difficult question in the interpretation of complex, multidi-
rectional responses is different effects in animals of different ages. Therefore, it
would seem the same type of induction of liver fibrosis in young and old animals
led to different responses in animals of different ages. We believe that the qualit-
ative and quantitative characteristics of the response are determined by the ini-
tial state of the system. Thus, the relatively low content of lymphocytes in the
bone marrow of young animals was accompanied by their significant increase in
the induction of liver fibrosis. At the same time, the initially high content of

lymphocytes in old animals was accompanied by their slight increase in the in-
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duction of liver fibrosis. This indicates that the activity of lymphopoiesis has
certain limits and a further increase in the number of animal cells is impossible.
However, it isn’t follows from this that old animals have exhausted possible
adaptive responses to external inductors. From this it follows that in this case, in
the body of old animals, alternative ways of adaptation can be “used” or, in other
words, old animals can use strategies of adaptation that differ from young ani-
mal [19]. The data obtained in the present work on neutrophil characteristics
may also be in favor of this. Thus, lymphocytes and neutrophils can regulate dif-
ferent parts of the immune response [34], and changes in the ratio of these types
of cells indicate the use of different strategies. Differences in the proliferative ac-
tivity of lymphocytes and the “lifespan” of band neutrophils in the primary cul-
ture obtained in young and old animals, based on the proposed working hypo-
thesis, are explained by different metabolic characteristics of the same morpho-
logical types of BMC in young and old animals. Therefore, it turned out that the
BMC of intact old animals contained 3 times more intracellular calcium as
compared with young animals.

It was shown that an increase in the content of intracellular calcium by a fac-
tor of 2 - 3 was accompanied by a significant increase in the proliferative activity
of the cells. It is well known that calcium is one of the main secondary messen-
gers in the body [35].

Calcium is involved in more than 300 known important biological reactions
[36]. An increase in the calcium content in the cell clearly indicates a change in
the cells of the entire metabolism, which was manifested in an increase in the
proliferative activity of lymphocytes in the primary culture and a change in the
“lifespan” of cells in the culture.

Differences in the calcium content in the BMC of old and young animals
could be due to the difference in the BMC microenvironment in young and old

animals. The mechanisms for this require further research.
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