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Ontogenetic variability of information condition,
proliferative and apoptotic activity of white rats liver in
postnatal development
We have investigated the developmental changes of the information parameters of the liver which displays the level
of adaptive resources. Also we have assessed the level of mitotic and apoptotic activity in the liver. Moreover we have
revealed cyclic variation of the researched parameters. We have detected cyclical changes of apoptotic and mitotic
activity. Cycles fluctuations of values of these parameters coincide with the identified oscillation cycle of information
parameters. Ontogenetic periods which are characterized by low values of information morphological organization
are critical, because of low level of organ regenerative-adaptability recourses and less number of structural elements
serving as a potential reserve.
Keywords: ontogenesis, entropy, liver, adaptation.

1. Introduction
The investigation of developmental changes of
mammals, the mechanisms of their implementation
at different levels from pre-cellular to super-cellular,
still remains one of the most urgent problems of
modern biology. Changes in pre- and postnatal
development are considered to be phenomenon
caused by the dynamics of adaptation and
regeneration capabilities of living systems at
different hierarchical levels [1,6,8,9]. Several
authors do not exclude the direct interaction of the
system information changes with the development
of pathological processes in the different periods of
ontogeny. It was presented that the frequency of
various pathologies manifestation, and the tension
of physiological processes, including the
immunobiological reactivity, are subject to certain
developmental cycles [13,14,17,18]. There are
several reports on the interrelation of aging to age
energy-information changes [10,19]. That entropy
of tissue systems is considered to increase steadily
with age [16]. We have to assume the changes of
that criterion, displaying the state of adaptation and
regenerative abilities of the organism and tissue
homeostasis, during periods of ontogenesis, marking
by the manifestation of a disease process.
The ontogenetic development of the organism and
its parts, the normal functioning and maintenance of
tissue homeostasis, pathological changes are carried
out at the tissue level by two main proliferation and
apoptosis mechanisms. Proper organization of the
tissue system provides the possibility of structural
renovation, adaptation and adjustment to repair after
© Areshidze David A.., Timchenko Ludmila D., 2013.
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damage. The ratio of mitotic and apoptotic activity
in the tissue determines regenerative capacity of it,
i.e., in many ways, defines its adaptive capacity.
Physiological regeneration supports the structural
homeostasis and provides the
possibility of
continuous performance of organ functions.
Reparative regeneration is a reaction of the
organism which is involved simultaneously in the
pathologic process with the onset of the pathogenic
factor and co-exists with degenerative and necrotic
changes as a “counterweight” throughout the illness.
However, the success of regeneration flow of any
type, in other words, the successful maintenance
of tissue homeostasis, depends on the proliferative
activity. Regeneration ability can change during
ontogenesis, not only in extent of the manifestation,
but also in character or a form that depends on
changes of intensity of proliferative and apoptotic
activity during the different periods of ontogenesis
[7,11,12,15,19].
In this regard, it is relevant to examine an
ontogenetic variation of information condition,
proliferative and apoptotic activity of the liver of
white rats as the characteristics of regenerativeadaptive abilities of mammalian tissue.
2. Materials and Methods
2.1.Animals
Wistar Albino rats were used in the study. The
animals were fed with standard pellet diet and
water ad libitum. They were kept in controlled
environment (12:12 h light/dark cycle) and
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temperature (30±2ºC). Organs of 10 rats have been
investigating everyday during postnatal ontogenesis
organs. In total organs from 01928398 animals were
investigated. To study the developmental variability
of information condition of the mammals liver we
have used 13700 rats. The organs were taken to
study from the moment the rats were born. The
oldest animals used in the study were 3 years and
8 months.
All the animal experiments were performed
according to the compliance with the EC Directive
86/609/EEC and with the Russian law regulating
experiments on animals.
2.2. Morphometric studies.
A small portion of liver was taken and fixed
in 10% formaldehyde. After several treatments
for dehydration in alcohol, sections having 5μm
thickness were cut and stained with hematoxylin
and eosin and morphometric analysis was carried
out.
Volume of the nuclei of hepatocytes was
measured with the help of analyzer “Videotest” at
hematoxylin and eosin stained sections.
2.3.Studies of the information condition of the
system of the liver
We carried out a breakdown of the aggregate
of the measured volumes of hepatocyte nuclei into
classes.
We supposed that information in a tissue system
displays the diversity of morphology and function
of the process for assessing the information status
of organs and we proposed and tested the following
tissue indexes: information morphological capacity
(Hmax), information morphological entropy (H),
information morphological organization (S), the
relative morphological entropy (h) and redundancy
(R) [1,2]. In this case, the baseline characteristics,
which were used to calculate these parameters, can
vary widely (the linear dimensions of the structures,
their number, etc.). In our study we defined the
volume of the hepatocytes nuclei.
Information morphological capacity Hmax, which
means the maximum structural diversity, calculated
by formula [2,3,4,5]:
Hmax= log2n,
where n – number of classes.

Next, we made the calculation of the real
structural diversity Н. Real structural diversity is
the parameter that clearly illustrates the degree of
determinism of morphofunctional system in time
and space [2,3,4,5].The calculation was made using
the formula:
H=-ΣPilog2Pi,
where ΣPi is the sum of probabilities of stay of the
measured parameter of cells in a one of existing
classes; log2Pi - logarithm of the probability of
staying in one of the possible classes. In this case,
the value of Pi is defined as the classical probability
[5].
If we realize the maximum and actual structural
diversity, we can calculate the organization
of the system (S), the difference between the
maximum possible and the real structural diversity
(implemented structural diversity). This parameter,
in our opinion, displays the state of the system
adaptability to date. To determine the value of this
parameter is used the formula [2,3,4,5]:
S=Hmax-H.
It is necessary to consider that when H = Hmax,
the system is deterministic, but it relates to the vast
majority of permissible only theoreticaly.
Then we determined the coefficient of relative
entropy of the system, or (the coefficient of
compression of information) h by formula [2,3,4,5]:
h=H/Hmax.
High levels of relative morphological entropy
provide evidence of the disorder of the system and
significantly reducing of its structural integrity
[2,3,4,5].
The coefficient of the relative organization of the
system (redundancy factor) R is given by [10,12,13]:
R=(S/Hmax)×100%.
2.4. Determination of mitotic and apoptotic index
Miotic cells were determined at hematoxylin
and eosin stained sections. Apoptotic cells were
determined at sections stained by methylene blueazure II with afterstain by fuchsin. Visualization
was performed using a microscope Nicon 500L at
900 × magnification. Study was made for 5 fields of
view on each section.
Apoptotic index was calculated by the formula:
5
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AI=Na/N,
where Na - the number of apoptotic cells; N - total
number of cells in the test population.The mitotic
index was determined by the formula:
MI=Nm/N,
where Nm - number of mitosis; N - total number of
cells in the test population.
2.5. Statistical Analysis
To evaluate differences in continuous variables,
Mann-Whitney U tests were used. P values less than
0.05 were deemed to indicate statistical significance.
3. Results
We found that the liver of rats during ontogeny
is characterized by Hmax value equal to 3.2 ± 0.0004
bit.
In the investigation of the dynamics of
information parameters and intensity of mitosis and
apoptosis in liver during postnatal ontogenesis, we

found that the values of the tested parameters have
certain periodic oscillations
We revealed that liver of newborn rats have that
the rate of H is 2.32 ± 0.013 bits. S is 0.88 ± 0.014
bits. h was 0.724 ± 0.004 bits. and the value of R
is 27.58 ± 0.43%. The mitotic index of the liver of
newborn rats was equal to 12.78 ± 0.33 ‰, apoptosis
– 2.47 ± 0.17 ‰.
In the next days of ontogenesis we observed a
gradual increase of the values of parameters H, h
and reduced quantities of S and R, continuing up to
the 9th day of postnatal ontogenesis. In this period
the value of H is increased to 2.49 ± 0.03 bits, h
increases to 0.7781 ± 0.025 bits. At the same time
the value of S is reduced to 0.71 ± 0.026 bits. R - up
to 22.19 ± 0.8% By this time the MI increased to
15.84 ± 0.63‰, the AI is reduced to 1.4 ± 0.16‰.
(Fig. 1,2,3,4).
Next, we observed the reduction of H and h,
but the increase of S and R continued to 27 days
of postnatal ontogenesis. At this time, H was 2.42
± 0.033 bits, S - 0.78 ± 0.031 bits, h - 0.755 ± 0.01
bits, R - 24.48 ± 0.98%, MI was 8.42 ± 0.20‰, AI
– 1.82 ± 0.16‰.

Fig.1. Dynamics of indicators Hmax and H in rat liver in prenatal ontogeny (Hereinafter ordinates in brackets are the day of
ontogenesis taking into account the prenatal).

Variations in researched information parameters
and intensity of mitosis and apoptosis change
direction after 27 days up to 48 days of postnatal
ontogenesis, when a new change takes place. By
this time, compared to the previous described
6

period, H rises to 2.56 ± 0.025 bits, h increases to
0.799 ± 0.008 bits. S is reduced to 0.64 ± 0.024 bits,
R is reduces to 20.06 ± 0.78%. MI increased to 9.76
±0.22‰, the AI decreased to 1.1± 0.06‰.
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On 89th day of postnatal ontogenesis rat liver is
characterized by H equal 2.42 ± 0.041 bits, S equal
to 0.78 ± 0.041 bits, h - 0.757 ± 0.01 bit and R,
which amounted to 24.33 ± 1.20%. MI and AI were
6.39 ± 0.24‰, and 2.8 ± 0.19‰, respectively.
After 137 days of postnatal ontogenesis H has
increased to 2.64 ± 0.024 bits, h - up to 0.8254 ±
0.008 bits. The value of S at this time declined to
0.56 ± 0.024 bits, R - up to 17.46 ± 0.78%. MI was
7.8 ± 0.31 ‰, AI was 1.82 ± 0.16‰.

At 233 days after birth H is 2.51 ± 0.026 bits, S 0.69 ± 0.026 bits, h - 0.785 ± 0.008 bits, R - 21.51.48
± 0.83%, MI was 5.90±0.18‰, AI – 2.42±0.12‰
By 340th day of postnatal ontogenesis H has
increased again, reaching 2.72 ± 0.024 bits, h 0.8494 ± 0.006 bits, MI – 6.42±0.81‰. The value
of S at this time declined to 0.48 ± 0.020 bits, R - up
to 15.06 ± 0.61%, AI- 2.06±0.21‰.

Fig. 2. Dynamics of parameters S and h in the rat liver at postnatal ontogenesis.

Fig. 3. The changes of R in rat liver at postnatal ontogenesis.

7
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On 556th day of postnatal ontogenesis the rat
liver is characterized by H equal to 2.63 ± 0.016
bits, S equal to 0.57 ± 0.016 bits, h - 0.823 ± 0.005
bits and R, equal to 17.74 ± 0.51%, MI and AI were
5.34 ± 0.20‰, and 2.52 ± 0.15‰, respectively.
At 885th day of ontogenesis H increased to 2.93 ±

0.017 bits, h is increased to 0.914 ± 0.005 bits, MI
– to 6.14±0.39‰. Accordingly, S compared to the
previous described period reduced to 0.280 ± 0.017
bits, R decreased to 8.6 ± 0.52%, AI decreased to
1.14±0.09‰

Fig.4. Dynamics of MI and AI in the rat liver at postnatal ontogenesis

In the last studied period, the 1300th day of
ontogeny, H is reduced to 2.70 ± 0.02 bits, h - up to
0.8461 ± 0.006 bits. At the same time, S is increased
to 0.49 ± 0.02 bits, R - up to 15.39 ± 0.65%. MI was
5.11±0.29‰, AI – 2.82±0.17‰.
Discussion and conclusion
We revealed that all the examined parameters,
characterizing both the information state of the liver
and similarly proliferative and apoptotic activity of
rats in ontogenesis, undergo natural cyclic changes
in the postnatal ontogenesis.
We noticed alternating rise and fall of energyinformation parameters. Period of ontogenesis,
which will have another critical point (point of
change of parameter vector, the upper or lower
extreme point) is determined by the equation:

Tn-1 - previous extreme point of the same sign (in
days including the prenatal ontogenesis); 1.29 - a
constant factor.
We identified the following ontogenesis periods
with a change of energy-information parameters:
the period of infantile, juvenile period, the period
of youth, adulthood, old age and the period of
maximum age.
This distribution of extreme points of energyinformation state shows a gradual increasing of
entropy during ontogenesis and extension of the
period at a relatively constant amplitude of the
magnitude of information parameters.
Ontogenetic periods which have low values
of informational morphological organization are
critical, because at this time organs have a low level
of regenerative-adaptability abilities and fewer
quantity of structural elements serving as a potential
reserve.

Tn = Tn-1 +1,29 ×Tn-1,
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CELL-TO-CELL MICROFLUIDIC INTERACTION MODELS IN THE SCIENCE OF
HEALTH
In the present review we provide the detailed discussion on the introduction of biological measures
and on the nature of biological signals. The theory of absolute and relative biological measures has been
briefly analyzed in case of mutual cell-cell and cell-tissue measurement. We focus on the biological signals
and droplet microfluidic principles of cell-cell interaction modeling and biological measurements. Analysis
of the theory of network organization with similar properties of structures and functions of biological
particles is presented in the overview, and the theory of collective multilevel hierarchical organization
that can form the basis of the description of the internal structures and relative biological measures is
proposed. We further analyze possible applications of the discussed theoretical approaches to understand
the measurement problems in modern biology and in the science of health.
Keywords: fundamental biological constants, biological measures, cell-to-cell measurement, droplet
microfluidic models.
Introduction
Clinical diagnostics on human whole blood,
plasma, serum, urine, saliva, sweat, and tears on
a droplet microfluidic platform is one of the most
promising applications for modern health and life
sciences. Droplet-based mircrofluidic platform
is a promising tool for investigation of human
biological fluids widely applied in modern health
and life sciences [28]. Repeatable high-speed
transport of microdroplets of human physiological
fluids is compatible with the electrowetting system
[28]. Modern diagnostics is based on a dropletbased microfluidic technology that enables highthroughput single-cell processing. Single cells and
reagents could be captured inside independent
aqueous microdroplets (from 1 to 10 nL) dispersed
in an immiscible carrier oil, allowing for digital
manipulation of these reactors at a high rate [5].
Moreover, cell-to-cell microfluidic interaction
models are the useful tool to investigate cell-cell
and cell-tissue interactions on the model droplet
systems and thus, to deepen understanding of the
fundamentals behind the process and basics of the
modern science of health.
Experimental investigation and modelling of the
cell-to-cell interactions could be done using modern
droplet-based microfluidics. However, there is a
need to introduce standard measures in biology
relative to which measurements are made and
© Zimin A. , Denisov I., Yakimov A., Belyanina I.,
Nikiforova V., Lukyanenko K., Belobrov P. , 2013.
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systems are compared to. In this paper we discuss
the process of introduction the biological standard
measures and fundamental constants and briefly
overview the theoretical framework capable of
dealing with the description of the entropy-induced
forces, whose role in the cell organization is crucial.
Towards quantitative biological measurements
Cells in organisms interact and communicate in
a highly complex and organized fashion. Cellular
molecular organization is definitely not random,
and its internal order could be represented as a
hierarchically organized network. Most cellular
functions are related to the groups of several
functional molecules, not just to a single particular
substance, i.e. cell could be modeled as a tightly
interconnected modular network. Cell-to-cell
interactions also are known to possess highly-ordered
network character [9]. Moreover, cellular migration
dynamics relevant to tissue repair, morphogenesis
and tumor metastasis definitively has collective
nature [29]: the traction force distribution near the
leading shows non-Gaussian behavior and cannot
be approximated as a leading-cell induced effect.
Quantitative investigation of these interactions is
just starting to appear, shifting from populationaverage measurements to single-cell analysis,
which points out significant cell-to-cell variability
[16]. Biological systems are complex and are
unlikely to be made up of identical structural units:
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diversity among individuals arises as a stabilizing
mechanism. Interplay between nonlinearity,
nonequilibrium and stochasticity determines
dynamics at the levels of single cells and their inner
compartments [19]. These developments require
shift from descriptive to quantitative treatment, i.e.
introduction of metrological basis to the biological
sciences is needed in order to obtain accurate
quantitative data, which could then be interpreted
in an unambiguous way, as “there can be no exact
science without exact data” [27]. In particular, the
system biology is a newly emerging field, which is
capable, at least in principle, to handle biological
complexity and clarifies the connection between
molecules and physiology [14].
Cell-to-cell interaction measures
Novel sensitive methods of studying the
intercellular interactions [9] in vivo may lead to
the introduction of the fundamental biological
units of measurement similar to and in terms of
the fundamental physical constants [18]. Precise
quantitative biological measurements are urgently
needed for toxicology, especially nanotoxicology
[23,24] dealing with the investigation of
nanomaterial's impact on cell function. It's important
either to apply well-established toxicological
methods and protocols to assess the toxicity of
nanomaterials or to develop new cutting-edge
procedures [23]. Some of these protocols have
been developed in recent years [24]. These issues
are directly related to health, and the underlying
physical or biological mechanism of toxicity
requires usage of appropriate techniques, among
which the microfluidic diagnostic and modelling is
a method of choice [12].
It’s important to note that on the characteristic
cell length scale (about 10-50 µm) water droplets
behavior cannot be described by conventional
approximations: though capillary water flow is
laminar, cell-sized water flow is more likely to be
a droplet-based. These cell-sized water droplets
probably constitute the basic building blocks of
liquid water at that length scale, as there is no way to
imagine how capillary flow could be spontaneously
disintegrated into droplets. The first step to better
understand cell-to-cell interactions then should be
related to the cell-sized water droplet dynamics and

interaction analysis, which is pretty much possible
to do using the microfluidic modeling techniques.
While there is now a plenty of ways to perform
the measurements themselves, there is nevertheless
lack of biological standards: we have no “standard
biological cell”, standard measure of the interaction
strength between different cells, etc. There is a
growing necessity to provide strict standardized
fundamental definitions, interactions and constants
as it is done in physics and chemistry in order to
make biology much more quantitative science then
it is now. The vast amount of available experimental
data cannot be processed in an appropriate manner
as there are no standards, relative to which
measurements are made. Currently, in many cases,
we can say that the concepts of control and reaction
rates require more precise definitions in comparison
with existing ones. Therefore, the increasing
complexity of these systems require the standard
biological measures to be global enough to capture
that complexity and yet to have a particular degree
of specificity in order to remain meaningful to the
description of the systems of interest.
Cell-to-cell interactions should be distinguished
according to their biological or purely physical
nature: some effects may be related to the transport
regulatory molecules through the intercellular
connectors like plasmodesmata, tunneling nanotubes
or septal pores [4]. However, some effects may
be purely physical in nature and entropy-driven,
as depletion interaction is one of the key driving
forces leading to the colloidal structure organization
inside cells. Protein folding and cell compartment
organization in general is related to the so-called
hydrophobic interaction being totally entropic
in nature [25]. Osmotic potential resulting from
differences in concentration profile of various ionic
substances in cells is another example of physical
effect having enormous impact on the functions and
interaction of the particular cell. Indeed, if we are
to understand the way how cells communicate and
sense each other and such purely external physical
quantities as the temperature and the pressure, there
is a need to introduce strict biological standard
measures.
Taking into account the current level of understanding the cell-to-cell interaction phenomena in
terms of cooperative forces between cells and extracellular matrix (ECM) [17] and communication
mechanism in plants, animals and fungi [4] it seems
11
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that quantitative biological measures are likely to
be developed soon. The huge (25,707 pages) basic
encyclopedia of life sciences [8] allows here to discuss a few novel principal points in biological measures based on the introduction of the fundamental
biological constants in this paper.
The absolute and relative biological measures
Definition of the fundamental biological
constants is required in order to develop the
biological metrology, which is based on standard
biological measures. Related papers [13, 30] appear
from time to time, but no systematic researches
are still presented. However, these measures
themselves are poorly defined and should be based
on the fundamental biological constants. Not
surprisingly, these fundamental biological constants
also require strict definition. Few publications could
be found by searching the appropriate keywords
related to biological constants: we should mention
[21], where the biological scaling relationships are
employed using the term “biological constant”,
which, however, is neither constant nor universal
at all and varies with size. Despite that, allometric
(allometry = “different measure”) scaling laws allow
capturing the complexity of biological processes,
when size dependence is considered [31]: scaling
usually could be described by simple power-law
model Y = Y0Mb, where Y is a biological quantity
related to the mass of the organism Mb, by powerlaw behavior with exponent b and normalization
constant Y0. Another possible unifying phenomenon
is the behavior of the exponent b. According to [31],
the exponent b is usually a simple multiple of 1/4.
Authors provide the following examples illustrating
this unification: metabolic rate (b ~ 3/4), lifespan (b
~ 1/4), growth rate (b ~ −1/4), length of aortas and
height of trees (b ~ 1/4), radii of aortas and tree trunks
(b ~ 3/8), cerebral gray matter (b ~ 5/4), densities
of mitochondria, chloroplasts and ribosomes (b ~
−1/4), and concentration of ribosomal RNA and
metabolic enzymes (b ~ 1/4).
In fact, there are concerns about the validity of the
model and the debate about the metabolic allometric
scaling is still ongoing [32], and there is probably no
single universal exponent. Nevertheless, the whole
attempt to introduce some fundamental constant
unifying vast variety of biological measurements
is quite appealing and promising. Revelation of the
12

(almost) universal scaling points out physical causes
behind these relations and again raises the question
of the distinction between purely biological and
purely physical domains. Indeed, review of the
physical aspects of fluid flow in capillary systems
may clarify power-law behavior [22].
To sum it up, biological complexity contains both
biological and physical contributions, so it's hardly
possible to have any strict biological laws at all, and
even if these laws would be strict, they probably
would have little biology behind them. Biological
complexity seems not to allow the existence of
strict universal laws; however, the existence of strict
biological measures and fundamental constants is
not prohibited.
Entropic forces & hydrophobic effect
We begin our discussion with the analysis
of entropy-driven interactions acting in cellular
structures, considering the depletion interaction
and the hydrophobic effect [15, 29]. Osmotic
phenomena also have entropic nature. From the
thermodynamical viewpoint every spontaneous
process is associated with the net entropy growth,
and solvent-solute interactions important to
biomolecules immersed in cellular water are also
driven by entropy. Conformation of polymers
and shape of the colloidal particles in water
environment is also determined by the entropic
forces [1]. Hydrophobic effect determines vast
amount of biologically relevant processes including
protein folding and lipid bilayer dynamics in cell
membranes.
The key concept behind the entropy-driven
interactions lies pretty straightforward in the
growth of total entropy of the system. It should be
noted that in general no fundamental field could
be associated with the entropic forces. To put in
another way, if these forces have no potential it’s
impossible to model them using, for instance,
conventional Hamiltonian formalism and the
only way to make quantitative investigation is to
use thermodynamical methodology. Molecular
dynamics simulation usually indicates the correct in
terms of entropy growth interaction of the solvent
molecular ensembles and colloidal particles, but no
mechanistic analytic treatment is available for these
forces.
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Hierarchical and network organization are
intrinsic to cells, so it would be natural to use these
terms in order to clarify their structural complexity.
Entropic forces provide basis for the cell functioning
and intercellular interactions. The underlying
mechanism between cell-to-cell communication
is now well-understood, but little is known on the
mechanism behind intercellular interaction in a
sense of cell measuring another cell and cell-tissue
mutual measurement. In order to introduce strictly
defined biological measures of these interactions
there is a need to treat the entropic forces in a strict
and deterministic manner. Recent developments
suggest that entropic forces are causal in a sense of
connection between adaptive behavior and entropy
maximization [33]. Another major point is the
usage of multiscale entropy method [6] to describe
the complexity of biological signals. The point is
that biological signals are neither stochastic nor
absolutely organized, and cannot be described as
one of these extremes.
While there is probably no way to treat the
entropic forces using physical potentials, it’s possible
to model them as a consequence of semiempirical
hierarchical potentials describing the interactions
between adjacent levels of organization. If the
physical potentials are clearly symmetric in terms of
pairwise interactions, hierarchical potentials don’t
have to keep that property. The only way to apply
analytic mechanistic formalism to describe these
processes irreversible in a sense of thermodynamic
spontaneity is to introduce asymmetric interaction
potentials between objects of adjacent levels of
organization. In this case there is an inequality
between direct and reverse paths system can take,
i.e. direct moving from the initial configuration Xi
to the final configuration Xf is preferred over the
reverse path due to the asymmetry of the driving
force arising from the asymmetric potential acting
between the levels of organization.
So, one and may be the only way to introduce
analytic mechanistic description to the realm of
entropic forces is switching to the hierarchical
description with physical potentials acting on
each organization level and semiempirical (and
not necessarily symmetric) potentials between the
adjacent levels of organization. We will discuss the
basic theory behind the multilevel self-organization
model in further sections. There is useful additional

discussion of cell migration during development
and cellular thermodynamics [8].
The entropy of living systems & biological
signals
Taking into account the definition of the
biological signal as the conditional entropic
measure we consider here the general properties of
cell signaling in living systems.
Information theory forms a suitable framework
for biological applications. Entropy of living systems
is defined as [20, 25] a measure of uncertainty of the
distribution of states of the biological system :
H = –∑ p(xi) log p(xi),
i

(1)

where H is the Shannon entropy of the biological
system, p(xi) is the probability to find system in the
state i from x, summation is done over all number of
states available to the system. Entropy of the living
systems could be defined relative to distribution
over any structural or functional indices and could
be used to describe the biological organization
systems.
Conditional entropy is defined as uncertainty of
the distribution of states of the biological system
relative to the known distribution :
H (x | y) = –∑i,j p(xi , yj) log p(xi | yj),

(2)

where p(xi | yj) is the probability of finding system in
a state i from x, while the reference system relative
to which the uncertainty is measured is confined
to states from y, p(xi | yj) is the corresponding
conditional probability.
Conditional entropy as a fundamental measure
of the information content of biological system
is extremely important when time evolution of
the system of interest is considered. In that case
reference probability distribution at time step t
could be taken relative to the previous steps t – 1,
t – 2, etc. If the number of available states or the
volume of the phase space available to the system
doesn't change with time, the conditional entropy of
the distribution related to the reference distribution
by the simple relationship (3):
H (x | y) = –∑i p(xi ) log p(xi , yj),

(2)

Relative entropy is positive, equals zero only if
p(xi ) = pi and is also a convex function of xi [20].
13
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Application of entropic measure can be extended
In general, every change in living organism is
associated with the corresponding entropy change. to specific biological measures of cell biology. We
Definition of the conditional entropy according to
will discuss some examples below.
eq. and eq. allows us to clarify the underlying
physical basis behind the differences cells sense
when they measure other cells. In order to capture
Hierarchical self-organization measure
the dynamics of the system transition rather than
Let's take a look at the problem of introducing
static probabilities should be introduced [25]. The
conditional probability to find x in state x ( i +1) at the hierarchical measures of multilevel collective
time t(i+1) is p(x(i+1)|x(i),x(i-1),..., x(i-k +1)) if self-organization in an analytic framework based on
the system could be approximated by a stationary
the concept of auxiliary biological particles (Fig.1).
Markov process of order k. Using the shorthand
- 1),...,x(n-k+1)) we These auxiliary particles (or units of organization)
notation in(k) = ( x ( n ) , x ( n 10
define the cell-cell measurement act as a process are added to the system at the particular time and to
multilevel
collective self-organization
an analytic
based
the and their properties are predetermined
of information
transfer fromin cell
J to framework
cell I the
rightonplace,
quantitatively
described
by (Fig.1).
the corresponding
concept
of auxiliary biological
particles
These auxiliary particles (or units
by the mathematical birth or destruction rules and
transfer
entropy
:
of organization) are added to the system at the particular time and to the right
by the inheritance rules depending both on the
= –∑ are
p(in +1
, in(k), jn(l)) × by the mathematical
(4)
place, and their T
properties
predetermined
birth or
J→I
n
properties of the parent level objects and of all
destruction rules and by the inheritance
rules depending
both on the properties of
(k)
(l)
(k)

× log {p(in +1|in , jn ) / p(in +1|in )}.

the parent level objects and of all phases of the system (Fig.1,2) [7].

phases of the system (Fig.1,2) [7].

Fig. 1. The principle of establishing bonds as auxilary particles on the
Fig. 1. The principle of establishing bonds as auxilary particles on the
example of the longitudinal and lateral bonds of the tubulin protein dimers
example of the longitudinal and lateral bonds of the tubulin protein dimers
This

approach

could

be

formulated

in

where j – organization level number; i – the number

This
approach
could beifformulated
in Hamilton
formalism ifofwebioparticle;
introduce qij – coordinates; pji – impulses; mji
Hamilton
formalism
we introduce
the following

the following Hamiltonian (5):

Hamiltonian (5):
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– the mass of i particle j level; UjL – interaction
potential between particles of j level; UjL+1 – particles
of level j and j + 1;UjL–1 – particles of level j and j –
1; UjP – particles of level j with “parent” particles of
j – 1; UjD – particles of level j with “child” particles
of level j + 1;(5)Pji – denotes group of “parents” for i
particle of j level; Dji – denotes group of “child” for
i particle of j level; Tji – is a function (superposition
of theta-functions) which is define the existence of
unit of organization.

j
j — organization level number; i — the number of bioparticle; qi —
where 14
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Fig. 2. Three-level system and five potentials for the description multilevel
collective self-organization of biological particles

Examples of numerical solutions of equation
(5) for a system of multiple objects and the set of
potentials, triggers and successors are shown in Fig.
3. These solutions were obtained using the specially
developed application. This example illustrates
the possibility of construction the biological
measures of algorithmic relationships in such
processes occurring in the cell, as the self-assembly
of cytoskeleton filaments and the coil-globule
transformation.
Investigation of collective motions and energy
transfer between levels in a multilevel model (Fig. 3)
is useful for the introduction of hierarchical steps in
cell biology. The trigger activates the corresponding
intra and inter-level potentials in the Hamiltonian,
changing the total energy of the system, as well as
the energy landscape. Further dynamics includes a
new object with properties that define the successor
function. Application for exploration of suggested
model, described by eq. 5, is open for download [7]
and can be freely used for the research of different
hierarchical self-organization measures with
contextual biological potentials.

Droplet microfludic measures
Nowadays droplet-based microfluidics is usually
called ‘’digital microfluidics’’. The area faces rapid
growth in recent years, and these technologies are
promising tools to study the fundamental laws
of liquid dynamics below the capillary regime.
Bulk liquid behavior in laminar regime down
to characteristic capillary length scale has welldeveloped theoretical base, while fluid transport
in cell-sized channels and systems is less familiar.
Strict theoretical treatment is needed to understand
fluid flow at the cell-sized length scale, and
droplet-based microfluidics offers huge variety of
opportunities to develop the model. The theory of
fluid flow in cell-sized structures should clarify vast
amount of experimental data available on e.g. water
transport in plants and intercellular interactions.
Clinical diagnostics of human physiological
fluids have started from a droplet-based microfluidic
platform [5, 28]. Microfluidic principles of biological
measurements have been intensively developed
and allows introduction of biological measures
15
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useful for assessment of cell-cell measuring acts.
Recent results and protocols in [3] show growing
tendency towards shift to single cell investigation

and two-dimensional manipulation of droplets with
controllable interaction [3].

Fig.3. Example of hierarchical self-organization measure is based on eq. (5)

The simplest approximation to cell is a water
droplet with e.g. ionic contents covered with
surfactant. Study of the transport and interaction
between these droplets may reveal the underlying
physical mechanisms in cell-cell communications.
Among new advanced methods available now for
droplet manipulation we should mention controlled
droplet generation, fusion, sorting, splitting and
storage [26].
Introduction of biological measures for
cytoskeleton is a difficult subject for this short paper,
so we make very short discussion on cytoskeleton
in connection with the droplet microfluidics and
emphasize artificially induced actin behavior
at cell-sized water droplet (CWD) [10]. In [10]
authors have conducted microscopic observations
on the structural changes in actin filaments in a
cell-sized (several tens of micrometers in diameter)
water droplet coated with a phospholipid membrane
as a simple model of a living cell membrane. Their
results show that depending on the magnesium ion
concentration in the water phase actin filaments are
either uniformly distributed or adsorbed onto the
16

inner membrane surface. These results suggest, as
authors have pointed out, that a microscopic water
droplet coated with phospholipid can serve as an
easy-to-handle model of cell membranes [10]. Of
course, in order to obtain quantitative biological
measures for different cytoskeleton phases,
thorough analysis of [7] should be performed, when
fine details of phases and states of the cells are taken
into account.
Conclusion
Consideration of the examples provided in this
paper from cellular biology and epigenetics allows
us to conclude that the ground for introduction of
new fundamental biological constants would appear
soon. We define the cell-to-cell communication act
as an information transfer process characterized
by the corresponding transfer entropy. Realization
of quantitative measurements of suitable quality
should be done using modern cell microfluidics
techniques as they are promising in providing
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insight into intercellular communications through
simple yet precise and illustrative models.
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Ribonucleoprotein compartments of the eukaryotic cell
Eukaryotic cells contain more than a dozen types of non-membraneous ribonucleoprotein (RNP) compartments
most of which have been described only recently. Surprisingly enough, these RNPs appear to be extremely versatile,
dynamic and of astonishing importance for the cell. Present review is focused on general description, brief history and
short functional characterization of cytoplasmic, nuclear, universal and extracellular ribonucleoprotein compartments,
that are, in our opinion, eligible to be termed organelles.
Keywords: P-bodies, polar granules, germline granules, sponge bodies, stress granules, nuclear stress bodies,

nuclear speckles, paraspeckles, PML-bodies, histone locus bodies, Cajal bodies, gems, transcription factories,
exosomes, TAM-bodies, vaults.

1. Introduction
Eukaryotic cells contain several membraneous
compartments that partition the cytoplasm into
distinct functional units. Most of these compartments
delimit specific sets of protein-orchestrated
pathways taking place inside. However, functional
compartmentalization appears to run far beyond
the membrane-dependent concept [35]. Particular
proteins and RNAs may also be concentrated - in
compartments that lack a boundary membrane, an
this is fair for both nucleus and cytoplasm of the cell
[23]. These ribonucleoprotein (RNP) complexes,
granules, bodies are very versatile and dynamic
in nature, though still spatially, temporarily and
functionally individual [35]. As these previously
‘non-canonical’ compartments are of nowadaysobvious emergent importance for the cell, especially
when understood as powerful interactomic
controllers [29], the present review was planned so
as to highlight the advancing field of RNP bodies
inside the eukaryotic cell. The review is structured
so as to present two major groups of RNP bodies
- nuclear and cytoplasmic RNP compartments,
though some RNPs are shared between nucleus and
cytoplasm and others are excreted.
Functions of nuclear RNP granules are
multitudinous and include stress responses,
transcription control, nuclear export, processing of
non-coding and Poly(A)-plus and Poly(A)-minus
messenger RNAs [35], alternative lengthening of
telomeres (ALT) [1], histone expression control
[10].
© HybriQ collaboration, Khrenkova V.V., Aleksandrova A.A.,
2013.

Cytoplasmic RNPs are mostly involved in
controlling of mRNA usage and turnover. Total
cellular messenger RNA pool is proved to be an
equilibrium of actively translated mRNA and
translation-sequestered mRNA captured by various
RNP granules [37]. Furthermore, different RNA
granules found in eukaryotic organisms have been
demonstrated to share and exchange many protein
components and specific mRNAs [37]. Thus, a
continuum of RNA granules has been suggested to
exist in the eukaryotic cells [37].
2. Cytoplasmic RNPs
2.1 P-bodies
Processing bodies (P-bodies; PBs) are
cytoplasmic RNP granules that act as temporary
reservoirs for non-translated mRNAs which may
further enter translation or be degraded. In this
regards, RNA silencing (both siRNA- and miRNAdependent), NMD (nonsense-mediated mRNA
decay), AMD (AU-Rich Element-mediated mRNA
decay), mRNA exchange and mRNA stabilization
take place in P-bodies (N.B.: RNA decay is not
exclusive for PBs) [23, 27, 49]. PBs are constitutively
present in the eukaryotic cells but increase in size
and number when translational arrest occurs [23].
Structurally, P-bodies are rather not preformed
organelles but dynamic aggregations of multiple
RNP [20]: microscopically detectable P-bodies are
100-500 nm granules [31; 49], though Eulalio and
colleagues (2007) provided experimental evidences
that aggregation of PB components into P-bodies
is not required for their function but is instead a
19
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consequence of their activity [32]. There is evidence
that P bodies associate with ER exit sites [14].
Cytoplasmic foci known today as P-bodies were
molecularly described in 2002 by Eystathioy and
colleagues. At that time, PBs were found to be enriched with a GW182 (glycine (G)- and tryptophan
(W)-rich) protein family, and this fact suggested
one of alternative names for PBs - GW-bodies [27].
Corresponding compartments in plants are often
referred to as prosomes. Notably, 2002’s discovery
was actually a rediscovery of distinct cytoplasmic
foci initially reported in 1997 by Bashkirov and colleagues [27].
As PBs were discovered only recently, their
exact roles in the cellular and organismal physiology is only starting to be revealed. However, PBdependent regulation appears to be protean and was
already shown for luteinizing hormone feed-back
circuit [24], Apolipoprotein B 100 downregulation
by insulin [15] and Huntington’s disease progression [12].
PBs and another cytoplasmic RNP type, Stress
granules (SGs), dynamically exchange mRNP cargo, often form co-aggregates and have shared protein components [23; 41].
2.2 Stress granules
Stress granules (SGs) are reversible dynamic
structures that rapidly form when cells encounter
environmental stress that reduces global translation
rates [23]. Stress granules are 100–2000 nm
nonmembranous cytoplasmic foci [27]. The most
commonly described trigger of SG formation starts
with oxidative, nutrient deprivation, or heat stress
activation of one of the eIF2alpha kinases which
phosphorylate the alpha-subunit of translation
initiation factor eIF2 and block translation. The
composition of SGs can vary depending on the type
of stress that induced them [23].
Heat shock or heat stress granules, characterized as reversible aggregates of ribonucleoprotein
complexes containing untranslated mRNA, were
initially described in 1989 in tomato cell cultures.
In the late 1990s, reversible aggregates of mRNPs
were “re-discovered” in mammalian cells. It was recently reported that the original tomato heat stress
granules do not contain mRNA after all, although
plants can also assemble SGs. Thus the first descriptions of actual SGs are relatively recent [41]. Aside
from mammalian and cytoplasmic plant studies,
20

SGs were described in S. cerevisiae , S. pombe, Trypanosoma brucei, C. elegans and chloroplasts [27].
SG form from concentration of stalled assembled
43S and 48S ribosomal preinitiation complexes and
serve as temporary repositories for these complexes.
These translation complexes can be rapidly released
to resume protein synthesis when stress conditions
end [23]. Moreover, upon induction of stress,
ongoing translation of certain mRNAs is blocked,
presumably to conserve energy for the repair of
stress-induced molecular damage by enhancing the
translation of other mRNAs [16; 23]. ER-associated
mRNAs are generally excluded, heat shock protein
mRNAs do not enter SGs and certain IRES (Internal
ribosomal entry site)-containing mRNAs of stress
activated proteins may be preferentially excluded
from SGs [23].
2.3 Sponge bodies
Sponge bodies are 500–3000 nm stacks of
endoplasmic reticulum cisternae embedded in
an electron-dense matrix scattered through the
cytoplasm [27]. These structures are characteristic
for D. melanogaster nurse cells and oocytes [27].
Sponge bodies appear to derive from fragments
of perinuclear germinal bodies that associate with
ER membranes, detach from the nucleus, and
intermingle in the cytoplasm with other P-body-like
granules [27].
Sponge bodies were originally characterized
in 1988 by their enrichment with the Exuperantia
(Exu) protein that functions to localize the bicoid
(bcd) mRNA and other mRNAs to specific sites in
oocytes [45].
Sponge body are homologous to P-bodies
suggesting that either sponge bodies may share
P-bodies’ function or that they interact and exchange
components with P-bodies [27].
2.4 Cytoplasmic lattices
Cytoplasmic lattices (CPLs) is a highly abundant
poorly-defined fibrillar matrix composed of a
proteinaceous component and RNA that is unique
to mammalian oocytes and preimplantaion embryos
[36; 39]. CPLs are composed of 5–7 parallel fibers
with each fiber containing a repeating unit of
approximately 20 nm [34].
CPLs have been observed by electron microscopy
since the 1960s. A number of older reports predicted
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that CPLs may function as yolk granules or as a
ribosomal storage site with the latter hypothesis
being supported by recent data from several labs
[34].
Biochemical data in the mouse indicated
that 75-80% of ribosomes are not incorporated
into polysomes and cannot be visualized at the
ultrastructural level at ovulation and are not involved
in protein synthesis in vitro. It was found that the
number of ribosomes is negatively correlated to the
CPLs number. Eventually, experimental evidences
suggested that inactive and “missing” ribosomes
are embedded in CPLs [39].
2.5 Prion protein-induced RNP granules
Prion protein-induced RNP granules (PPIGs) are
approximately 4000–5000 nm cytoplasmic particles
containing endogenous cellular a-helix prion
protein (PrP). PPIGs have been characterized in
mouse neuroblastoma cells and observed in murine
and human neuronal and non-neuronal cells [27].
Although PrP is mostly localized to lipid rafts or
associated with membranes, in 2003 PrP was found
to localize to the cytoplasm in neurons [6], and later
- in pancreatic cells, glioblastoma cells, and sperm
[27].
PPIGs may have a role in sequestering mRNAs
for centrosomal functions [27], as PPIGs co-localize
to centrosome and share the characteristics of PrP
aggresomes (large juxtanuclear misfolded protein
aggregates) including a vimentin protein cage that
is related to the collapse of intermediate filaments
that surround this RNP granule. Vimentin cage is a
key feature of PPIGs with respect to all other nonmembrane RNPs [27] reviewed in the present paper.
2.6 U-bodies
U-bodies are cytoplasmic loci enriched in
uridine-rich small nuclear U-ribonucleoproteins, all
involved in pre-mRNA processing and characteristic
for nuclear speckles, Cajal bodies and HLBs [27].
U-bodies are discrete 200–400 nm nonmembranous
cytoplasmic microdomains [27] co-localized
with the endoplasmic reticulum and P-bodies [3].
U-bodies are responsive to nutrient stress and
increase in size in starved conditions [3].
U-bodies were described in 2007 in D.
melanogaster ovary, testis, brain and gut and in
various X. laevis and human cells [21].

Experimental evidences and functional roles of
the U-components suggest that U-bodies are sites
for assembly or storage of snRNPs in the cytoplasm
before those are imported into the nucleus [3; 21].
2.7 Neuronal transport RNP granules
Neuronal transport RNPs (NTGs) are cytoplasmic
granules that are characterized and identified by the
presence of two highly conserved proteins: Staufen
2 (and possibly Staufen 1) and FMR1. Neuronal
transport RNPs are also referred to as neuronal RNA
granules, RNA granules, RNA particles, dendritic
P-body like structures (dlP-bodies), FMRP granules
and Staufen granules. NTGs are cytoplasmic 150–
1000 nm granules. NTGs co-localize with P-bodies
[27].
In neurons, the first evidence for the existence
of transport RNPs came from Knowles et al. in
1996 [48]. The fluorescent vital RNA dye depicted
the dynamic movements of endogenous RNA
granules into dendrites of cultured cortical neurons
[18]. To date NTGs have been primarily studied in
mammalian and D. melanogaster neurons [27].
As well as P-bodies, NTGs store translationally
repressed mRNAs, but, in contrast to P-bodies,
NTGs contain ribosomal RNA (40S and 60S) [27].
2.8 Polar granules
Polar granules (“dense bodies” or “germinal
granules” in Xenopus, and P-granules in C. elegans)
are germ cell cytoplasmic foci enriched in RNAs
and ribosomes [14; 35]. Ultrastructural analysis
revealed that polar granules are often in close
proximity or in contact with ER [14].
Polar granules were known already in 1960s,
though their function was vague until 2000s [14].
Polar granules store maternal mRNAs that are
de-repressed following fertilization [35]. These
RNAs are further either degraded or translated, and
in the latter case their function may be required for
germ cell formation and further development [14;
35].
2.9 Germline granules
Germline granules (also known as germ granules,
nuage and germinal granules) are cytoplasmic
non-membrane organelles localized adjacent to
the nuclear envelope unique to germline [27;
21
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38]. Germline granule subtypes include Balbiani
bodies (poorly understood), chromatoid bodies,
intermitochondrial cement [38]. Germline granules
are found in germline cells of over 80 divergent
species [27]. Not all organisms require germ
granules to specify germ cell fate but all organisms
depend on germ granules for germ cell function
[38]. In mammals, germ granules are not detected in
oocytes or early embryos, but are formed de novo in
primordial germ cells shortly after their specification
[38]. Germline granules share components with the
P-bodies and stress granules of somatic cells, but
also contain proteins and RNAs uniquely required
for germ cell development [38].
Germline granules have been observed since
1970s [8, 27].
Notably, germline granules of D. melanogaster,
C. elegans and X. laevis have a role in embryo
development, thus are referred to as abovementioned polar granules [27]. In mammals,
germline granules are of two types - chromatoid
bodies (restricted to differentiated male germ cells)
and inter-mitochondrial cement (IMC; found in
differentiated male and female germ cells; IMC is
under-explored) - and do not seem to participate
in early embryo development [27]. Mammalian
chromatoid bodies are cytoplasmic fibrous, granular
structures localized amongst mitochondrial
clusters in meiotic pachytene spermatocytes.
After meiosis, chromatoid bodies condense to
form distinct filamentous perinuclear granules in
rounded spermatids. During early spermiogenesis,
chromatoid bodies are localized adjacent to the
nuclear envelope juxtaposed to nuclear pore
complexes [27].
Germline granules are required for germ cell
function, though the exact roles of these RNPs
are ill-defined. According to Ernoult-Lange and
colleagues, germline granules play a role in the
repression of selfish genetic elements and in posttranscriptional regulations [31]. Moser and Fritzler
suggest that, given the location of chromatoid
bodies in the germline and their protein composition
which includes mitochondrial proteins, histone and
ubiquitin-related protein components, chromatoid
bodies are likely to have a specialized role in
processing, degradation and/or repression of
mRNAs that are important in germline development
or differentiation of germline cells [27].
22

3. Nuclear RNPs
3.1 Transcription factories
RNA polymerases and general transcription
factors comprise the machinery complexes - named
Transcription factories - that are necessary for
the transcription of genes. In addition to proteins
immediately participating in RNA polymerization,
gene-specific regulatory factors, such as
transcriptional activators and repressors, control
the expression of specific genes through interaction
with the gene of interest. Chromatin remodeling
proteins, in turn, modify the DNA accessibility
to those transcription factors. Thus, transcription
factories regulate gene expression by 1) mediating
transcription, 2) concentrating RNA polymerases
and factors required for efficient transcription, 3)
coupling transcription with RNA processing, and 3)
modulating higher-order structure of genome [26].
Transcription factories were first observed
and analyzed in studies on the RNA polymerases
and their nascent transcripts in HeLa cells. It was
found that the RNA polymerases, and their nascent
transcripts, are not diffusely scattered in the nucleus,
but are concentrated in few thousand sites where
transcription and RNA processing occur [26].
Although studies have provided evidence for
stationary RNA polymerases and the existence
of transcription factories, the recognition of
transcription factories as a canonical nuclear body
remains controversial [26].
3.2 Histone locus bodies
Histone locus bodies (HLBs) are RNPs that
regulate expression of replication-dependent
histone genes [26; 46]. Due to specific cellular role,
the number of HLBs is tightly controlled and varies
with the cell cycle: HLBs disappear in mitosis,
reappear in G1 and double in the S phase [10].
HLBs were found when Liu and colleagues were
looking for a vertebrate Cajal body equivalent in
Drosophila melanogaster. They found a nuclear
body containing canonical Cajal body components
that consistently co-localized with the histone gene
locus. Subsequent studies also identified these in
Xenopus laevis and human nuclei [26].
HLBs function by concentrating the required
protein complexes and RNA components at the
histone gene locus during the appropriate phase of
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the cell cycle. Consequently, replication-dependent
histone gene expression appears to be coordinated
with DNA synthesis [26].
HLBs’ disruption under UV-C exposure represent
a novel mechanism of S-phase arrest in response to
DNA damage that potentially allows DNA repair
before cells continue into mitosis, and thus prevents
transmission of genomic alterations [10].
3.3 Nuclear stress bodies
Nuclear stress bodies (NSBs) form in response
to various cellular stresses, such as heat shock,
ultraviolet light and chemical agents, heavy metals,
the amino acid analog azetidine and proteasome
inhibitors [26]. Structurally, NSBs are transient
subnuclear organelles clearly distinct from other
nuclear bodies: NSBs are complexly organized
highly electron-dense structures frequently adjacent
to chromatin blocks. Their electron-dense core
consists of a large number of perichromatin granules
and is surrounded by individual granules that seem
to enter or exit the central core [2]. Although
nuclear stress bodies have only been detected in
primate cells, analogous stress-inducible structures
have been observed in the cells of D. melanogaster
and C. elegans [26]. NSBs are rarely detectable
in unstressed cells, and their number drastically
increases after heat shock or other stressors [2; 26].
Nuclear stress bodies were discovered in the
late 1980s as foci of heat shock factor 1 in heatstressed cells and very soon after were associated
with cellular response to various other stress agents
[2; 26].
Nuclear stress bodies sequester factors that
regulate expression of genes involved in the stress
response. Yet still, the role of nuclear stress bodies
(as a compartment) in gene expression has not been
delineated, though three observations suggest a role
of NSBs in the modulation of gene expression. First
of all, RNA Pol II and acetylated histones localize
to nuclear stress bodies following stress. Secondly,
one of NSB proteins, HSF1, controls genome-wide
histone deacetylation upon heat stress. Thirdly,
nuclear stress bodies splicing have associated
splicing factors implicated in alternative splicing
[26]. Fourthly, NSB-associated newly transcribed
RNAs remain close to the sites of transcription and
probably exert their function by recruiting specific
factors and affecting chromatin organization. In
sum, NSBs appear to be at the convergence of

several important aspects of cell biology, such as the
epigenetic control of gene expression, noncoding
RNAs, and control of RNA splicing activities [2].
3.4 PML-bodies
PML nuclear bodies (or just nuclear bodies) are
micrometer-scale spheres found in most human
cell-lines and many tissues [19]. PML-bodies
predominantly belong to the nuclear matrix, a
controversial super-structure of the nucleus, though
cytoplasmic PML-bodies are also described [19].
Each cell nucleus contains, depending on cell type
and cell cycle stage, about 10 to 30 PML-bodies
ranging in size from 100 to 1000 nm. Several PMLbody subtypes have been defined on morphological
bases, all containing an electron-dense shell and an
inner core [19; 42].
PML-bodies were first described during
investigation of the oncogenic PML/RARA protein
fusion featured in acute promyelocytic leukemia
(APL), though respective structures were observed
already in 1960s [19]. PML-body nuclear foci were
treatment-reversibly fragmented in APL cases [44].
PML-bodies play significant roles in a broad
variety of nuclear processes, but they also apparently
function as nuclear storage depots regulating the
availability of nucleoplasmic proteins in response
to external stimuli (including interferon exposure)
and cellular stresses: viral infection, DNA-damage,
transformation, and oxidative stress [19; 42]. Most
significantly, PML nuclear bodies coordinate DNA
repair and cell cycle checkpoint activities, as these
bodies were shown to temporarily associate with
sites of double-strand breaks and to recruit p53 and
the MRE11A/RAD50/NBN DNA repair complex
after ionizing radiation. Also, PML nuclear bodies
likely regulate and/or coordinate the expression of a
variety of genes, including major histocompatibility
class I genoWe would like to reveal here the
circulating controversy in literature. Although there
is an opinion that “pml-/- mice... develop normally
and live well” and thus these data may be considered
as “demonstrating that NBs /PML-bodies/ are
dispensable for most basic biological functions”
[19], this is limitedly fair. In fact, Pml-null mice
are highly prone to infections and increased tumor
formation rate [40] and have affected mammary
gland development [33]. The latter data are in
complete agreement with the above-mentioned
23
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molecular functions established for the PML-bodies
components.
3.5 Nuclear speckles
Nuclear speckles (NSs; also known as nucleus
speckles or interchromatin granule clusters) are
speckles in the interchromatin regions of the
nucleus [26].
Nuclear speckles were first described as
grumos hialinas (transparent lumps) by Santiago
Ramón y Cajal in 1910 and subsequently detected
by electron microscopy and immunofluorescence
[26].
The similar distribution of spliceosomal snRNPs
and NSs was a clue to the function of nuclear
speckles in pre-mRNA splicing and integration
of transcription with pre-mRNA splicing. The
nuclear speckle regulates gene expression by
possibly regulating transcription directly and via
post-transcriptional mechanisms, as seen from
experimental data. First of all, the periphery of
nuclear speckles is enriched in the elongating
form of RNA Pol II. Secondly, transcriptional
elongation is facilitated by the nuclear speckle
protein SRSF2. Thirdly, 80% of pre-mRNA are
concurrently transcribed and spliced dependently
on NSs. Moreover, NSs modulate constitutive and
alternative splicing, nuclear export (nuclear speckle
proteins, ALYREF and DDX39B, participate in
both transcription and mRNA export), mRNA
surveillance and post-translationally modulate own
activity (nuclear speckle kinase CLK phosphorylates
SRSF proteins to alter their intranuclear distribution,
pre-mRNA splicing efficiency and recruitment to
transcription sites) [26].
3.6 Paraspeckles
Paraspeckles are relatively recently discovered
nuclear compartments found in the interchromatin
space of the nucleus [30]. The precise biological role
of paraspeckles is unknown; however, analysis of the
function of the individual components suggests that
paraspeckles contribute to transcription regulation
and RNA processing [26]. Since several paraspeckle
components are involved in transcription and
RNA processing, M. Morimoto and C.F. Boerkoel
assumed that paraspeckles contribute to the coupling
of these events, such that the cell can streamline
consecutive enzymatic reactions [26].
24

Paraspeckles were found through a proteomic
study of purified human nucleoli of several tissues
[26; 30].
To date, only one cellular function is deemed
particular to paraspeckles - nuclear RNA retention
and related genetic information realization control
level [26]. Nuclear RNA retention provides an
accessible pool of ready-to-use transcripts for rapid
responses to stimuli. Although only a single mousespecific RNA is known to be regulated by nuclear
RNA retention, it is likely that this mechanism also
exists in humans, since many human poly(A)-plus
RNAs are retained in the nucleus, and numerous
A-to-I edited human RNAs have been identified
[26].
3.7 Cajal bodies
Cajal bodies (CBs; also known as coiled bodies)
are sites for the modification of small nuclear RNAs
(snRNAs) and snoRNAs, as well as for the assembly
and trafficking of RNPs [26]. In most cell types
CBs are less than 1000 nm in diameter. By contrast,
CBs in the amphibian oocyte nucleus (which is also
known as germinal vesicle) are 2000-10000 nm in
diameter [7].
Cajal bodies are named after their discoverer,
Santiago Ramón y Cajal and are one of the first
non-nucleolar nuclear bodies observed. Cajal
bodies were described in 1903 [4] in the vertebrate
neuron and subsequently have been identified in
tissues of diverse organisms, including vertebrates,
invertebrates and plants [26].
SnRNP biogenesis is one mechanism by which
the Cajal bodies regulate gene expression. The Cajal
body mediates snRNP biogenesis at many levels,
including snRNA post-transcriptional modification,
snRNA transcription and snRNP assembly. The
small Cajal body-specific
RNPs (scaRNP) of the Cajal body mediate
the
post-transcriptional
modifications
of
2′-O-methylation and pseudouridylation of snRNA.
The functional significance of the 2′-O-methylation
and pseudouridylation of snRNA and snoRNAs is
unclear; however, they likely affect the secondary
structure of the RNAs and, thereby, their stability,
RNA interactions, protein interactions and catalytic
function., Cajal bodies co-localize with snRNA
genes and transcripts, thus are thought to participate
in snRNA gene expression.Cajal bodies are also
involved in the assembly of snRNPs, so indirectly
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contribute to pre-mRNA splicing. Cajal bodies
also facilitate the biogenesis and localization of the
telomerase complex [26].
Despite Cajal bodies are universal in eukaryotes,
avian germinal vesicles lack CBs, but in these cases
nuclear steps of snRNA maturation can occur freely
in the nucleoplasm or in the small nucleoplasmic
granules [47].
3.8 Gemini of Cajal body
In a study of the subcellular localization of the
SMN1 protein in 1996, Liu and colleagues [22]
observed a novel nuclear structure similar in size,
number, response to metabolic conditions and cell
cycle behavior to Cajal bodies [26]. However,
because it lacked the coilin protein characteristic
of Cajal bodies, it was named the Gemini of Cajal
body (also known as gems) [22, 26]. According
to Morimoto and Boerkoel’s discussion, “gems
may be the nuclear domain responsible for further
maturation, storage or recycling of snRNPs. Gems
associate with Cajal bodies, and translocation
of SMN between the two is mediated, at least in
part, by post-translational modifications of coilin.
Methylation of the coilin arginine (R)- and glycine
(G)-rich (RG) box motif increases its affinity for
SMN, thereby, localizing SMN complexes to Cajal
bodies; conversely, hypomethylation of the coilin
RG box motif decreases its affinity for SMN,
releasing SMN complexes to gems . This dynamic
molecular switch may represent an alternative
pathway for snRNP biogenesis in gems and have
downstream effects on pre-mRNA splicing” [26].
4. RNPs with varying localization

in many different processes, such as coagulation,
immunological responses and tumor progression
[28].
Extracellular microvesicles found in mammalian
serum are demonstrated to be released by blood
lineage-originated cells and other tissues, quiescent
and activated, non-transformed and neoplasm
cells [28]. Practically important, all EEs contain
RNA and proteins that are specific to the original
cell type [25]. EEs were found to contain P-bodies
components: EEs are particularly enriched in
GW182 proteins and contain inactive forms of
mRNA and miRNA that are thought to be transferred
between cells and exert a functional role in the new
cellular environment [27].
4.2 TAM-bodies
Temporal asymmetric MRP bodies (TAM-bodies)
are specialized S. cerevisiae structures observed
only during mitosis containing RNase mitochondrial
RNA processing (MRP) endoribonuclease [27].
TAM-bodies were described in 2006 when T.
Gill and colleagues investigated functioning of
RNase mitochondrial RNA processing (MRP)
endoribonuclease. The authors demonstrated
that RNase MRP predominantly localized in the
nucleolus, where it processed ribosomal RNAs.
However, after the initiation of mitosis, MRP
localized in the nucleus and in a single discrete
cytoplasmic spot that persisted until the completion
of mitosis [11].
TAM-body content and P-body resemblance
suggest these RNPs either regulate mitosis by
degrading mRNAs encoding cell cycle regulators
[27], or modulate expression of cell cycle-regulated
proteins [11].

4.1 Extracellular exosomes

4.3. Vaults

Extracellular exosomes (or extracellular
microvesicles; EEs) are a type of microvesicles
sized 30–150 nm, having endocytic origin, being
formed by inward budding of the membrane of
multivesicular body organelle and released to the
extracellular space by fusion of this organelle with
plasma membrane [28].
For a long time all plasma microvesicles,
including EEs, were considered as artifacts resulting
from the cell lysis, but as time went on their
biological relevance has already been demonstrated

Vaults are hollow barrel-like ribonucleoproteins
with a mass of approximately 12.9 MDa and
dimensions of 42x42x75 nm composed of multiple
copies of three proteins and small untranslated RNA
(vRNA) [5; 9]. Vault ribonucleoprotein particles are
present in all eukaryotic cells and their structure
and protein composition are highly conserved [13].
On organismal level, vaults are generally present at
notably high levels in tissues chronically exposed
to xenobiotics, and major vault protein (MVP) was
also found to be overexpressed in certain tumor
25
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types when compared with their normal counterparts
[43].
Vaults were first characterized by Kedersha and
Rome in 1986. Using a negative stain for electron
microscopy (EM) Kedersha and Rome were able to
visualize the presence of protein-rich nanoparticles
with a structural morphology similar to vaulted
ceilings in cathedrals [9, 17].
Functionally, the endogenous vault barrellike structure has been hypothesized to have a
possible role in the cellular transport implicated
in innate immunity, multidrug resistance (MDR),
and intracellular signaling. Structural similarities
and immunocytochemical data suggest that vaults
may constitute the central plug of the nucleopore
structure, involved in the protein and/or RNA
transport between cytoplasm and nucleus [13].
Yet still, the exact roles of vaults in the cell are
enigmatic [9].
Interestingly, Abbondanza and colleagues
(1998) demonstrated that vaults interact with
estrogen receptors in hormone-dependent manner.
The authors speculate that “the interaction between
estrogen receptor and vaults is probably related
to the intracellular transport. The existence of an
energy-dependent nucleo–cytoplasmic shuttle
mechanism has been demonstrated for progesterone
and estrogen receptors... An active, regulated
transport of estrogen receptor between nucleus and
cytoplasm might establish a further control step
in the mechanism of hormone action. Differential
partitioning of receptor molecules between
intracellular compartments (nucleus/cytoplasm)
might modulate the sensitivity of a target cell to
a hormone, adjusting the intranuclear receptor
concentration.” [13].
5. Conclusions
As seen from the presented here brief description
of RNPs, cellular ribonucleoprotein bodies and
granules represent several levels of the genetic
information realization control. Starting with
chromatin remodeling and transcription, RNPs
control the genome activity. Most transcribed RNAs
undergo subsequent modifications occurring in
RNP compartments. Further, RNPs are capable of
retaining or exporting mature RNAs to cytoplasm
or other target cellular sites, where specific RNPs
determine the faith of RNAs - be it translation,
26

silencing pathway entry, degradation, retention
or stabilization. Thus, RNPs emerge as extremely
powerful cellular controllers of transition of the
transcriptome to proteome. Moreover, RNPs may
also significantly contribute to organismal signal
transduction, as seen in the cases of vaults and
extracellular exosomes.
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pathophysiology
We present systemic analysis of publications dedicated to the challenging field of uterine cervical incompetence
(UCI) molecular pathophysiology. 792 papers published between May 1974 and October 2013 were browsed to select
and highlight key points of the contemporary understanding of UCI.
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Introduction
Uterine cervical incompetence (UCI) is a type
of pregnancy complications usually diagnosed in
the second trimester and characterized by: passive
painless cervical dilation in the absence of uterine
contraction; bleeding; infection; and sometimes
with the amniotic sac bulging through the partially
dilated cervix. Left untreated, this condition may
lead to premature pregnancy loss (according to the
current MeSH term) [20]. UCI affects about 10%
of pregnancies in the western world [22]. UCI is
one of notorious highly heterogeneous pregnancy
complications [22, 32]. To authors’ knowledge, no
exact pathophysiological nor etiological molecular
mechanisms of the UCI development have
been proposed to date [23]. Ludmir and Sehdev
comprehensively formulated the existing problem
in the following words: “...the signals responsible
for the initiation of these changes [cervical ripening]
remain to be elucidated. If we can understand the
exact mechanisms that affect these changes, then we
may be better able to address such complex issues as
cervical incompetence.” [19] Anatomical features,
infections, inflammation, genetic predisposition,
abnormal implatation are proposed as risk factors
[22, 32], though the basis for these speculations is
not firm due to scarce experimental information.
As even literature analysis is challenging in uterine
cervical incompetence, we aimed at performing fast
yet systemic analysis of papers addressing UCI in
whatever aspect.
Methods
Paper search was performed in NCBI PubMed
with “uterine cervical incompetence” request.
© HybriQ collaboration, Aleksandrova A.A., Gutnikova L.V.,
Goncharova A.S., Samsonov A.E., Keller O.V., Shkurat T.P.,
2013.

Search details section confirmed term database
and advanced search options had been engaged
during query processing: we had ““uterine
cervical incompetence”[MeSH Terms] OR
(“uterine”[All Fields] AND “cervical”[All Fields]
AND “incompetence”[All Fields]) OR “uterine
cervical incompetence”[All Fields]” query syntax
translation. “Abstract available” filter was further
applied.
Results and discussion
The search yielded 792 papers with abstracts
available. The most recent (by publication date)
paper found had PMID 24170246, and the oldest
paper found had PMID 4822660. Three major topics
are concerned in the literature: relative efficiency
of different types of cerclages and pessaries;
cost-effectiveness of predictive approaches and
preventive and emergency cerclages; general and
molecular pathophysiology of UCI. As the first
topic is out of the scope, we review here only the
two last problems. 30 papers were analyzed based
on topics considered.
Physiological features of UCI
Historically, UCI has been treated as pregnancy
complication caused by anatomic defects and
physiologic malfunctions of uterine cervix tissues.
Generally, two major groups of UCI were considered
- those caused by connective tissue disorders and
those caused by uterine cervix tissues lesions
and malfunctions (adrenoreceptor dysfunction,
hyperandrogenia, connective and muscular tissues
imbalance) [29]. However, the molecular evidences
for these UCI cases as well as for UCI variants
emanating not from the disturbances of the uterine
cervix tissues themselves are relatively recent.
Moreover, the later group of UCI causes is poorly
presented in the literature.
29
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Warren et al. (2007) found that the COL1A1
intron 1SP1 and TGFB1 Arg-25-Pro polymorphisms
are associated with the condition. These authors also
analyzed families and revealed that over one fourth
of women with cervical insufficiency had a family
history of the syndrome [8]. Later, Anum and coauthors (2009) revealed that Marfan syndrome,
caused by FBN1 mutations, and polymorphisms
in the COL1A1 and TGFB1 genes are associated
with UCI [9]. Thus, UCI appears to be considerably
linked to collagenopathies and other connective
tissue disorders.
In contrast to this common view seen also in
other sources [24], Oxlund and colleagues (2010)
showed that UCI does not appear to be associated
with a constitutionally low collagen concentration
or collagen of inferior mechanical quality.
Furthermore, the hypothesis that a “muscular
cervix” with an abundance of smooth muscle
cells contributes to the development of cervical
insufficiency was not supported by the study [7].
Moreover, Dudenhausen et al. (1987) showed
that the concentration of elastase in the plasma of
pregnant women is not affected by UCI [11].
Although the molecular basis of tissue-related
causes of UCI remains unclear, generalized
anatomic studies may be of value. From this point of
view, House et al. (2012) suggested biomechanical
modeling as a tool for studying the fundamental
pathophysiology of cervix shortening in UCI [31].
The second, and the biggest part of the research
projects dedicated to UCI dealt with immunologic
aspects of the syndrome. The factors reviewed below,
though methodologically opposite, have generally
the same nature - the problem of organismal identity
and intruders.
Mohapeloa and colleagues suggested that HLADR-associated immunological factors may play a
role in extremely preterm births under a cervical
incompetence-like picture, at least in cases not
treatable by cervical cerclage [21]. Endres and
Wang addressed the involvement of cytokine
system in UCI several times. In 2003 they found
that G-308A TNF polymorphism was not associated
with cervical incompetence or with delivery prior
to 28 weeks in women who received an emergent
cerclage [13]. Later they tested expression of TNF
and also IL6 in UCI. TNF was not increased in
women with cervical incompetence and did not
predict success of emergent cerclage. IL6 levels
30

were increased in UCI patients requiring emergent
cerclage compared with control subjects, but there
were no differences between cerclage success
and failure groups [12]. In agreement with data
provided by Endres and Wang, Lee and co-authors
(2004) found that amniotic fluid IL6 is increased
in UCI patients. In contrast to IL6, amniotic fluid
relaxin was suggested as a factor not contributing
to cervical incompetence-induced cervical dilation
(regarding relaxin levels consider that group sizes
in the study were 40 and 45 women in UCI and
control groups, respectively) [18]. Later, Warren et
al. (2009) found that G13 allele in the interleukin10.G microsatellite (promoter polymorphism) was
more frequent in UCI women when compared to
controls [25].
Aguin and colleagues (2012) showed that
elevated amniotic fluid (AF) IL-6, elevated white
blood cell count (WBC) and low AF glucose, in the
absence of a positive AF culture, are significantly
associated with adverse pregnancy outcomes in
patients undergoing nonelective cerclage. Elevated
AF WBC correlated with severe and extreme
preterm delivery; low AF glucose was associated
with chorioamnionitis and decreased cerclage-todelivery interval; elevated AF IL-6 was associated
with decreased gestational age at delivery and
decreased cerclage-to-delivery interval; higher
IL-6 concentrations were associated with severe,
extreme preterm delivery and neonatal death in UCI
cases [2].
Steinborn and colleagues (2012) analyzed
composition of the systemic regulatory T cell
(Treg) pool in patients suffering from UCI and
other pregnancy complications. The authors found
that percentage of naive DR(-) CD45RA(+) T(regs)
was reduced significantly in the presence of preterm
labour necessitating preterm delivery (this group
included patients with UCI) when compared to
controls. PL was also accompanied by a significantly
increased percentage of DR(-) CD45RA(-) and
DR(low+) CD45RA(-) T(regs). The suppressive
activity of the total T(reg) cell pool was diminished
in the preterm labour group. Authors propose that
preterm delivery is characterized by homeostatic
changes in the composition of the total T(reg) pool
with a significant decrease of Treg suppressive
activity [26].
In opposite to studying immunological status of
UCI patients, several research groups concentrated
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their effort on revealing microbiotic contributors of
UCI.
Bakuma and co-authors (1990) demonstrated
that in pregnant women with a pathologic swab, in
spite of the cervical cerclage, spontaneous abortions
and premature deliveries were significantly more
frequent than in pregnant women with a sterile
swab [3].
Romero and colleagues (1992) in the series
of works showed that: (1) microbial invasion
of the amniotic cavity occurs frequently in
women presenting with cervical dilatation in the
midtrimester; (2) the microbiologic state of the
amniotic cavity is an important prognostic factor for
pregnancy outcome; (3) amniocentesis to determine
the microbiologic characteristics of the amniotic
cavity should be considered before a cerclage is
placed in women presenting with cervical dilatation
in the midtrimester [17].
Significantly later, Oh and colleagues (2010)
also studied microbial status in UCI patients. The
authors demonstrated that UCI patients with a
negative amniotic fluid culture and a positive PCR
assay (i.e. false-negatively culture tested) were at
risk for intra-amniotic and fetal inflammation, and
spontaneous preterm birth [10]. These data are in
good agreement with those obtained earlier by Lee
and co-authors [2008]: intraamniotic inflammation,
regardless of AF culture result, was present in
approximately 80% of patients with acute cervical
insufficiency and was a risk factor for impending
preterm delivery and adverse outcomes [30].
Kobayashi and co-authors (2011) demonstrated
that in women with indicated cervical cerclage
between 17 and 26 weeks of gestation, increased
levels of serum C-reactive protein on post-cerclage
day 1 or 2 might be ominous signs for very preterm
birth [5].
Taking
into
account
that
pregnancy
complications are often associated with oxidative
status disturbances, our lab applied interactomicsbased oxidative status probing approach [23]. We
found that UCI is surprisingly associated with
attenuated pro-oxidant systems’ performance,
possibly implying impaired pro-oxidant-dependent
signaling events leading to development of UCI.
Cost-effectiveness of UCI prediction, prevention
and emergent treatment
Classical diagnostics of UCI is based on
immediate medical anatomic surveying. However,
this group of methods is limited in timeliness and
informativeness [29]. Thus, the measures for UCI
prediction and prevention are widely discussed.

Illanes and colleagues (2011) tested whether
plasma free fetal DNA (ffDNA) measurement at
22-24 weeks of gestation is helpful in predicting
preterm labour in UCI patients. The authors state
ffDNA measurement does not increase the accuracy
of short cervix-based-only prediction of preterm
labour when the test is performed at 22-24 weeks [16].
Another diagnostic study was performed by
Benson et al. (2012). The authors demonstrated that
cervicovaginal fetal fibronectin testing is a valid
diagnostic tool in evaluation of preterm labor in
cervical cerclage patients which has sensitivity of
100% and specificity of 77% [15].
In relation to pathophysiological heterogeneity
of UCI, Sakai and co-authors provided evidences
that tracheloplasty in the case of cervical shortening
may reduce the rate of preterm delivery only when
cervical mucus IL-8 at 20-24 weeks is within normal
range (less than 360 ng/mL); cerclage in the setting
of elevated cervical mucus IL-8 may be harmful
[14]. Similar results were obtained by Weiner et
al. (2005): intrauterine inflammatory response or
decidual hemorrhage predate surgery in one half of
the women requiring rescue cerclage. Activation of
either mechanism predicts cerclage failure [27].
Hui et al. (2013) surveyed 4438 pregnant Chinese
women. 4.6% (203 women) had a cervical length of
less than 25 mm at 20 to 24 weeks’ gestation, 108
of these women consented for randomized UCIpreventive cerclage pessary and control follow-ups.
The prophylactic use of cerclage pessary did not
reduce the rate of preterm delivery before 34 weeks
[6].
Barth, Yeomans and Hankins shared their
experience of emergent cerclages in UCI cases.
During a five year period, 15 patients with bulging
or hourglass membranes and marked cervical
dilation in the second trimester were treated with
emergent cerclage. Pregnancy was prolonged for a
sufficient time to deliver viable fetuses in 11 of 15
patients. Eleven of 13 neonates of a gestational age
of 24 weeks or more survived [4].
Conclusion
We would like to close this paper with two
citations representing perfectly the trends in the
UCI understanding and management seen from
the review. We cite here papers by Althuisius and
Dekker (2005), and Shortle and Jewelewicz (1989).
“Since cervical incompetence was introduced in the
English literature in 1678, our understanding and
obstetric management of this clinical entity, have
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ISSN 2218-2268		

Scientific and Practical Journal of Health and Life Sciences № 4, 2013

changed tremendously over the years” [1]. Shortle
and Jewelewicz brought up the obverse in a very
neat manner: “In the early 1950s, when treatment
of cervical incompetence was first described,
diagnosis seemed relatively simple and management
favorable, but after more than 35 years of trying
multiple variations of procedures and treatment
regimens, no advances have been made. In 1959,
Neser questioned the very existence of cervical
incompetence as an entity, and concluded that, in
the final analysis, the problem is a diagnostic one.
Liberal use of cerclage in situations of moderate risk
of preterm delivery or as a prophylactic measure
for multiple gestation does not appear to improve
outcome, as judged by prematurity or survival.
Because of advances in neonatal care in the last
decade, fetal survival has improved tremendously.
It is hoped that, in the future, more objective and
accurate criteria for the diagnosis of cervical
incompetence will emerge, and that outcome of
treatment will be measured not by fetal survival, but
by prolongation of pregnancy and by birth weight.
At present, making an unequivocal diagnosis
of cervical incompetence remains an elusive,
challenging, and unsolved problem [28]. The words
written by Shortle and Jewelewicz 24 years ago
seem to be fair thus far. One possible reason for
the present situation may lie in a surprising lack of
applying of novel advanced biomedical techniques
available today towards UCI studying.
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MODIFICATION, FUNCTIONALIZATION AND CHARACTERIZATION OF
PROBES AND SUBSTRATES FOR ATOMIC FORCE MICROSCOPY
Experimental results on the design and characterization of probes and substrates modified and functionalized
by biopolymers for atomic force microscopy (AFM) are presented. Amino mica (substrate for immobilization of
biopolymers) with the adjustable hydrophobicity and surface charge density and amino modified and functionalized by
biopolymers (DNA, bovine serum albumine) AFM probes were obtained. Amino mica was characterized by visualization
of linear and supercoiled DNA molecules immobilized on the amino mica surface and by force measurements. Amino
modified and functionalized AFM probes were tested by force measurements.
Keywords: atomic force microscopy, AFM, amino mica, force measurements, probe functionalization, APTES,
amino silane, supercoiled DNA.

Introduction
Analysis of trends in society advance suggests that
the progress of mankind as a whole and the progress
of individual countries, now and in the near future
will be largely determined by nanotechnologies.
Therefore, in the leading scientific countries,
national priority nanotechnology projects have
developed. At the same time, there are certain risks
of investing, though much greater risks arise in case
of non-investing resources.
The ability of DNA molecules to regulated and
highly organized assembling turns it into an ideal
material for nanotechnology and nanobiotechnology
(area of biotechnology, which aimed at the
exploration and creation of materials with improved
physical, chemical and biological properties at the
nanoscale, as well as at the fundamental researches,
which are based on the manipulation with biological
systems using nanotechnological equipment).
Although more than fifty years passed since the
discovery of DNA structure, the attention of a
number of researchers is focused on this molecule.
The great interest of scientists and the relevance
of these studies are due to both role of DNA in
important cellular processes and the possibility of
obtaining new fundamental information through the
development of new technologies and methods of
investigations.
The determinative role in obtaining high-quality
images of biopolymers by atomic force microscopy
(AFM ) belongs to the procedure of mica
modification, a substrate used for immobilization
of biomolecules. Previously, several methods of
DNA sample preparation, which are currently used
© Limanskaya O., Limanskii A., 2013.

34

in many laboratories, because of simplicity of the
procedure, were developed. Natural and synthetic
polyamines [3, 6, 17] were used for pretreatment
of mica, substrate for AFM, in order to enhance
its affinity to DNA di- and trivalent cations [1, 4].
To visualize DNA molecules, substrates with gold
evaporation and self-assembled monolayers of
thiogroups were applied [9]. Besides these methods,
in view of their “bottlenecks”, other approaches
have been developed in order to modify mica, for
instance, by treatment of amino silane derivatives
in solution or in gas phase [12-14].
The present study was aimed at the development
of the technology for preparation of amino mica, a
substrate for immobilization of biomolecules for
the atomic force microscopy study with desired
properties (adjustable hydrophobicity and surface
charge density). Apart from the standard amino
mica obtained by modification of freshly cleaved
mica in amino silane vapour, modified amino mica
with both increased and reduced hydrophobicity
and surface density of amino groups compared to
the standard amino mica was obtained by varying
the conditions of mica modification.
Methods
Atomic force microscopy. Nanoscope III
and Nanoscope IV MultiMode atomic force
microscopes (Veeco Instruments Inc., USA) with
D- and E-scanners were used. All DNA images
were captured by AFM tapping mode in air at room
temperature with OMCLAC160TS cantilevers
(Olympus Optical Co., Japan; resonant frequency
340–360 kHz; nominal spring constant 42 N/m)
at 3 Hz scan line speed. High resolution (512 ×
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512 pixels) topography images were acquired
simultaneously and were processed by the flattening
function of the Nanoscope software (version 5.12r3;
Veeco Instruments Inc., USA).
DNA preparation for AFM. Supercoiled
pGEMEX DNA (Promega, USA), 3993 bp in
length, and phage λ DNA with the length of 48502
bp were used. HEPES buffer (10 mM,
pH 7.4) containing 2.5 mM MgCl2 was used for
DNA deposition onto freshly cleaved mica. A drop
(10 μl) of DNA solution with (~ 0.01–0.1 μg/ml) in
TE buffer (10 mM Tris-HCl, рН 7.9; 1 mM EDTA)
was deposited onto a strip (1 cm2) of the standard
or modified amino mica. After 2 min incubation the
sample was rinsed with ultrapure water, carefully
blown dried by Ar vapor and kept at reduced
pressure (P = 100 mm Hg, 20 min).
Force measurements. Tip deflection–Z position
plots (tip deflection depending on the distance
between the tip and the mica surfaces, further
termed as the force – distance plots) were recorded
at a vertical scanning frequency of 1 Hz and 50–
200 nm Z amplitude. The force –distance plots
were obtained from the tip deflection – Z position
dependence (i.e., the scanner position along the Z
axis) by the Nanoscope software. Most of the force
plots were recorded at 100 nm amplitude. For this
amplitude, the extending and retracting rate of tip
and mica surfaces was 200 nm/s. By multiplying
this value by the effective spring constant of the
probe, the loading rates of 2.6 nN/s and 5 nN/s were
calculated for the cantilevers with the length of 200
μm and 100 μm, respectively. The averages of 50–
196 force plots for different variants of AFM probe
modification were used in order to obtain the values
of the adhesion force and the work of adhesion force.
The data for 512 points were recorded for every
cycle of force measurements (probe extending to
the substrate and retracting from the substrate). All
force measurements were performed with triangular
(V-shaped) OMCL-TR400PSA cantilevers made
of silicon nitride and covered with gold and a thin
chromium layer (Olympus Optical Co., Japan). Each
chip contained two long and two short cantilevers
with different geometric sizes and, therefore, with
different spring constants. The resonant frequencies
of the cantilevers were determined using the builtin option of measuring the cantilever frequency in
air (without taking into account a possible shift of
the resonant frequency caused by air damping). The

spring constant for each cantilever was determined
by Cleveland’s resonant frequency method [7].
Modification and functionalization of AFM
probes and substrates. Freshly cleaved mica,
standard amino mica and modified amino mica
with reduced and increased charge density were
used as AFM substrates. AFM probes and standard
amino mica were obtained by silanation of probes.
Freshly cleaved mica was obtained in distilled
(3-aminopropyl) triethoxysilane (APTES) and N,Ndiisopropyl ethylamine vapors. The APTES was
distilled at reduced pressure in Ar vapour. For probe
and mica amino modification, probes and freshly
cleaved mica were incubated in a desiccator (2.5
l) filled with APTES, N,N-diisopropyl ethylamine
and Ar vapors (1 h). Modified amino mica with the
increased charge density was obtained by a slightly
modified procedure for standard amino mica
silanation. Briefly, bidistilled APTES and longer
incubation time comparing with time for standard
amino mica (3 h instead of 1 h for standard amino
mica) were applied. Modification of the preparation
procedure results in increased hydrophobicity and
surface charge density of mica, because the content
of aqueous vapors is noticeably decreased after
bidistillation of APTES. Chemicals were purchased
from Aldrich (USA), United Chemical Technologies
(USA) and Wakenyaku (Japan).
To perform the premodification cleaning, the
probes were washed with sulfuric/chromic acid,
rinsed thoroughly with ultrapure water (resistivity
~17 MΩ/cm), blown with argon, and irradiated
by high-power short-wave UV for 45 min. Amino
probes (modified probes with the surface uniformly
coated by amino groups) were manufactured
according to [11] by modification with amino
groups in vapors of distilled APTES and N,Ndiisopropyl ethylamine. Immediately after the UVozone cleaning, the probes were transferred to a 2.5
l argon-filled glass desiccator containing APTES
and N,N-diisopropyl ethylamine solutions for 1h.
The modified probes were stored in the argon-filled
desiccator.
Two homobifunctional crosslinkers with
aminoreactive esteric groups (NHS-ester) at
both ends were used for functionalization of
amino probes: disuccinimidyl suberate (DSS
linker, Pierce, USA) and ethylene glycol-bis-(Nhydroxysuccinimide ester of succinic acid) (EGS
linker, Sigma, Japan). Bovine serum albumin
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(BSA) was used for the following immobilization.
Functionalization process was performed in a
commercial fluid AFM cell and consisted of the
following stages. The amino probes were mounted
in a glass cell, the DSS linker solution (2.7 x 10–3 M
in 0.5% triethylamine/chloroform) was injected,
and the probes were incubated for 15 min. The cell
was then washed thoroughly with 200 μl of PBS
buffer, and the force plots were recorded for the
system consisting of the amino probe functionalized
with linker and mica (with which the DSS linker
can also interact). Then the substrate was replaced
with freshly cleaved mica, and force measurements
were repeated. To perform BSA immobilization,
BSA solution was injected into the fluid cell and
incubated for 5 min. The cell was then washed with
PBS buffer, the substrate was changed with freshly
cleaved mica and a set of force curves was recorded
for the probe with immobilized BSA.
Results
The surface of mica, standard substrate for
immobilization of biomolecules for AFM studies, is
negatively charged in buffer solutions at neutral pH
values and low ionic strength
[5]. The procedure of DNA sample preparation
for amino mica immobilization provides a strong
binding of DNA molecules to the substrate due to
the superposition of electrostatic and van der Waals
forces. Thus, immobilization of DNA molecules on
the surface of amino mica in an aqueous solution
occurs preferably through electrostatic interaction
between negatively charged phosphate groups of
DNA and positively charged amino groups of mica
(Fig. 1).
Aminomodified probes and amino mica
were characterized by AFM in the mode of
force measurements, and by visualization of the
conformation of plectonemically supercoiled DNA
molecules immobilized on amino mica (Fig. 2).
The latter method is extremely informative even
in comparison with the AFM force measurements,
because it allows obtaining of additional information
about the surface properties of amino mica.
AFM images of supercoiled pGEMEX DNA
immobilized on four substrates (freshly cleaved
mica, standard amino mica and modified amino
mica with incresed and reduced surface charge
density compared to the standard amino mica)
36

are obtained. Plectonemically supercoiled DNA
molecules and single molecules with extremely high
levels of compaction are visualized on the modified
amino mica with increased surface charge density.
Supercoiling level of the observed DNA molecules is
significantly higher than it was previously achieved
experimentally and theoretically investigated.
The stretched phage λ linear DNA molecules
and supercoiled pGEMEX DNA molecules (they
are formed under the directed aqueous flow) are
visualized on the amino mica surface with reduced
hydrophobicity and surface density of amino groups.
The modified amino probes with covalently
attached amino reactive homobifunctional linker
and BSA molecules were characterized by force
measurement, such as the adhesion force values,
and the work of adhesion force was determined.
Visualization of single stretched linear and
supercoiled DNA molecules
Considering the known experimental data on
the elasticity of DNA molecules [2, 8, 15] and
the importance of fundamental research of DNA
micromechanical properties, we have developed
a new method for obtaining of stretched DNA
molecules with their subsequent AFM imaging. The
developed method is extremely simple and effective.
It allows obtaining of stretched DNA molecules (
Fig. 2) by exposure of DNA solution drops on the
surface of amino mica with reduced hydrophobicity
and surface charge density. The stretched DNA
molecules are formed during the preparation of the
sample for the AFM visualization, namely during
washing of amino mica with ultrapure water after
exposure to the DNA solution. It is important that
the exact same procedure for the preparation of
the sample with an intense washing of amino mica
surface by directed water flow we have used for the
standard and the modified amino mica with increased
hydrophobicity and surface charge density.
The stretched under the direction of aqueous
flow phage line DNA molecules and supercoiled
pGEMEX DNA molecules are visualized on the
amino mica surface with reduced hydrophobicity
and surface density of amino groups. For stretched
pGEMEX DNA molecules the distance between
the nucleotides along the axis of the helix (H) was
determined from the AFM images by measuring of
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the contour length, which was equal to 4,87 - 5,36
Å (Fig. 2).
The stretched DNA molecules were obtained on
the amino mica surface with reduced surface density
of amino groups. Immediately a number of questions
are arising. Whether aminomica with desired
properties, namely, with the increased surface
density of amino groups can be obtained? What will
happen to DNA molecules at the immobilization
on the amino mica with the increased density of
amino groups? If DNA molecules are stretched on
the amino mica with reduced surface density amino
groups, can they be compressed like a spring when
DNA molecules are immobilized on the amino mica
surface with an increased density of amino groups?
This research was devoted to the search for the
answers to these questions.

molecules varied from 1,94 Å to 2,19 Å ( Fig. 4a,
Fig.4b and Fig. 5).
Such compressed, like a spring, supercoiled
DNA molecules with a reduced distance
between the nucleotides along the axis of the
duplex (H ~ 2 Å) compared to well known
DNA forms were referred to a new DNA form - SDNA (“S” - from the English word “spring”).
There are several variants of supercoiled DNA
compaction at the transition to modified amino
mica, which has a considerably higher surface
charge density than the standard amino mica. On
the first stage the number of nodes is increasing
and oversuperscoiled rod-like DNA molecules are
forming (Fig. 3b – Fig. 3d). For instance, the number
of nodes (n) for oversupercoiled DNA molecule can
increase up to 19 (Fig. 3b).

Visualization of single compressed supercoiled

Amino modification of probes and substrates

DNA molecules
On the modified amino mica with increased
hydrophobicity and surface density of the positive
charge comparing with standard amino mica,
single DNA molecules with extremely high
compaction level were visualized simultaneously
with plectonemically supercoiled DNA molecules.
Supercoiling level of visualized single DNA
molecules is significantly higher as compared
with the previous experimentally achieved and
theoretically examined level (Fig. 3).
Since the length of the sequenced DNA pGEMEX
is 3993 bp, the distance between nucleotides along
the DNA double helix axis can be determined. If
internucleotide distance H of pGEMEX DNA,
which is shown in Fig. 3a, is equal to 3,11 Å, then
for the oversupercoiled DNA, which is shown on in
Fig. 6c, the calculated H value was 2,19 Å (!). The
H value of 3,11 Å is consistent with the previously
obtained data of slight decreasing contour length of
dried DNA after immobilization on mica, assuming
the B-form of DNA [2]. However, the H value of
2,19 Å indicates that supercoiled DNA molecules
immobilized on amino mica with increased
charge density undergo significant intramolecular
changes, which result not only in increasing of
supercoiling level, but also in significant decrease
in internucleotide distance. The distance between
nucleotides in other oversupercoiled DNA

Surface properties of the standard amino mica
were characterized by two methods of ( i) atomic
force microscopy in the mode of force measurements,
and ( ii ) visualization of linear and supercoiled
DNA molecules adsorbed on amino mica. Force
measurements of AFM contact mode were used for
characterization of amino mica and amino probes,
as well as amino probes functionalized by DNA
molecules, glutaraldehyde, homobifunctional linker
agents and bovine serum albumin were characterized
by determining adhesion force and work of adhesion
force between the interacting surfaces.
One cycle of force measurement consists of two
stages : (i) the extending of the probe surface and
the substrate surface while the scanner is moving
from predetermined position relative to the Z axis
to the position Z = 0, and (ii) their subsequent
retracting from the scanner position Z = 0 to a
predetermined value Z. In this case, two force
plots corresponding to extending the probe and the
substrate from the distance Z = 90-180 nm to Z =
0 nm and their subsequent retracting are recorded
(Fig. 6). The nature of the two force plots for
surface pairs of amino modified mica – probe and
freshly cleaved (unmodified) mica – probe in buffer
solutions at different ionic conditions indicates
the characteristics of the intermolecular forces
between the interacting surfaces of the probe and
the substrate.
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Amino groups covering the surface of mica after
modification with APTES vapours are positively
charged at pH 7.6. This results in significant
adhesive effect between positively charged amino
mica and negatively charged probe (Fig. 6b) due
to the electrostatic interaction between the amino
groups of modified mica and hydroxyl groups of
the probe. After amino modification of probes in
APTES vapours as for amino mica, there is a large
(up to 4.6 nN) adhesion force (Fig. 7). This adhesive
effect for amino modified probe is driven mainly
by electrostatic interactions between positively
charged amino groups of the probe and negatively
charged silanol groups of mica.
Functionalization of amino modified probes and
substrates
On the next stage aminomodified AFM probes
were functionalized, i.e. it was confirmed that
amino groups of amino probes are reactive, and they
can be conjugated with biomolecules using wellknown immobilization chemistry of amine. The
noncovalent DNA binding and covalent interaction
with glutaraldehyde (GA) were used for amino
probes functionalization. Covalent binding of amino
groups of amino probe with GA carboxylic groups
results in the formation of Schiff base ([10]. This
resulted in a reduction of the positive charge surface
density of amino probe, and therefore, a reduction
of adhesion force for amino probe + GA – mica pair.
Based on techniques of AFM probes modification,
the general scheme of their functionalization was
designed. Probes functionalized by BSA, which
can be used for the study of molecular recognition
processes, were obtained (Fig. 8). AFM probe
modification and functionalization procedure is
comprised of three stages. First, amino probe was
obtained by modifying in vapours of amino silane
derivative. At the second stage, amino reactive
homobifunctional linker reacted with surface amino
groups of amino probe. At the final stage, the
modified probe with covalently attached DSS linker
was functionalized by BSA molecules. AFM probes
were characterized at different stages of modification
by AFM force measurements. Adhesion force and
work of adhesion force were determined from force
plots after each stage of modification and only for
probes with attached BSA molecules.
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Discussion
In view of the use of amino mica with a reduced
density of surface amino groups, the
number of bonds formed between DNA
electronegative sites and positively charged amino
groups of mica reduces dramatically. Therefore,
under the influence of the water flow, DNA
molecules extend parallel to the direction, in
which the washing of the mica surface is carried.
Measurement of the contour length of a single native
DNA molecule with subnanometer resolution,
which is a distinctive feature of the AFM, allows us
to determine the distance between the nucleotides
along the DNA double helix, knowing the number
of base pairs in the molecule.
The distance between the bases, or the rise, is
the distance between the planes of the bases, and
the distance between the nucleotides along the axis
of the helix (H) is the projection of the distance
between the bases on the axis of the DNA double
helix. Increasing of the contour length of supercoiled
(scDNA) pGEMEX DNA from 1243 nm (the
characteristic value for the unstretched molecule) to
1943 nm ( Fig. 2c) and 2140 nm (Fig. 2d ) indicates
that stretching of scDNA in 1.56 and 1.72 times
results in increasing internucleotide distance to H
= 4.87 Å and H = 5.36 Å respectively. Our data
obtained for stretched pGEMEX DNA molecules
coincide with previously published results of DNA
elongation studies by various methods including a
method of optical tweezers [16].
Thus, we developed a technology for producing
of amino mica, a substrate for the immobilization of
biopolymers for atomic force microscopy studies,
with desired properties: controlled hydrophobicity
and surface charge density. Simultaneously with
the known standard amino mica obtained by amino
silane modification in vapours, modified amino
mica with reduced hydrophobicity and surface
density of amino groups compared to the standard
amino mica was obtained by varying conditions of
mica modification. Based on this technology, new
experimental approach of DNA stretching was
developed.
The stretched linear phage λ DNA molecules
and stretched supercoiled pGEMEX DNA
molecules are visualized on the surface of amino
mica with reduced hydrophobicity and surface
density of amino groups. The increased contour
length of the stretched supercoiled pGEMEX DNA
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molecules with the length of 3993 bp, which was
determined directly from AFM images, meaned that
scDNA molecules were stretched 1.5-1.7-times in
comparison with B-DNA.
Answering the question, why different DNA
molecules are compacted to different levels, we
can assume that (i) protonated amine groups are
localized nonuniformly on the modified amino
mica surface, (ii) the most compacted structures
(spheroids and semispheroids) are formed on the
modified amino mica fragments with maximum
density of active amino groups.
Location of the morphologically similar forms
of scDNA (minitoroids, rod-like molecules with the
length of superhelix axis l ~ 570 nm and l ~ 280 nm)
on mica fragments of ~ 500 nm × 500 nm indicates
that the surface charge density of modified amino
mica may be variable, and the presence of the charge
density gradient is the reason of different shielding
of DNA phosphate groups, and, consequently, may
be considered to be the evidence of the forming
variants of compacted morphologically different
scDNA molecules. In addition, the analyzed DNA
sample contained a set of topoisomers characterized
by different supercoiled density. If the characteristic
time of DNA compaction has a similar value to
the time of DNA binding to amino mica surface,
topoisomers with different supercoiled number can
be condensed into aggregates with different levels
of compaction .
Conclusions
The technology of amino mica, a substrate
for biopolymers immobilization for atomic force
microscopy studies, with desired properties
(controlled hydrophobicity and surface charge
density) is developed. Simultaneously with the
known standard amino mica obtained by modification
in amino silane vapours, modified amino mica with
increased and reduced hydrophobicity and a surface
density of amino groups compared with the standard
amino mica is obtained by varying modification
conditions.
A new experimental approach of DNA molecule
stretching is developed. The stretched linear phage
λ DNA molecules and stretched supercoiled
pGEMEX DNA molecules are visualized on the
surface of amino mica with reduced hydrophobicity
and surface density of amino groups. The increase

in the contour length of the stretched supercoiled
pGEMEX DNA molecules with the length of
3993 bp, which was determined directly from
AFM images, meaned that scDNA molecules were
stretched in 1.5-1.7-times in comparison with DNA
B-form, resulting in an increase in the distance
between the bases along the helix axis to H = 4,87 5,36 Å respectively.
DNA molecule is proved to be a molecular
spring, because DNA molecules can be not only
stretched, but also compressed. Single molecules
with extremely high level of compaction
were visualized on the modified amino mica
simultaneously with plectonemically supercoiled
DNA molecules. Supercoiling degree of these
molecules was shown to be significantly higher
than it was previously achieved experimentally and
considered theoretically.
It is shown that the new method of substrate
characterization, which is based on visualization
of plectonemically supercoiled DNA molecules,
is extremely informative even in comparison with
the AFM force measurements, because it allows
obtaining of additional information about the
surface properties of the substrate, on which DNA
molecules are immobilized.
The method of obtaining amino modified
AFM probes in the gas phase is developed in
contrast to the existing approaches of amino
modification in solution. The scheme of AFM
probe functionalization by proteins is designed and
probe functionalization by bovine serum albumin is
performed. Modified amino probes with covalently
attached amino reactive linker and BSA were
characterized by force measurements: the values of
the adhesion force and work of the adhesion force
after each stage of modification and for the probe
with attached BSA molecules are determined.
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Fig. 1. AFM image of phage λ DNA
immobilized on the standard amino mica (a,
c) and stretched phage λ DNA immobilized
on amino mica with reduced surface charge
density (b). Scan size is: (a) – 6.1 mm х 6.1
mm; (b) – 7.5 mm х 7.5 mm; (c) – 1.8 mm х
1.8 mm.
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Fig. 2. AFM image of supercoiled pGEMEX DNA
molecules with length of 3993 bp immobilized on freshly
cleaved mica with Mg2+ ions (a), standard amino mica (b)
and stretched supercoiled pGEMEX DNA immobilized
on amino mica with reduced surface charge density (c, d).
Scan size is: (a) – 307 nm × 307 nm; (b) – 294 nm × 294
nm; (c) – 1.13 mm х 1.13 mm; (d) – 1.07 mm х 1.07 m.
(a) DNA contour length (L) is 1243 nm; distance between
nucleotides along duplex axis (Н) is 3.11 Å. (b) L is 1216
nm; Н is 3.05 Å. (c) –L is 1943 nm; Н is 4.87 Å. (d) – L is
2140 nm; Н is 5.36 Å.

Fig. 4. AFM image of compacted supercoiled pGEMEX
DNA with different lengthsof the superhelical axes. DNA
is immobilized on modified amino mica. (a) The contour
length of the DNA molecule (L) is 776 nm, which
corresponds to a rise per base pair along the double helix
axis (H) of 1.94 Å. Scan size is 500 nm × 500 nm. (b) L is
852 nm, which corresponds H of 2.11 Å. Scan size is 500
nm × 500 nm. (c) Three minitoroids formed by single DNA
molecules. Scan size is 400 nm × 400 nm. (d) Semispheroid
with a height in a maximum of 2.6 nm. The height of the
uncompacted DNA strand is 0.3 nm, which corresponds to
the height of double-stranded DNA. Scan size is 250 nm ×
250 nm.

Fig. 3. AFM image of supercoiled pGEMEX DNA
with different length of the superhelical axes. DNA is
immobilized on (a) a freshly cleaved mica from a buffer
containing Mg2+ and (b–d) modified amino mica.

Fig. 5. (a) AFM image of a single left oversupercoiled
pGEMEX DNA. Scan size is 250 × 250 nm. (b) Threedimensional image of molecule. (c) Cross- section of
molecule along the line indicated in the inset. The arrows
indicate the peak and the corresponding fragment of DNA
double helix with a height of h = 0.38 nm. (d) Cross-section
of molecule along the line shown in the inset. The arrow
indicates the peak that was used to determine the height
of the corresponding fragment of DNA double helix, h =
0.40 nm.
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Fig. 6. Force curves (tip deflection – distance) for interacting
pairs of surfaces. (a) – freshly cleaved mica – probe, ТЕ buffer;
(b-d) – standard amino mica – probe; (b) - ТЕ buffer, pH 7.6; (c)
- 10×ТЕ buffer, pH 7.6; (d) - 7 mM NaOH, рН 11.2.

Fig. 7. Force curves (tip deflection – distance
curves) for pair of interacting surfaces of
amino probe – freshly cleaved mica in buffer
solutions. (a) – ТЕ buffer, pH 7.6; (b) – 10×ТЕ
buffer, pH 7.6; (c) – 7 mM NaOH, рН 11.2.

Fig. 8. Functionalization of AFM probes. (a) Unmodified silicon nitride
AFM probe and (b) AFM probe with amino groups covering its surface.
At the first stage, the probe surface becomes modified with covalently
bound amino groups after treatment with the vapors of an amino silane
derivative (APTES). (c) Probe with attached DSS linker; free amino
reactive ends contain NHS esters. During the second stage, the probe
amino groups react with NHS ester groups of the homobifunctional
DSS linking agent. (d) Probe with covalently attached BSA molecules.
Amino reactive groups of the DSS linking agent interact with the BSA
lysine residues.
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A review of EEG features in attention deficit hyperactivity
disorder
The present article reviews the literature in relation to EEG features of attention deficit and hyperactivity disorder.
The review provides a brief overview of history of the disorder, types of attention deficit and hyperactivity disorder,
quantitative EEG findings, age and gender EEG features, EEG coherence in ADHD. The elevated theta-activity,
reduced alpha- and beta- activity, together with increased theta/alpha and theta/beta ratios in EEG of patients
suffering ADHD were observed.
Keywords: Attention deficit hyperactivity disorder, quantitative EEG, coherence, review

Introduction
Attention deficit and hyperactivity disorder
(ADHD) is a neuropsychiatric disorder, which
is characterized by age-inappropriate degree
of attention development, hyperactivity and,
impulsivity [1].
This disorder is expected to be associated
with disruption of the structure, metabolism, and
information processing in CNS [3, 17, 64, 68, 69].
The existence of the syndrome was questionable a
decade ago. Presently, there are no doubts about the
existence of ADHD as neuropsychiatric disorder.
Moreover, the disorder may already be diagnosed
in adults.
Based on the data of meta-analysis, it was found
out that prevalence of ADHD among children and
adolescents reaches 5.9-7.1 % depending on age,
assessment criteria, and regions of residence, while
in populations of young adults it reaches 5,0%
worldwide [70].
There are two basic hypotheses to explain
the origin of abnormalities underlying ADHD.
According to the first hypothesis, ADHD is based
on delay in the development of CNS. According to
the second hypothesis, ADHD occurs as a result of
improper functioning of CNS [21]. Contemporary
studies of ADHD confirm the existence of both
functional, structural, and biochemical abnormalities
in CNS, most of which are connected with the
prefrontal cortex that is responsible for behavior
regulation, behavioral inhibition, suppression
of distraction, maintenance, and distribution of
attention [3, 18, 31]. Some of the authors tend to
associate cognitive and behavioral characteristics
with dysregulation and connections predominantly
in the orbitofrontal cortex, which is responsible for
© Pustovaya O.V., Ivanitskaya L.N., Lednova M.I., 2013.

working memory, emotion regulation, control of
desires and decision making [69].
Registration of the brain bioelectrical activity in
children with hyperactivity, impulsivity, inability
to keep the attention, and, as a consequence, with
learning disabilities has been practiced for more
than 50 years. One of the earliest studies devoted
to EEG in children with minimal brain dysfunction
belonged Jasper et.al. He first found the increase of
slow activity 2-6 Hz in the majority of brain regions
with the prevalence in the frontal regions [8].
However, the analysis of EEG of patients suffering
ADHD was primarily qualitative until 1980s.
Presently, quantitative approaches are mainly
applied to analyze EEG of ADHD patients. On one
hand, according to the qualitative (visual) analysis,
the background EEG in children with ADHD
differs insignificantly from the developmental
norm of healthy children [45, 65]. On the other
hand, there is the evidence of pathological signs
in the background EEG of children suffering the
disorder [63, 71]. Thus, according to Yevtushenko
et.al., normal bioelectrical activity of the brain
was recorded in 39.7% of children with ADHD.
Other children with ADHD demonstrated epi-signs,
epileptiform activity, slowing of the basic rhythm,
and excessive slow activity [71]. In the majority
studies, children with pathological forms of EEG
activity were excluded from the selections [4, 16,
33, 39].
EEG features of wakefulness in children with
ADHD
The most frequently studied characteristics of
EEG include absolute and relative power and theta/
beta ratio of different EEG frequency bands.
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In accordance with the majority of published
data, absolute delta activity is increased in the
clinic group [16], absolute [4, 16, 19, 22 , 27, 51]
and relative [15, 16, 19, 22, 24, 61, 62, 58] theta
activity is increased, absolute [4, 16] and relative
[15,16, 26, 62] alpha activity is decreased, slow
alpha1 activity is increased [50] and absolute [16]
and relative [15, 16, 58, 61, 62] beta activity is
decreased. Assessment of the power ratio of alpha,
beta and theta frequency bands became widespread
in the field of neurological studies. The increase in
the theta\ alpha ratio [4, 24, 26 ], the decrease in
the theta/beta ratio [15, 24, 52, 57, 58, 61 ] and the
increase in the beta/theta ratio[39] were found in
children with ADHD. The theta/beta ratio is used
for estimation of the level of cortical activation [19,
24], as well as for differentiation of ADHD and
healthy subjects [15, 57].
Power characteristics of EEG rhythms in ADHD
patients are ambiguous. Some investigators notice
either the increase in the relative alpha activity in
these children [22, 50] or absence of differences
compared to the control group [19]. The increase in
beta activity [48], absence of significant reduction
of beta activity [44] and absence of differences
in power characteristics of EEG in children with
ADHD in comparison with healthy children was
pointed out [30]. It was shown that use of individual
dominant frequency for the calculation of the
basic rhythm led to the decrease in the theta / beta
ratio. Therefore, the increased theta / beta ratio
may indicate persons with slow basic rhythm and
increased theta activity [52]. Thus, according to
Lansbergen et. al., the theta / beta ratio in ADHD
can be considered to be non-specific measure of
ADHD rather than specific one [52].
Regarding the characteristics of theta activity,
practically all authors report on its increase in the
clinical group. Features of theta activity in the
frontal and central regions identified in ADHD
were shown to be associated with insufficient level
of activation in the brain structures, indicating the
decrease in cortical activity [22, 24, 36, 51]. The
increased theta rhythm power [37, 42] and decreased
alpha rhythm power during the resting wakefulness
were shown to be associated with the disturbance of
cognitive function in children with ADHD [42]. The
decrease in alpha activity may indicate the delayed
maturation of basic EEG rhythm and immaturity
of cerebral regulatory structures in both resting
wakefulness and drowsiness [4].
Frequency characteristics of EEG rhythms in
ADHD are less explored. There is the evidence that
44

frequency of the basic rhythm of bioelectrical activity
of the brain in children suffering the syndrome is
less than 1 Hz compared to the developmental norm
of healthy children [54].
ADHD types
Presently, attention-deficit/hyperactivity disorder is subdivided into three types according the
diagnostic criteria [1]. Inattention type is recognized
as the most widespread ADHD type (38, 51%) in
the total population of children suffering ADHD.
Combined and hyperactive-impulsive types make
up 24-30% and 19-20% of the total population of
children with ADHD respectively. However, it
is marked that combined type dominates in clinic
investigations and explored cohorts. The ratio of
male and female children with the disorder is 3,2:1
[70].
A number of studies did not reveal principal
differences in the structure and quantitative
characteristics of EEG between ADHD types.
The only difference in EEG characteristics was
the severity that manifested in intensification of
theta activity and the reduction power of alpha and
beta activity. The EEG characteristics are more
pronounced in the combined type of ADHD [16, 24,
27]. The group of patients with the combined type
of ADHD demonstrated more pronounced increase
in the absolute and relative theta activity, increase
in the theta\alpha, and alpha/beta ratios and the
decrease in alpha activity in comparison with the
inattention type of ADHD [24].
Attempts to distinguish ADHD types have
been made based on EEG data. Arns et. al. noted
existence of two types of EEG patterns, with
frontal slowdown (theta increase) and slowdown of
alpha rhythm. The authors assume that these types
have different etiology, because of the types have
different reaction on medication [2]. Clarke et al.
found three distinct EEG clusters among of children
with combined ADHD type by dint of principal
component analysis [27].
Topographic EEG features in ADHD
It is reported about existence of topographic
EEG features in people with ADHD in the number
of studies [22, 27, 51]. Theta activity was more
prominent in frontal regions [22, 51], alpha activity
was maximally reduced in posterior regions [24],
relative beta activity was reduced in posterior [51]
and frontal areas [24], theta/beta ratio was increased
in all brain regions and most expressed in frontal
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derivations [53] in ADHD group versus control
group. It is reported that observed differences
between ADHD and control group were more
prominent in right hemisphere [24].
EEG asymmetry in ADHD
Asymmetry of EEG characteristics in ADHD
subjects was detected in a number of studies [5, 22,
26, 40, 41]. The dominance of alpha activity in right
hemisphere during resting wakefulness was found
in different age groups which included preschool
children, adolescents and adults [5, 22, 40]. The
dominance of beta activity in right hemisphere was
found in preschool children and adults with ADHD
[26, 41]. EEG analysis in adults with ADHD
showed that increased rightward alpha asymmetry
correlated with severity of ADHD symptoms
[40]. Pronounced rightward beta asymmetry in
parental areas in ADHD subjects correlated with
better performance continuous performance task.
According the authors, obtained results indicate the
lack of connections in the temporo-parietal areas left
hemisphere during information processing versus
healthy people who had leftward beta activity.
These findings suggest different pathophysiologic
mechanisms underlying information processing,
which are biased in the right hemisphere in adults
with ADHD [41].
Age EEG features in ADHD
According to the published data, the disorder,
which exists in childhood, usually remains in
adolescents and in adults [38]. The longitudinal
studies of Satterfield et al. showed that EEG power
decreased with age faster in healthy people then in
hyperactive people [59]. Absolute and relative theta
activity remained increased, relative beta activity
remained decreased in adolescence and adulthood
[19, 20, 36, 43, 51]. Increased power of slow alpha1
rhythm in frontal regions [51], and increased delta
activity [20] were detected in the ADHD group.
Theta/beta ratio remained increased [36, 43].
Clarke et al. investigated age dynamics among
different ADHD types. It was shown that the power
of delta and theta rhythms, as well as theta/beta
ratio decreased faster in combined ADHD type than
in inattentive ADHA type. This decrease was faster
in posterior than frontal regions [24]. Hemispheric
differences were increased in frontal regions of
patients suffering the combined ADHD type and

decreased in patients suffering inattentive ADHA
type in age-dependent manner [24].
Gender features of EEG in ADHD
According Clarke, et.al., male children had more
prominent EEG differences then female children
with ADHD [24]. Male children had more absolute
beta, relative delta and theta activity and less total
power in comparison with female children with
ADHD [24]. Female children with ADHD had
more absolute alpha activity then female children
from the control group. Conversely, male children
with ADHD demonstrated lower absolute alpha
activity then male children of the control group
[24]. Female children with ADHD had increased
relative delta, decreased absolute beta, decreased
absolute activity and relative gamma activity in
comparison with healthy female children [33].
Adult men with ADHD had increased theta activity,
which was not observed in females [43]. In male
children with ADHD theta activity decreased faster
than in female in age-dependent manner [24]. Total
power decreased faster in female than male children
in age-dependent manner, and the decrease was
mostly associated with posterior rather than anterior
regions. Absolute delta activity decreased in female
children with ADHD slower than in male patients in
age-dependent manner [24].
EEG coherence in ADHD
EEG coherence analysis was used in order to
estimate the timing of brain activity in different
cortex regions. It is considered to be the measure of
correlation between two signals in the time domain
of a certain frequency range [60]. Despite the longterm history of EEG investigations in people with
ADHD, coherence studies of this clinic group have
been carried out actively only in the last decade.
Most of researches in this field of study both
coherence and quantitative EEG were conducted
by Australian research group under the direction of
R.Barry and J.Clarke [6,7,9-16,24-29].
Coherence features of age [9,10,28,64], gender
[9,10], EEG pattern [25], syndrome subtypes
[13], symptoms [14] and comorbidities [11,12]
in people with ADHD were considered. Based on
EEG coherence the attempts to discriminate ADHD
subjects from normal cohort [39, 66] and analyze the
effects of medical preparations [6, 29, 34,35] have
been made. Some studies dealt with methodological
aspects of coherence analysis [7].
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EEG coherence has been estimated for intrahemispheric F3-O1, F4-O2, Fp1-F3, Fp2- F4, T3T5, T4-T6, C3-P3, C4-P4) and inter-hemispheric
electrode pairs (Fp1-Fp2, F7-F8, F3-F4, C3-C4,
T3-T4, T5-T6, P3-P4, O1-O2). The mentioned
intra-hemisheric and inter-hemispheric electrode
pairs are divided into short and long inter-electrode
distances.
Inter-hemispheric asymmetry of coherence was
evaluated by comparison of mean values of intrahemispheric coherence between the right and left
hemispheres (for example Fp1-F3 and Fp2-Fp4).
Inter-hemispheric coherence was estimated for
frontal (Fp1-Fp2, F7-F8, F3-F4), temporal (T3-T4,
T5-T6), and central/parietal/occipital regions (C3C4, P3-P4, O1-O2) [7, 9-14, 25, 28, 29, 34, 35].
The earliest studies, which were devoted to
detection of EEG features in people with ADHD,
demonstrated total increase in intrahemispheric and
interhemispheric coherence in frontal and central
regions in 6-17 year old people [23].
Summarizing the recently obtained data
about different coherence types in the context of
frequency bands, it should be noted that right hand
AD/HD subjects (8-12 years old) are characterized
by increased intrahemispheric coherence of the
short inter-electrode distances and decreased
interhemispheric coherence in frontal regions
in the delta band, increased intra-hemispheric
coherence of the short inter-electrode distances
and interhemispheric coherence in temporal and
central/parietal/occipital regions in the theta band
[14], decreased intra-hemispheric coherence of
the long inter-electrode distances, and decreased
interhemispheric coherence in frontal and temporal
regions in the alpha band [13,14]. It was pointed
out that decreased interhemispheric coherence in
frontal regions in the gamma band was associated
with cognitive processes [14].
The obtained data were interpreted by
scientists within the framework of Thatcher’s
model. According to this model, the increase in
the density of short neuronal ﬁbers in specialized
neuronal populations during their development is
expected to be associated with coherence decline
due to the increase in the complexity and rivalry of
interactions within the neuronal population, while
the development of long neuronal ﬁbers will cause
the increase in coherence in the age-dependent
manner [67]. Thus, the increase in the short interelectrode distance coherence and the decrease in
the long inter-electrode distance coherence may
mirror the reduction of cortex differentiation and
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maturity. The decrease in the intra-hemispheric
coherence of alpha activity may indicate that long
neural networks forming alpha rhythm are less
differentiated in ADHD subjects [14].
Some laterality details of coherence index in
children with ADHD were detected. According to
the authors, the detected decrease in the hemispheric
asymmetry of the short inter-electrode distance
coherence in the theta and alpha bands could indicate
the involvement of neural network impairment in
the rhythm formation [12, 13, 25, 29].
Dupuy et.al. demonstrated the increase in the
short inter-electrode distance coherence of the theta
activity in the right hemisphere and decrease in
the long inter-electrode distance coherence of the
beta activity in ADHD children [34, 35]. However,
data about coherence laterality in the beta band are
quite controversial. According to the other authors,
the long inter-electrode distance coherence was
increased in this group [13].
Coherence investigations in good and poor
ADHD responders to psychostimulants gained
popularity the last years. Good ADHD responders
to psychostimulants were characterized by more
significant short and long inter-electrode distance
intrahemispheric coherence in the beta band
in comparison with the children unaffected by
psychostimulants [34].
Data about the gender and age related coherence
features in children generally refer to the patients
in the age of 8-12 years. These data indicate that
in healthy boys the EEG coherence nonlinearly
depended on the patient’s age. It was shown that
8-9 year old healthy boys demonstrated lower
coherence values in the alpha band that was further
increasing up to 12 years. It is shown that 8 year
old boys with ADHD were characterized by higher
coherence values in comparison with the control
group. The higher coherence values underwent
little changes during the maturation. This indicates
absence of maturation dynamics that is typical for
healthy children [9]. Short inter-electrode distance
intrahemispheric coherence of healthy girls in the
alpha and theta bands was shown to be increased
in the age-dependent manner that contradicted
the Thatcher’s model. The coherence data of boys
were well consistent with the Thatcher’s model.
Furthermore, ADHD girls demonstrated high values
of the left hemisphere coherence in all frequency
bands, and this coherence asymmetry was rising
in the delta and beta bands in the age-dependent
manner, whereas ADHD boys demonstrated high
coherence values in the alpha band. Interhemispheric
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coherence of ADHD girls in the theta band was
increased in the frontal and temporal regions in
comparison with healthy girls. This may indicate
more pronounced deviations in cortico-cortical
connections in ADHD girls that enhanced in the
age-dependent manner [10].
It is known about the existence of age-related
features of interhemispheric coherence in healthy
adults [32]. Several studies demonstrated lower
values of the short inter-electrode distance
interhemispheric coherence in the alpha band and
the absence of coherence enhancement in the theta
band in comparison with healthy adults [28]. The
authors suggest that coherence differences in the
theta band registered in children with ADHD may
be linked to their increased activity, which decreases
in adults with ADHD. An existence of decreased
alpha coherence may be linked to inattention, which
remains in ADHD adults [28].
It has been attempted to combine linear and nonlinear methods of EEG analysis in ADHD subjects
with traditional quantitative methods [39, 64, 66].
Application of approximate entropy of EEG signal
to the investigation of ADHD dysfunction showed
that adolescents with ADHD were characterized
significant decrease in the mean entropy value
in the right frontal area during the performance
of a cognitive task in comparison with healthy
adolescents. In the resting state, no differences
between the groups were observed. Based on the
results obtained in the study of the existence of
particular qualities of information processing in
adolescents with ADHD the authors came to the
conclusion that the level of cortex activation in
ADHD subjects may be insufficient for maintaining
the necessary attention [64]. Phase synchrony
study allowed distinguishing the children with the
syndrome from healthy children with diagnostic
accuracy 63% [66]. Application of beta coherence
to the ADHD diagnostics in the age groups ranging
from 4 to 15 years old showed higher percentage
of accuracy (74,4%), while the assessment of the
general signal synchronization between several
interhemispheric regions in the resting state allowed
distinguishing the children with interruption of the
syndrome from healthy children with diagnostic
accuracy 86,7% [39].
Summarizing of the aforesaid, it should be noted
that most studies of EEG synchrony of ADHD
children associate the dysfunctions underlying
cognitive impairment at this syndrome with the
interruption in cortico-cortical connections and
age cortex differentiation. Some authors associate

deviations, which are typical for this syndrome,
with interruption of the connections between
hemispheres predominantly in frontal regions
[56]. Despite growing popularity of coherence
investigations in ADHD, gaps in this field of studies
so far exist. The majority of works were performed
by one research group. Most of the data obtained
are valid for 7-13 year old children only. The age
range of subjects in these works does not reflect
ontogenetic characteristics of ADHD children in
different age periods. Furthermore, according to the
authors, challenges occurring during interpretation
of the obtained data are connected with the absence
of coherence standards, which would depend on
the stages of ontogenesis [13]. The majority of
works was performed during the resting state, and
less frequently during the cognitive task solving.
No coherence analysis of ADHD subjects in the
state of drowsiness and sleep was performed so
far. However, it is known that in healthy people
hemispheric EEG coherence undergoes some
alterations in the sleep-wakefulness cycle [47,
49]. The analysis of EEG coherence in the state of
drowsiness and sleep, in terms of deviation from the
normal functioning of the central nervous system,
could shed light on both mechanisms underlying the
pathologies and the physiological significance of
EEG coherence, which remains completely unclear.
The informativity of the parameter of physiological
coherence is also the matter of discussion, because
a number of methodological problems still exist.
According to Kulaichev, variability of mean
coherence values depends on the spectral analysis
methods used, their errors, algorithms of coherence
calculation used in various computer analyzers.
Therefore, the results obtained by different research
groups can be compared neither qualitatively nor
quantitatively [46].
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BIOREDUCTION OF GOLD (III) IONS FROM HYDROGEN TETRACHLOAURATE
TO THE ELEMENTARY STATE BY EDIBLE CULTIVATED MEDICINAL
XYLOTROPHIC BASIDIOMYCETES BELONGING TO VARIOUS SYSTEMATIC
GROUPS AND MOLECULAR MECHANISMS OF GOLD NANOPARTICLES
BIOLOGICAL SYNTHESIS
We report for the first time that edible medicinal xylotrophic basidiomycetes belonging to various systematic
groups, such as Lentinus edodes, Pleurotus ostreatus, Ganoderma lucidum, Grifola frondosa can reduce Au(III) from
chloroauric acid (HAuCl4) to elementary Au [Au(0)], forming nanoparticles. Several methods, including transmission
electron microscopy (TEM) and dynamic light scattering, were used in order to show that when the fungus was grown
submerged, colloidal gold accumulated on the surface of and within the mycelial hyphae as electron-dense particles
mostly spherical in shape with sizes ranging from 5 to 50 nm. The fungal phenol-oxidizing enzymes (laccases and
tyrosinases) were found to be involved in the reduction of Au(III) to Au(0) from HAuCl4.
Keywords: Lentinus edodes, Pleurotus ostreatus, Ganoderma lucidum, Grifola frondosa, gold nanoparticles,
biological synthesis, phenol-oxidizing enzymes

Introduction
The biological (green) synthesis of nanoparticles
of gold, silver, selenium, platinum, silicon and
other compounds is gaining ever greater popularity,
and currently researchers are looking for efficient
biological objects to gain nanoparticles of various
chemical natures [1–6]. However, despite their
stability, biologically synthesized nanoparticles
are not homogenous, and their synthesis is quite
slow. In order to overcome these difficulties,
a comprehensive study of the factors affecting
this process, such as microbiological cultivation,
extraction and stabilization methods, as well as
decoding of cellular, biochemical and molecular
mechanisms, are necessary.
The capability for nanoparticle synthesis has
been detected in various microorganisms [7–14].
However, the majority of these microorganisms is
either not used in industry or require special cultivation
conditions, e.g. anaerobic conditions. Therefore,
the cultures of edible medicinal basidiomycetes are
interesting objects for nanoparticle biosynthesis. It
is easy and safe to cultivate them, and, at the same
time, they have not been studied from this point
of view yet. Xylotrophic basidiomycetes play an
important role in the structure of plant and forest
biotic communities. These fungi might take part in
the processes of vegetational waste biodestruction.
Also, they produce enzymes and a unique complex
of biologically active chemicals. Lentinus edodes,
© Pustovaya O.V., Ivanitskaya L.N., Lednova M.I., 2013.

Ganoderma lucidum, Pleurotus ostreatus и
Grifola frondosa are valued all over the world as
high-quality edible fungi, and also as producers
of biologically active and medicinal chemicals
widely used in food-processing and pharmaceutical
industries [15–20].
Objectives and tasks of the research: The goal
of the present research was to study the ability
of edible medicinal xylotrophic basidiomycetes,
such as L. edodes, P. ostreatus, G. lucidum and G.
frondosa to synthesize nanoparticles of gold under
submerged cultivation, to isolate and characterize
such nanoparticles, to demonstrate the size, shape
and localization of the nanoparticles in relation
to mycelial hyphae and homogeneity of colloidal
particles and to identify the enzymes involved in
this process.
Materials and Methods
Fungus and culture conditions. The cultures
of xylotrophic medicinal basidiomycetes Lentinus
edodes, Pleurotus ostreatus, Ganoderma lucidum
and Grifola frondosa, were obtained from the
collection of higher fungi held by the Laboratory of
Microbiology at this institute. The fungal cultures
were maintained on 4% beer-wort agar plates at
4°С.
Basidiomycetes were grown submerged in a
synthetic medium of the following composition
(g l-1): d-glucose, 1; l-asparagine, 0.1; KH2PO4, 2;
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K2HPO4, 3; MgSO4 · 7H2O, 2.5; FeSO4 · 7H2O, 0.03
(рН 5.8). Growth was conducted in 100-ml flasks
containing 50 ml of medium at the mycelial growth
temperature optimal for this species (26°С).
The effect of auric compounds on basidiomycetes
growth and the xylotroph’s reduction ability were
examined by adding 10 – 500 µM aqueous solution
of chloroauric acid (HAuCl4; Sigma-Aldrich, USA)
to the liquid synthetic medium. The solutions of
the compounds were added under sterile conditions
to each of the growth flasks individually just
before seeding. Growth of basidiomycetes was
characterized by the accumulation of dry biomass.
The mycelium was passed through filters that had
been preweighed on an analytical balance, and
then it was dried to a constant weight and weighed
again. The increment in biomass was compared
between control (3-h-old culture) and experimental
trials. Experiments to measure fungal growth
characteristics and biomass accumulation were
done in 5 – 10 repeats.
Enzyme Isolation and Puriﬁcation. Crude
enzyme extracts were obtained by growing the
fungi at 26°С for 14 days on the synthetic medium,
the composition of which was described above.
The mycelium was then separated from the culture
medium, rinsed in distilled water, and mechanically
grinded in a porcelain mortar with quartz sand in
order to destroy the cellular wall. The extraction
was done using 20 mg of homogenized mycelium
per 2 mL of 20 mM Tris–HCl buffer (pH 7.5). The
homogenate was spun down at 12,000 g for 15 min,
separated from the sediment, ﬁltered, and desalted
on a Sephadex G-25 column (Pharmacia, Sweden)
equilibrated with the extraction buffer. Further
puriﬁcation was done by high-performance liquid
chromatography (HPLC) on a TSK Bioassist Super
Q (Sweden) anion-exchange column equilibrated
with 20 mМ Tris–HCl buffer, pH 7.5. Proteins were
eluted with 0.01 – 1.0 M NaCl gradient, and the
elution was recorded with Uvicord S-II apparatus
(LKB, Sweden) at 280 nm. The fractions with
laccase and tyrosinase activities were dialyzed
against water and used for further experiments.
Enzyme activities were determined with the
Specord M40 spectrophotometer (Carl Zeiss, Jena,
Germany) in 1-cm quartz cuvettes at 18°C. Laccase
activity was measured by the oxidation rate for
0.2 mM 2,2'-azino-bis-(3-ethylbenzothiazoline6-sulfonic acid)diammonium salt (ABTS; Sigma,
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USA) in 15 mM Na tartrate (pH 4.5). The oxidation
of ABTS to a stable cation radical was measured by
the increase in absorbance at 436 nm (ε436 = 29300
M-1 cm-1) [21]. Tyrosinase activity was determined
by the oxidation rate for 2 mM l-DOPA in 50 mM
Tris–HCl (pH 7.5). The oxidation of l-DOPA to
DOPAquinone was measured by the increase in
absorbance at 475 nm (ε475 = 3700 M-1 cm-1) [22].
The reaction time was 5 min in all experiments.
One unit of enzyme activity was deﬁned as the
amount required to convert 1 μmole of substrate to
product per minute, or to catalyze the formation of
1 μmole of product per minute, and is expressed as
micromoles per minute per milligram of protein.
Transmission electron microscopy (TEM).
The mycelium and the culture liquid were studied by
negative contrasting. To this end, the material was
mounted on nickel grids coated with formvar (1%
formvar in dichloroethane). After the sample had
dried, the cells were contrasted with 1% aqueous
uranyl acetate [23].
Ultrathin sections were obtained by fixing the
fungal hyphae in epoxy resin, as follows. The
mycelial hyphae were collected by centrifugation
(13,000×g for 20 min) at room temperature, and the
material was then transferred to 2-mL polypropylene
test tubes and fixed in 0.5% glutaraldehyde for 3 h.
Subsequent fixation was done for 12 h in a 2.5%
glutaraldehyde solution made with phosphate
buffer (0.1 M, pH 7.2). The material was then
held in a 0.1% OsO4 solution made with the
same buffer but supplemented with 34 mg/mL
sucrose (postfixation). Samples were dehydrated
in increasing concentrations of alcohols and in
absolute acetone. After dehydration, the samples
were held in propylene oxide for 45 min, and then
they were embedded in Epon 812 and propylene
oxide (each time for 24 h) at ratios of 1:2, 1:1, and
2:1. Next, the material was embedded in pure epoxy
resin. Polymerization was done at 37, 45, and 57°С
for 24 h each. Ultrathin sections were cut on an
LKB-III microtome (Sweden), mounted on nickel
grids, and stained with lead citrate [24].
For nanoparticle studies, the fungal mycelium
was grown in the presence of 50 μM HAuCl4 for 14
days, washed free of the cultivation medium with
water, collected by centrifugation, and lyophilized.
The fungal hyphae were then mechanically
disrupted and were separated from elemental
particles through a Millipore membrane filter (0.22
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μm pore size). The nanoparticles were resuspended
in a minimal volume of water and were mounted
on nickel grids coated with formvar (1% formvar in
dichloroethane). A Libra 120 electron microscope
(Carl Zeiss, Germany) operating at 120 keV was
used to take photomicrographs.
Nanoparticle characterization. Absorbance
spectra were measured with a Specord 250 UV–vis
spectrophotometer (Analytik Jena, Germany). The
size, shape, and relative number of electron-dense
nanoformations were evaluated from TEM images
obtained on a Libra 120 electron microscope (Carl
Zeiss). The zeta potential of the synthesized Au0
particles was measured by dynamic light scattering
with a Zetasizer Nano ZS instrument (Malvern,
UK).
Results and Discussion
We first tested the sensitivity of L. edodes, P.
ostreatus, G. frondosa and G. lucidum to HAuCl4
and the effect of this compound on the growth
characteristics of the fungal mycelium under
submerged cultivation. The minimum growthinhibiting concentration was found to range from 60
to 80 µM. At the concentrations of 300 – 500 µM,
growth was absent, and at 10 µM, it did not change
in comparison with the control.
When xylotrophic basidiomycetes were grown
in the presence of 10 – 80 µM HAuCl4 in the liquid
synthetic medium, the culture liquid and mycelium
acquired a reddish-lilac coloration on the third day
of culturing. The control cultures, grown under the
same conditions, but without HAuCl4, were cream
white throughout the cultivation time. The change
in the color of microbial colonies growing in the
presence of auric compounds from various hues of
lilac to red is the first sign of Au reduction to the
elemental state. Such coloration is characteristic
of bacteria, algae, and lower fungi growing with
auric compounds. It indicates that the culture has
accumulated Au nanoparticles [25]. The strongest
coloring was got by L. edodes and P. ostreatus,
indicating the ability of the cultures to bioreduction
of HAuCl4 with accumulation of colloidal gold in
mycelium and in the cultivation medium.
To detect electron-dense nanoparticles, we
examined the fungal hyphae grown in the culture
liquid containing 50 µM HAuCl4 by negative
contrasting. As seen in Fig. 1A, spherical electron-

dense formations were observed on the surface of
the hyphae and also near them, as mycelium had
not been washed free of the culture medium. No
such formations were present in the control. The
particle diameter ranged from 5 to 50 nm, with most
particles being of ~ 20 nm diameter.
It has been found in the past few years that a number
of lower fungi [13, 14] and the basidiomycetes
Volvariella volvacea [25] and Coriolus versicolor
[26] can synthesize Au nanoparticles; however,
reduction was observed in the culture liquid, without
intracellular accumulation of elemental particles
(by contrast, in Verticillium sp. and Trichothecium
sp., nanoparticles have been observed in the cell
wall and in the cytoplasmic membrane) [27, 28]. To
confirm that the elemental particles were localized
intracellularly and that they had accumulated in
the interior of the fungal mycelium, we embedded
hyphae in epoxy resin to obtain transverse and
longitudinal ultrathin sections of the cells. The TEM
results confirmed that electron-dense formations of
mostly spherical shape were present in the hyphal
cytoplasm (Fig. 1B). Most nanoparticles had
diameters of 5 to 15 nm; however, some were of 30
to 50 nm diameter. There were almost no elemental
particles within the cell walls, suggesting that the
particles had not penetrated through the cell wall
but had been formed directly in the cytoplasm.
For nanoparticle studies, the mycelium
containing reduced Au was mechanically disrupted
and was separated from the particles. The particles
were resuspended in distilled water and were
mounted on formvar-coated nickel grids. Fig. 2A
shows these particles to be similarly sized (~ 20 nm)
nanospheres of a regular shape.
Work conducted in the past decade has shown
that some bacteria (e.g., Shewanella sp. [29])
can reduce Au ions by using self-synthesized
proteins, e.g., NADH-dependent enzymes [30]; in
Rhodopseudomonas capsulate, for example, the
involvement of NADH-dependent nitratereductase
was shown [8]. The bioreduction of auric compounds
in the culture medium has also been suggested
to involve oxidoreductases (in lower fungi [31])
and laccases and ligninases (in the basidiomycete
Phanerochaete сhrysosporium [32]). This work
is the first to establish that the basidiomycete L.
edodes can reduce HAuCl4 to the elemental state
both extracellularly (as does P. сhrysosporium)
and inside its hyphae. One can speculate that the
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reductive mechanism involves phenol-oxidizing
enzymes, as L. edodes phenol oxidases are found
both intra- and extracellularly [33].
To support this speculation, we isolated and
purified phenol oxidases, including intracellular
laccases and tyrosinases, from a submerged
culture of L. edodes by high-performance liquid
chromatography. Three proteins displayed laccase
activity, with the specific enzyme activity ranging
from 5.8 to 10.2 U mg-1. The specific activities of
the isolated three tyrosinases were 2.1, 3.3, 0.9 U
mg-1.
Aqueous solutions of the purified enzymes were
incubated with 50 µM HAuCl4 at room temperature.
As early as 2 h later, the solutions acquired a lilac
or red coloration, indicative of the synthesis and
accumulation of Au(0). The other isolated proteins,
without phenol oxidase activity, and the control
proteins (bovine serum albumin, several fungal
lectins) did not reduce Au to the elemental state.
To confirm that the nanoparticle suspension
was indeed Au, we took extinction spectra of the
samples. The obtained spectra had an absorption
peak at 540 nm, corresponding to colloidal Au. This
data were confirmed by TEM. As seen in Fig. 2B,
the particles synthesized by laccase and tyrosinase
were irregular spheres, with a small amount of
triangles and tetrahedrons present. The size of
these particles ranged from 5 to 120 nm, with 30nm particles predominating. The ζ-potentials were
19.1 and 22.7 mV for the particles synthesized
by tyrosinase and laccase, indicating that these
solutions were electrostatically stabilized and were
not prone to coagulation or flocculation.
Conclusions
Using transmission electron microscopy and
dynamic light scattering, we have established that
a submerged cultures of L. edodes, P. ostreatus,
G. lucidum and G. frondosa can reduce Au(III) to
Au(0) from HAuCl4, forming Au0 nanoparticles.
The results of TEM showed the presence Au
nanoparticles, most of which were characterized by
spherical shape with the diameter of 5 – 50 nm, in the
culture liquid, on the surface, and inside the hyphae
of the fungus. This is the first time that accumulation
of spherical Au(0) nanoparticles inside mycelial
cells of higher basidiomycetes has been found. This
is also the first time that fungal intracellular phenol54

oxidizing enzymes (laccases and tyrosinases) have
been shown to be involved in Au reduction to give
electrostatically stabilized colloidal solutions.
The biosynthesis of Au nanoparticles by the
edible medicinal basidiomycetes is of particular
interest because of its simplicity, accessibility, and
environmental friendliness.
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A

B

Fig. 1. Negative contrasting (TEM) of hyphae of L. edodes grown in liquid synthetic medium in the presence of 50 µM
HAuCl4 (A) and TEM image of a transverse section of L. edodes hyphae embedded in epoxy resin after Au reduction (B).
Bar marker = 500 nm.

A

B

Fig. 2. TEM image of the Au nanospheres obtained after fungus mycelium was disrupted (A) and TEM images of Au
nanoparticles obtained by reduction of Au(0) from HAuCl4 and synthesized by isolated and purified laccases of L. edodes
(В). Bar marker = 200 nm.
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SHEVIAKOVA E.A., PLOTNIKOV A.A., GVALDIN D.YU.

OXIDATIVE STRESS AND NEURONAL NO-SYNTHASE GENE POLYMORPHISM
IN THE DEVELOPMENT OF KNEE OSTEOARTHRITIS
Background, objectives and methods: Reactive oxygen species (ROS) are the main biochemical factors involved
in the cartilage degeneration, and oxidative stress is one of the most discussed features of osteoarthritis (OA).
Numerous epidemiological studies have demonstrated a major genetic component to increased OA risk.
The primary aim of this study was to assess levels of oxidative and nitrosative stress markers (hydrogen peroxide-induced luminol-dependent chemiluminescence, malonic dialdehyde, nitrite/nitrate concentration) and activity
of antioxidant defense system in lymphocytes and in the synovial fluid (SF) of OA patients; the second aim was to
determine a contribution of NOS1 and NOS3 genes single nucleotide polymorphisms to the genetic susceptibility
to OA.
Two groups of OA patients and a group of healthy controls participated in the study. The first OA group (1) included
patients undergoing a conservative treatment, while the second OA group (2) members were patients undergoing
surgical treatment.
Results: Synovial fluid chemiluminescence indices and the NO-x concentration were higher in the group 2, when
compared to the group 1. MDA level was significantly higher in the plasma and the synovial fluid in the group
2 as opposed to the donors and the group 1, respectively. Comparing with the donors, the both OA groups had
the lymphocytes enzymes’ activities unidirectionally changed: raised superoxide dismutase (SOD), catalase and
glutathione-S-transferase (GST) activities, and unaltered glutathione peroxidase (GPx) activity. In contrast, the
synovial fluid enzyme activities of the OA groups were disturbed differentially: we observed the rise in the catalase
activity, the decline in the SOD and GPx activities and in the GSH level in the group 2 versus the group 1. We found
no differences in the GST activity in the synovial fluid between the OA groups. The OA patients and the controls
significant differed in the NOS1 G-84A genotype and allele frequencies. NOS3 T-786C genotype and allele frequencies
were similar in the OA patients and the controls.
Conclusion: First of all, we found the disturbed redox homeostasis and signs of oxidative stress progression in the
synovial fluid and blood of the OA patients undergoing both conservative and surgical treatment, with these alterations
being more prominent in the patients after surgery. Our data indicate that the variation in the NOS1 gene structure
is contributory to the risk of the post-traumatic knee osteoarthritis development in Rostov-on-Don population. The
results of the study may be applied in the fields of diagnostics, treatment and predictive medicine.
Keywords: knee osteoarthritis, oxidative stress, neuronal nitric oxide synthase, gene polymorphisms.

Introduction
Osteoarthritis (OA) is a degenerative joint disease
causing progressive loss of the joint function, and
the leading factor of physical disability and impaired
quality of life in industrialized countries [15]. OA is
a multifactorial disease having several risk factors,
including joint injury, aging-related changes, obesity
(especially for knee OA), excessive straining and
genetic predisposition [17, 25].
Chondrocytes are a single cell type forming the
articular cartilage. They are adapted to relatively
hypoxic conditions and play the key role in cartilage
degeneration by releasing matrix metalloproteinases
and reactive oxygen species (ROS). The main
ROS produced by chondrocytes are nitric oxide
© Vnukov V.V., Krolevets I.V., Milutina N.P., Panina S.B.,
Zabrodin M.A., Sheviakova E.A., Plotnikov A.A.,
Gvaldin D.YU., 2013.

NO and superoxide anion O2•- participating in
the formation of other reactive species, including
hydroxyl radicals HO•, peroxynitrite anion ONOOand hydrogen peroxide. ROS are involved in the
intracellular signaling, but on the other hand, in
cellular destruction [12, 13, 18]. ROS generation is
intensified in inflammation, and enhanced oxidative
damage has been linked to OA. •NO is synthesized
by NO synthase enzymes (NOS). Two of three
human NO synthases, endothelial and neuronal
NOS enzymes (eNOS, nNOS), are constitutively
expressed, while a third form, iNOS, is inducible.
Experimental evidences exist that all the three
isoforms of NOS are expressed and active in growth
plate chondrocytes [1].
Chondrocyte apoptosis and •NO production
appear to occur early in the disease process and
correlate with severity of damage [10]. Most studies
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found increased frequencies of apoptotic cells in OA
cartilage [16]. Apoptosis is associated with matrix
degradation and calcification, thus suggesting
a role of the programmed cell death in the OA
pathogenesis. Chondrocyte apoptosis appears to be
both the cause and a consequence of OA [33].
Recent findings have shed considerable light on
the nature of OA genetic susceptibility [24]. Many
candidate genes have been confirmed, such as the
interleukin-1 gene cluster and estrogen α-receptor
gene ESR1. Q. Yan and colleagues demonstrated
that neuronal NOS plays a significant role in the
processes of chondrocyte proliferation, maturation
and apoptosis [32]. Abnormalities in all these
aspects are characteristic of nNOS-deficient mice.
In the present study we investigated the association
of neuronal and endothelial nitric oxide synthase
gene polymorphisms with knee osteoarthritis in
Rostov-on-Don population. As a secondary aim, we
assessed oxidative and nitrosative stress markers
(e.g., nitrite/nitrate concentration, antioxidant
enzymes activities and chemiluminescence indices)
and lymphocyte apoptosis level in patients with
knee osteoarthritis.
Materials and Methods
2.1. Participants of the study
Three groups of participants took part in the study.
Group 1 participants (N=44) were osteoarthritis
patients undergoing a conservative treatment (for
example, anti-inflammatory medication). Group
2 members (N=45) were patients undergoing
arthroscopy as a surgical method of treatment.
All patients had osteoarthritis as defined by
radiographic criteria (Kellgren-Lawrence grade
2-3). Ultrasound characteristics of defective joints
and comprehensive anamnesis were recorded. The
mean age of the patients was 56,4±2,4 years.
Controls (N=25) were participants showing no
signs of osteoarthritis. The mean age of the controls
was the same as in the OA groups. Controls for
the genetic testing were 31 participants of Russian
nationality. All the participants willingly signed the
informed consent.
Joint fluid was collected by the knee
arthrocentesis. Each sample was centrifuged at
3000 rpm to remove any cells. The supernatant was
used in biochemical analyses.
Fasting venous blood was collected into EDTA
tubes. The mononuclear fraction (lymphocytes,
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monocytes) was separated by centrifugation of the
whole blood in the ficoll-verografin density gradient.
Then the lymphocytes were washed repeatedly
with an isotonic solution of NaCl (0.9%). Triton
X-100 (final concentration of 0.1%) was added to
the lymphocytes suspension to lyse the cells. The
lysate was used in the biochemical analyses. The
remaining blood was centrifuged at 3000 rpm for
15 min to collect plasma.
2.2. Biochemical methods
Hydrogen
peroxide-induced
luminol
chemiluminescence assay was employed to estimate
the intensity of ROS production in the joint fluid
[29]. Plasma and joint fluid lipoperoxidation was
evaluated by the fluorometric method based on the
reaction between malondialdehyde (MDA) and
thiobarbutiric acid (TBA) [4]. The intensity of •NO
production was assessed by measuring the nitrite/
nitrate concentration in the joint fluid and plasma
using Griess reagent [30].
Superoxide dismutase activity assay was based
on the ability of the enzyme to inhibit the reduction
of nitroblue tetrazolium during superoxide anion
generation [19]. Catalase activity measurement
was based on reaction between hydrogen peroxide
and ammonium molybdate yielding stable yellow
complex dependently on hydrogen peroxide
scavenging by catalase [8]. Glutathione peroxidase
activity was evaluated by the rate of glutathione
oxidation with tert-butyl hydroperoxide [22].
Glutathione-S-transferase activity was evaluated by
the rate of reaction between reduced glutathione and
1-chloro-2,4-dinitrobenzene [9]. Concentration of
reduced glutathione in the joint fluid was determined
using the reaction between reduced glutathione and
5,5′-Dithiobis-2-nitrobenzoic acid [5]. Plasma and
joint fluid protein concentrations were measured
by means automatic biochemical analyzer Sapphire
400. Lymphocytes protein level was assessed
by Lowry assay. All spectrophotometric tests
were performed using Beckman Coulter DU 800
spectrophotometer.
2.3 Apoptosis detection
The level of apoptosis in the peripheral blood
lymphocytes was detected by laser flow cytometry
using FACS Canto (Becton Dickinson, USA)
cytometer and commercial kit “Annexin V-FITC
apoptosis Deteсtion Kit I” (BD Biosciences, USA).
This method discriminates the types of the cell
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death and utilizes annexin V and propidium iodide
staining.
2.4 Genotyping
Genetic testing was performed in the group
2 (N=77; these were the patients who had
undergone the surgical intervention, all of them had
osteoarthritis after an injury) and in the controls
(N=31). DNA was isolated from peripheral blood
using a commercial DNA extraction kit from
Lytech (Russia). NOS1 and NOS3 alleles were
detected using conventional polymerase chain
reaction (PCR) with electrophoretic detection
following the amplification. We used commercial
PCR kits (Lytech, Russia) for the detection of the
both genes alleles. PCR was performed using the
thermocycler TerCyc (DNA-technology, Russia).
The following thermal cycle was repeated for
35 times: denaturation for 70 seconds at 93 oC,
annealing for 10 seconds at 64 oC, extension for 80
seconds at 72 oC. Amplicons were separated using
the electrophoresis in 3% agarose gel, stained with

ethidium bromide and visualized using GelDoc XR
detection system (BioRad, USA).
2.5 Statistical analysis
Statistical analyses were carried out in Statistica
6.0. Biochemical indices are represented in the paper
as means and standard deviation. Student’s t-test
was used for the comparison of the groups. P-values
of less than 0,05 were considered significant. For
the genetic results, allele frequencies, odds ratios
(OR), and their 95% confidence intervals (CI) were
calculated. Comparison of the allele frequencies
was performed using χ2-test.
Results
The parameters of H2O2-induced luminol
chemiluminescence, MDA and nitrite/nitrate
concentrations in the synovial fluid, and MDA and
nitrite/nitrate concentrations in the blood plasma
of the OA groups and the controls are provided in
Table 1.

Table 1
The parameters of H2O2-induced chemiluminescence of luminol (CL), nitrite/nitrate concentration (NOx ) and
MDA level in the patients with OA (groups 1 and 2) and the control group.
-

Parameters

OA group 1, N=44

OA group 2, N=45

Controls, N=25

CL max light, relative units (r.u.)

44.28±4.71

62.64±5.08**

-

CL flash, r.u.

56.55 ±3.78

68.30±4.05**

-

270.650±32.95

362.470±26.92**

-

CL incline, r.u.

41.19±4.77

50.09±4.64

-

NOx-, plasma, μM

19.80±1.78

21.51±1.23*

16.31± 0.39

NOx-, SF, μM

19.73±0.96

23.34±1.41**

-

MDA, plasma, nmol/(mg protein)

22.68±0.95•

25.48±1.16*

18.76±0.44

MDA, SF, nmol/(mg protein)

18.33±0.85

30.07±2.72**

CL light sum, r.u.

* - Statistically significant differences between the healthy subjects and the OA patients (p<0.05);
** - Statistically significant differences between the OA group 1 and the OA group 2 (p<0.05);
• - The tendency towards significance (0.05<p<0.1).

We found that most of the chemiluminescence
parameters and nitrite/nitrate concentration were
higher in the synovial fluid of the patients of the
group 2, than in the patients of the group 1. In

addition, nitrite/nitrate concentration was 32%
higher in the blood plasma of the group 2 patients
than in the controls.
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MDA level representing the rate of the lipid
peroxidation processes was significantly higher in
the plasma (by 36%) and in the synovial fluid (by
64%) of the group 2 patients than in the plasma of
the controls and the synovial fluid of the group 1
patients, respectively.

The activities of the most significant antioxidant
enzymes
superoxide
dismutase,
catalase,
glutathione peroxidase, glutathione-S-transferase
in the lymphocytes and in the synovial fluid of the
controls and both of the OA groups, and synovial
fluid reduced glutathione concentration of the OA
groups are presented in Table 2.

Table 2
The activities of superoxide dismutase, catalase, glutathione peroxidase, glutathione-S-transferase and reduced
glutathione level in the OA patients (two groups) and controls.
Parameters

OA group 1, N=44

OA group 2, N=45

Controls, N=25

SOD, lymphocytes, r.u./(mg protein)*min

2,67±0,22*

2,02±0,13*, **

1,55±0,12

SOD, SF, r.u./(mg protein)*min

4,97±0,34

3,45±0,24**

-

Catalase, lymphocytes, nmol/mg protein

9,84±0,66*

10,79±0,9*

7,9±0,57

Catalase, SF, nmol/mg protein

0,37±0,05

0,6±0,09**

-

712,54±97,55

1007,9±100,29

786±79,5

GPx, SF, IU/(g protein)

49,58±6,48

35,95±3,69•

-

GST, lymphocytes, IU/(g protein)

16,36±2,63*

14,89±1,94*

10,16±0,94

GST, SF, IU/(g protein)

0,44±0,17

0,45±0,1

GSH, SF, μmol/g protein

2,53±0,43

1,56±0,27**

GPx, lymphocytes, IU/(g protein)

-

* - Statistically significant differences between the healthy subjects and the OA patients (p<0.05);
** - Statistically significant differences between the OA group 1 and the OA group 2 (p<0.05);
• - The tendency towards significance (0.05<p<0.1).

We found that the lymphocytes from the both
OA groups had increased activities of superoxide
dismutase and catalase, when compared to the
controls. However, the lymphocytes from the group
2 patients had 25% lower SOD activity, when
compared to the group 1. The changes of the synovial
fluid redox-state were discordant: the group 2 had
30% lower SOD activity but 53% higher catalase
activity, when compared with the group 1.
The lymphocytes from the patients of the both OA
groups had unaltered glutathione peroxidase (GPx)
activity but increased glutathione-S-transferase
activity as compared to those of the control group.
We also revealed differences between the two
OA groups in the glutathione-dependent system
60

performance in the synovial: the group 2 patients
had 27% lower GPx activity and 38% lower level of
reduced glutathione (GSH).
Figure 1 represents the graph of laser flow
cytometry-based discrimination between the necrotic
and apoptotic lymphocytes in the OA patients and
controls. Region Q4 contains early apoptotic cells
(annexin V+/propidium iodide-). According to the
data collected, the percentages of the apoptotic
lymphocytes in the controls and the OA patients of
the groups 1 and 2 were 22,63±0,65, 34,05±4,04 and
38,33±3,00%, respectively. Statistical comparison
proved that the lymphocytes apoptosis rates in the
groups 1 and 2 were, respectively, 50% and 69%
higher than in the control group.
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Fig. 1. Discrimination between necrosis and apoptosis of the lymphocytes by Annexin V-FITC/propidium iodide staining,
laser flow cytometry.

Table 3 demonstrates the percentage distributions
of the genotypes and alleles at NOS1 -84th position

in the OA patients and the controls in the Rostovon-Don population.
Table 3

NOS1 -84 genotypes and alleles distribution in the OA patients and the controls.
NOS1 -84th nucleotide genotypes and alleles
GG, %

GA, %
AA, %
G, %
A, %

The OA patients (N=77) The controls (N=31) OR (95% CI)
61.6
89.3
0.19 (0.05-0.7)
35.6
7.1
7.19 (1.58-32.75)
2.8
3.6
0.76 (0.07-8.74)
79.5
92.9
0.3 (0.1-0.89)
20.5
7.1
3.36 (1.13-10.03)

There were significant differences in the NOS1
-84th position genotype and allele frequencies
between the OA patients and the control group
(p=0.02).

The OA patients (N=77) The controls (N=31)
20.0
17.9
50.7
53.6
29.3
28.5
45.3
44.6
54.7
55.4

We found no significant differences in the NOS3
-786th position genotype and allele frequencies

8.2
5.2

Table 4 provides the percentage distributions of
the genotypes and alleles at NOS3 -786th position in
the OA patients and the controls in the Rostov-onDon population.

NOS3 -786 genotypes and alleles distribution in the OA patients and the controls.
NOS3 -786th nucleotide genotypes and alleles
TT, %
TC, %
CC, %
T, %
C, %

χ2

Table 4

OR (95% CI)
χ2
1.15 (0.38-3.53)
0.89 (0.37-2.12) 0.09
1.04 (0.4-2.71)
1.03 (0.55-1.91)
0.01
0.97 (0.52-1.80)

between the OA patients and the control group.
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Discussion
In the present study we compared the intensities
of oxidative and nitrosative stresses in the blood (as
the internal liquid environment) and in the synovial
fluid (as the joint environment) of the osteoarthritis
patients undergoing either the conservative treatment
or the surgical intervention. The results of the study
indicated that oxidative stress (according to the
chemiluminescence parameters) and nitrosative
stress (considering the nitrite/nitrate concentration)
are significantly pronounced in the synovial fluid
and the blood plasma in the group of the surgical
intervention. These articulated indications of
oxidative/nitrosative stress might be a consequence
of a surgery stress.
In agreement with these results, the same trends
were observed in the groups in terms of MDA
levels reflecting the rate of lipid peroxidation. The
MDA level was also increased in the blood plasma
and the synovial fluid of the OA patients after the
surgery. Lipid peroxidation generates a broad range
of reactive intermediates, and malondialdehyde is
one of them. MDA is capable of forming a broad
variety of adducts and cross-links with proteins
[23]. Our results are in agreement with the present
study: higher MDA levels were reported in patients
with rheumatoid arthritis [27]. The inflammatory
aspect is very important in the case of osteoarthritis,
thus increased oxidative stress state in the joint
environment might be at least in part reflected as
increased lipoperoxidation seen in the peripheral
blood.
There are several antioxidant defense systems,
both enzymatic and nonenzymatic, coping with
injuries arising from oxidative damage, and
maintaining redox homeostasis. The efficiency of
the enzymatic antioxidant defenses depends on the
coordinated activity of two primary anti-oxidant
enzymes: SOD (Cu/ZnSOD, MnSOD, EC-SOD
are SOD isoforms), an enzyme dismutating O2•into H2O2, and catalase, an enzyme decomposing
H2O2 into O2 and H2O. The last reaction can also
be performed by glutathione peroxidase [18, 20].
At present it is apparent that glutathione tripeptide
participates in the detoxification at several levels.
It can scavenge free radicals, reduce peroxides or
conjugate with electrophilc compounds under the
action of glutathione-dependent enzymes, such as
glutathione-S-transferase [11].
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By the time of the manuscript submission we
had found no published studies on the lymphocyte
redox-balance in OA patients. We demonstrated
unidirectional changes of the enzymes’ activities
in the lymphocytes from the OA patients of the
both groups, when compared to the control group.
We observed the rise in the superoxide dismutase,
catalase and glutathione-S-transferase activities and
no changes in the glutathione peroxidase activity.
OA is known as an age-associated disorder, and
from this standpoint the study by Gautam and
colleagues [6] is of particular interest. The authors
report age-associated decrease in levels of GSH,
progressive decline in activities of catalase, SOD,
GPx and GST, and accumulation of oxidative
damage in lymphocytes.
On the other hand, the results of analyses
of the synovial fluid of the OA patients were
more controversial. We found the significant
discordances between the two OA groups in the
biochemical indices. The group 2 had 30% lower
SOD activity but 53% higher catalase activity, when
compared with the group. In this context, the study
by Sarban et al. [27] is worth noticing, because the
authors provide valuable data on SOD, catalase and
GPx activities in the synovial fluid, erythrocytes
and serum of patients with rheumatoid arthritis.
Changes in these parameters had been reported to
be often multidirectional possible due to different
methods employed for measuring the same indices
and due to the heterogeneity of participants groups.
Other study [26] revealed that EC-SOD, the major
scavenger of ROS in the extracellular fluids, was
decreased in OA joint fluid, if compared to the fluid
from injured joints with intact cartilage.
Recent findings suggested that chondrocyte
death and survival are closely linked to the cartilage
matrix integrity. Most studies found intense
apoptosis in OA cartilage [16]. It’s well-known that
nitric oxide (•NO) and its derivative, peroxynitrite
(ONOO-), may be responsible for the chondrocyte
apoptosis (peroxynitrite is produced in the reaction
between nitric oxide and superoxide anion) [2]. Our
findings demonstrate overt nitrosative and oxidative
stresses in the blood plasma, the lymphocytes and
the synovial fluid of the patients with OA. To
confirm the hypothesis that this disturbance of the
redox homeostasis in the lymphocytes might had
led to the apoptosis, we measured the occurrence of
apoptotic lymphocytes using laser flow cytometry.
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The results of this assay (increased number of the
lymphocytes on the early apoptosis stage in the both
groups of the OA patients) were in agreement with
our primary suggestion. Thus, excessive oxidation
reactions intensity and inhibited antioxidant defense
can trigger apoptosis in the lymphocytes.
Numerous studies have been conducted to find
the OA susceptibility DNA loci [14, 31]. Recent
genome-wide association studies have revealed
novel genes having the intriguing implications in
the joint state (ESR1, FRZB, IL4R, etc.). Various
studies, including the presented one, have reported
increased concentrations of nitrite in the human
synovial fluid, suggesting that NO is a mediator
of inflammation [3]. Nitric oxide is synthesized
by three NOS isoforms: neuronal NOS (NOS1),
inducible NOS (NOS2) and endothelial NOS
(NOS3). Neuronal NOS (nNOS) has been shown to
be present in several cell types outside the nervous
system. nNOS-knocknout mice have abnormalities
in the gastrointestinal tract and, moreover, they
are characterized by transient growth retardation,
shorten long bones and by premature cell cycle
exit, increased apoptosis and decreased number
of chondrocytes [3, 28, 32]. Further, an SNP at
nucleotide -84 (G>A, rs41279104) in the NOS1
exon 1c proximal promoter seemed to contribute
to the decreased expression of NOS1 mRNA:
-84AA genotype is associated with 30% lower
nNOS expression attenuating the important signal
pathway of NO/cGMP/kinases [21]. In this study
we revealed significant differences in the NOS1
-84th position genotype and allele frequencies
between the OA patients and the control group in
Rostov-on-Don population. Allele -84A was the
increased risk allele. As the OA group participating
in the genetic testing included the patients with
knee joint injuries, we might conclude that NOS1
G-84A genotype is a predisposition factor for posttraumatic knee OA. It’s worth noting that the study
by Amin and co-authors [3] revealed up-regulated
nNOS in OA-affected chondrocytes. Thus, nNOS
is likely to have other polymorphic or epigenetic
mechanisms causing its hyperactivation in Rostovon-Don population. In any case, the association
we found has new aspects and requires further
investigation in future.�
NOS3 -786T>C transversion leads to decreased
promoter activity and, thus, decreased synthesis
of endothelial NOS. As we showed, there were no

significant differences in the NOS3 -786 genotype
and allele frequencies between the OA patients and
the control group. However, Gomez-Galego and
colleagues [7] found an association between this
polymorphism and performance in sports due to
•
NO participation in the microcirculation regulation.
Conclusion
Our investigations on the biochemical indices of
the blood and the synovial fluid of the osteoarthritis
patients undergoing different types of medical
intervention showed the disturbance of the redox
homeostasis and the progression of oxidative
stress. These deleterious cellular physiology-level
states were more prominent in the patients after
surgery and were accompanied by excessive ROS
production, accumulation of lipid peroxidation endproducts, imbalance and inhibition of antioxidant
system components in the blood and the synovial
fluid. The oxidation levels depended on the extent
of the pathological process and the severity of
the surgery. NOS1 genotype at position -84 was
associated with post-traumatic knee OA in Rostovon-Don population.
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Screening of wheat varieties for the ochratoxin and T-2 toxin
contamination
Cereals and particulary wheat grains are considered to be the major source of human mycotoxins exposure,
among them the most dangerous is the ochratoxin A which is known as a secondary metabolite of several fungies
of the Aspergillus or Penicillium families and the T-2 toxin produced by various Fusarium species. Investigations
of the wheat varieties gathered from different parts of Armenia with special climate characteristics have revealed
significant differences in the levels of mycotoxins contamination, but sometimes obtained data indicated the same
value independently on the place of harvest. Contamination of wheat by mycotoxins is a result of impact multiple
factors such as the variety of wheat, climatic features of region and compliance of postharvest events.
Keywords: wheat variety, Ochratoxin A, T-2 toxin, screening, climatic features

Introduction
Cereal grains and cereal-based products as main
sources of food and feeds are used widely that is
why we must settle the strategic importance of their
safety [1, 15, 16, 17, 19, 26, 36, 44, 45].
We must pay more attention to the filamentous
fungi or molds in comparison with other
microrganisms in cereal. The toxic substances
mycotoxins, are produced by mycotoxicogenic
fungies which are described as secondary or storage
pathogens. The most important toxigenic molds
belong to the genera Aspergillus, Fusarium, and
Penicillium. Cereal grains are more susceptible
to soiled with fungies Aspergillus or Penicillium
families,
mainly
Penicillium
verrucosum,
Aspergillus ochraceus A. westerdijkiae and A.
carbonarius produced ochratoxin A (OTA), and
various Fusarium species with the secondary
fungal metabolite T-2 toxin and appear toward or at
harvest and grow on the product under the suitable
conditions are [4, 6, 12, 21, 47, 48].
We should take into account the fact that 25-30%
of harvested cereals worldwide are significantly
contaminated by fungies, that is reflected on the
quality of agricultural commodities, mycotoxins
content biomonitoring of grains is very important
considering its negative influence on the human and
animals health [8, 14, 15, 16, 19, 26, 28, 34, 37, 47].
One of the most important fungal toxic substance
the mycotoxin ochratoxin A (OTA) was detected in
a great number of various commodities including
cereals and cereal-based foods, and more than
75% of cereal-based commodities contribute to the
estimated dietary exposure to OTA [9, 27, 30]. Some
studies revealed that the OTA possesses carcinogenic,
© Zhamharyan L., Melkonyan A., Boyajyan A., 2013.

nephrotoxic, immunotoxic, teratogenic and possibly
neurotoxic and genotoxic properties, and it has also
been associated with Balcan Endemic Nephropathy
in humans [3, 20, 39]. OTA was also found capable
of inducing collagen secretion in the damaged
epithelial cells of the human proximal tubules, thus
impairing kidney function [38]. The European Food
Safety Authority (EFSA) recently assessed OTA,
established a Tolerable Weekly Intake (TWI) of
120 ng/kg bodyweight, and estimated maximum
limits for OTA 5,0 µg/kg in raw cereal grains and
3.0 µg/kg for finished products intended for human
consumption [10].
Some authers suppose, that partially in Europe,
the trichothecenes T-2 and HT-2 toxins have during
recent years been found grown frequently in
cereals [13, 24, 29, 32, 35, 46]. The most spreaded
mycotoxin among the cereals-derived products is
a cytotoxic fungal secondary metabolite T-2 toxin
after ingestion yielding more than 20 metabolites
causes acute and chronic toxicity and induces
apoptosis in the immune system and fetal tissues [5,
13, 29, 45]. According to the European Commission
recommendation (Official Journal of the European
Union, 2013/165/EU) the Scientific Panel on
Contaminants in the Food Chain (CONTAM panel)
of the EFSA adopted an opinion on a request from
the Commission related on the risks for animal and
public health related to the presence of T-2 and HT-2
toxin in food and feed [11].
Obtained data of T-2 toxin biological effects
show induced haematotoxicity and myelotoxicity
associated with impairment of haematopoiesis in
bone marrow [11, 41]. Recent data also indicate
that T-2 toxin inhibits protein, RNA and DNA
synthesis, induces apoptosis, and in some cell types
necrosis, as well as lipid peroxidation affecting cell
65
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membrane integrity [7, 24, 35]. Thirteen countries
have reported legal maximum levels (MLs) or
recommendations for T-2 and HT-2 toxins in
food and/or feed products, including Republic of
Armenia, where established for all foods T-2 toxin
ML of 100 μg/kg, but for unprocessed cereals level
up to 1,0 mg/kg [16].
Investigators consider climatic features of
geographic zones to interfere on the level of cereals
contamination by mycotoxins. In particular, climate
changes related with humidity, temperature issues
together with postharvest events like sorting,
drying and storage conditions are most important
contributors to fungies growth on cereal grains and
subsequent pollution with mycotoxins [18, 25, 33,
40, 46, 49].
The mountainy landscape of Armenia affects
in a series of highly diverse environments, with
variations in geological substrate, terrain, climate,
soils, and water resources. Armenia is situated at
the central dry sector of sub-tropical climate zone
that is why desert and semi-desert climate within
latitudinal zonality is represented here. However,
due to the mountainous nature of the country, the
altitude zonality has been formed on the prior
zonality background and taht is the reason why
Armenia has a great variety of climatic zones [2,
23].
To prove aforesaid we offered the screening
of winter soft wheat varieties and collected
wheat samples (unprocessed, intended for human
consumption and animal feed) within provinces of
Armenia with different climatic features, namely
Shirak, Lori, Tavush, Syunik and Ararat, for presence
and level of OTA and T-2 toxin contamination, since
various weather and storage conditions could affect
to mold growth and pollution by mycotoxins.
This paper provides an analysis of the assessment
Ochratoxin A (OTA) and T-2 toxin content in
different varieties of wheat collected from the
provinces of Armenia with distinct climatic features.
Materials and methods
This survey was performed in the Laboratory
of testing Genetically modified organisms
and Mycotoxins at the Institute of Molecular
Biology NAS RA (License certificate #AST001.Q-0015-2011).
For experiments were selected 27 samples of
known wheat varieties (control samples) and 54
samples of unknown wheat varieties collected
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from the provinces of Armenia. Control samples of
wheat varieties were kindly provided by “Sermeri
Gortsakalutyun” SNCO (Ministry of Agriculture
RA), Merdzavan. The following varieties
of wheat grains were included for analyses:
“Krasnodarskaya-99”,
“Yubileynaya-100”,
“Lebed”, “Yuka” and “Tanya” winter soft wheat
varieties provided to the governmental agency from
corresponding provinces. All control samples were
disinfected before the providing to provinces in
post harvest period and were stored under the same
appropriate conditions during 3 months. The weight
of each subsample was 250 g ±20%.
Wheat crops in post-harvest period (julyseptember 2013) were collected in the fields
of individual farmers from the corresponding
provinces. Collected samples of wheat grains by
provinces Shirak, Lori, Tavush, Ararat and Syunik
made 12, 10, 10, 11 and 11 samples, respectively.
The sampling and methods of analysis were
conducted in accordance with ISO requirements
[22, 31, 43]. Sampling procedures included the
following steps: collected sample – divided into
the subsamples – choosing and mixing subsample.
Representative sample is triturated and thoroughly
grounded and mixed in a mixer-grinder prior to
proceeding with the extraction procedure. Sample
preparation also included extraction, filtration/or
centrifugation and dilution [22, 31, 50].
ELISA (enzyme-linked immunosorbent assay)
was used for the purposes of the mycotoxins
screening. Samples preparations and analyses
were in accordance with manufacturer’s protocols
for RIDASCREEN® T-2 Toxin cereals and feed
ELISA kit and RIDASCREEN® Ochratoxin A
30/15 cereals, feed and other samples ELISA kit
(R-Biopharm AG, Germany). The absorbance of
the samples after ELISA assay was measured at
450 nm using the microplate reader STAT FAX
3200 (Awareness Technology Inc., USA). Data
collected from RIDASCREEN® analyses were
evaluated using the specialized RIDA®SOFT WIN
(Art.N0Z9999) software. Statistical analyses were
performed using ANOVA.
Results
Results of the OTA and T-2 toxins measurements
in the pre-dissemination (stored) or the collected
during the post-harvest period (fresh) wheat
varieties samples are presented in Table 1.
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Table 1

Contamination of wheat varieties with Ochratoxin A (OTA) and T-2 toxin. Data are Mean±SD
Variety

Status

Province

Samples number

OTA, μg/kg

T-2, μg/kg

3

<1.25* (0.3-0.9)

16.8±1.5

Krasnodarskaya 99

Storage

Krasnodarskaya 99

Fresh

Shirak

3

Not detected

16.0±3.0

Krasnodarskaya 99

Fresh

Ararat

3

Not detected

<3.5*

Krasnodarskaya 99

Fresh

Aragatsotn

3

Not detected

4.4±0.9

Lebed

Fresh

Ararat

3

Not detected

7.2 ±3.0

Yuka

Fresh

Armavir

3

Not detected

17.6±5.0

Yubileynaya-100

Fresh

Aragatsotn

3

22.0±1.0

12.8±1.0

Yubileynaya-100

Fresh

Lori

3

<1.25*

20.0±4.0

3

Not detected

19.3±5.0

Tanya

Storage, 2012

* - the exact values are below the limit of quantification

“Krasnodarskaya 99” variety samples collected in
the post-harvest period had no OTA contamination,
while the in-storage samples of the same variety
had very low levels of the mycotoxin. “Lebed”,
“Yuka” and “Tanya” wheat varieties samples were
not contaminated with OTA.
Notably, “Yubileynaya-100” variety wheat
collected in Lori and Aragatsotn provinces was
contaminated with OTA. As for the Aragatsotn
province wheat during the postharvest period, the
level of the OTA mycotoxin was four times higher
than the permissible threshold level of 5 μg/kg set
for the unprocessed cereals.
It should be noted that “Krasnodarskaya-99”
variety wheat T-2 toxin contamination range varied

dependently on the place of the postharvest sample
collection. In Ararat and Aragatsotn regions, the
levels of T-2 toxin contamination were lower than
3.5 and 4.4 μg/kg, respectively. In contrast, the
samples collected in Shirak province and tested
immediately and prior to the dissemination had
similar T-2 mycotoxin contamination levels ranging
between 16.0 and 16.8 μg/kg, respectively. Lori
province “Yubileynaya-100”, Armavir proximity
“Yuka” and pre-dissemination “Tanya” samples had
T-2 contamination levels reaching up to 20 μg/kg.
Table 2 presents the results of the mycotoxins
screening performed on the fresh and stored wheat
samples during the postharvest period from the
provinces of Armenia.

Table 2
The OTA and T- 2 toxin levels in the wheat grain samples in the provinces of Armenia (Data are represented with
mean and standard deviation).
Province

OTA μg/kg

T-2 toxin μg/kg

Detected level; Sample No. Toxin-free number Detected level; Sample No. Toxin-free number

Shirak

0.2±0.04; 4

8

6.5±3.5; 4

8

Lori

0.4±0.25; 9

1

18.4±11.0; 10

0

Tavush

1.1±0.5; 4

6

13.6±6.0; 8

2

Ararat

1.2±0.6 (9); 9

2

13.5±7.7; 8

3

Syunik

1.6±0.4; 9

2

18.4±7.0; 5

6
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The analysis of the data revealed that the samples
without the contamination with the mycotoxins
tested made up 66.7% (OTA) and 66.7% (T-2 toxin)
in Shirak, 60.0% (OTA) and 20.0% (T-2 toxin) in
Tavush, 18.2% (OTA) and 27.3% (T-2 toxin) in
Ararat, 10.0% (OTA) in Lori and 54.5% (T-2 toxin)
in Syunik. All Lori and Suynik samples contained
either T-2 toxin or OTA. The average presence of
OTA in all the provinces was below the 1,25 μg/
kg limit of consideration, with the exception for
Syunik province, where two samples contained
the OAT levels exceeding the permissible value of
5 μg/kg set for the unprocessed cereals. T-2 toxin
levels of contamination ranged up to 30 μg/kg in
the analyzed samples in all the provinces, and so did
not exceeded the administrative regulation limit.
Discussion
The results presented in Table 1 indicate the
distinct levels of pollution of the investigated
wheat varieties with mycotoxins. With regard to
the data on the mycotoxins tested, we should note
that the control samples of “Krasnodarskaya-99”
wheat variety originating from different provinces
had similar low levels of the tested mycotoxins,
thus suggesting good acclimatization capacities
of this wheat variety. In contrast, samples of
“Yubileynaya-100” variety samples contained high
levels of the OTA contamination in Aragatsotn
province and only trace amounts of the mycotoxin in
Lori province. These differences might had resulted
from the influence of climatic, harvesting timing,
drying, sorting and cooling conditions and storage
in accordance with the Good Storage Practice to
reduce Ochratoxin A in cereals [42].
The data on OTA and T-2 mycotoxins levels
in the wheat samles revealed significant variation
and dependence on the province considered (Table
2). The features of the wheat samples (e.g. the
distribution of contaminated and toxin-free samples)
in the different provinces could be assumed to
emanate from the climate conditions.
The samples from Shirak, a hilly province (the
hills reach 1800-2200 m) with the prevailing cool or
even cold climate, had either very low levels of or no
contamination at all. At the same time, the samples
from Lori, a province bordering with Shirak in the
east and having a prevailing mild climate, had high
68

levels and widespread contamination in terms of the
both mycotoxins.
The samples from Tavush (north-eastern
Armenia, where the climate is moderately humid,
the summer is warm and the winter is mild)
contained mostly no OTA toxin, but the T-2 toxin
content ranged between 7.0-20.0 μg/kg.
The OTA and T-2 toxin contents of the Ararat
province samples being in average 1.2±0.6 μg/
kg and 13.5±7.7 μg/kg, respectively, indicated
the wide range of climatic features. Interestingly,
the territory of Ararat province has two distinct
areas – plains and mountains. The climate there is
continental - with hot and sunny in the summer and
cold in the winter.
As the samples with the both high and low levels
of contamination with the tested mycotoxins were
revealed in Syunik, we propose that it could be
accounted for by a range of microclimate zones
characteristic of this region - from dry tropical
climates to the temperate warm one and further to
the cold and snowy mountain. The biggest part of
the province is in the zone of dry subtropics, so the
climate there is very warm.
It should be noted that the contamination with
T-2 toxin in the groups of wheat by the variety
(Table 1) and by the province (Table 2) varied within
the same narrow range of 3.0-30.0 μg/kg. Higher
content of OTA in the control (i.e. stored) samples,
when compared to the wheat samples collected
during the post-harvest period from the provinces,
indicates the possibility of contamination of wheat
with mycotoxins during the storage period. In this
regard, it should be noted that most Armenian grain
farmers produce wheat for self-consumption. In
these cases actual wheat grinding without sorting
and proper drying procedures may be considered as
a key risk factor for the food contamination with
mycotoxins.
Conclusions
According to the results of the study, the levels
of the wheat varieties contamination by the OTA
and T-2 mycotoxins, and the contamination spread
in the wheat samples from the different provinces
are influenced by several factors. We showed in this
study that the level of contamination depends mostly
on the variety of wheat, while the spread of the
mycotoxins is to large extent related to the climatic
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features of the harvesting area. Among the climatic
factors, temperature and humidity are the most
important mycotoxin contamination influences, as
these are the main determinants of the level of the
mycotoxin emission by molds. It is also important
to properly follow sorting, drying and other postharvesting procedures recommendations allowing
to prevent wheat mycotoxin pollution. Mycotoxin
contamination risk assessment programs and food
safety control must include continuous mycotoxins
level monitoring in the cereals both immediately
after the harvesting and during the storage.
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Comparative Analysis of Winter Wheat Productivity Obtained
by Russian and Foreign Selection in Different Agroclimatic
Zones of Rostov Region
The comparative analysis of winter wheat productivity obtained by Russian and foreign selection at the seedtrial grounds in Rostov region was made. The data obtained in 2011 and 2012 demonstrated high impact of soil
and climatic conditions in productivity of winter wheat varieties, which were tested on seven seed-trial grounds in
Rostov region. A considerable superiority of Russian varieties of winter wheat over the foreign ones in the studied
agroclimatic zones has been shown. The obtained data confirm that ecological assessment of agricultural plants is
very important for identify of soil and climatic conditions, in which new genotypes may realize their adaptive and
reproductive potentials more effectively.
Keywords: wheat, state seed-trial ground (SSTG), ecological tests, agroclimatic zone

Introduction

Materials and methods

Wheat is considered to be traditionally the most
important crop in Russia [1]. It is the leading culture
by both yield and sown area, and it prevails in people’s
ration. In 2012 the sown area of winter wheat was
12.8 million hectares, and the average productivity
was 3400 kg/ha [2]. In Rostov region, in 2012,
winter wheat covered 2007.5 thousand hectares,
and its average productivity was 2990 kg/ha.
On the other hand, in Russia and particularly
in Rostov region there is a tendency towards
considerable increase in the portion of imported
crops [3]. Widening use of breeds and hybrids
provided by foreign selection raises the risk of
the decrease in production of crops in in Russia,
negatively affecting the industrial security of the
state. At the same time, cultivation of these breeds
and hybrids does not allow us to solve fully the
problem of efficacy of agricultural industry.
Incompatibility of foreign genotypes with the soil
and climatic conditions of the region of cultivation
results in the increase in agricultural expenses
[4]. It is necessary to analyze the results of breed
testing obtained in different agroclimatic zones
in order to provide adequate assessment of breed
and hybrid productivity [5]. Therefore, the present
study was aimed at the comparative analysis of
winter wheat productivity obtained by Russian
and foreign selection at the seed-trial grounds in
Rostov region.

The analysis was carried out on the basis of the
State Commission of Russian Federation for Selection Achievements Test and Protection in Rostov
Region, Ministry of Agriculture and Provision of
Russian Federation, (Rostov-on-Don, Russia) in
2011 - 2012. The objects of the study were 20 winter
wheat breeds obtained by Russian selection (“Don
95”, “Asket”, “Vershina”, “Don 107”, “Donna”,
“Donskaya Awnless”, “Donskaya Lira”, “Doneko”,
“Izuminka”, “Kazachy Ataman”, “Magia”, “Missia”, “Tarasovskaya 70”, “Zernogradka 70”, “Zernogradka 10”, “Grom”, “Ermak”, “Zolushka”,
“Kamea”, “Rostovchanka 7” and “Tanais”) and 20
breeds obtained by foreign selection (“Antonivka”,
“Bombus”, “Bunchuk”, “Dobrochin”, “Zagrava”,
“Odesskaya”, “Zamozhnist”, “Zmina”, “Kuyalnik”,
“Polevik”, “Seilor”, “Snigurka”, “Turunchuk”,
“Famulus”, “Feoniya”, “Khyst”, “Shtru 074002”,
“Iridium”, “Fidelius”, “Firuza 40” and “Chornyava”). Breeds were tried on seven state seed-trial
grounds (Zimovnikovsky (1), Orlovsky (2), Tatsinsky (3), Tarasovsky (4), Rostovsky (5), Azovsky (6)
and Tselinsky (7)), which were located in different
agroclimatic zones of Rostov region (Fig. 1).
Zimovnikovsky seed-trial ground is located
in the eastern steppe-zone of Rostov region. It is
formed by the chestnut and dark-chestnut soils.
The quality of the soil locality for crops in this
region makes up 49 points [6]. Orlovsky seed-trial
ground is located in the south-eastern part of Rostov
region on the border of southern chernozem soils
and dark-chestnut soils on the loess-type rock. The

© Gudko M.N., Usatov A.V., Azarin K.V., Parshina O.A.,
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Fig. 1 Geographical distribution of the seed-trial grounds: Zimovnikovsky (1), Orlovsky (2), Tatsinky (3),

Tarasovsky (4), Rostovsky (5), Azovsky (6) and Tselinsky (7)

quality of the soil locality for crops on these soils
makes up 49 points. Rostovsky seed-trial ground
is located in Priazovian part of Rostov region on
the ordinary carbonate chernozem. The quality of
the soil locality for crops in this region makes up
72 points. Tarasovsky seed-trial ground is located
in the north-western part of Rostov region, and it
is based upon southern chernozem. The quality of
the soil locality for crops in this region makes up
55 points. Tselinsky seed-trial ground is located in
the southern part of Rostov region, and it is based
upon ordinary carbonate chernozem. The quality of
the soil locality for crops in this region makes up 80
points. Tatsinsky seed-trial ground is located in the
north-eastern part of Rostov region, and it is based
upon southern chernozem. The quality of the soil

locality for crops in this region makes up 51 points.
Azovsky seed-trial ground is located in Priazovian
part of Rostov region, and it is based upon ordinary
chernozem. The quality of the soil locality for crops
in this region makes up 69 points.
The analysis was based on the average decade
measurements of air temperature and precipitations,
taking into account the vegetation period of winter
wheat in 2010 – 2012. Measurements were done
on seven meteorological stations, which were
located in five agroclimatic zones of Rostov region:
North-West, North-East, Priazovie, South and East.
Meteorological stations were kindly provided by
the head of Rostov Center for Hydrometeorology
and Environmental Monitoring, N. A. Samoletova.
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Results and discussion
Average month values of air temperature and the
level of precipitation measured during the vegetation
period of winter wheat (third decade of September

- June) on seven seed-trial grounds located in five
agroclimatic zones of Rostov region (North-West,
North-East, Priazovie, South and East) for the
period from 2010 to 2012 are shown in Table 1.

Table 1
Average month values of air temperature and the level of precipitation measured during the period of winter wheat
vegetation (third decade of September - June) on the state seed-trial grounds in Rostov region (2010 - 2012)
State seed-trial
ground

Air temperature
(2010 – 2011), °C

Air temperature
Mean Precipitation level
(2011 – 2012), °C
(2010 – 2011), mm

Zimovnikovsky

7,1

7,0

7,1

34,6

27,1

30,9

Orlovsky

7,5

6,7

7,1

33,7

28,9

31,3

Tatsinsky

6,2

6,0

6,1

37,0

35,3

36,2

Tarasovsky

4,9

5,6

5,3

41,1

38,9

40,0

Rostovsky

7,6

7,2

7,4

47,1

57,3

52,2

Azovsky

8,1

9,0

8,6

47,1

45,6

46,4

Tselinsky

8,1

7,5

7,8

42,7

37,6

40,2

Mean

7,1

7,0

7,0

40,5

38,7

39,6

Average month air temperature for the two-year
period in the North-Western zone (Tarasovsky seedtrial ground) and North-Eastern zone (Tatsinsky
seed-trial ground) was 1 – 2ºC lower than that in the
Southern, Eastern and Priazovian zones. The highest
variability of the average month air temperature for
the period of study was 3.3ºC (8.6ºC in Azovsky
seed-trial ground and 5.3ºC in Tarasovsky seed-trial
ground). Maximal average month air temperature
was observed in Azovsky seed-trial ground in 2012
(9ºC), and minimal average month air temperature
was observed in Tarasovsky seed-trial ground in
2011 (4.9ºC).
The distribution of precipitations in Rostov
region is extremely uneven that is mostly due to
its orographic characteristics, such as wide plains
and rather low uplands, and closeness of Azov
Sea, Black Sea and Caspian Sea [7]. Variability
of the average month precipitation level reached
21.3 in different climatic zones of Rostov region
(52.2 mm in Rostovsky seed-trial ground and 30.9
mm in Zimovnikovsky seed-trial ground). The
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Precipitation level Mean
(2011 – 2012), mm

highest average month levels of precipitation were
registered in Priazovian, agroclimatic zone (5.2.2
mm in Rostovsky seed-trial ground and 46.4 mm
in Azovsky seed-trial ground). The lowest values of
this parameter were observed in the Eastern (steppe)
zone of Rostov region (30.9 mm in Zimovnikovsky
seed-trial ground and 31.3 mm in Orlovsky seedtrial ground).
Therefore, data obtained from the meteorological
stations (2010 – 2012), which were located in five
agroclimatic zones of Rostov region, showed that the
average month level of precipitations demonstrated
upward trend from North-East (Tatsinsky seedtrial ground) to South-West (Rostovsky seed-trial
ground), whereas the average month air temperature
increased from North (Tarasovsky seed-trial ground)
to South (Tselinsky seed-trial ground).
Average values of winter wheat productivity
obtained by Russian and foreign selection on seven
seed-trial grounds of Rostov region are shown in
Table 2.
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Table 2
Average productivity (100 kg/ha) of winter wheat, which was obtained in result of selection performed in Russia
and abroad, on the state seed-trial grounds (2011 – 2012)

Seed-trial ground

Russian breeds

Foreign breeds

The excess of the productivity of Russian breeds
compared to the foreign ones, (100 kg/ha)

2011

2012

Mean

2011

2012

Mean

Zimovnikovsky

40,8

36,1

38,5

32,4

27,4

29,9

8,6

Orlovsky

51,0

32,4

41,7

38,9

26,3

32,6

9,1

Tatsinsky

32,0

46,3

39,2

31,1

35,8

33,5

5,7

Tarasovsky

31,9

65,8

48,9

29,9

30,5

30,2

18,7

Rostovsky

79,6

57,7

68,7

65,5

57,3

61,4

7,3

Azovsky

62,4

38,4

50,4

56,3

43,4

49,9

0,6

Tselinsky

75,3

55,7

65,5

64,1

53,9

59,0

6,5

Mean

53,3

47,5

50,4

45,5

39,2

42,3

8,0

In 2011 – 2012 average productivity of Russian
breeds on seven seed-trial grounds was 5040 kg/ha,
whereas productivity of foreign breeds was 4230
kg/ha. In 2001 the highest productivities of foreign
breeds (6550 kg/ha) and Russian breeds (7960 kg/
ha) were observed in Rostovsky seed-trial ground.
The lowest productivities of foreign breeds (2990
kg/ha) and Russian breeds (3190 kg/ha) were
observed in Tarasovsky seed-trial ground.
In 2012 the highest productivities of both
Russian and foreign breeds (5770 kg/ha and 5730
kg/ha) were also observed in Rostovsky seedtrial ground. The lowest productivity of Russian
breeds (3240 kg/ha) was registered on Orlovsky
seed-trial ground, whereas lowest productivity
of foreign breeds (2990 kg/ha) was observed on
Zimovnikovsky seed-trial ground (2990 kg/ha).
Lowest productivity on Orlovsky seed-trial ground
is doubtlessly due to the low level of precipitations
at the period of wheat vegetation rather than with
the quality of the soil locality for crops, because it
is inferior to that of Rostovsky seed-trial ground by
8 points and exceeds that of Tarasovsky seed-trial
ground by 14 points.
Average productivity of both Russian and foreign
breeds cultivated on seven seed-trial grounds in
2011 was by 6100 kg/ha higher than that in 2012.

It is noteworthy that average productivity of foreign
winter wheat breeds on Zimovnikovsky, Orlovsky
and Tarasovsky seed-trial grounds was most similar
to that in Rostov region in 2011 – 2012 (2990 kg/
ha) [2], whereas average productivity of all studied
breeds on the other seed-trial grounds exceeded this
parameter.
These observations are considered to be the
evidence of insufficient fulfillment of agrotechnical
approaches, and suggest that choice of genotypes
for cultivation in different soil and climatic zones of
Rostov region is not always optimal.
Average productivity of Russian breeds of winter
wheat varied enormously with respect to that of
foreign breeds. For example, the average productivity
of Russian breeds observed on Tarasovsky seedtrial ground during the last two years of study
exceeded that of foreign breeds by 1870 kg/ha. This
phenomenon may be due to higher sensitivity of
foreign breeds to low temperatures in comparison
with Russian breeds, because Tarasovsky seed-trial
ground is characterized by the lowest average air
temperature in December – February period. On the
contrary, on Azovsky seed-trial ground, where the
average air temperature in the same period is the
highest in Rostov region (-8.6ºC), productivities of
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Russian and foreign breeds are almost equal (5040
kg/ha and 4990 kg/ha respectively).
Therefore, the data obtained in 2011 and 2012
demonstrated high impact of soil and climatic
conditions in productivity of winter wheat breeds,
which were tested on seven seed-trial grounds
in Rostov region. A considerable superiority of
Russian breeds of winter wheat over the foreign
ones in the studied agroclimatic zones has been
shown. The obtained data confirm that ecological
assessment of agricultural plants, which is carried
out by the State Commission of Russian Federation
for Selection Achievements Test and Protection
in Rostov Region, Ministry of Agriculture and
Provision of Russian Federation (Rostov-on-Don,
Russia), is very important for estimation of soil and
climatic conditions, in which new genotypes may
realize their adaptive and reproductive potentials
more effectively.
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Iryna Klimkina

Assessment of mutagenic health effects in coal mine workers
In the present study using BMCyt test we assessed DNA damage (micronuclei (MNi) and nuclear buds (NBUD)
formation), pathological cytokinesis (binucleation and nucleus constriction) and apoptosis (karyorrhexis and
karyolysis) in buccal mucosa cells in coal mines workers. We found that coal mine workers had 1.6 times more MNi,
5.4 times more NBUDs, 2.7 times more binucleated cells, 1.7 times more cells with nucleus constriction, 2.7 times
more karyorrhectic cells and 1.99 times more karyolytic cells (all increases are significant, p<0.05), when compared
to the control group consisting of people living in the proximity of hazardous industries. The established patterns of
the cellular disturbances may indicate the cytogenetic and cytotoxic effects of coal mining industry production factors.
Keywords: cytogenetic effect, micronucleus test, buccal mucosa, nuclear abnormalities, coal miners

Introduction
Occupational health and safety are among the
most important aspects of the human concern.
Mining has always been among the most hazardous
of occupations. With the increasing demand for coal
and minerals, health safety in the mines assumes
even greater importance [30, 36].
One of the important problems of the coal
industry is radiation hazards associated with the
natural radionuclides in coal and surrounding stones
[40]. These radionuclides are released from stones
everywhere and accumulate in poorly ventilated
spaces (such as tunnels, cul-de-sacs, niches and
others). In such spaces, the equilibrium of volumeactivity of radon radioisotopes in the air often
exceeds the permissible level by factor of tens or
even hundreds. Thus, coal industry workers and
people living in the proximity of the coal mining
areas may be exposed to a wide range of radiation
hazards.
Moreover, coal dust contains polycyclic
aromatic hydrocarbons, carbon, heavy metals,
iron, hydrogen, nitrogen, oxygen, sulfur and other
inorganic compounds and small mineral particles
[40]. Combined effect of all the pollutants present
in the mining environment may lead to an increased
risk of cancer [2, 16, 33].
It is known that physical and chemical mutagens
induce a variety of lesions in DNA, and these lesions
are controlled by cellular repair systems. Unrepaired
or mis-repaired lesions lead to apoptosis, mutations,
chromosomal alterations and tumor initiation
[10, 19]. Cytogenetic assays based on scoring of
chromosomal aberrations (CAs), sister-chromatid
exchanges (SCEs) and micronuclei (MN) formation
are widely used for assessing the negative influence
© Klimkina I., 2013.

of the genotoxic agents in vivo and in vitro [14, 17,
18, 31].
Genome damage is probably the most important
and fundamental cause of the development of
abnormalities and degenerative diseases. Genome
damage is caused by exposure of the cells and
organism to the genotoxic substances, medical
procedures implying radiation and chemicals,
micronutrient deficiency (e.g. folic acid shortage),
certain lifestyle factors (e.g. smoking, alcohol
consumption, drug abuse, stress), and a negative
genetic background (such as defects in metabolism
and/or in the repair of DNA). Hence, it is essential
to perform screening with minimally invasive
methods.
One of the important cytogenetic monitoring
tests used for estimating the general mutagenic
background of the urban environment is the Buccal
Micronucleus Cytome (BMCyt) assay, which is
performed on exfoliated human buccal cells [5, 39].
The test is a non-invasive screening express method
allowing to assess DNA damage in humans.
The cells of the oral cavity buccal mucosa
are a convenient object for the assessment of
the physiologic state of [21] and environmental
influences on [38] the organism. Thus, the MNassay on human buccal cells has been widely used
to study the genotoxic effects of pesticides [22, 24,
29], automobile exhaust gases [8, 34], oil products
[3], chemotherapy [1, 25], genotoxic agents [6, 9,
12, 23], and lifestyle factors [13, 20, 35].
As a criterion for estimating the negative
influence of environmental agents, the MN-assay
evaluates the presence and the frequency of nuclear
abnormalities, including micronuclei, nuclear buds
(NBUDs) and nucleoplasmic bridges (these are
biomarkers of DNA damage and chromosomal
instability [11, 15]), binucleated cells (biomarkers
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of pathological cytocinesis) and pyknotic,
karyorrhectic and karyolytic cells (these are
biomarkers of apoptosis) [5, 39].
There is a strong correlation between the
frequency of chromosomal aberrations, activity of
mitosis and micronuclei formation [11, 29, 38].
Considering the above-mentioned issues, the aim
of the study was to assess the mutagenic influence of
unfavorable environmental factors on the genome
of coalmine workers.
Materials and Methods
Total of 55 participants were involved in
the study. All the participants were residents of
Donetsk-Pridneprovsk region, Ukraine. Thirtyseven participants (30 men, 7 women; mean age
of 54.1 years with SD of 7.6 years) were coalmine
workers with experience ranging from 7 to 35 years.
Control group consisted of 18 subjects (10 men,
8 women; mean age of 48.2 years with SD of 9.8
years) living in the vicinity of hazardous facilities
but not involved in mining or manufacturing.
Sampling for BMCyt assay was performed
during the periodic health examination. All
participants were informed on potential risks, and
all further procedures were performed in accordance
with Oviedo convention. Each participant filled
and signed a questionnaire on previous medical
and occupational history, drug usage, and lifestyle
habits [5, 38].
BMCyt assay implied collection of the cells of the
oral cavity buccal mucosa. Subjects were required
to rinse their mouths with water before sampling.
Exfoliated epithelial cells of buccal mucosa were
obtained by scraping the middle part of the inner
cheek with a wadded tampon on a spatula. The
epithelial cells collected from the buccal mucosa
were smeared onto clean microscope slides which
were further air-dried and fixed within one hour
with Carnoy’s fixative I. Then the slides were
stained with aceto-orcein.
Olympus
CX
41
microscope
with
1000x-magnification optics set was used for the
BMCyt analysis. The number of MNi and other
nuclear abnormalities was scored in 2000 nucleated
cells. The frequency of MNi, NBUDs, basal,
binucleated and karyorrhectic cells was calculated
per 1000 nucleated cells (‰). The occurrence of
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karyolytic cells in the studied groups was assessed
in absolute values.
Scoring criteria used are mainly based on
those originally described by Tolbert et al. [39]
and Thomas et al. [5]. Normal differentiated cells
have a uniformly stained oval or round nucleus
(Figure 1A). They are distinguished from basal
cells by their larger size and by a smaller nucleusto-cytoplasm ratio (Figure 1B). No other DNAcontaining structures apart from the nucleus are
observed in these cells [5]. Cells with micronuclei
are characterized by the presence of both a main
nucleus and one or more smaller nuclear structures
called micronuclei (Figure 1C). The micronuclei are
round or oval, and their diameter ranges between
1/3 and 1/16 of the nucleus. Also, they have the
same staining intensity and texture as the nucleus.
Most cells with MNi contain only one MN but may
have two or more MNi (Figure 1D,E). Cells with
nuclear buds contain a nucleus with an apparent
sharp constriction in one focus of the nucleus,
thus suggesting a budding process, i.e. elimination
of nuclear material by budding (Figure 1F). The
nuclear bud (NBUD) and the nucleus are adjacent
and appear to be attached to each other. NBUD has
the same morphology and staining properties as the
nucleus. However, its diameter ranges from 1/2 to
1/4 of the nucleus diameter. Binucleated cells contain
two nuclei instead of one (Figure 1G,H). These
nuclei are usually in close proximity and may be in
contact, and they usually have normal morphology.
During the analysis we also observed cells with
nucleus constriction (Figure 1I) and counted them
separately of other nucleus abnormalities.
Karyorrhectic cells have nuclei that are
characterized by extensive nuclear chromatin
aggregation suggesting that these cells may be
undergoing the late stage of apoptosis. This
observed densely speckled nuclear pattern indicates
the nuclear fragmentation leading to the eventual
disintegration of the nucleus (Figure 1J,K).
Karyolytic cells are cells having the translucent
unstained nucleus completely depleted of DNA
(Figure 1L). Therefore, these cells appear to have
no nucleus and represent a very late stage in the cell
death process.
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Fig.1. Normal and abnormal buccal mucosa cells. A - a normal differentiated cell; B - a basal cell; C - a cell with micronuclei;

D - cell with two micronucleus; E - a cell with multiple micronuclei
F - a cell with nuclear bud; G, H - binucleated cells;
I - a cell with nucleus constriction; J, K - karyorrhectic cells; L - a karyolytic cell.

All statistical calculations were performed using
MS Excel. Statistical significance cut-off chosen
was p<0.05. All data are presented as frequencies of
the abnormalities per 1,000 cells.

Results and discussions
The results of the BMCyt analysis of the buccal
mucosa cells of the coalmine workers and control
subjects are shown in Table 1.
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Table 1

BMCyt test results
Statistics

MN-cells

NBUDcells

Binucleated
cells

Nucleus
constriction
cells

Karyorrhectic Karyolytic
cells
cells

Coalmine workers, n=37; total number of the cells analyzed - 78748 of which nucleated - 74000
Mean, ‰
27,70*
15,42*
17,49*
17,79
62,46*
86,46*
Min, ‰
1,00
0,00
0,00
0,00
2,50
15,00
Max, ‰
112,00
54,00
70,00
79,00
229,00
344,00
Mode, ‰
16,00
9,00
6,50
12,00
45,00
46,00
95% Confidence interval, ‰
20,1 - 35,3
11,3 - 19,5 13,0 - 21,9
12,7 - 22,8
47,8 - 77,1 62,2- 110,7
Absolute frequencies
2050
1141
1294
1281
4622
6398
Control Group, n=18; total number of the cells analyzed - 36784, of which nucleated - 36000
Mean, ‰
17,33
2,89
6,56
10,72
23,44
43,50
Min, ‰
6,00
1,00
1,00
3,00
10,00
12,00
Max, ‰
55,00
8,00
11,00
17,50
41,00
124,00
Mode, ‰
7,00
3,00
3,00
13,00
10,00
18,00
95% Confidence interval, ‰
6,0 - 28,7
1,5 - 4,2
4,1 - 9,0
7,6 - 13,9
15,8 - 31,0 18,6 - 68,4
Absolute frequencies
624
104
236
386
844
1566

According
literature,
* - the groups signifi
cantly differ to
(p<0.05).

the criteria studied here define the level of DNA

damage and chromosomal instability [26]. An increase in MN frequency can also
Webe
found
that the
workersofgroup
had
It shoulddiseases
be notedpatients
that the[4,frequency
observed
incoalmine
certain groups
cancer
or degenerative
7, 37]. of the
single-micronucleus
cells
was
comparable
in the
1.6 and 5.4 times greater (p<0.05) mean frequencies
It should be noted that the frequencystudied
of the groups.
single-micronucleus
cells
was
However, there was a significant
of MNi and NBUDs, respectively, when compared
increase
(almost
in the
number of the
groups.
there was duplication)
a significant
increase
to the comparable
control group in
(i.e.the
the studied
population
residingHowever,
in
cells with three and more MNi in the coalminers
the proximity
the hazardousinindustries).
(almostofduplication)
the number of the cells
three to
and
more MNi
in the
group,with
in addition
considerably
higher
occurrence
According to literature, the criteria studied here
of
NBUDs
in
this
group
as
opposed
to
the control
group,damage
in addition
to considerably higher occurrence of NBUDs in this
define coalminers
the level of DNA
and chromosomal
group (Figure 2). These observations of multiple
instability
[26].
increase
frequency
can(Figure
group
as An
opposed
to intheMN
control
group
2). Thesein observations
of may
multiple
micronuclei
the single cell
indicate the
also be observed in certain groups of cancer or increased mutagenic pressure on the genome of the
micronuclei in the single cell may indicate the increased mutagenic pressure on the
degenerative diseases patients [4, 7, 37].
cell and organism [22].

genome of the cell and organism [22].

Fig. 2. The frequencies of the cells with different content of MNi and NBUDs. The cells containing one,

two, three and more MNi or NBUDs are analyzed.
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Figure 2. The frequencies of the cells with different content of MNi and
NBUDs. The cells containing one, two, three and more MNi or NBUDs are
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MNi mainly originate from acentric chromosome
fragments, acentric chromatid fragments or whole
chromosomes that fail to relocate to the daughter
nuclei by the end of the telophase due to deficient
attachment of these entities to the spindle prior
to the segregation process in the anaphase [27].
The increase in the occurrence of the cells with
MNi formed from the fragments of chromosomes
indicates intensification of genic and chromosomal
mutations, while the increase in the frequency of
MNi formed from lagging chromosomes indicates
genomic mutation [32].
Nuclear budding (the formation of nuclear
protrusions or NBUDs) has been associated with
chromosome instability - chromosome loss and/
or chromosome or chromatid bridges. NBUDs
have been observed in cultures grown under strong
selective conditions inducing gene amplification,
and under moderate folic acid deprivation
[28]. Amplified DNA may be eliminated from
chromosomes through recombinations between the
homologous regions within the amplified sequences.
These events cause the formation of mini-circular
acentric and atelomeric DNA fragments. The
NBUDs share the morphologic characteristics with
MNi, but the formers are connected to the nucleus
with a narrow or wide stalk (depending on the stage
of the budding process) of nucleoplasmic material
[28]. Thus, MNi and NBUDs formed to release
the amplified DNA act as indicators of oncogenic
processes in the cells [27].
Formation of the binucleated cells is considered
to be due to the increased proliferative activity
and to the karyokinesis without of the cytokinesis
under influence of pathological factors. These
factors are typical for carcinogenesis [24, 35].
Thus, the cytokinesis may prevent the spreading
of aneuploid binucleated cells. In general, changes
in the prevalence of the binucleated cells indicate
cytotoxic influences and possible cytogenetic
disturbances [9]. In this study the frequencies of the
binucleated cells and the nucleus-constriction cells
were in average 2.7 and 1.7 times, respectively,
higher in the coalmine than in the control group
(p<0.05).
Karyorrhectic and karyolytic cells, as well as
pyknotic cells and cells with condensed chromatin,
are the main biomarkers of apoptosis of the buccal
epithelial cells [5]. The apoptosis biomarkers
considered in the present study followed the same

trend as the previously described cytogenetic
markers. Karyorrhexis and karyolysis frequencies
in the coalmine workers group exceeded the
corresponding values in the control group by 2.7
and 1.99 times, respectively (p<0.05). Apoptosis is
aimed at maintaining a constant amount of cellular
elements in the organs and tissues, and the removal
of cells that passed the life cycle. Also, apoptosis
ensures physiological tissue regeneration. Under
the influence of unfavorable environmental factors
on the genetic apparatus of the cells the rate of
apoptosis may be increased or decreased [6, 19].
Conclusions
The principal conclusions drawn from the study
are as follows:
- The increase of the frequency of the cells
with MNi and NBUDs in the coalmine workers
indicates the cytogenetic effect of environmental
and occupational factors;
- The increase in the number of the cells with
multiple MNi may indicate the intensity and
power of the mutation-inducing environmental
influences related to the industrial production
processes;
- Other biomarkers, such as the binucleated cells,
the occurrence of the cells with nucleus constriction,
karyorrhectic and karyolytic cells, certainly reveal
the influence of cytotoxic factors in the coalmine
workers group. However, these biomarkers may
also indicate the cytogenetic effect of productionassociated factors of the mining industry.
Conflicts of interests
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