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Abstract

Brain tissue plays a significant role in both cognitive and psychomotor beha-
vior of humans. However, their interaction with radiation emanating from
hand held mobile devices is still not fully understood. This research was
aimed at investigating radiation absorption in brain tissue. Bovine brain tis-
sues ranging from lesser than 1 year to greater than 10 years of age were
bought from a specialty store (Sigma-Aldrich). The tissues were used within
72 h of extraction for ex vivo brain experiments. The brain tissue was stored
at 6°C and then 16°C for 24 h in the MRI room to reach thermal equilibrium
before any experiments were undertaken. The averages for the dielectric con-
stant were measured from 1 - 4 GHz using open ended coaxial probe (OECP)
(85,070E; Agilent Technologies). The results obtained for the dielectric prop-
erties were then used as raw data in the numerical computation and simula-
tion of the radiation absorption by the brain tissues for both adolescent and
adults bovine brain tissue using finite element method (FEM). The measured
dielectric constants varied for the different brain tissue from 54.39 to 39.29.
Analysis showed that adolescents tissue absorbed more radiation than adults
from mobile phoneradiation which is due to the higher dielectric property of
adolescent brain tissue. The results obtained can be applied to human brain
tissue since bovine shares the same compositional properties with humans.

Keywords

Bovine Brain Tissue, Dielectric Constant, Mobile Phones, Coaxial Probe,
Finite Element Method
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1. Introduction

Current usage of mobile telephones has plunged the industry into critical think-
ing of how to curb the menace of electromagnetic interference (EMI) pollution
arising from the ever growing number of the telecommunication users via mo-
bile telephones, local area networks, wide area networks and radar systems [1].
Electromagnetic fields are part of our daily life which includes, mobile phones,
radio, Wi-Fi, etc. This research work is focused primarily on mobile telephony.
The waves associated with mobile phones are numerous and also vary depending
on the platform of operation such as Wi-Fi, Bluetooth, GSM antennas, 2G,
UMTS or 3G, power grids. All the mentioned radiations are possible potentials
to high health hazards. This research determines radiation absorption by brain
tissue from brain tissue measurements in accordance with institutional and reg-
ulatory requirements.

It is reported in [2] that the Council of Europe recommended limitations on
the use of mobile phones and internet access in all schools across the continent
to protect young children from potentially harmful radiation. In [3], their study
found that low-dose ionizing radiation exposure affects cognitive skills in ex-
posed children later in life. It is reported that high doses of ionizing radiation to
the head (20 - 50 Gy) lead to severe learning and memory impairment which is
characteristic for Alzheimer’s at old age [4] [5]. It is reported in [6] that 2.4 GHz
Wi-Fi radiation emitted from wireless internet equipment altered the expression
of two of five miRNAs.

Humans are exposed to an increasing amount of non-ionizing electromagnet-
ic radiation emitted from sources such as cell phones, power transmission lines,
radars, and medical equipment, causing public health concerns [7]. Safety stan-
dards defining upper limits for the specific absorption rates (SARs) were thus
established to serve as guidelines for equipment manufacturers in various fields
[8]. The Federal Communications Commission (FCC) in the United States has
set an SAR limit of 1.6 W/kg averaged over 1 g of tissue for partial-body expo-
sure, whereas the Council of the European Union allows a limit of 2.0 W/kg av-
eraged over 10 g of tissue [9] [10]. Extensive cell phone use is known to present
the highest radio frequency (RF) exposure to the general public [11].

Cell phone radiation exposure generally depends on emitted RF power, but to
some extent this radiation depends on other parameters such as RF, antenna po-
sition relative to the head, duration of exposure and the material properties of
the absorbing tissue. The maximum RF power emitted from handsets available
today varies as mobile technology has evolved through generations. Brain tissue
has a variable iron concentration that causes magnetic susceptibility heterogene-
ity induced contrast in EM imaging [12]. Moreover, such difference in magnetic
and electrical properties of the brain tissue varies with age, causing variations in
both EM imaging and absorption. Due to the explosive growth of the telecom-
munication industry, radiation emission doses are on the increase. Therefore, it

is important to understand the relationship between electromagnetic fields radi-
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ation absorption with brain tissue.

In the light of the above, this research is focused on investigating the effects of
the cell phone radiation on human brain and does not investigate any medical or
physiological, effects of cell phone radiation on humans. The question pertinent
to ask is, what are the risks of mobile phones on human health? For possible
answers to this question, there is need to practically measure and analyze the
amount of radiation absorbed by brain tissue during mobile telephony conversa-
tion. Depicted in Figure 1 are the possible effects of ionizing radiation to the

brain.

2. Methodology

The purchased human brain tissue is placed inside a sample holder after initial
preservation for dielectric measurement. The tissue for the less than 1 year was
first measured and repeated for about five times. The same experimental proce-
dure is repeated for the other brain tissues. The average of the results were then

recorded further use.

2.1. Procedure

After standardize calibration of the open ended coaxial sensor, the probe is place
in contact with the tissue avoiding any air gap between the probe and the tissue.
The results obtained for the measurements are analysed for the dielectric con-
stant and loss factor. Figure 2(a) & Figure 2(b) are typical bovine brain tissue
after extraction and OECP set-up for measurement of dielectric properties of the

brain. All measurements were carried out at room temperature.

2.2. Simulation

The human brain is modelled to transit through a microstrip antenna using the

Figure 1. Possible neurodegeneration of the brain after exposure to ionizing radiation
[13].
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Figure 2. Typical bovine Brain. (a) Typical adolescent bovine brain tissue (b) Measure-
ment set-up.

finite element method (FEM) COMSOL Software V4.5b, America. FEM imaging
offers sufficient spatial and temporal resolution to characterize the hot spots
from absorbed cell phone radiation in both aqueous media and biological tis-
sues. The microstrip antenna is commercially available which are machined ac-
cording to specification. In this work, the tissue was excited with RF radiation
power of 2500 mW power.

A typical microstrip has a flat conducting walls anchored with SMA at the ends.
In the simulating the tissue placed on the microstrip, the walls of the microstrip
was approximated as perfect conductors [14]. Figure 3 is a meshed human brain
tissue simulated using the finite element method version 4.5b. The mesh brain tis-
sue is assumed to be a perfect conductor at the boundaries of the microstrip. They

are perfect conductor due to the salt like and moist nature of the brain.

3. Results

The variation in dielectric constant for all bovine brain tissues between 1 GHz
and 4 GHz using OECP is shown in Figure 4. Careful observation and computa-
tion showed that the average values for the dielectric constant are 54.39, 48.14,
44.62 and 39.21 for <1 yr, 5 yrs, 10 yrs and >10 yrs old bovine brain tissues, re-
spectively.

Further analysis clearly shows that, the tissues of the young bovine possess
higher dielectric constant at frequency of 2.4 GHz which is mostly associated
with all Wi-Fi (Mobile phones).

The high dielectric constant of the lesser than 1 year tissue could be attributed
to higher iron content of the brain tissue. Results also showed that dielectric
constant decreases as frequency increases for all brain tissue. This behavior is in
accordance with the theory of [15] who stated that, for semi-liquid dielectric
medium, as frequency increases, the dielectric constant decreases. Based on Po-
zar theory, it is concluded that our measurement and findings conforms to law.

The radiation imaging for the different categories of bovine brain are shown

in Figure 5. The yellow and blue color represents the intensity of the electric
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Figure 3. Meshed humanbrain tissue.

Figure 4. Variations in dielectric constant for all tissues.

Figure 5. Variation in radiation scattering for different bovine brain tissues.

field within the simulated brain tissue. The blue represent area not affected by

radiation while the red color stands for areas affected by radiation (hot spot).

DOI: 10.4236/0jbiphy.2019.93011 151 Open Journal of Biophysics


https://doi.org/10.4236/ojbiphy.2019.93011

A. Yakubu et al.

Observation and analysis on the imaging shows that there is high amount of ra-
diation for the less than 1 year tissue.

Further observations shows that the intensity of the radiation decreased as di-
electric constant decreases. As expected higher permittivity gives rise to higher
absorption of electromagnetic wave through a sample. Hence, the increase in ra-
diation intensity as shown in the simulation is in complete agreement with the
permittivity result obtained for the different bovine tissues. The result is also
evident in Figure 6 where the highest absorption at 2.4 GHz is for the less than 1
year old tissue. The results confirmed that radiation absorption distribution in
the brain tissue is highly dependent on permittivity values of the tissue. The
difference in the bovine brain tissue used in the simulation was to show the
amount of radiation that can be absorbed by the tissue depending on age.
Based on the result, it is confirmed that young bovine tissue absorb more ra-
diation than older tissue.The human brain is embedded with Ribo Nucleic
Acid (RNA) for the normal functioning of the brain [16]. Furthermore, it is be-
lieved that RNA-interference can affect both the level of pathological proteins
(Ap, tau protein) and the onset [17] [18], hence any alteration on the RNA can
lead to major brain defects.

Generally, human and bovine brains are similar in functionalities. Recent ad-
vances have shown that all vertebrate brains share a common evolutionary ori-
gin. The bovine and human brains are architecturally the same as both brains
consists globally of five parts, the Medulla, Medulla oblongata, limbic system,
cerebellum and cortex. Among various possible health effects of mobile phone
radiation, is the risk of inducing brain tumor leading to cancer due to radio

Frequency (RF) dose from mobile phones.

4. Conclusion

In this paper, a step-by-step non-destructive dielectric measurement and mod-

eling methods were used to determine the dielectric constant, radiation imaging,

Figure 6. Radiation absorption for different bovine brain tissues at 1 - 2.4 GHz.
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and absorption in brain tissue. The electromagnetic characterization of bovine
brain tissue as an absorber using FEM has been carried out in the frequency
range of 1 - 4 GHz band. The tissues were excited with a maximum power of
2500 mW. The E.M simulation has been carried out using the measured material
properties of the heterogeneous brain tissue on COMSOL Software. The maxi-
mum absorption of radiation of more than 13 dB was observed for the less than
1-year-old brain tissue while the minimum absorption of about 1 dB was ob-
served for the greater than 10 years old brain tissue at 2.4 GHz. It is therefore
concluded that finite element method is successful in simulating radiation ab-
sorbed by brain tissue, and that radiation absorption is higher on materials with
the highest permittivity value. Therefore, adolescents are prone to danger, if any,
that might arise due to higher radiation absorption in brain tissues. This re-
search method to the best of my knowledge is done for the first time in the field

of electromagnetic simulation.
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Abstract

Background: Numerous studies of tissues’ regeneration have confessed the
recovery of damaged liver by hematopoietic stem cells. The cells act not only
by cell replacement in the target organ but also by delivering trophic factors
that support endogenous liver regeneration. A little is known of how or-
gan-derived signals recruit such committed cells into circulation. Objective:
We investigated the roles of noninvasive mechanical percutaneous stress of
cirrhotic human liver in numbers fluctuation of trophic, liver-specific al-
pha-fetoprotein-positive fraction of CD133-positive hematopoietic stem cells
in lymphocytes of patients waiting for liver transplantation. Methods: To
promote in blood the number of the alpha-fetoprotein-positive fraction of
CD133-positive hematopoietic stem cells, committed to liver’ tissue, we acti-
vated mechanically the cirrhotic liver of patient by transcutaneous micro vi-
bration received from skin-contacted electro-magnetic vibraphones generated
mechanical pulses with amplitude 10 pm and smoothly changing frequency
from 0.03 kHz to 18 kHz and back forth during one cycle duration 1 minute.
The number of the alpha-fetoprotein-positive fraction of CD133-positive
hematopoietic stem cells in lymphocytes of potential recipients was con-
trolled by flow cytometry before and during daily sonication of skin area,
which corresponds to liver projection on it. The 15 minutes cyclic sonication of
the liver area performed daily for three weeks. Results: The sonication increased
significantly averaged number of liver-specific alpha-fetoprotein-positive
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CD133-positive blood lymphocytes in 2 - 3 times compared to a base lane.
The second similar sonication, the same zone after three weeks break showed
differences with baseline, but it was statistically insignificant. The result was
specifically related to the liver as it showed the control sonication of the
backbone’s projection on the skin of a separate group of patients with cirr-
hotic liver from the waiting list. Conclusion: The stem cells committed to the
liver recruit from the bone marrow into circulation, when organ mechanically
stresses and secretes specific humoral signals to provoke of lymphopoiesis on
host liver repair.

Keywords

Committed Stem Cells, Cirrhotic Liver, Waiting List, Mechanical
Micro-Vibration, Regeneration

1. Introduction

The liver’s capacity to undergo functional regeneration is mostly limited by
acute mechanical injury, like partial hepatectomy or a single injection of toxic
chemical substances, like carbon tetrachloride. The chronic/repeated or over-
whelming injury often causes aberrant healing—the liver fibrosis that culminates
in cirrhosis and hepatic failure. Both divergent processes are under control of a
dynamic interplay between intrahepatic niche cells (parenchymal hepatocytes
and non-parenchymal cells, including hepatic stellate cells, inflammatory cells,
biliary epithelial cells, and liver sinusoidal endothelial cells) [1]. Along with
intrahepatic cells, circulating hematopoietic stem/progenitor cells (HSC) derived
from bone marrow (BM) can also contribute to liver regeneration by the fusion
with damaged hepatocytes, or differentiation into hepatocyte-like cells, or exert a
partial effect via their morphogenic and proangiogenic properties [2] [3] [4] [5].
Some agents modulated of hematopoiesis (granulocyte-colony stimulating fac-
tor: G-CSF, Plerixafor) use to mobilize HSCs into the bloodstream to reverse
induced chronic liver injury, but they have standard limitations for administration
to go ahead in terms of the number of cycles and the hematological toxicity [6].
Intraportal infusions of autologous HSCs from a preliminary aspirated bulk vo-
lume of BM (=150 ml) represent another invasive approach to artificial enrich-
ment of microenvironment of the cirrhotic liver by the HSCs trophogens [7].
Among different factors, the liver graft in cirrhotic patients can be the most
natural long-term stimulus for recruitment into the peripheral blood of addi-
tional HSC [8], confirming the existence of a humoral information pathway
(axis) between these two tissues. Earlier some data reported that among bulk
HSCs population in the BM a small fraction of specifically liver-targeted cells
preexists/resides and it may be mobilized into peripheral blood during stress and
tissue injury, playing a precise role in the following reparation [9] [10] [11] [12].

Recently we showed that the orthotopic liver graft recruits the liver-specific (al-
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pha-fetoprotein-positive) afp+ CD133+ HSC and some endothelial angiogenic
afp+ CD31+ cells into lymphocytes (Lph) fraction of the blood [13] [14]. It re-
mains unknown how to subvert the expected stable pro-fibrotic paracrine signals
in “BM-liver” axis of those needed in orthotopic liver transplantation (OLT) into
a regenerative paracrine stimulus to promote specific recruitment of morpho-
genic HSC committed to the rest of liver parenchymal cells. Interestingly, HSCs
generated during embryonic liver development had the ability to traffic between
different tissues like HSCs from adults and they both were most likely highly
regulated by humoral signals to guarantee that they reached their final destina-
tions [15].

Having the positive experience of inducible recruitment of HSC into the blood
by moderate transcutaneous mechanical micro vibration of sponges bones [16]
[17], we hypothesized that the direct mechanical stress of cirrhotic liver tissues
might change the stagnant pro-fibrotic paracrine signals in humoral “BM-liver”
axis and thus open new opportunities to influence on the specific interplay be-
tween afp+-committed morphogenic HSC and target hepatocytes.

Aim of the study was to mobilize from BM into circulation the additional
number of HSC committed to the liver via the humoral signals, which provoke
in the organ by its transcutaneous mechanical micro-vibrations. Here, we dem-
onstrate the distant recruitment of liver-committed HSCs into the bloodstream
of patients needed the OLT by noninvasive transcutaneous mechanical vibration
of the cirrhotic liver monitoring the circulating afp+ CD133+ HSCs and afp+
CD31+ angiogenic lymphocytes number. The study allows us to confirm the
possibility of an indirect and non-invasive increase the number of trophic stem
cells committed to the hepatic tissues of those who are in waiting for the
life-saving transplantation of a donor’s organ. The long waiting time is deadly
for those patients, but it is not predictable very often, because transplants are
achievable by chance. The new technic proposed by us is specific and has no
limit in reapplication in contrast with traumatic and non-targeted method of

auto-transplantation of HSC widely used now in clinic.

2. Methods
2.1. Patients

The nine subjects within the age range of 53 - 61 years with cirrhosis listed for
liver transplantation according to Model for End-Stage Liver Disease
(MELD-Na) range 6 - 15 were included in this study at the Russian Research
Center of Radiology and Surgical Technologies in St. Petersburg, Russia. Cirrho-
sis was diagnosed by clinical symptoms, biochemical indexes of liver failure, and
liver histologic findings or compatible imaging findings (e.g., ultrasonography,
computed tomography, or elastography). Six of nine awaiting patients received
courses of mechanical vibration through skin-contacted vibraphones on the liver
projection area. Other three patients received vibrations of backbones a similar

contact way. The samples of peripheral blood were taken at the different time
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elapsed since the start of sonication. The six healthy volunteers were involved in

the investigation for the base level of blood parameters.

2.2. Equipment

The apparatus *'VITAFON-5 for vibroacoustic exposure was a serial certified
source of electromechanical oscillations (GOST50444-92 and

TU9444-009-23138557-2009 of RF). Standard vibraphones produced mechanical
oscillations synchronously in the cyclic regime. The frequency of oscillations
changed from 0.03 hertz (Hz) to 18 kilohertz (kHz) and back forth during =60
seconds. The amplitude of oscillations kept unchangeable about 10 um. Me-
chanical micro vibrations of 8 vibraphones with a diameter of 45 mm each own
achieved liver tissues percutaneously. Unit of vibraphones consisted of two rows
(four in each) with the distances between the centers of rows of 75 mm and the
centers of vibraphones within each row of 55 mm. Thus, the unit formed an ac-
tive rectangular field of 12 x 22 cm, combined with a flat cloth frame with eight

fixing sockets and adjustable soft fastenings for fixation on the human body.

2.3. Procedure/Sonication

The vibratory action usually performed once a day for 15 minutes sitting in a
half/ lying position of patients. The block located on the right side of the patient
so that the vibraphones tightly covers the projection region of the liver, and their
lower eges coincide with the lower border of the ribs. Two main schemes of so-
nication of liver region were used. The scheme I of sonication included 15 mi-
nutes sonication daily, for 3 weeks (2d, 3d, and 4th). Scheme II consisted of so-
nication 15 minutes daily during 3 weeks, then break 3 weeks, and repeated so-
nication (8" - 10th weeks). Scheme III served as a control for the scheme I and
I1. It consisted of mechanical micro vibrations from standard vibraphones with a
smoothly varying frequency in the acoustic range 0.03 - 18 kHz by successive
cycles of 60 seconds duration, affecting simultaneously 8 pairs of points along
the entire central line of the spine with a distance between vibraphones in each
pair of 0.5 cm for 15 minutes daily during 3 weeks (2d and 4th) [18].

2.4. Blood Samples

Ten ml of peripheral blood was taken once from each of six healthy volunteers at
the beginning of the investigation. At schemes I, II and III such samples were
taken twice during a week before sonication. At scheme I, the three samples were
taken during 4th-6th weeks after the start of sonication and 12 samples during
the 10th-12th weeks. At scheme II, the 15 samples were taken during 4th-6th
weeks after the start of sonication and 15 samples during the 10th-12th weeks.
At referent scheme III the six samples were taken during 4th-6th weeks after the
start of sonication of the region of backbones projection on spine.

2.5. Preparation of Samples for Flow Cytometry

At each follow-up visit, the blood of patients examined for signs of cell’s immu-
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nophenotype. The goal was to identify specific features in cell parameters after
sonication of liver area of a body in terms of percentages of circulating lympho-
cytes in synthetic phase S+, cells CD133+, CD31+, double-positive cells afp+
CD133+, afp+ CD31+, and derivate ratios (afp+ CD133+)/CD133+, (afp+
CD31+)/CD31+ and afp+ CD133+/afp+ CD31+. The mononuclear cell fraction
(MNC) isolated by classical Ficoll density separation immediately after the col-
lection of peripheral blood (10 mL), omitting the final step of magnetic cell
enrichment. [19]. Viability assessed using the trypan blue exclusion test. Cells
from two equal portions of the fresh MNC fraction stained for flow cytometry
analysis. The nucleic acid stained by Hoechst 33342 (bis-benzimidazole fluo-
rochrome; Sigma-Aldrich, St. Louis, MO, USA) for cell cycle analysis, which
performed as described previously [20], with slight modifications. First MNCs
resuspended at a density of 1067/mL in pre-warmed (37°C) Dulbecco’s Modified
Eagle’s Medium supplemented with 2% heat-inactivated fetal calf serum (Gibco
BRL, Grand Island, NY, USA) and 10 mM HEPES (Gibco BRL). Then Hoechst
33342 added to a final concentration of 5 pg/mL, and the cells placed in a water
bath at 37°C for 120 minutes. Tubes mixed gently every 20 minutes during in-
cubation. The cells were then centrifuged (483 relative centrifugal force for 6 mi-
nutes at 4°C in a precooled rotor), resuspended in cold Hank’s Balanced Salt Solu-
tion/2% fetal calf serum/10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) at a concentration of 1 - 2 x 10’/mL, and kept at 4°C until anal-
ysis.

The phenotypes of the circulating cells in the lymphoid part of the mononuc-
lear cells (MNC) were evaluated using standard protocols for cell staining.
MNC:s prepared for conventional dual-color immunophenotyping with the flu-
orescence of allophycocyanin (APC)-directly conjugated anti-CD133/2 monoc-
lonal antibodies (MoAbs), fluorescein isothiocyanate (FITC) directly conjugated
anti-CD31 MoAbs, and phycoerythrin (PE)-directly conjugated anti-AFP
(a-fetoprotein) MoAbs. The APC-conjugated MoAbs were from Miltenyi Bio-
tech (Bergisch Gladbach, Germany), the FITC-conjugated MoAbs were from BD
Bioscience Pharmingen (San Jose, CA, USA), and the PE-conjugated MoAbs
were from R&D Systems (Minneapolis, MN, USA). Isotype-matched irrelevant

MoAbs (Becton-Dickinson) used as negative controls.

2.6. Flow Cytometry

An LSR Fortessa flow cytometer (Becton-Dickinson, San Jose, CA, USA) ad-
justed for immunofluorescence before each measurement using the BD Cyto-
meter Setup and Tracking Beads kits. The Lph and monocytes (Mn) fractions
were separated by gating on forward (FSC) and side (SSC) light scatter dot plots,
excluding cellular debris. A red laser (640 nm, 40 mW) used for the detection of
CD133+ cells, a blue laser (480 nm, 50 mW) used for detection of AFP+ and
CD31+ cells, and an ultraviolet (UV) laser (355 nm, 20 mW) for cells labeled
with Hoechst 33342.
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2.7. Flow Cytometry Analysis

All dates related to lymphocyte fraction of MNC. A minimum of 500,000 total
events recorded twice for CD133+ cells detection. The percentage of positive
cells calculated by subtracting the value of the appropriate isotype control. A dot
plot of double (simultaneous) emission of Hoechst 33342 in blue (x-axis) and
red (y-axis) wavelengths used for separation of events (GO + G1), S, and (G2 +
M) phases, as previously described. The major double (blue and red)-negative
emitting population in the lower left corner of the plot represents cells in the (GO +
G1) phases of the cell cycle. The population located in the center and upper right
corner of the dot plot represent the double emitting cells in the S-phase and mi-

totic phase (Mt) of the cell cycle respectively [19] [20].

2.8. Statistical Analyses

Single parameters were evaluated statistically with the calculation of an average
(M), standard deviation (SD) and standard error (SE). The average values M
were compared using t-criterion and probability p. We described the trends of
the aggregate parameters before and after sonication by mathematical functions
generated automatically using non-linear approximations in the Excel program.
The coefficient determination R used as a statistical measure of the goodness of
fit of the regression line to the data. Satisfactory R values were confirmed using

Equation (1) for #parameter [21]:

t=vR x(n-2)/(1-R?) (1)

3. Results

The data of Table 1. characterize the content of CD133-positive and CD31-positive
populations in peripheral lymphocytes and their a-fetoprotein-positive (afp+)
derivates (subpopulations) for volunteers.

Figure 1 shows the relative deviation of signs for patients with liver cirrhosis
to corresponded signs for healthy volunteers in Table 1.

Relative decreasing of S+, CD31+ cells and a slight increase of CD133+ cells
are typical for patients awaiting liver transplantation.

Figure 2 summarizes early results of sonication of the liver area according to
the scheme I and II at fourth-fifth week after the start of treatment.

Table 1. Base parameters (BP) of circulating lymphocytes for healthy volunteers, percentage.

BP CD133+ CD133+ CD31+ CD31+ . CD133+/ CD133+ afp+/ CD133+ afp+/ CD31+ afp+/
afp+ afp+ CD31+ CD31+ afp+ CD133+ CD31+

M 0.037 0.0052 40.1 0.39 0.95 0.101* 1.64* 12.36* 0.97*

SD 0.012 0.0044 9.2 0.36 0.98 0.037 1.25 8.22 0.74

SE 0.004 0.0015 3.1 0.12 0.28 0.013 0.44 2.90 0.24

KV 0.32 0.84 0.23 0,92 1.03 0.37 0.76 0.66 0.76
*Obtained by averaging the personal ratios.
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Figure 1. Relative changes of averaged cell parameters (M) at
cirrhosis to those for healthy volunteers accepted as 1.0. Right
columns correspond to data received before treatment ac-
cording to the scheme I (solid line). Left columns correspond
to data received before treatment according to scheme II and
scheme III (dashed line). Statistically valid deviations are
black.

Figure 2. Relative changes of averaged cell parameters (M) af-
ter a fourth-fifth week of sonication of the liver area to those
for untreated patients in Figure 1 accepted as 1.0. The right
and left columns show the relative data received at 4th-6th
weeks after the start of sonication according to the scheme I
(solid line, right columns) and scheme II (dashed line, left
columns) respectively.

The sonication normalized the preexisted abnormalities of S+, CD31+ and
CD133+ cells before treatment shown in Figure 1. Moreover, it increases the

number of double positive CD133+ afp+ cells, which are committed to liver tis-
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sue.

The increasing of CD133+ afp+ cells in Figure 2 is specific for sonication of
the liver area because the use of referent scheme III at spine area resulted in sig-
nificant increasing only CD133+ population (Figure 3).

The sonication of backbones significantly increases the number of
non-committed CD133+ cells in circulation not only over their number before
spine treatment (Figure 3) but over the number of CD133+ cells after the first
course of liver sonication, shown in Figure 2. as relative units. The real concen-
trations corresponded to Figure 2. Are 0.07 £ 0.022 + 0.0125 (the scheme I) and
0.079 £ 0.037 + 0.0099 (Scheme II). These mean values increase by backbones
sonication (scheme III) 1.95fold (p = 0.006) and 1.75 fold (p = 0.008) corres-
pondently.

There is no any specific changes registered at 10th-12th weeks after a single
course of sonication according to the scheme I as it is seen in Figure 4 (right
columns with solid line).

After double courses of liver area sonication according to Scheme II, all
preexisted specific rise of CD133+ afp+ cells disappear at 10th-12th weeks, but
they substitute by non-specific increasing of CD133+ cells. The S+ cells became
elevated also compared to the corresponding data before the start of sonication
shown in Figure 1 (dashed line, left columns).

Thus, the phenomenon of indirect transcutaneous mechanical mobilization of
CD133+ afp+ hematopoietic stem cells committed to the targeted liver tissues
arises during 4 - 6 weeks of sonication and disappears to 10™ - 12 weeks. There
was no chance to reproduce the peak of CD133+ afp+ by repeated sonication
during the 8th-10th weeks at least.

Figure 3. Relative changes of averaged cell parameters (M) af-
ter the start of sonication of the spine area to those for un-
treated patients in Figure 1 accepted as 1.0. The columns
show the relative data received at 4th-6th weeks after the start
of sonication according to Scheme III.
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Figure 4. The relative changes of averaged cell parameters (M)
during the tenth-fifteenth weeks after the start of sonication of
the liver area to those for untreated patients in Figure 1. The
columns show the relative data received at 10th-12th weeks
after the start of sonication according to the scheme I (solid
line, right columns) and scheme II (dashed line, left columns)
respectively.

4. Discussion

It is clear that physical factors play very critical roles in biological processes. The
applications of tensile strain, shear stress, electromagnetic fields, and ultrasound
are among many options to enhance osteogenesis and chondrogenesis of human
stem cell. Therefore, direct physical intervention is an appealing approach and
should be profoundly exploited to improve clinical outcomes in tissues regene-
ration

There is no today medical approach for support of patients with cirrhotic liver
on long and non-invasive base, apart from the prediction of optimal waiting
time for liver transplantation [22]. The goal of the present article was an evalua-
tion of the influence of the micro-vibrations on the interaction between bone
marrow and liver at the level of inter-organs relation [2]. We expect that humor-
al signal of unknown nature from artificially stressed liver’s tissues achieve the
BM lymphopoietic niches and intensify either the natural production of liver
committed morphogenic CD133+ afp+ lymphocytes, or their recruitment into
circulations, which both suppress originally by disease. If it were true, we would
receive a new approach for non-invasive and long-term targeted support of a
liver function of patients waiting for a suitable transplant from a compatible
donor.

Some authors found that liver exhibits mechanical resonance within registered
frequencies 30 - 400 Hz, depending on odd harmonics 1 - 3 [23]. The liver itself
has a frequency of around 55 - 60 MHz. The liver has also its own frequency

around 55 - 60 MHz [24]. To non-invasive influence on that little-known com-
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plex system, the mechanical vibrations seemed promising, as they may produce
Stochastic Resonance (SR) in nonlinear biological systems, which enhance the
performance of subthreshold stimuli in metabolic pathways [25] [26]. To in-
crease the probability of the resonance process in liver tissues, we have chosen a
unique source of mechanical vibrations in a wide range of frequencies [18]. The
several reasons took into account in this study for using circulating lymphocytes
as objects. First, lymphoid cells have most developed and flexible mechanisms of
navigation toward different tissues/tropic/ and contain fractions of morphogen-
ic/trophic cells such like CD133+, CD34+ HSC, lymphoid TdT+ cells, angiogen-
ic CD31+ cells and other trophic unmatured cells, which usually termed as reg-
ulatory cells. Secondly, the lymphocytopoiesis is a most damaged process, and
lymphoid tissue exhibits the highest loss of actual and functional mass during
the life [27]. Third, the high neutrophil-to-lymphocyte ratio (NLR) is associated
with a worse prognosis in various diseases of organs, including the liver [28].

In the blood of patients, we registered the deficit of naive CD31+ lymphocytes
with angiogenic properties [29] [30] as well, like lymphocytes, being in the
S-phase of DNA synthesis. The first course of liver or spine sonication both
normalized both mentioned deficits (Figure 2 and Figure 3). Thus, it is an ar-
gument against the specificity of these two effects.

On the contrary, first sonication of the liver increases of CD133+ afp+ cells,
that seems quite committed (specific) to the liver tissues (Figure 2 and Figure
3). We interpret the arising CD133+ afp+ cells number, as a remote result of
specific paracrine stimulus originated from mechanically stressed liver paren-
chyma. The humoral stimulus aimed at the reproductive system of bone marrow
activate and specifically recruit trophic/morphogenic marrow stem cells com-
mitted to recovering the damaged liver [31]. The signals could be either easily
solved molecular substances in plasma or circulating extracellular vesicles with a
size of tenths micron, recently discovered [32]. In this instance, the mechanical
vibrations mimic the real damage of the liver.

Several cells of the liver might be as a target for interaction with committed
CD133+ afp+ cells. Among liver, parenchymal cells is a population of CD133+
oval cells with the function of primitive, bipotent liver stem cells [33] [34], but
they do not include AFP marker [35]. That is why the youngest resident hepatic
stem cells (HepSCs) are hardly a target for afp+ CD31+ lymphocytes. Immature
unipotent hepatoblasts, which expand during regenerative processes in the liver,
have an antigenic profile, with strongly positive expression of both CD133 and
the hepatic-specific AFP-marker [36] [37]. Thus, they are likely to be a target for
CD133+ afp+-committed migrants [13].

Neither HepSCs nor immature unipotent hepatoblasts have at least one of the
two markers AFP or CD31. [36], and we do not register any statistical proves of
afp+ CD31+ lymphocytes response on the liver’ sonication (Figure 2 and Figure
4). This coincidence may be an additional argument for the hepatoblasts are

most probable impact targets for humoral stimulus induced by liver mechanical
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sonication.

Remarkable, that in terms of CD133+ afp+-committed migrants the second
course of the liver area exposure (scheme II) did not change the effect of the first
course. The reasons for that do not clear completely, but a limitation of lym-
phocytopoiesis in cirrhotic patients (Figure 1) and related instability/turbulence
of it [13] [14] may be one of the possible causes. On the other hand, an ex-
hausted/amortized natural ability of cirrhotic parenchyma to produce paracrine

replay to mechanical stress might be the reason for that.

5. Conclusion

In conclusion, these results provide only a therapeutic roadmap to achieve long
term non-invasive support of hepatic function without a traumatic transfusion
of auto HSC or drugs stimulation of those awaiting the liver transplantation.
Additional clinical investigations with the MELD/Na Score and the Child-Pugh
Score [38] need for creating an effective and stable algorithm of employment

found phenomenon.
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Abstract

In this review, we collected and classified the stages of development of DNA
sequencing methods and described its peculiarities. We pay attention mostly
on solid-stead nanopore sequencing methods. Detailed discussion of the pe-
culiarity and feasibility of the electrical methods of DNA sequencing is dis-
cussed. The detail analyses of the literature data, some critical considerations
and the potential ways of optimization of DNA nanopore sequencing were
presented.
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1. Introduction

Since the discovery of the double-helix structure of the Deoxyribose Nucleic
Acid (DNA) [1], the research on DNA sensors has grown drastically. Biosensors,
especially DNA-biosensors are utilized to study DNA-related phenomena. The
process of DNA sequencing is a precise determination of the amount and dis-
tribution of the nucleotides (A-adenine, T-thymine, C-cytosine, and G-guanine)
in DNA molecules. Quick improvements in the cost and speed of DNA se-
quencing are having a strong influence on comprehensive genome research.
Genomic information has many applications beside human medicine, for exam-
ple, in security (DNA identification, pathogens detection, consumables authen-
tication), insurance (individual polices, risk assessment), biotech (microbial en-
gineering, GMO, livestock breeding, agriculture), health care (diagnosis, disease

prevention, pharmacogenetics, gene therapy, vaccines, transplant programs),
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defense, and evolutionary biology. However, the costs of sequencing are still too
high for routine application. As noted in [2] [3] single-molecule genome se-
quencer using solid-state nanopore devices is one of the most promising candi-
dates for a realization of $1000 personal genome-sequencing.

During its development DNA sequencing has some stages. Evolution of first,
second, third and fourth generation of sequencing platforms and their applica-
tions detailed are presented in [3] [4] [5] [6]. One of the challenges for
next-generation DNA sequencing is the creation of reliable, stable, reproducible,
and cheap nanoscale structures-devices. Several nanoscale electronic methods
have been proposed for high-throughput single-molecule nucleic acid sequence
identification. DNA bases can be identified statistically in nanopore transloca-
tion events. Under the influence of an electric field, the negatively charged po-
lynucleotides can be captured and drawn through the channel in a process
termed “translocation”.

In this review, we collected and classified the stages of development of DNA
sequencing methods and described its peculiarities. We pay attention mostly on
solid-stead nanopore sequencing methods. Detailed discussion of the peculiarity
and feasibility of the electrical methods of DNA sequencing is discussed. The
detail analyses of the literature data, some critical considerations and the poten-
tial ways of optimization of DNA nanopore sequencing were presented. In the
contrast of other reviews in this field, we try to more critically discuss the “weak

points” of some works (see Part 4).

2. DNA Sequencing Methods

DNA sequencing methods are:

v" Basic DNA sequencing

e Sanger method (chain termination). Sanger sequencing is a method DNA
sequencing first commercialized by Applied Bio systems, based on the selec-
tive incorporation of chain-terminating dideoxynucleosides by DNA poly-
merase during vitro DNA replication [7] [8].

e Maxam-Gilbert method (chemical termination). This method is based on
nucleobase-specific partial chemical modification of DNA and subsequent
cleavage of the DNA backbone at sites adjacent to the modified nucleotides
[9].

v Advanced DNA sequencing

e Shotgun method. Shotgun sequencing is a method used for sequencing long
DNA strands [10].

v" Next generation DNA sequencing

e [llumina sequencing method. This sequencing method is based on reversible
dye-terminators that enable the identification of single bases as they are in-
troduced into DNA strands [11].

e Pyrosequencing method. Pyrosequencing is a method of DNA sequencing

based on the “sequencing by synthesis” principle, in which the sequencing is
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performed by detecting the nucleotide incorporated by a DNA polymerase
[12].
v" Solid-state (and biological) sequencing method [13].

Further our main attention will be focusing in last solid-state (and biological)
nanopore sequencing method.

Although sequencing methods using nanopores have been studied in some
detail, nevertheless, new perceptual architectures are emerging that are intended
for the next generation of biosensors. In recent years many types of architectures
have been proposed for new approaches to biomolecular sensing using nanoe-
lectronics, including also the appearance of molecular (tunneling) junctions as a
platform for perception.

In the past decade, the single-nanometer-scale pores demonstrated great ca-
pability for the detection, identification, and characterization of a variety of ana-
lytes, such as biomolecules like bacteria [14], protein [15] [16] [17] [18] [19], an-
tibody [20] [21], nucleic acid [22] [23], DNA [24] [25], RNA (Ribonucleic acid)
[26] [27].

Now the bio-, graphene, nanoribbon, nanotube, solid-state and hybrid nano-
pores are used successfully.

A large number of researches have been reported on DNA sequencing with
solid-state nanopores based on different substrates, such as silicon oxide (SiO,)
[28] [29], silicon nitride (SiN,) [30] [31] [32] [33], aluminum oxide (ALO;) [34]
[35], molybdenum sulfide (MoS,) [34] [36] [37] [38] [39] [40], boron nitride
(BN) [41] [42] [43], graphene [20] [37] [38] [44]-[52], carbon nanotube [53]
[54] [55] [56] [57], nanochannel [40] [58] [59] [60] and polymers [61] [62] [63]
[64] [65].

Solid-state nanopores exhibited remarkable chemical, thermal, and mechani-
cal stability and extraordinary versatility in terms of the size, shape, and surface
properties, as well as structural robustness. Different types of nanopores and
typical technologies applied in the field of solid-state nanopore-based DNA se-
quencing have been detailed analyzed and reviewed in [4] [61] [66]. Nanopore
sequencing is a label-free and amplification-free single-molecule approach, in
which DNA molecules are driven through channels, producing signals that allow
researchers to identify the corresponding sequences [62] [63] [67]-[76].

Nanopore-based DNA sequencing has led to fast and high-resolution recogni-
tion and detection of DNA bases. Solid-state and biological nanopores have low
signal-to noise ratio (SNR) (<10) and are generally too thick (>5 nm) to be able
to read at single-base resolution. A nanopore in graphene has a SNR of ~3 under
DNA jonic current. Using atomistic and quantum simulations, it is found that a
single-layer MoS; is an extraordinary material (SNR > 15) for DNA sequencing
by two competing technologies (nanopore and nanochannel) [40]. To increase
both SNR and dwell time in a conventional silicon-substrate nanopore, are add-
ed nano-well of 100 - 150 nm in diameter [77]. A MoS, nanopore shows four
distinct ionic current signals for single-nucleobase detection with low noise lev-

el. In addition, a single-layer MoS, shows a characteristic change in the total
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density of states for each base. The direct band gap of MoS, (1.88 eV [78]) is sig-
nificantly changed when bases are placed on top of the pristine MoS, and arm-
chair MoS, nanoribbon, thus making MoS, a promising material for base detec-
tion wia transverse current tunneling measurements [36] [40]. Molecular dy-
namics simulations protein transport a nanopore in a quasi-2D heterostructure
stacked together by graphene and MoS; nanosheets proposed in [37] [38]. In the
case of a weak signal current, there is a need of its amplification. To increase the
measured signal current in various complex systems, the movement of DNA
must be slowed down. To do this, one suggests using a protein nanopore [24] for
example, in combination with solid-state nanopores. It is shown that a protein
nanopore with a covalently attached adapter molecule can continuously identify
unlabeled nucleoside 5’-monophosphate molecules with accuracies averaging
99.8% [19].

The data [79] show that near-infrared SERS (surface-enhanced Raman scat-
tering) on colloidal silver clusters also is an effective method of detecting single
molecules. It is applicable to a wide range of molecules, including “colorless”
biomolecules, for example, nucleotides in DNA sequencing.

The technique of reproducible conductivity measurements on single nucleo-
tides with limited conformation and an improved algorithmic approach for iso-
lating nucleotide bases is proposed in the [80]. The method of quantum point
contact single-nucleotide conductance sequencing uses combed and electrostat-
ically connected single DNA and RNA nucleotides on a self-assembled mono-
layer of cysteamine molecules. It is shown that by changing the applied bias and
the pH condition, it is possible to turn on and turn off the molecular conductiv-
ity, which leads to a reversible nucleotide perturbation for electronic recogni-
tion. In [80], the potential of using simple surface modifications and existing bi-
ochemical fragments in individual nucleotide bases for reliable, direct, sin-
gle-molecular nanoelectronics DNA and a method for identifying nucleotides of
RNA for sequencing is demonstrated.

Drawing attention to the timely need for standardization of reliable nanosize
devices for cheap, fast and scalable DNA detection, in [44] the nanoscale formed
by the side heterostructure of graphene and hexagonal boron nitride is consi-
dered as a potential architecture. It is noted that blocks of DNA structure, nuc-
leotide groups unambiguously associated with nano-gang states and emerging
induced states, can be attributed as leaving a DNA sequence impression in the
calculated current-voltage characteristic. Two offset windows are advanced:
lower (1 - 1.2 V) and higher (2.7 - 3 V), where it is possible to uniquely identi-
fy all four bases from the current traces, although a higher sensitivity is ob-
tained in the higher voltage window. Ways to improve the sensitivity of the
DNA-nucleotide base using functionalized graphene nanogap as a solid-state
device was analyzed in [45]. The appropriate translocation rate of the base mo-
lecule provides a time-dependent function of interaction change inside of inte-
raction interval of each individual base with graphene nanopore. The forces be-

tween bases and graphene nanopore are calculated as interaction characteristics
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of bases [47]. Molecular dynamics method is used for the DNA base and gra-
phene nanopore calculations. The time-dependent in-plane for graphene tran-
sient force signal resolution for different bases is probed. Possibility of base
identification by combination of transient in-plane force taken as orientation
averaged signal is studied. The nucleobases are inserted into a pore in a gra-
phene nanoribbon, and the electrical current and conductance spectra are calcu-
lated as functions of voltage applied across the nanoribbon. The conductance
spectra and charge densities are analyzed in the presence of each nucleobase in
the graphene nanopore. The results indicate that due to significant differences in
the conductance spectra the proposed device has adequate sensitivity to discri-
minate between different nucleotides. Moreover, it is shown that the nucleotide
conductance spectrum is affected little by its orientation inside the graphene
nanopore.

Since DNA bases are different from each other in atomic scale, it is essential to
collect base-specific information at atomic level to correspond to the DNA se-
quence with the measured signals. The amount of current which can pass
through the nanopore at any given moment therefore varies depending on
whether the nanopore is bonded by an A, a C, a G or T nucleotides. The change
in the current through the nanopore as the DNA molecule passes through the
nanopore represents a direct reading of the DNA sequence. In this case, four
separate reading would be used, each one responsible for identifying one of the
four DNA bases. The transient characteristics of the individual bases can be used
for identification of the bases.

According to the different types of the signals, the DNA detection methods
can be roughly classified into two categories [81]:

e the electrical detection methods, and
o the optical readout methods.

The optical detection methods require excitation irradiation source and
photo-detector that transforms fluorescence light into measurable electrical
signal, and optoelectronic connection to the reaction chamber. Therefore, the
optical systems are often relatively large and expensive to be used in hand-held
point-of-care devices [82].

In this review, optical detection methods will not be considered.

3. Electrical Detection Methods

Electrical detection methods for nanopore-based DNA sequencing are:
e Method Based on Ionic Blockade Current [83] [84] [85] [86] [87];
e Method Based on Tunneling Current [35] [82] [88] [89] [90] [91];
e Method Based on Capacitance Variation [92] [93] [94];

e Method Based on Electric Potential Change [95] [96].

3.1. Ionic Blockade Current Method

The current blockades are found to be sensitive to the properties of the nucleo-
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tide composition, sizes, and secondary structure, and to physical parameters
such as the driving field intensity, temperature, and ionic strength of the
bio-liquid. These blockades are therefore a rich and powerful source of informa-
tion regarding the dynamics of polynucleotides in the pore. The process of
translocation occurs in two main stages (Figure 1):

e nucleotide “capture” in which one of the nucleotide’s ends is threaded a small

distance through the channel, and

¢ nucleotide sliding through the channel.

During translocation, the ionic current flowing through the channel is mostly
blocked, indicating the presence of the polymer/molecule inside the channel.

In 1996, Kasianowicz et al. opened a whole new field when they reported the
first ionic current blockades caused by the translocation of single-stranded RNA
and DNA homopolymers through a 1.4 nm wide, 10 nm long, channel-forming
a-hemolysin (a-HL) in an artificial lipid bilayer [97].

The experimental and theoretical efforts to elucidate polymer capture and the
transport dynamics of biopolymers in nanosized pores are detailed reviewed in
[65]. The initial concept for nanopore sequencing involved threading an indi-
vidual single-stranded DNA (ssDNA) molecule through the staphylococcal
a-HL protein pore under an applied potential while recording modulations of
the ionic current passing through the pore. Each base will be registered, in se-
quence, by a characteristic decrease in current amplitude [87] [97] [99] [100]
[101]. It has been demonstrated that an individual nucleobase can be identified
on a static strand in a nanopore [102]; however, the rate of DNA translocation
under a potential is too high for the necessary current resolution in a moving
strand unless the bases are subjected to chemical modification with bulky groups
[103]. The main technical problems required for the monophosphatization of
high-resolution nucleosides are presented in [19]. It is shown that the robustness
of lipid-bilayers is very sensitive to external and experimental conditions, to pH
value, salt composition, temperature and mechanical stress, which can make the
supporting membrane very unstable.

When the pore is empty the path of the ions in bio-liquid is not blocked and

relatively large ion current flows through membrane, when the polymer/DNA

Figure 1. Molecular dynamic simulation of a ssDNA molecule translocating from one
side of the membrane (pore) to the other. Adapted from Dekker’s review [98].
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enters the pore, it partially blocks the path of the ions, resulting in a significant
decrease in current (Figure 2). When a molecule is translocate through a nano-
pore that partially blocks and prevents ions from freely flowing from one side to
the other, and thus modifies the ionic transport. Despite that DNA also carries a
charge through the pore, its relative speed compared to translocation of ions is
very slow and this translates into a “blockade event”, during which the ionic
current briefly exhibits a lowered value. These translocation events give rise to
spikes, also named pulses, in the ionic current baseline that can be characterized
by their frequency, dwell time, and drop amplitude. The polymer/DNA makes
many attempts to cross the pore; the unsuccessful attempts result in current
blockades of very short durations (% in Figure 2).

The modulation of current flowing through a nanowire by DNA molecules
has been proposed as high throughput sequencing techniques. Xie et al success-
fully detected the translocation of DNA molecules through a nanopore drilled at
the edge of a silicon nanowire connected with electrodes [104]. Using such a
nanowire-nanopore field-effect transistor (FET) sensor, they demonstrated that
localized changes in the electrical potential during DNA translocations are re-
sponsible for FET conductance decreases (modulation) that correlated with the
ionic current blockades.

The full details of the current blockade phenomenon are extremely complex:
the involved variables are the pore size, pore geometry, DNA dynamics, homo-
geneity of the bio-liquid, chemical associations and charge condensations on the
pore, ionic conditions on both sides of the separating membrane (including the
ionic cloud that may condense around the pore), concentration of the macro-
molecules in the solution, ionic condensation on the macromolecules, voltage
difference across the pore and temperature.

In general the translocation process can be viewed as a process controlled by
following main factors:

e external driving forces (gravity, electrophoretic and drag forces),

Figure 2. Example of ionic current traces illustrating the
substrate structure of polynucleotide-induced current
blockade events [87].
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e applied potentials to lateral electrodes,

e polymer dynamics in the aqueous solution,

e type, concentration and orientation of nucleotides,
e pore or channel architecture (form, sizes), and

e molecule-pore interactions in atomic scale.

The main part of stages of translocation dynamics through the pore are de-
tailed analyzed in [64]. It is provided a combined theory-experiment progress
report on the understanding of (bio)polymer translocation.

For ionic conductance G of a cylindrical nanopore the following expression is

commonly used in the literature [105]:

-1
Gzo( 4|2 +l} .
nd d

Here o is the bulk conductivity, /is the length (the membrane thickness)

and dis the diameter of the nanopore.

The capture radius r, is the distance at which the electrophoretic force
overwhelms the free thermodynamic diffusion and makes unlikely a molecule to
escape the electric field forced diffusion (Figure 3). Once within the capture ra-
dius, single molecules are eventually captured and translocate to the other side.
Molecules are captured by open bonds of hydrogen, nitrogen or carbon atoms of
nucleotides (usually weak bonds) and move under the action of electroosmotic

forces in the electrolyte.

Figure 3. Scheme of capture of biopolymer in a nanopore.
When an electric field is applied across a membrane, the po-
tential drop mainly occurs at the nanopore, forming a funne-
ling field driving the molecule toward the pore aperture. Out-
side of the capturing radius r. the electric field plays a mar-
ginal role and the molecules freely diffuse. Picture adapted
from [3]. “Cis” indicates that the functional groups are on the
same side of the carbon chain, while “Trans” conveys that
functional groups are of opposing sides of the carbon chain.
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3.2. Tunnel Current Method

As one of potential future techniques mentioned in [6] is DNA sequencing by
tunneling currents. Besides the measurement of the changes in the ionic current,
as the DNA passes through the pore, there are efforts to measure tunnel current
flow through each base of DNA molecule (in a technique called Tunneling Cur-
rents DNA Sequencing) as it traverses the pore or channel. The expectations are
that each base will show sufficiently different tunneling current and the base se-
quence will be deduced from the differences in the tunneling currents amplitude.
This technique could have the potential to sequence orders of magnitude faster
than the ionic current methods [6]. As noted yet the graphene nanogaps and
nanopores also show potential for electrical DNA sequencing [46]. The change
in the electric tunnel current is determined as a function of the applied bias and
the coupled differential conductivity is analyzed at a voltage that seems to be
suitable for distinguishing four nucleotides. A negative effect of differential re-
sistance for one of the nucleotides (deoxyguanosine monophosphate) is pre-
dicted. It has been proposed that single molecules of DNA could be sequenced
by measuring the physical properties of the bases as they pass through a nano-
pore [100]. Theoretical calculations suggest that electron tunneling can identify
bases in ssDNA without enzymatic processing [106] [107], and it was experi-
mentally shown that tunneling can sense individual nucleotides [108] and nuc-
leosides [109], short DNA oligomers [110]. The use of graphene nanoribbons for
transverse current modulation by DNA in two-terminal devices presented in
Figure 4, develops in [49]. Usage of the carbon nanotubes (CNT) as tunneling
tips presented in Figure 5.

An approach for reading the sequence of a DNA molecule passing between
electrodes on a nanopore using tunneling signals associated with a hydrogen
bond is proposed in [88]. Interaction with the base electrode is modeled using a
scanning tunneling microscope (STM) probe with a nucleobase that is detached

from the nucleoside monolayer.

Figure 4. The use of graphene nanoribbons for transverse current mod-
ulation by DNA in two-terminal devices [49].
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Figure 5. Carbon nanotubes as transverse tunneling electrodes. Two
configurations are shown, depending if whether the tips are capped or
open (carbon and hydrogen atoms respectively are shown in blue and
white). In addition to ideal aspect ratios and unique electronic properties,
CNTs may help orient nucleotides in the nanopore through specific
ni-stacking interactions. Adapted from [3].

An advantage of transverse tunneling electronic current over ionic current
measurements is the fact that the current is measured in the range of na-
no-ampere, meaning that the translocation speed of DNA is less of a problem
than if it is measured at higher frequencies compared to the pico-ampere ionic
current of small-diameter nanopores.

Method of mechanically controllable break junction (MCB]J) is successfully
used by several authors to investigate translocation behavior of DNA molecules
[91] [108] [111]. Schematic of a nanofabricated nano-MCB]J shown on Figure 6.
Tsutsui et al first used sub-2 nm gold nanoelectrodes made from MCB]J tech-
nique to detect individual nucleotides in distilled water [108]. With suspended
nanogap electrodes in solution, they showed that electron transport occurs by
tunneling through nucleotides when freely diffusing individual bases get trapped
between the tunneling tips. In such an event, characteristic current pulses are
recorded, and they show that the electrical conductance of the bases was signifi-
cantly different to open the way to individual bases differentiation, with current
modulation due to individual bases of about 10 pA. In a microchannel, they
could similarly detect freely diffusing mononucleotides and short DNA oligo-
mers of up to 22 bases by tunneling measurements.

Method of mechanically controllable break junction (MCB]J) is successfully
used by several authors to investigate translocation behavior of DNA molecules
[91] [108] [111]. Schematic picture of a nanofabricated nano-MCB]J shown on
Figure 6. Tsutsui et al first used sub-2 nm gold nanoelectrodes made from
MCBJ technique to detect individual nucleotides in distilled water [108]. With
suspended nanogap electrodes in solution, they showed that electron transport
occurs by tunneling through nucleotides when freely diffusing individual bases
get trapped between the tunneling tips. In such an event, characteristic current
pulses are recorded, and they show that the electrical conductance of the bases
was significantly different to open the way to individual bases differentiation,
with current modulation due to individual bases of about 10 pA. In a micro-

channel, they could similarly detect freely diffusing mononucleotides and short
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Figure 6. Schematic of a nanofabricated mechanically controllable break
junction (MCBJ). Adapted from [91].

DNA oligomers of up to 22 bases by tunneling measurements.

Tunnel current arises in molecular junction created between metallic elec-
trodes and individual nucleobase during passing of the single-nucleobase
through nanopore (Figure 7). The change in the electric tunnel current (quan-
tum conductance) is determined as a function of the applied bias and the
coupled differential conductivity. As the nucleobase have comparatively high
electrical resistance metallic electrodes and nucleobase create a nanosized met-
al-“dielectric”-metal nanostructure (“instant” molecular junction). Value of
tunneling current depends on the length of binding single-nucleobase and cha-
racterized it. The appropriate translocation rate of the base molecule provides a
time-dependent function of interaction change inside of interaction interval of
each individual base with junction electrodes. Issues such as unreliable met-
al-molecule junction formation, variation of nucleotide conformations, insuffi-
cient differences between the molecular orbitals HOMO and LUMO
(HOMO—high occupied molecular orbital, LUMO—Ilow unoccupied molecular
orbital) are responsible for single-nucleotide conduction lead to overlapping
nanoelectronic measurements and poor nucleotide discrimination, especially at
low coverage on single molecules. The transient characteristics of the individual
bases (ze. amplitude of the current through junction) can be used for identifica-
tion of the bases.

Using nano-MCBJ the conductance-time profiles DNA/RNA oligomers are
investigated in [111]. Based on the differences in the conductance-time profiles,
authors sequentially identified the base-type in the oligonucleotide just passing
through the sensing electrode, resulting in the determination of partial sequence.
It is proposed a tunneling current based identification as a single-molecule
DNA/RNA sequencing. In [91] a single molecule technology that measures the
tunneling currents conducted through single base molecules of DNA and RNA
passing between two nanoelectrodes of the nano-MCB]J is developed. Nanopores

with diameter ~2 nm are formed on a Si substrate covered with a thin Si;N, film.
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Figure 7. Transverse nanopore electrodes for tunneling current measure-
ments of the DNA backbone with a nanopore. Picture adapted from [100].

To reduce electrical noise, electrodes are covered with a thin SiO, film. This na-
nostructure detects molecules passing through the nanopore with the changes in
the electric current flowing between the nanogap electrodes, not with the
changes in the ionic current flowing parallel to the nanopore. This current be-
tween the nanoelectrodes is sourced from a tunneling current conducted via
molecules passing through the membrane. Four bases of DNA are distinguisha-
ble by their different electrical resistances.

Note that understanding the adsorption properties of DNA bases on electrode
(metal) surfaces is fundamental for the rational control of surface functionaliza-
tion leading to the realization of biocompatible devices for biosensing applica-
tions. Investigations of molecule-metal surface interactions that govern the
structural and electronic properties of the molecular nanostructures formed
upon adsorption are relevant, not only to control surface functionalization for
biosensor applications [112] [113] [114] [115], but also to understand the com-
plex biomolecule-surface interactions in general [112] [116].

Tunnel current extremely sensitive to thermal fluctuation in aqueous solution
composition and molecule sizes.

Benefits of tunneling readout are:

e direct reads of epigenetic marking, which can be carried out by direct mea-
surement of the pulses of tunnel currents;

¢ no consumables—purely physical reads;

¢ simple control of the speed of the molecule, which can be done by selecting
the potential of the reference electrode (gate), taking into account the other
forces that determine the movement of the molecule in the electrolyte (gravi-
ty and drag force).

3.3. Capacitance Variation Method

A new design of the sensor forms a flat-plate capacitor with the locally sus-
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pended monolayer MoS2 nanoribbon that functionalized by cytosine molecules,
which are complementary to guanine was proposed in [39]. In such a setup the
subject to measurement is the modification of capacitance caused by the tempo-
rary deflection of the nanoribbon.

The change in capacitance in response to deviations of the tape and the re-
sulting electrical signal is measured using existing integrated circuits without
using microscopy techniques. An aqueous functionalized nano-containing MoS,
suspended on a solid electrode as a capacitive displacement sensor is designed to
determine the DNA sequence proposed in [39]. The observed sequencing events
arise from the combination of the basic Watson-Crick pairing, one of the most
basic mechanisms of binding to the key and the key of nature, with the ability of
atomically thin membranes of the appropriate size to flex essentially in response
to subnanoatomic forces.

DNA sequencing can be done also by the capacitance variation method using
ion-sensitive field-effect transistors (ISFET), electrolyte-insulator-semiconductor
(EIS) based bio-chemical sensors [117]-[122], and light-addressable potenti-
ometric sensors (LAPS) [123] (Figure 8). In the case of ISFET the threshold vol-
tage changes vs. pH concentration in bio-liquid or drain current changes vs. gate
voltage, for the case EIS the capacitance changes vs. bias voltage, and for the case
of LAPS the photocurrent changes vs. bias voltage.

The ISFET (Figure 8(a)) is one of the most popular electrical biosensors.
Much attention has been paid to silicon-based biosensors in the field of
bio-analytical applications due to their favorable characteristics, which include
sensitivity, greater SNR, speed, miniaturization, and low cost. The ISFET, con-
ventionally referred to as a pH sensor, has been used to measure H* or OH" ions
concentration in an aqueous solution, causing an interface potential on the gate
insulator (SiO; layer in Figure 8). Many different biosensors have been devel-
oped based on pH sensors since various biomolecular interactions produce pro-
tons. The operating principle of the ISFET is simple. Specific molecules are se-

lectively taken into a probe layer on the FET channel, which detects the molecular

Figure 8. Schematic illustration of the nanosized bio-chemical sensor structures: (a)
ISFET—ion sensitive field effect transistor; (b) EIS—electrolyte-insulator-semiconductor;
(c) LAPS—light addressable potentiometric sensor. RE—reference electrode; V; is the
gate voltage.
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charge in the probe layer. This charge accumulation shifts the flat band voltage
of the field-effect transistor. Effect conditioned with channel conductivity mod-
ulation. In the case of DNA detection, the probe is ssDNA with a known se-
quence, immobilized on the substrate. Since the DNA backbone has intrinsic
negative charge, the change in surface charge conditions lead to a change in the
FET channel conductance, which can be measured using electrochemical cell
consisting of a FET gate as the working electrode together with a reference elec-
trode immersed into a solution. In the case of an ISFET biosensor, the amount of
the current flow will be determined by the charges of biomolecules interacting
on the gate dielectric. An attractive feature of such FETSs is that it is possible to
detect biomolecular interactions in a label-free manner through a direct change
in conductance or a related electrical property.

A related approach utilizes the changes in the conductance of the semicon-
ductor material, which is attached to the nanopore, when DNA molecules trans-
locate through the channel. This method based on the ISFET biosensors made
on nanotubes, nanowires and nanoribons [104] [124]. Those sensors have not
long life time because non stability and non-reliability of thin insulator layer
(usually SiO,, SisN4 or Ta,0s) covered semiconductor material (usually silicon)
in aqueous solution. Biological or chemical molecules, adsorbed on the surface
of the current channel, create a strong chemical bonding.

The EIS capacitor (Figure 8(b)) is one of these modified designs and has been
broadly applied for bio-sensing. The EIS structure is identical to that of a met-
al-oxide-semiconductor (MOS) capacitor but the gate electrode is replaced by an
electrolyte medium and a reference electrode. The insulator, commonly an
oxide, is thus directly exposed to the electrolyte so changes in the aqueous solu-
tion can affect the oxide surface potential and modulate the response of the de-
vice.

Estrela et al employed MOS capacitors consisting of Au/SiO,/Si and
poly-Si thin film transistors with a gold metal gate as ISFET biosensor for la-
bel-free electrical detection of DNA hybridization [125]. When probe DNA
bind to its complementary DNA, changes in electric potential in the electric
double layer occur, leading to a shift in the C-V (capacitance-voltage) or I-V
(current-voltage) characteristics.

When the target ssDNA is supplied, hybridization occurs if the target DNA is
complementary to the probe DNA. With or without specific hybridization can
be detected by the difference in charge since a nucleotide has a negative charge
on the phosphate group.

In the [122] summarizes the FET-based DNA sensors strategies.

The LAPS (Figure 8(c)) is a kind of the ISFET, which has an EIS structure. By
illuminating parts of the sensor surface with infrared light, a photocurrent flow
of which the amplitude depends on the local surface potential or local pH value.
In this way, the surface potential distribution can be obtained by scanning the

light pointer across the surface of LAPS.
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3.4. Electric Potential Change

The detection of electric potential change based on an ISFET [126] has shown

excellent sensitivity for ion concentration [127], penicillin [128], glucose [129],

urease [130], neuronal activity [131], extracellular recording [132], and specific

DNA sequence including single nucleotide polymorphisms [1] [87] [133], and so

on.

Basic mechanisms of potential generation for electrochemical sensors are
[134]:

e pH or ion-concentration change,

e enzymatic reactions,

o affinity binding of molecules (antigen-antibody affinity reaction, or DNA
hybridization),

e potential changes that are coming from living biological systems as a result of
more sophisticated biochemical processes (action potential of nerve cells, di-
pole potentials, etc.).

Detail review of advances and developments in the bio-analytical use of
ISFET-based biosensors presented in [118] [135]. An electrochemical sensor for
detection of unlabeled ssDNA using peptide nucleic acid (PNA) probes
coupled to the FET gate is demonstrated in [136]. An application of ISFET
technology for the detection of single nucleotide polymorphisms suggested in
[137]. In this study authors developed a useful procedure for sequencing one
base via the detection of single-base mismatch in DNA. When DNA strands
bind to the gate surface of ISFETs, changes in surface potential of semicon-
ductor occur due to the negative charge of DNA, thereby allowing excellent
performance of in DNA sensing. Therefore, the capacitance of the system elec-
trolyte-insulator-semiconductor depletion layer will be changed. Then conduc-
tivity of the semiconductor depletion layer will be modulated, and source-drain
signal current will be changed. For identification and quantification of individu-
al analytes antibodies are the most commonly used capture agents. Note that for
biomolecular recognition in ISFET based sensors it is necessary that biological
sensing should take place within the Debye screening length 4, . In electrolytes,
the Debye length is a measure of a charge carrier’s net electrostatic effect in a
solution and how far its electrostatic effect persists. In an electrolyte or a colloid-

al suspension, the Debye length for a monovalent electrolyte is [138]

&0 KT
o= 5N T
2x10°’N,J

Here g, is the permittivity of free space, &, is the dielectric constant, k,

g
is the Boltzmann constant, 7" is the absolute temperature, e is the electron
charge, N, is the Avogadro number, Jis the ionic strength of the electrolyte in
molar units.

The binding of a charged biomolecule result depletion or accumulation of

carriers in semiconductor surface layer and cause change of electric charges on
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the gate electrode. In FET biosensors the electric field generating from the bind-
ing of a charged biomolecule to the gate is analogous to applying a voltage to a

gate. Source-drain current of ISFET can be presented as follows:
w
lys o CVGs

where u is the charge carrier’s mobility in the current channel, Wand L sizes

of the current channel, V,, is the gate voltage, and

&8,
t

C=

is the gate capacitance per unit area, t; is the thickness of the insulator layer;
g 1is the dielectric constant of insulator, respectively.

Note that the sequencing mechanisms of sensors based on ISFET's can be used
only for detecting nucleic acid using pH sensitivity and amplifying the useful
signal in real time.

ISFET biosensors have the following applications: DNA-based ISFETSs, ISFET's
for electro-immunological sensing, enzyme based-ISFETs, ISFETs for monitor-

ing living cell responses.

4. Some Notes (Criticism) and Conclusion

The challenges for next generation DNA sequencing are to have robust, stable
and reproducible nanosized sensor-devices. One major challenge of nano-
pore-based DNA sequencing technologies is to find an efficient way to reduce
DNA translocation speed so that each nucleotide can reside long enough in the
pore for reading and forming “long”-time and accurate recognition. The existing
methods of DNA sequencing are still not well optimized from the point of view
of cost and DNA translocation speed. Detailed analyses show that the main
problems of electrical detection methods for nanopore-based DNA sequencing
are:

e high translocation speed of molecules through the pore (in bases/s: 1000
[139], 9600 [140], 55,000 [135] [141], 70,000,000 [39]);

e low level of desired electrical signal (of the order of pA for ionic blockade
currents [87] [97]-[104] and of the order of nA for tunnel currents [19] [65]
(87] [142] [143]);

o low value of the signal-to-noise ratio (for biological and graphene nanopores
<10 [40]).

o etc

In the other hand to achieve high-quality sequencing performance, solid-state
nanopores should have the following characteristics:

o the size of the nanopores should be comparable to the DNA molecule diame-
ter (~1 nm for ssDNA and ~2 nm for dsDNA);

o the effective length/thickness of the nanopore should be no more than the

distance between two adjacent bases (~0.5 nm for ssDNA) to realize sin-
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gle-base sequencing precision.

Note that all of the biological and synthetic nanopores have barrels of ~5 nm
(which is considerably longer than the base-to-base distance of 3.4 A) in thick-
ness and accommodate ~10 - 15 nucleotides at a time. It is, therefore, impossible
to achieve single-base resolution using blockage current measurements. In addi-
tion, the average rate at which a polymer typically translocates through a nano-
pore is on the order of 1 nucleotide/us (Ze., on the order of MHz detection),
which is too fast to resolve. The time distribution of two processes (capture, en-
try, and translocation) is non-Poisson and often differs by an order of magni-
tude. This means that two molecules pass through a nanopore at considerably
different rates and the slower one could be missed or misinterpreted.

Analysis conducted above revealed the following.

1) Case of Ionic Current Blockade

It is well known that jonic current /is carried out by mass transfer

m =Kilt,,

where k is the electrochemical equivalent, t, is the current passing time (see
Figure 2). By connecting electrons from the cathode, the protons in aqueous
solution are converted into hydrogen atoms, which are converted into a hydro-
gen molecule. The latter must be removed from the electrolyte near the cathode.
The movement of hydrogen molecules will create some fluctuation around the
cathode in the aqueous solution. As a result, the solution homogeneity will be
disturbed, which will lead to increased current noise and decreased sig-
nal-to-noise ratio. Other ions which are in solution can come closer the corres-
ponding electrodes take or give away electrons and turn into neutral atoms.
Some of these atoms can be deposited on the electrodes, some at the bottom of
the chamber. The process of atoms deposition on the electrodes is the random
process and will repeat many times when pore is empty. Such process will in-
evitably lead to a reduction in pore size. Then pore will be closed for the follow-
ing DNA molecules. To restore the sensor, it will be necessary to open a new
pore. This means that the re-productivity of the DNA sensing and reading
process will be very low. On the other hand, the ionic current has a very low
value (of the order of picoamperes), and therefore it will be very sensitive to any
fluctuations (solution homogeneity, pore diameter, etc.). So, the noise level will
be high, and the SNR value will be low.
2) Case of Tunnel Current

Note following. In the case of the single layer graphene nanopore sequencing
effective thickness (the covalent diameter of carbon) is equal to 0.15 nm [144]
and for the effective sequencing will be used at least 3 - 5 layered graphene na-
noribbon. Let us turn more detail to the case shown in Figure 4 (adapted from
[49]), which is very common in the literature (see also [52]). There presented
usage of graphene nanoribbons for transverse current modulation by DNA in
two-terminal devices. In [49] we read: “ Unlike other recent biosensors based on

transverse electronic transport through translocated DNA, which utilize small
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(of the order of pA) tunneling current across a nanogap or a nanopore yielding a
poor signal-to-noise ratio, our device concept relies on the fact that in ZGNRs
(zigzag nanoribbon) local current density is peaked around the edges so that
drilling a nanopore away from the edges will not diminish the conductance. In-
serting a nucleobase into the nanopore affects the charge density in the sur-
rounding area, thereby modulating edge conduction currents ...”. In [52] we
read: “The nucleobases were inserted into a pore in a graphene nanoribbon, and
the electrical current and conductance spectra were calculated as function of
voltage applied across the nanoribbon.”

In this regard, it is necessary to note the following.

The total current between the electrodes is equal to the sum of the conduction
current of the continuous layer near the pores and the tunneling current through
nucleobase (compare Figure 4 and Figure 9). It is known that the conductivity
of graphene in continuous regions is much greater than the conductivity of the
nucleobases of the DNA molecule in the pore. Note that at room temperature,
graphene has slightly better conductivity than silver. Electron and hole mobili-
ties of up to 200,000 cm?*/V-s and high maximum current densities of ~2 mA/um
in width, or 6 x 10° A/cm? have been measured in graphene [145]. On the other
hand, the conductivity of organic molecules (including nucleobases) is much
smaller (electrical resistances are usually on the order of Mom) and they are
closer to dielectrics than conductors. With such parameters, the conduction
current through a continuous layer of graphene will be much greater than the
tunneling current. This means that the measured current, both in the absence
and in the presence of DNA in the pore, will be exactly the conduction current
and its fluctuation will be very insignificant.

At the transverse nanopore electrodes presented in Figure 7 the capture cross
section area of the electrodes for the DNA molecule is very small and the con-
ductive bridge can be created only with the appropriate orientation of the mole-
cule. The probability of the molecule capture will be low.

Note also that comparing with the ionic blockade current level of the tunnel

Figure 9. Equivalent scheme of two-terminal device for transverse current mod-
ulation made on graphene nanoribbons (see Ref. [49]). R, and R. are resistances
of nucleobase and continuous region of graphene, Z, I, are currents through con-
tinuous region and nucleobase, 7is the total current.
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current is higher and it is not more sensitive to any fluctuations (for example
solution homogeneity).

3) Case of the change in capacitance

For the case of a design of the sensor forms a flat-plate capacitor with the lo-
cally suspended monolayer MoS2 nanoribbon proposed in [39] where the sub-
ject to measurement is the modification of capacitance caused by the temporary
deflection of the nanoribbon note following. The change in capacitance in re-
sponse to deviations of the tape and the measured resulting electrical signal must
be very low and therefore they will be hard measurable and very sensitive to any
fluctuations. Note that average deflection was ~(0.1 - 0.2) A or (0.01 - 0.02) nm
(Figure 2 [39]).

4) Case ISFET and EIS sensors

Sequencing mechanisms of sensors based on ISFETs can actually be used only

for detecting nucleic acid using pH sensitivity and amplifying the useful signal in

real time. For the ISFET and capacitive EIS biosensors we can note:

¢ non-stability and non-reliability of work because of thin insulator layer (6 - 8
nm),

¢ random character of the capture of molecules on the sensing layer,

* etc.

To realize more correct, precise and more measurable (comparatively high
currents), low noisy DNA sequencing it is necessary to use new, more optimal
architecture of nanopore and as an information signal use tunnel current
through metal-nucleotide-metal junctions. One variant of the optimal architec-

ture developed by us presented in [146].
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Abstract

Experiments implicating bound volume positive charge at kinetochores inte-
racting with negative charge at microtubule free ends have prompted our cal-
culation of the force at kinetochores for chromosome poleward motility during
mitosis. We present here a corroborating force calculation between positively
charged Hecl tails in kinetochores and negatively charged C-termini at micro-
tubule free ends. Based on experimentally-known charge magnitudes on Hecl
tails and C-termini at microtubule free ends, an ab initio calculation of pole-
ward (tension) force per microtubule that falls within the experimental range
is demonstrated. Due to the locations of C-termini charges on concave sides
of splaying microtubules, this attractive force between subsets of low curva-
ture splaying microtubule protofilaments C-termini eventually fails for sub-
sets of protofilaments with more pronounced curvature, thus generating
poleward force as microtubules depolymerize in a dynamic coupling, as ob-
served experimentally. The mechanism by which kinetochores establish and
maintain a dynamic coupling to microtubules for force production during the
complex motions of mitosis remains elusive, and force generation at kineto-
chores has emerged as a signature problem in chromosome motility. In agree-
ment with experiment, two separate calculations show that attractive electros-
tatic interactions over nanometer distances account for poleward chromo-
some forces at kinetochores.

Keywords

Mitosis, Chromosome, Motility, Force, Electrostatics

1. Background

Force generation at kinetochores has emerged as one of the signature problems
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in mitotic movements. Consistent with theoretical predictions made over a dec-
ade ago [1] [2], electrostatic interactions at kinetochores between negatively
charged microtubule plus ends and positive charge at kinetochores have more
recently been proposed for chromosome motility during mitosis [3]. A number
of currently advanced models involve interactions that are fundamentally elec-
trostatic, including mechanisms for chromosome movements based on protofi-
lament-end splaying. A brief review of current models for force production at
kinetochores is given elsewhere [4], where we support the experimental work of
Miller et al. [3] with an ab initio calculation of the force between bound volume
positive charge distributions at kinetochores interacting electrostatically with
bound negative charge at free ends of microtubules.

Our purpose here is to mathematically corroborate that calculation with one
that is based on direct interactions between positively charged unstructured
Ndc80Hecl tails in kinetochores and negatively charged C-termini at the free
ends of microtubules, supporting an electrostatic-based model that explains
poleward force generation.

Miller et al. [3], advances Ndc80/Hecl as responsible for electrostatics-based
force production at kinetochores. They propose that the force-producing inte-
raction is electrostatic since an unstructured positively charged Hecl tail cannot
bind microtubules lacking negatively charged C-termini, concluding that “... the
highest affinity interactions between kinetochores and microtubules are ionic at-
tractions between two unstructured domains”. Our approach supports the role of
Hecl as bound volume charge distributions—“positively charged Hecl tails”
[3]—at kinetochores, interacting electrostatically with bound negative charge at
and near the free ends of microtubules—“ionic attractions between two un-
structured domains” [3].

Chromosomes can move toward a proximal pole only when their kineto-
chores are connected to microtubules coming from that pole [5]. Microtubule po-
lymerization and depolymerization follow a pattern characterized as “dynamic in-
stability.” This means that at any given time, some of the microtubules are grow-
ing, while others are undergoing rapid breakdown. The rate at which microtubules
undergo net assembly, or disassembly (depolymerization), varies with mitotic
stage [6]. In the present context, depolymerization-based electrostatic attractions
are responsible for poleward force generation at kinetochores; electrostatic inte-
ractions for poleward force production at centrosomes are treated elsewhere [7].

The electrostatic properties of tubulin have been well-studied [8] [9] [10] [11].
Large-scale computer calculations have determined the dipole moment to be as
large as 1800 Debye [9] [12]. Tubulin has a large overall charge of —20 (electron
charges) at pH 7, and up to 40% of the charge resides on C-termini [13]. This
large net charge on C-termini is integral to electrostatics-based force production

at kinetochores (see below).

2. Results

In the context of force generation for chromosome motility at kinetochores,
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Miller et al [3] state that “... our data argue strongly that the Hecl tail is the
critical attachment for deploymerization-coupled movements of chromosomes”;

«

and conclude “... the highest affinity interactions between kinetochores and mi-
crotubules are ionic attractions between two unstructured domains.” This essen-
tially proposes that bound, oppositely charged distributions are the underlying
cause for poleward chromosome motions. As mentioned above, we recently
published a force calculation between Hecl charges, modeled as an experimen-
tally known bound volume positive charge—“unstructured” positive charge—at
kinetochores, and experimentally known negative charge at kinetochore micro-
tubule free plus ends that agrees with experimental measurements of the pole-
ward force for chromosome motility [4]. Here we provide a force calculation
between positively charged Hecl tails in kinetochores and negatively charged
C-termini at and near microtubule free ends that confirms our previous propos-
al.

Since the lengths of Hecl tails are much longer than the location volumes of
C-termini charge distributions, Hecl tails will be modeled as very long linear
charges, with a linear charge density A C/m (Coulombs/meter). A simple appli-
cation of Gauss’s law [14] for an infinitely long line charge distribution gives the

electric field magnitude at a distance rfrom the line charge as
E =1/2ner (1)

where ¢ (=k&) is the kinetochore permittivity, & = 8.85 pF/m (picoFa-
rads/meter), and 4k is the kinetochore dielectric constant. Note that the relatively
small contributions from edge effects near the ends of the Hecl tails are neg-
lected in this calculation.

The N-terminal tail of Hecl contains an equivalent positive charge Q of 10
(electron charges, e) [3], distributed over a distance /of 55 nm [15], giving a li-
near charge density A= Q//of 10 €/55 nm = 29 pC/m (picoCoulombs per meter).
The force generating interaction is between positively charged Hecl tails and
negatively charged C-termini on concave sides of splaying protofilaments.

For the force per protofilament, we have:

Fpt = QE = ned/2zer (2)

where g = neis the charge of 1 electrons on C-termini of a protofilament interact-
ing with a Hecl tail. Consistent with their open structures, a cytosol-saturated ki-
netochore is expected to have a dielectric constant midway between the kineto-
chore dryvalue and cytoplasmic water [16]. Since most condensed-matter (dry)
dielectric constants are between 1 and 5, the value for cytoplasmic water domi-
nates, and a conservative midpoint value & = 45 ((80 + 10)/2) will be assumed
[4]. Substituting this value in (2), with A = 29 pC/m, and the distance of the ef-
fective charge centers of C-termini charges, r = 3 nm, we have F,r= 0.61 pN/pf
(picoNewtons per protofilament).

Kinetochores generally number at least 8 Hecl proteins per microtubule [17],

and there are 13 protofilaments per microtubule. It will therefore be conserva-
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tively assumed that four protofilaments in a microtubule are interacting with a
Hecl tail at any given moment. These subsets would be constantly changing
among the microtubules penetrating a kinetochore. Thus, the total force per mi-
crotubule F = 4(0.62) n = 2.5 n pN/MT (picoNewtons per microtubule). Equat-
ing this to the experimental range 1 - 5 pN/MT [18], we find that n = 0.4 - 2.5
electron charges. This result, like that of the previous calculation [4], falls well
within the observed experimental range [9] [13] [19], and the agreement
represents a successful ab initio theoretical derivation of this force magnitude.
Since microtubule C-termini are on the concave sides of progressively splay-
ing microtubules, increasing protofilament curvature will lead to a separation of
the charges on Hecl tails and C-termini. Subsets of low curvature splaying pro-
tofilaments produce poleward force, while other subsets of protofilaments with
more pronounced curvature in later stages of depolymerization fail to bind. Ac-
cordingly, poleward forces are generated as microtubules depolymerize, in

agreement with observation.

3. Discussion

Electrostatic fields within the cytosol are subject to strong attenuation due to
screening by oppositely charged ions (counterion screening), decreasing expo-
nentially to much smaller values over a distance of several Debye lengths. The
Debye length within cells is typically given to be of order 1 nm [20], and since
cells have much larger dimensions, one is tempted to conclude that electrostatic
force could not be a major factor in providing the cause for chromosome motil-
ity in biological cells. However the presence of microtubules challenges that no-
tion. Microtubules can be thought of as intermediaries that extend the reach of
the electrostatic interaction over cellular distances, making the second most po-
werful force in nature available to cells in spite of their ionic nature.

Cellular electrostatics is also strongly influenced by reduced counterion
screening due to layered water adhering to charged molecules. Such water layer-
ing — with consequent reduction or elimination of Debye screening - at charged
proteins has long been theorized [21] [22], and has been confirmed by experi-
ment [23]. Additionally, water between sufficiently close (up to 3 nm) charged
proteins has a dielectric permittivity that is considerably reduced from the bulk
value far from charged surfaces [24] [25] [26]. The combination of these effects
(or conditions)—water layering and reduced dielectric constant—can signifi-
cantly influence cellular electrostatics in a number of important ways. This is

especially true in relation to mitosis [26].

4. Conclusion

Given positive charge at kinetochores and negative charge on plus ends of mi-
crotubules, it is difficult to conceptualize there not being an attractive electros-
tatic poleward-directed force between these structures. A direct calculation of

the electrostatic force between positively charged Hecl tails and negatively
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charged C-termini at and near the free ends of microtubules supports an elec-
trostatic force generating mechanism for poleward chromosome motions during
mitosis. A singular strength of the present calculation is that the disassembly rate
of microtubules at kinetochores is explicitly shown to be correlated with force
production at kinetochores. In a broader context, understanding the underlying
forces and mechanisms that dictate chromosome movements through mitosis
will be critical to the development of approaches to circumvent anomalous cell

divisions (e.g., cancer).
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Abstract

Medical imaging has enabled major improvements in the medical care of the
patient. However, some of these tests have the disadvantage of using ionizing
radiation at low doses. Although the CT scan is a powerful diagnostic tool, it
remains a highly radiant imaging modality. In addition, the risk of radia-
tion-induced cancer associated with low X-ray doses is established by the
American Phase 2 study BEIR VII, and preventive measures require a good
level of knowledge on radioprotection by imaging test prescribers. In our
study, we evaluated the knowledge of CT scan prescribers in Senegal regard-
ing patient radioprotection. These prescribers consisted of physicians and
surgeons without distinction of specialty. Our objective was to have the re-
quired data for optimizing CT prescriptions in compliance with the principles
of radioprotection. Our work focused on a descriptive analytical study of 107
doctors who prescribed CT scan in public health institutions in Senegal. Our
results revealed poor knowledge of doctors prescribing CT scan on induced
radio risks, even though the majority of them stated that they took those risks
into account. Our data were not isolated, they were applicable to similar stu-
dies conducted outside Senegal. In summary, our study led on the one hand
to recommendations on initial and continuing training and on the other hand

on organizational and regulatory considerations.

Keywords

Radioprotection, Risk of Radiation-Induced Cancer, CT Scan Prescribers,
Health Institutions in Senegal
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1. Introduction

The medical use of ionizing radiation has become the most important source of
irradiation in the world. On the one hand, the knowledge and skills of profes-
sionals using this radiation determine the implementation of radioprotection
measures recommended by international and national organizations. On the
other hand, the situation in African countries is worrying due to the absence
and/or non-compliance with radioprotection laws and regulations. In Senegal,
CT scanning equipment is on the rise and CT scans are regularly prescribed in
hospitals. Although the CT scan is a powerful diagnostic tool, it remains a highly
radiant imaging modality. In addition, the risk of radiation-induced cancer as-
sociated with low X-ray doses is established by the American Phase 2 study BEIR
VII [1]. However, compliance with the principles of justification, optimization
and limitation requires a good level of knowledge by prescribers regarding pa-
tient radioprotection. We evaluated the knowledge of CT scan prescribers in Se-
negal following the model of the study by Gervaise et a/ [2] conducted in 2011
in France to assess the level of knowledge of CT scan prescribers about patient
radioprotection. Our objective is to have sufficient data to optimize CT prescrip-
tions in compliance with the principles of radioprotection. Our study involved

107 doctors, including senior and junior doctors.

2. Materials and Methods

The study involved prescribers from 10 hospitals in Senegal.

This was a descriptive and analytical cross-sectional study of 107 doctors, in-
cluding senior and junior doctors (trainees and junior registrars who prescribe
CT scan.

- Criteriaof inclusion

All the doctors prescribing CT scan and who agreed to answer to the ques-
tions were included.

- Criteria of non-inclusion

All medical imaging specialists and CT scan practitioners even if they are also
prescribers.

- Data collection

The data were collected using a questionnaire (see Appendix).

The questionnaire was submitted to the prescribers and then retrieved after a
minimum period of 24 hours. The data were collected by second-year-medical
students further to their course on radioprotection.

The data collected were verified, recorded and analyzed using Excel software.

- Data collected

The data collected concerned mainly the following parameters:

The status of senior or junior doctors.

Their unit.

The management of the benefit-risk ratio when prescribing a CT scan.

The level of irradiation during a CT scan.
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The risk of radiation-induced cancer.

Whether or not they have received training on radioprotection.

Whether or not they have read a handbook on the proper use of imaging tests
at least once (See the survey sheet).
- Ethical consideration

The free and informed consent of the interviewees was obtained in advance

and confidentiality was guaranteed.

3. Results

107 Questionnaires were submitted to the doctors and among them 102 responded
(Table 1). This distribution corresponds to 49% of doctors in training and 51% of
senior doctors (Diagram 1).

Question 1. Do you prescribe CT scan?

To this question, 96% of juniors and 94.4% of respondents said they prescribe
CT scan (Table 2).

Question 2. When prescribing a CT scan, have you ever considered the
benefit/risk ratio of X-rays?

In this question, 57% of the prescribers affirmed to take into account the ben-
efit-risk ratio against 43% (Table 3 and Diagram 2).

Among those who take into account the benefit-risk ratio 60% are seniors
compared to 40% of juniors (Figure 1).

Question 3. When prescribing a CT scan, have you already informed the
patient about the risks associated with x-rays and the resulting benefit/risk
ratio features?

Table 1. Number of questionnaires submitted to doctors.

Number of questionnaires submitted to doctors: 107 (see diagram number 1)
Number of questionnaires treated = 102
Number of unanswered questionnaires = 05
Status Junior doctors Seniors

Total 50 52

Table 2. Frequency of prescription of CT scan.

Status Junior doctors seniors
Answers yes no yes no
Total 50 2 52 3
Percentage of prescribers 96% 94.4%

Table 3. Benefit-risk consideration.

Status Junior doctors seniors
Answers yes no yes no
Total 23 27 35 17
DOI: 10.4236/0jbiphy.2019.93015 206 Open Journal of Biophysics
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Diagram 1. Distribution of prescribers by status.

Diagram 2. frequency of prescribers that take
into account the benefit/risk ratio.

Figure 1. Statutes of the prescribers considering
the benefit/risk ratio.

In this question, 25% of the prescribers affirmed informing their patients of
the benefit-risk ratio against 75% (Table 4 and Diagram 3).

Among those who claim to inform their patients, there were 44% of junior
prescribers and 56% of senior (Figure 2).

Question 4. In your opinion, and compared to the dose delivered for a
chest X-ray (RT), the average dose delivered during a standard abdominal
CT scan is equivalent to:

0.5% of participants gave the right answer (Table 5 and Diagram 4).

Expected correct response: Compared to the dose delivered for chest X-ray
(RT), the average dose delivered during a standard abdominal CT scan is equiv-
alent to 100 RT < CT < 250 RT.

Question 5. Knowing that the natural irradiation is about 2.5 msv/year,
how much do you estimate the average dose delivered during an abdomi-
nopelvic CT scan?

0.4% of participants gave the right answer.
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Table 4. Patient information on the benefit-risk ratio.

Status Junior doctors seniors
Answers yes no yes no
Total 11 39 14 38

Table 5. Knowledge of the radiation dose level of an abdominopelvic CT compared to a
chest X-ray.

RT<CT < 10RT <CT < 100 RT < CT < 250 RT < Do not

h. teristi T < RT
Characteristics C 10 RT 100 RT 250 RT CT know

Answers 26 24 11 5 3 33

Diagram 3. Frequency of prescribers who in-
form their patients about the benefit/risk ratio.

Diagram 4. Frequency of prescribers who know the radiation dose
level of an abdominopelvic CT compared to a chest X-ray.

Figure 2. Statutes of the prescribers informing
about the benefit/risk ratio.
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Expected correct response: The average dose delivered during an abdominal
pelvic CT scan is estimated between 5 to 20 mSv (Table 6 and Diagram 5).

Question 6. According to the latest consensus conferences, there is a risk
of developing radiation-induced cancer due to the dose delivered during a
single standard abdominal-pelvic CT scan. If yes, how high do you estimate
this risk?

17% of the participants gave the right answer.

Expected correct answer: A risk of developing radiation-induced cancer due
to the dose delivered during a single standard abdominal-pelvic CT scan is esti-
mated at 1/1000 (Table 7 and Diagram 6).

Table 6. Comparison of natural irradiation versus an abdominopelvic CT scan.

Characteristics <5 mSv 5to 20 mSv <20 mSv Do not know

Answers 19 4 16 63

Table 7. Risk of radio cancer induced at low doses.

Characteristics None 1/1000 1/50,000  1/100,000 1/500,000 Do not know

Answers 43 17 4 13 8 17

Diagram 5. Frequency of prescribers who know the radiation dose
level of an abdominopelvic CT compared to natural irradiation.

Diagram 6. Frequency of prescribers who know the level of risk of
radiation-induced cancer based on the latest consensus conferences.
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Question 7. Have you ever been trained on patient radioprotection?

9% of prescribers claim to have received radiation protection training (Table
8 and Diagram 7). The proportion of prescribers claiming to have been trained
is 55.6% for junior versus 44.4% for seniors (Figure 3).

Question 8. Have you ever read a handbook on the proper use of medical
imaging tests?

To this question, 23% of prescribers stated that they had already consulted a
guide (see Table 9, Diagram 8). Of those, 43.5% were junior and 56.5% were

Table 8. Radiation protection training.

Characteristics Junior doctors Seniors
Answers yes no yes no
Staff 5 45 4 48

Table 9. Prescribers claiming to have already consulted a guide to the correct use of
médical imaging exams.

Characteristics Junior doctors Seniors
Answers yes no yes no
Staff 10 40 13 39

Diagram 7. Frequency of prescribers who have received
radiation protection training.

Diagram 8. Frequency of prescribers who have already
consulted a guide to the correct use of imaging screens.
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Figure 3. Statutes of prescribers informing about the bene-
fit/risk ratio.

Figure 4. Statutes of the prescribers claiming to have al-
ready consulted a guide of good use in imagery.

seniors (Figure 4).

4. Discussion

4.1. Analytical Interpretation of the Survey Results

Medical science uses various sources of ionizing radiation, produced either by
electric generators or by radionuclides. While their medical interest and useful-
ness have been established, these techniques contribute significantly to the pop-
ulation’s exposure to ionizing radiation. After natural exposure, they represent
the second most important source of exposure for the population and the first
source of artificial origin. The current state of knowledge on the dangers and
risks associated with ionizing radiation has led the international community to
set health objectives for radioprotection aiming at avoiding the appearance of
so-called tissue or deterministic reactions but also at reducing the probability of
radiation-induced cancers [3]. The interest of knowing the risk of radia-
tion-induced cancer is an element of radioprotection.

To this end, studies focusing on good imaging practices and compliance with
handbooks for the prescription of irradiating imaging tests are arousing growing
interest within the scientific community. The choice amongst imaging modali-
ties is therefore in favour of non-irradiating techniques and, failing that, the
lowest doses possible.

Our study shows that prescribers’ knowledge on patient radioprotection is
unsatisfactory, with a significant underestimation of the level of radiation doses
delivered to patients and the potential risks of radiation-induced cancer that re-
sult from them. However, this observation is not only limited to the prescribing

doctors in our study, but is consistent with the results of numerous studies con-
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ducted on populations of hospital practitioners [2] [4] and also on a population
of radiologists, although to a lesser extent [5].

For example, for Lee ef al in a study conducted in 2004 [6], only 9% of para-
medics reported that they thought there was an increased risk of radiation-induced
cancer due to the use of a CT while only 22% of them had informed the patient.
The dose ratio between a CT scan and a frontal chest X-ray was also significantly
underestimated.

In another similar study, conducted in 2004 [7] Jacob et al found a higher
correct response rate among the group of doctors who had previously received
patient radioprotection training compared to the group who had never received
such training.

The course on radioprotection in the medical program is only delivered dur-
ing the first cycle of medical study without any particular focus, thus at the end
of the training curriculum the doctor keeps only vague memories of the concepts
of radioprotection. Furthermore, the availability and distribution of prescription
handbooks for imaging tests is an issue.

Therefore, the training of practitioners on radioprotection seems to play a key
role. However, although the interest of such training is highlighted by organiza-
tions such as Euratom, [4] it seems to be neglected in medical programs. Such
training would allow a better knowledge and consideration of the potential risk
of radiation-induced cancer associated with low X-ray doses by prescribers. This
could then lead to a better justification for irradiating imaging tests and also help
the patient get the right information.

Moreover, with the current availability of publications, the patient can already
find a lot of information on the Internet or in the newspapers that the prescriber
must be able to comment on and sometimes qualify. However, in some cir-
cumstances, this information which the doctor should provide to the patient
becomes a must. This is particularly the case for pregnant women or young pa-
tients with chronic pathologies requiring repeated CT scan.

The limited knowledge of prescribing doctors about patient radioprotection
challenges the “quality” of their medical care. Quality in the provision of medical
care takes into account the availability of protocols, information for practitioners
and patients [6]. Improving the quality of medical care in our contexts of opera-
tion will require CT prescribers to be aware of the concepts of radioprotection,
justification, optimization and limitation of the risk of radiation exposure.

We have found that prescribing doctors do not feel comfortable with radio-
protection and are not involved in this practice. Krille e al [8] in their 2010 li-
terature review assessed doctors’ knowledge of the doses and risk of CT scan.
Thus, despite the methodological differences of the 14 studies included, this ar-
ticle concludes that doctors’ risk awareness should increase. This lack of profes-
sional involvement is more prevalent in the medical field than in other fields us-
ing ionizing radiation [9]. In the February 2008 publication of the journal “Bul-
letin and Memoirs of the Belgian Royal Academy of Medicine”, Dr. Smeesters
compares the radiological risk awareness and radioprotection knowledge of
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medical staff (diagnostic and therapeutic) with the knowledge of professionals
using ionizing radiation in an industrial setting. According to the author, radio-
protection culture and risk awareness are less widespread in the medical field
than in other sectors using ionizing radiation [10]. The first concern of doctors
is to establish a diagnosis and treat effectively, so radioprotection logically takes
a back seat [4]. This attitude would not be related to negligence or opposition to
radioprotection strategies, but rather to ignorance. They are also unanimous in
recognizing a risk to the repeated use of ionizing tests, even if this assessment is
uncertain and presents a strong inter-individual variability. However, an article
in the Swiss Doctors’ newsletter reports that doctors feel uncomfortable when

informing patients about the radiological risk [10].

4.2. Statistical Approach

We chose a descriptive approach to provide a detailed picture of the knowledge
of CT prescribers about patient radioprotection.

Two variables should be noted:

- an independent variable that is the status of prescribing doctors.
- a dependent variable which is the level of knowledge about patient radiopro-
tection.

In our sampling, we had sought an approach that was fairly representative of
the population of CT prescribers in Senegal.

This sample was non-probabilistic because we did not find it relevant to sub-
mit our questionnaire to radiology or nuclear medicine practitioners who are
also potential prescribers.

Following our network, we have been able to move widely from University
Hospital Centers to Regional Hospital Centers. This has resulted in a fairly rep-
resentative sample of CT scan prescribers in Senegal. The small sample size of
107 participants is a potential source of sampling bias. Nevertheless, data satura-
tion was achieved on a sample of maximum variables that seems to have been
well conducted because if we look at the sociological characteristics of the doc-
tors in the study, we have 52 senior doctors and 50 junior doctors. Demographi-
cally, the majority of the study is made up of urban doctors. However, despite
practice and culture that may differ, the initial medical training is the same. Data
collection was done using a questionnaire based on the Gervais et al [2] model.
In order to encourage the participant in the study, we avoided submitting a
questionnaire that at first glance could appear complex and interfere with the
desire to answer. Therefore, the first questions were accessible and we also
guaranteed the anonymity of the participants and any other identification data.
Our approach was cost-effective because out of 107 questions submitted, 105
doctors answered.

Depending on the participant’s availability, almost all of them gave us a time
slot to answer our questionnaire, while others gave us an appointment the next

day to retrieve the completed questionnaires.
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4.3. Strengths and Weaknesses

The qualitative nature of this study reflects both the conscious opinion of pre-
scribing doctors on radioprotection and its unconscious representation, com-
pared to a quantitative study. Qualitative studies go beyond rationality and open
up a window on what the subject “really” thinks. This allows us to see the dif-
ferent positions that prescribing doctors may have on the subject. The number
of interviews conducted resulted in the collection of a significant amount of
ideas.

For reasons of convenience and adherence, the majority of interviews were
conducted at the interviewee’s worksite. During the interviews, doctors were
sometimes interrupted in their reasoning by the telephone or patients knocking

on the door. Several interviews were conducted at the end of the day.

4.4. Challenges of the Study

We did not encounter any major difficulties in carrying out this work, except for

the risks associated with travel.

4.5. Major Orientations

The purpose of studies such as ours is to improve the control of ionizing radia-
tion risk in the sectors concerned (radiology, nuclear medicine, radiotherapy,
dental surgery) and to improve the safety of patients subjected to diagnostic or
curative radiation, by prioritizing the dissemination and application of the regu-
latory framework and its translation into national institutional and professional
procedures and recommendations.

This is based on several axes, including raising awareness among all the
professionals concerned (radiologists and prescribers, radio-pharmacists,
medical physicists, handlers, dental surgeons) on the need to take radioprotec-
tion into account for any prescription and/or use of ionizing radiation, particu-
larly around the principles of justification and optimization of the various mod-
alities. But also the facilitation of the adherence and appropriation of profession-
als to the approaches for the analysis of practices, as proposed by the High Au-
thority for Health in France (HAS), as a lever for the quality and safety of care
[7] by involving them widely in the implementation of radioprotection proce-
dures and measures.

However, these steps require the implementation of practical orientation
training during initial and continuing medical training.

Education and training on radioprotection require strong action in some
countries by the Ministry of Higher Education and Health to ensure that medical
education programs better integrate the physical and biological bases of the ef-
fects of ionizing radiation, their various applications and radioprotection.

The relevant training topics would be structured around:

- the national and international regulatory legislative and institutional frame-

work,
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- staff and patient safety requirements,

- quality control of equipment,

- employers’ obligations regarding workplace safety standards, monitoring and
follow-up of staff.

These steps should lead to the design of information systems on patients’ dos-
es of exposure under the supervision of the various actors and bodies concerned
and the improvement of mandatory quality control for new and existing instal-
lations through measures informing about the quantity of radiation emitted
during irradiation examination procedures.

In addition, it would be useful in our conditions to set up an information and
advice system for doctors and patients confronted with a problem of exposure to
ionizing radiation to verify the relevance of radiological examinations requested
either at the level of insurance providers or even public authorities and this
should be mandatory for the radiology department through a systematic wel-
coming of the patient by the radiologist before any imaging test. In our opinion,
the radiologist should not just consider the patient and their pathology as an
image to read. This robotic method of management is a strainer that reduces the
chances of the patient and the quality of their medical care.

In the same line, we encourage the promotion of national expertise in radio-
protection by setting up a powerful, transparent and pluralist scientific moni-
toring system to follow-up the evolution and critical analysis of new scientific
data likely to have an impact on radioprotection in the short and long terms.
The major orientation would be a vigilant and responsible radioprotection with
an emphasis on the reduction of doses received by the public, patients and pro-
fessionals.

These proposals comply with the report of the commission headed by Profes-
sor Constantin VROUSOS submitted to the Director General of Nuclear Safety
and Radioprotection in France on 2™ March 2004 [11].

5. Conclusion

The observation of low level of knowledge of CT prescribers in patient radiation
protection challenges the public health authorities and learned societies on the
need to train health professionals. The current upgrading of the imaging tech-
nical platforms of the main national hospitals as well as regional hospitals is
turning training needs into a real emergency. The lack of continuous training of
medical staff and patients on radioprotection is a disadvantage and a potentially
serious risk due to the diverse profile of the staff and equipment installed in
health services. In summary, our work resulted in recommendations focused on
initial and ongoing training to be developed, as well as organizational and regu-

latory aspects to be improved.
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Appendix

Survey sheet.

Evaluation of the knowledge of CT scan prescribers on patient radioprotec-
tion in Senegal

QUESTIONNAIRE

(Tick the answers that you think are correct)

Junior doctor/Senior (years of experience since the MD)........ Years

Ui e

HOSPItAL: «eenieiniee e

Do you prescribe CT scan? (Even occasionally) Yes[l No [

Which organ CT scan do you prescribe the mOSE............ccceeeverereneececncnns

When prescribing an CT scan, have you ever taken into account the bene-
fit/risk ratio related to x-rays? YesJ No O

When prescribing a CT scan, have you already informed the patient about the
risks associated with x-rays and the resulting benefit/ risk ratio? Yes ] No [

In your opinion, compared to the dose delivered for a chest X-ray (RT), the
average dose delivered during an abdominal pelvic is equivalent to:

OCT <RT

OI10RT > CT > RT

0100 RT > CT > 10 RT

1250 RT > CT > 100 RT

OCT > 250 RT

Knowing that the natural irradiation is about 2.5 mSv per year, how much do
you estimate the average dose delivered during an abdominal pelvic CT
scan? ... mSv

In your opinion and according to the latest consensus conferences, is there a
risk of developing radiation-induced cancer due to the dose delivered during a
single standard abdominal CT scan and if so, how high do you estimate this risk?

O None (= no risk of radiation-induced cancer for a single abdominal-pelvic
CT'scan)

0 1 per 1000 (= 1 in 1000 patients at risk of developing cancer due to the dose
received by having a single abdominal and pelvic CT scan)

O 1 per 50,000

O 1 per 100,000

011 per 500,000

Have you ever been trained on patient radioprotection? Yesl No[l

Have you once read a handbook on the proper use of medical imaging tests?
Yesd Nol

NB-Junior doctor = specialization in progress
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Abstract

The metabolic controlling of tissue hydration is the fundamental parameter
determining cell functional activity and its dysfunction is the common con-
sequence of any cell pathology, including aging. The aim of the present study
is to reveal the differences of age-dependent metabolic controlling of cell hy-
dration of excitable tissue such as brain cortex and non-excitable tissues such
as liver and spleen. For this purpose, the age-dependent sensitivity of cell hy-
dration in excitable and non-excitablet issues is studied through depressing
metabolic activity by cooling and its activation by supplying animals with dis-
tilled water, by inactivation of Na*/K* pump and activation of Na*/Ca*
exchange in the reverse mode. The obtained data bring us to the conclusion
that the metabolic regulation of cell hydration in excitable tissue is realized
by the activation of electrogenic Na*/K* pump and Na*/Ca®* exchange in
the cell membrane and the formation of endogen water by mitochondrial
activity, while the regulation of cell hydration in non-excitable tissue is car-
ried out only by the activity of mitochondrial function. Aging leads to an
over-expression of Na*/K* pump units in liver and Na*/Ca** exchanger in
brain cortex of rats.

Keywords

Rat, Hydration, Brain Cortex, Liver, Spleen, [*H]-Ouabain

1. Introduction

Intracellular water, being the dominant component of cell and the common me-
dium for intracellular metabolic reactions, has a determined role in the regula-

tion of cell activity realizing by surface-dependent changes in the number of
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functional active proteins in the membrane having enzyme, receptor, ionic
channel properties [1] and hydration-dependent stimulation of intracellular
macromolecules’ activity [2]. Therefore, the dysfunction of metabolic controlling
of cell hydration can be considered a common consequence of cell pathology,
including aging. It is known that aging-induced dehydration of excitable tissues
(ET), like brain cortex and heart muscle, leads to cell apoptosis or necrosis [3].
Although the non-excitable tissues (NET) such as liver and spleen are dehy-
drated in aging the dysfunction of their metabolic activity very often brings to
over-hydration and increase of cell proliferation [4] [5]. It is also known that the
membrane of NET cells is highly permeable for water molecules than for ions
and has more pronounced volume of recovering mechanism than that in ET
cells [5] [6].

Our previous study has shown that the metabolic water efflux from the cells
serves as the key mechanism for controlling the low permeability of inward ionic
currents through the membrane [7]. The dysfunction of Na*/K* pump, being the
common consequence of cell pathology, including aging can be considered as
the main reason for age-dependent tissue dehydration. It is known that Na*/K*
pump generating Na* gradient on the membrane serves as the energy source for
Na*/Ca®* and Na*/H" exchangers in the membrane. As the cell membrane of
NET is highly permeable for water as well as for H", the electrogenic properties
of the Na*/K* pump and Na*/Ca?* exchange are shunted by H* influx. So, it is
suggested that Na*/K* pump and Na*/Ca*" exchange are unable to generate the
osmotic gradients on NET cells of the membrane, while in ET cell membrane
they generate these gradients. Therefore, it is predicted that in the regulation of
cell volume in ET cells involve the electrogenic ionic transporting mechanisms
in the membrane and mitochondrial processes generating the water molecule
release in cytoplasm. To check this hypothesis in the present work, the compara-
tive study of the role of the membrane ion transporting mechanisms and the
intracellular oxidative processes in age-dependent impairment of metabolic
controlling of cell hydration in ET and NET in in vivo and in in vitro experi-

ments are performed using different experimental conditions.

2. Materials and Methods

2.1. Animals

All procedures performed on animals were carried out following the protocols
approved by Animal Care and Use Committee of Life Sciences International
Postgraduate Educational Centre (LSIPEC, Yerevan, Armenia).

The experiments were performed on healthy young (6 weeks old, weighting
~35 g) and old (18 months old, weighting ~250 g) albino rats. They were regu-
larly examined, kept under control of the veterinarians in LSIPEC and reserved
in a specific pathogen-free animal room under optimum conditions of 12 h
light/dark cycles, at temperature of 22°C * 2°C, with a relative humidity of 50%

and were fed ad libitum on a standard lab chow and water.
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2.2. Chemicals

Tyrode’s physiological solution (PS) containing (in mM) 137 NaCl, 5.4 KCI, 1.8
CaCl,, 1.05 MgCl,, 5 C¢H1,0s, 11.9 NaHCOs3, and 0.42 NaH,PO, and adjusted to
pH 7.4 was used. PS with 50% of NaCl was received by replacing 68.5 mM of
NaCl from 137 mM NaCl with 2 M mannitol dissolved in PS for maintaining the
osmolarity of the solution. These two types of PS in corresponding figures
named as 100% Na and 50% Na. All chemicals were obtained from “Medisar”
Industrial Chemical Importation Company (Yerevan, Armenia). The distilled
water (DW) was received in laboratory by means of corresponding apparatus.
The [*H]-ouabain with specific activity 25.34 Ci/mM (PerkinElmer, Massachu-
setts, USA) at 10™*M, 10°M and cold (non-radioactive) ouabain at 10*M, 10°M
were used for incubation and intraperitoneal (i/p) injections. The volume of in-

jected solutions was adjusted according to the weight of animals (0.02 ml/g).

2.3. Tissue Preparation

The experimental data were received in in vivo and in in vitro conditions. The
tissue samples from each experiment were investigated after decapitation. Since
the anesthetics with different chemical and pharmacological profiles significant-
ly affect the metabolic processes in tissues [8], [9] in our experiments the ani-
mals were sharply immobilized by freezing method [10] and decapitated. Full
absence of somatic reflexes was recorded after this procedure. The brain cortex,
liver, spleen tissues were isolated and dissected according to the corresponding

experiments.

2.4. Experimental Design

The experiments of the first, second and third series were carried out in in vivo
conditions. In each animal group (young and old) 6 rats were taken in all series
of experiments. In the first series of experiments the animals of both young (n =
6) and old (n = 6) subgroups were i/p injected by PS (as a control). After 30 min
the animals were decapitated and 5 samples were taken from each animal’s brain
cortex, liver and spleen tissues. Thus, from each tissue were received 30 samples
of brain cortex, liver and spleen. They were divided into 2 parts (15 samples in
each), which incubated for 30 min in PS at 20°C and 7°C, respectively. In expe-
riments described below the tissue samples were taken after animal decapitation.

For the second series of experiments the data of control group (the tissue
samples of which were incubated in PS at 20°C) were compared with the cor-
responding data of young as well as of old experimental animal groups being i/p
injected with [*H]-ouabain at 10™*M. In these experimental groups 3 young and
3 old rats were taken and the number of samples from each investigated tissue
was the same as it is mentioned above.

The third series of experiments were carried out like the second one but the
animals of experimental groups were i/p injected with [*H]-ouabain at 10~°M.

The obtained data were compared with the same data of control group as in the
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second series.

The 4"-6™ series of experiments were made in in vitro conditions. From 6
animals of each group (young and old) 5 samples of each tissue were taken. So,
30 samples from each tissue were divided into 2 parts (15 samples in each),
which were incubated for 30 minutes in the two types of PS (100% Na and 50%
Na) in addition to them the radioactive Ca (**Ca®*). The 5" and 6™ series were
performed in the same way as the 4" one and in each corresponding PS (with
3Ca) where incubated their tissue samples were also added the non-radioactive
ouabain at 107*M (5% series) and 10~°M (6% series), respectively.

The 7*-9™ series of experiments were carried out on animals drinking (for 10
days) the distilled water (DW) and after being i/p injected by PS. In each series 3
young and 3 old animals were taken. The obtained data from 7" series were
compared with that received in the 1* series (data from tissue samples of animals
were incubated in PS at 20°C). After 10 days of drinking DW the animals of 8"
and 9% series were being i/p injected by [*H]-ouabain at 10™*M (8" series) and
10~°M (9" series), respectively. The results of these experiments were compared

with the corresponding data received in 2™ and 3™ series, respectively.

2.5. Definition of Water Content of Brain Tissues

The water content of brain cortex, liver and spleen tissues was determined by
traditional “tissue drying” method [11]. After measuring the wet weight (w.w.)
of tissue samples they were dried in oven (Factory of Medical Equipment,
Odessa, Ukraine) for 24 h at 105°C for determination of dry weight (d.w.). The
quantity of water in 1 g of d.w. tissue was counted by the following equation:

(w.w.—d.w.)/d.w.

2.6. Counting of [3H]-Ouabain Molecules

The tissue samples in in vivo experiments, which were subjected to [*H]-ouabain,
were homogenized in 50 pl of 68% HNO; solution after determination of wet
and dry weights. Then 2 ml of Bray’s scintillation fluid was added and chemo
luminescence of samples was quantified with 1450-Micro Beta liquid scintilla-
tion counter (Wallac, Turku, Finland). The number of [*H]-ouabain molecules’
binding with cell membranes was defined per mg of dry weight of samples. The
same procedure (the definition of number of [*H]-ouabain molecules) was per-
formed on the tissue samples from in in vitro experiments after removing them

from the oven and determining their water content.

2.7. Measurement of 45Caz+ Uptake

PS with the radioactive *Ca?* (PerkinElmer, Massachusetts, USA) was received
by substituting 0.0115 mM of CaCl, from 1.8 mM CaCl, by radioactive one (with
11.2 mCi/l activity). The measurement of **Ca®* uptake was carried out as in the
case of definition of [*H]-ouabain molecules. The quantity of **Ca*" in tissue

slices was expressed by cpm/mg d. w.
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2.8. Statistical Analysis

Microsoft Excel and Sigma-Plot (Version 8.02A, NY, USA) were used for data
analyses. The statistical significance in comparison with the control group was
calculated with Student’s t-test with the following symbols (*p < 0.05; **p < 0.01;
Bt < 0.001).

3. Results

It is known that aging is connected with the dysfunction of metabolic processes
in the living objects. In order to find out the difference between the metabolic
sensitivity of tissues, the effect of cold (7°C) PS on ET and NET hydration of
young and old animals are studied. As can be seen in Figure 1, in the group of
young as well as old animals i/p injected by PS, the incubation of brain cortex
tissue samples in cold PS lead to significant dehydration (Figure 1(a)), while
in liver and spleen tissues it brings to pronounced opposite effect, ie. to
over-hydration (Figure 1(b) and Figure 1(c)).

It is worth to note that the temperature-dependent tissue hydration has more
pronounced age-dependent increasing character in the brain and liver tissues
(Figure 1(a) and Figure 1(b)), while in the spleen tissues the temperature sensi-
tivity of tissue hydration is higher in young animals than in the old ones (Figure
1(c)).

The previous research data have established the key role of Na*/K* pump in
the regulation of cell volume [1] [7] [12]. To estimate the age-dependent effect
of Na*/K* pump on cell hydration and ouabain binding in the second series of
experiments the effect of i/p injected [*H]-ouabain at 10*M in ET and NET is
studied. The received data have been compared with those of animal group i/p
injected by PS (data of black bars in Figure 1). At first sight, the opposite results
of water content can be noted in ET (brain cortex) and NET (liver, spleen) in

young as well as in old animals, ie. the increase of water content (Figure 2(a))

Figure 1. The variation of water content in brain cortex, liver and spleen tissue samples after their incubation in PS at 20°C (black
bars) and 7°C (gray bars), respectively. Each bar represents the mean + SEM (n = 45). The symbols (*), (**) indicate p < 0.05 and p <
0.01, respectively. The numbers in % indicate the difference between levels of hydration in each group. All data were obtained
from three independent experiments.
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Figure 2. The effect of [*H]-ouabain at 10~*M on water content and number of ouabain molecules in brain cortex, liver and spleen
tissues. Black bars on (a)-(c) indicate the mean value of water content in the tissues of control animal group (i/p injected by PS).
Gray bars on (a)-(c) indicate the mean value of water content in the tissues of experimental animal group (i/p injected by
[*H]-ouabain at 107*M). Each bar represents the mean + SEM (n = 45). (d)-(f) demonstrate the number of ouabain molecules in
young (black bars) and old (gray bars) animal tissues. The numbers in % indicate the difference between levels of hydration and
the number of ouabain molecules. (g)-(i) indicate the ratio between the number of ouabain molecules and the level of water con-
tent. The symbol (***) indicates p < 0.005. All the data were obtained from three independent experiments.
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in ET and its decrease in NET (Figure 2(b), Figure 2(c)). As can be seen in
Figure 2(a), the over-hydration is more pronounced in the brain cortex tissue of
old animals than in young ones. The effect of dehydration in liver tissue of old
animals (Figure 2(b)) is higher than that in young animals, while in spleen tis-
sue the percent of dehydration is higher in case of young animals in comparison
to the old ones (Figure 2(c)). From these data it is suggested that on the basis of
cell hydration in ET and NET lay different mechanisms.

In spite of the fact that [*H]-ouabain at 10™*M in ET of old animals leads to
more expressed over-hydration than that in young ones, the number of ouabain
molecules in cortex tissue of old animals is lower than in young ones (Figure
2(d)). As for the ouabain binding in NET (Figure 2(e), Figure 2(f)), it must be
noted that the number of ouabain molecules in old animal tissues is higher than
in young ones. The coefficients reflecting the ratio between the number of oua-
bain molecules and cell hydration (Figure 2(g), Figure 2(h)) are similar to those
of corresponding ratio between their numbers of ouabain molecules (Figure
2(d), Figure 2(f)).

The previous data [13] have observed that nM ouabain stimulates Na*/Ca?*
exchange in the reverse (R) mode and leads to age-dependent weakening of hy-
dration effect in ET. To find out the role of RNa*/Ca?" exchange in the regula-
tion of NET cell hydration and its age-dependency, in the next (3) series of ex-
periments the comparative study of i/p injection of nM[*H]-ouabain is studied.
As in case of the abovementioned experiments (Figure 2), the injection of nM
[’H]-ouabain brings to the same results: the increase of water content in ET
(Figure 3(a)) and its decrease in NET (Figure 3(b), Figure 3(c)). As can be seen
in Figure 3(a), the over-hydration in ET of young animals is higher than that in
ET of old ones, but the number of ouabain molecules in ET of old animals is
higher than that in ET of young ones (Figure 3(d)). The ouabain binding in
NET (Figure 3(e), Figure 3(f)) demonstrates the correlation between the level
of hydration and the number of ouabain molecules. Clearer correlation between
the number of ouabain molecules binding with membrane and its cell hydration
can be detected by means of the coefficients determined their relationship
(Figure 3(g), Figure 3(i)).

It is known that the decrease of Na gradient on the cell membrane leads to the
activation of RNa*/Ca®* exchange [14]. In order to check the sole role of
Na*/Ca?* exchange in the next (4") series of experiments, the variation of hydra-
tion and **Ca®" uptake in tissues are investigated by incubation of tissue samples
in 100% Na and 50% Na PS. As can be seen in Figure 4, the incubation of tissue
samples in 50% Na PS with **Ca** leads to the dehydration in ET of young and old
animals (Figure 4(a)). The same effect is observed in liver tissue of young ani-
mals (Figure 4(b)) and also in the spleen tissue of young and old ones (Figure
4(c)). In liver tissue of old animals there is weak increase of hydration (Figure
4(b)). There must be checked the increase of “*Ca** uptake in ET and its high level
in ET of old animals than that in ET of young ones (Figure 4(d)). The decrease of
#3Ca?* uptake in 50% Na PS is observed in NET of young rats (Figure 4(e),
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Figure 3. The effect of [*H]-ouabain at 10°M on water content and number of ouabain molecules in brain cortex,
liver and spleen tissues. Black bars on (a)-(c) indicate the mean value of water content in the tissues of control
animal group (i/p injected by PS). Gray bars on (a)-(c) indicate the mean value of water content in the tissues of
experimental animal group (i/p injected by [*H]-ouabain at 10 M). Each bar represents the mean + SEM (n =
45). (d)-(f) demonstrate the number of ouabain molecules in young (black bars) and old (gray bars) animals’ tis-
sues. The numbers in % indicate the difference between levels of hydration and the number of ouabain molecules.
(g)-(i) indicate the ratio between the number of ouabain molecules and the level of water content. The symbol
(***) indicates p < 0.005. All data were obtained from three independent experiments.
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Figure 4. The comparative study of water content (a)-(c) and **Ca** uptake (d)-(f) in brain cortex, liver and spleen tissues
samples incubated in 100% Na PS (black bars) and in 50% Na PS (gray bars). Each bar represents the mean + SEM (n = 45).
The symbols (**) and (***) indicate p < 0.01 and p < 0.005, respectively. The numbers in % indicate the difference between
levels of hydration and **Ca?*. All data were obtained from three independent experiments.

Figure 4(f)) and the opposite effect (expressed increase of **Ca*" uptake in 50%
Na PS) is received in the same tissues of old animals (Figure 4(e), Figure 4(f)).

To estimate the role of Na*/K* pump in the next (5") series in incubated solu-
tions, besides **Ca*", there is added non radioactive ouabain at 10™*M. In such
case the water content in all investigated tissues (after their incubation in 50%
Na PS) is decreased (Figure 5(a), Figure 5(c)). The **Ca*" uptake in ET of young
rats is slowly decreased but it is expressively increased in ET of old ones (Figure
5(d)). In liver tissue of young and old rats **Ca*" uptake is decreased (Figure
5(e)), meanwhile in spleen tissue (Figure 5(f)) it has smaller increase in tissues
of young animals and expressively higher increase in tissues of old ones.

In the next group of animals (6™ series) the effect of nM non-radioactive
ouabain is studied. In such conditions the water content in all investigated tis-
sues incubated in 50% Na PS obviously decreases (Figure 6(a), Figure 6(c)) and
is very expressive both in young and old rats’ spleen tissues (Figure 6(c)). The
Ca?* uptake in brain cortex tissue of young and old rats is expressively in-

creased in 50% Na PS. The identical data have been received in liver tissue of old
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Figure 5. The variation of water content and “*Ca?* uptake in tissue samples incubated in 100% Na PS (black bars) and 50% Na PS
(gray bars) in addition to non radioactive ouabain at 10™* M ouabain. (a)-(c) the data of water content in brain cortex (a), liver (b)
and spleen (c) tissues’ samples. (d)-(f) data of **Ca?* uptake in brain cortex (d), liver (e) and spleen (f) tissues. Each bar represents
the mean + SEM (n = 45). The symbols (*) and (***) indicate p < 0.05 and p < 0.005, respectively. The numbers in % indicate the
difference between levels of hydration and **Ca?*. All data were obtained from three independent experiments.

animals (Figure 6(e)). The variation of **Ca*" uptake in liver tissue of young
animals is not so different in comparison with that in 100% Na PS (Figure 6(e)).
The **Ca?* uptake in spleen tissue of young rats in 50% Na PS is higher than that
in 100% Na PS (Figure 6(f)). As for the **Ca®* uptake, in spleen tissue of old
animals it is lower in 50% Na PS than that in 100% Na PS (Figure 6(f)).

Previously it has been shown that cell swelling leads to the stimulation of cell
metabolism by the increase of membrane functionally active protein molecules
[12].

To evaluate the metabolic dependency of ET and NET hydration and their age
dependency in the next (7™) series of experiments the tissue hydration of ani-
mals drinking DW for 10 days is studied. After this the rats are i/p injected by PS

and the results of these experiments are compared with that received in control
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Figure 6. The variation of water content and **Ca?* uptake in tissue samples incubated in 100% Na PS (black bars) and 50% Na PS

(gray bars) in addition to non radioactive ouabain at 10~ M ouabain. (a)-(c) the data of water content in brain cortex (a), liver (b)

and spleen (c) tissue samples. (d)-(f) data of **Ca*" uptake in brain cortex (d), liver (e) and spleen (f) tissues. Each bar represents
the mean + SEM (n = 45). The symbols (**) and (***) indicate p < 0.01 and p < 0.005, respectively. The numbers in % indicate the
difference between levels of hydration and **Ca** uptake. All data were obtained from three independent experiments.

groups of animals drinking the tap water and also being injected by PS (Figure
1, black bars). In Figure 7 can be seen that in such experimental conditions the
hydration process in ET and NET is also different. In ET the over-hydration is
observed both in young as well as in old animals (Figure 7(a)), but in NET the
opposite effect (dehydration) is demonstrated (Figure 7(b), Figure 7(c)).

To evaluate the role of Na*/K* pump on tissue hydration and ouabain binding
in the next series the new animal groups are taken. Each (young and old) group
of animals drinks DW (as it was shown above) and then is i/p injected by
[’H]-ouabain at 10™*M. Data of hydration and ouabain binding are compared
with that received in similar experiments where the animals drink tap water and
are also i/p injected by [*H]-ouabain at 10™*M (Figure 2). The results of this
comparative data are different. As can be seen in Figure 8 in the brain cortex
tissue of young animals (drinking DW) over-hydration is observed, while in the

similar group of old animals the opposite effect (dehydration) is demonstrated
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Figure 7. The variation of water content in brain cortex (a), liver (b) and spleen (c) tissues. Black bars indicate the mean value of

water content in the tissues of control animal group drinking the tap water and being i/p injected with PS. Gray bars indicate the

mean value of water content in the tissues of experimental animal group drinking DW and being i/p injected with PS. Each bar
represents the mean = SEM (n = 45). The symbol (***) indicates p < 0.005. The numbers in % indicate the difference between

levels of hydration. All data were obtained from three independent experiments.

(Figure 8(a)). In liver tissue of young animals the small dehydration and in old
rats an over-hydration are revealed (Figure 8(b)). In spleen tissues of both ani-
mal groups weak over-hydration is observed (Figure 8(c)). As for the ouabain
binding, it must be noted that in brain cortex and liver tissues of young and old
rats (drinking DW) the number of ouabain molecules in cell membrane has sig-
nificantly been decreased (Figure 8(d), Figure 8(e)) and is expressively low in
brain cortex tissue (Figure 8(d)) compared with that of animals drinking tap
water. In spleen tissue of young rats the number of ouabain molecules increases
but in old ones it decreases (Figure 8(f)). The coefficients of relationship of
number of ouabain molecules and the level of hydration in brain cortex of young
and old animals are nearly equal to each other (Figure 8(g)). In liver tissue of
young rats it is lower compared with that in old ones (Figure 8(h)) and in spleen
tissue (Figure 8(i)) this coefficient in young rats is higher than that in old ones.
Another data have been received when the identical experiments have been car-
ried out in animals drinking DW but being i/p injected by [*H]-ouabain at
10°M. The data of these experiments have been compared with similar data where
animals drink tap water and are injected by [*H]-ouabain at 10~°M. (Figure 9(a),
Figure 9(c)) shows that in ET as well as in NET significant dehydration is ob-
served. Besides, there is a sharp correlation between hydration and binding of
ouabain molecules in all investigated tissues (Figure 9(d), Figure 9(f)). It must
be noted that the decrease of number of ouabain molecules in young animals’
liver and spleen tissues was more pronounced than that in old ones (Figure 9(e),
Figure 9(f)). The ratio of the number of ouabain molecules to the level of water
content is most pronounced in tissues of brain cortex and liver of old animals
(Figure 9(g), Figure 9(h)) and, on the contrary, in the spleen tissue of young
rats this ratio is higher (Figure 9(i)) than that in the old ones.
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Figure 8. The effect of 10~*M ouabain on hydration and ouabain binding in brain cortex, liver and spleen tissues. Black bars on
(a)-(c) indicate the mean value of water content in the tissues of control animal group (i/p injected with [*H]-ouabain at 10™*M).
Gray bars on (a)-(c) indicate the mean value of water content in the tissues of experimental animal group drinking DW and after
10 days being i/p injected with [*H]-ouabain at 107*M. (d)-(f) demonstrate the number of ouabain receptors in tissues of young
(black bars) and old (gray bars) animals. Each bar represents the mean + SEM (n = 45). The symbols (**) and (***) indicate p <
0.01 and p < 0.005, respectively. The numbers in % indicate the difference between levels of hydration and the number of ouabain
molecules. (g)-(i) indicate the ratio between the numbers of ouabain molecules and the level of water content. All data were ob-
tained from three independent experiments.
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Figure 9. The effect of 10 M ouabain on hydration and ouabain binding in brain cortex, liver and spleen tissues. Black bars on
(a)-(c) indicate the mean value of water content in the tissues of control animal group (i/p injected with [*H]-ouabain at 10~°M).
Gray bars on (a)-(c) indicate the mean value of water content in the tissues of experimental animal group drinking DW and after
10 days being i/p injected with [*H]-ouabain at 10°M. (d)-(f) demonstrate the number of ouabain receptors in tissues of young
(black bars) and old (gray bars) animals. Each bar represents the mean + SEM (n = 45). The symbols (*), (**) and (***) indicate p
< 0.05, p < 0.01 and p < 0.005, respectively. The numbers in % indicate the difference between levels of hydration and the number
of ouabain molecules. (g)-(i) indicate the ratio between the number of ouabain molecules and the level of water content. All data
were obtained from three independent experiments.
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4. Discussion

The obtained data that the cooling leads to dehydration in ET and hydration in
NET (Figure 1) can be explained by low and high permeability of cell membrane
for water in ET and NET, respectively. In neuronal tissue (ET) the ionic trans-
porting systems (such as Na'/K* pump and Na'/Ca®* exchange) are able to
generate the osmotic gradients on the cell membrane, while NET cells are unable
to generate these gradients on their membranes because of high proton (H*)
permeability [5]. Therefore, the generation of water efflux in ET cells takes place
due to the activation of electrogenic ion transporting mechanisms as well as by
endogen water formation in process of intracellular oxidation, while in NET
cells the water efflux generates only by the formation of the endogen water.
From this point of view, it is clear that there are different effects of cooling on
ET and NET hydrations. Cooling dehydration effect in ET can be explained by
the reciprocal correlation between Na*/K* pump and RNa*/Ca** exchange [14].
The cooling induced depression of electrogenic Na*/K* pump activity leads to
the activation of RNa*/Ca*" exchange, which is less sensitive to temperature be-
cause of its diffusion nature. Thus, ET dehydration by cooling can be explained by
the activation of RNa*/Ca’" exchange leading to [Ca]i-induced sol-gel transition of
cytoplasm by formation of actin networks mediated by actin binding proteins
of intracellular filaments and cytoskeleton [15]. The cooling-induced hydration
of NET can be a result of depression of intracellular oxidative processes and
production of endogen water. The latter has induced the water efflux from the
cells, which besides balancing the water uptake has in hibitory effect on diffusion
of osmolytes by cells (Figure 1(b), Figure 1(c)).

It is well established that Na*/K*-ATPase in ET cells has three catalytic iso-
forms with different affinity to ouabain (inhibitor for Na*/K*-ATPase), while in
NET cells only the low affinity isoforms (ai) are expressed [16]. The obtained
data indicate that 10™* M ouabain (agonist for a; isoform) induces Na*/K* pump
inactivation and also leads to the opposite effect on ET and NET hydrations: hy-
dration in the brain cortex and dehydration in the liver and spleen tissues
(Figure 2). At first sight reverse effects of cooling and [*H]-ouabain at 10™*M on
hydration of tissues are controversial to the abovementioned explanation of
cooling effect. The Na*/K* pump inhibition on the one side leads to hydration
and on the other side to dehydration effect by activation of the RNa*/Ca*" ex-
change. In tissues of old animals the initial [Ca]; level is higher [17] than that in
the same tissues of young ones where the rate of RNa*/Ca®" exchange is low.
Therefore, in old animals the brain cortex hydration induced by Na/K pump is
more pronounced than that in young animals’ brain cortex tissue (Figure 2(a)).
The dehydration effect in NET induced by Na*/K* pump inhibition can be ex-
plained by the decrease of intracellular pH, which brings to the depression of
water extrusion from mitochondria [18].

In spite of the fact that [*H]-ouabain at 10™M in old animals’ brain cortex

leads to more pronounced hydration effect than that in young ones, the ouabain
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binding with cell membrane is decreased in old animals (Figure 2(d)). In earlier
experiments can be observed that there is a positive correlation between mem-
brane surface and the number of ouabain binding sides in the membrane [12],
while the affinity of these receptors to ouabain decreases by the increase of [Ca];
[19]. Therefore, the decrease of ouabain binding in the brain cortex of old ani-
mals compared with that of young ones can be explained by high [Ca]; in old
animals’ tissue [17]. It is remarkable that there is an age-dependent increase of
ouabain receptors’ expression in NET which is more pronounced in liver
(Figure 2(e)) than in spleen tissue (Figure 2(f)).

It is known that the effect of [*H]-ouabain at 10°M (compared with
[*H]-ouabain at 10™*M) has no different effect on Na'/K* pump activity and
brings to the activation of RNa*/Ca*" exchange accompanied by the increase of
cAMP in neurons [20]. As the experiments have showed [*H]-ouabain at 10°M
leads to hydration effect on brain cortex and dehydration on liver and spleen
cells (Figure 3(a), Figure 3(c)). It must be noted that at this ouabain concentra-
tion in brain cortex tissue of old animals the age-dependent increase of a; iso-
forms have been observed (Figure 3(d)), which is opposite to the effect of
[’H]-ouabain at 10™M (Figure 2(d)). In NET there is an age-dependent dehy-
dration effect, which can be explained by cAMP-dependent activation of Ca-
pump in the membrane of endoplasmic reticulum (ER), which through
ER-mitochondria junction stimulates the generation of water efflux from mito-
chondria, which leads to transition from sole into gale state [15]. The data of
ouabain binding decrease in aging in NET can be explained by accumulation of
[Ca]; because of weakening of cAMP-dependent Ca pump in ER membrane
(Figure 3(e), Figure 3(f)).

The results in 7n vitro experiments, where the slices of ET and NET have been
incubated in 100% and 50% NaClI containing PS with **Ca?*, and their metabolic
state is depressed, the similar effects have been demonstrated in the brain cortex
tissue hydration as in case of cooling (Figure 1(a)), the brain cortex tissue is
dehydrated (Figure 4(a)). In NET, with the exception of liver tissue of old rats,
the pronounced dehydration effect has been observed (Figure 4(b), Figure
4(c)).

The age-dependent weakening of ET hydration (Figure 4(a)) when the con-
centration of [Na], decreased, is accompanied with the activation of the
RNat*/Ca*" exchange. This tissue dehydration brings the *’Ca*" uptake to increase
in young as well as in old animals (Figure 4(d)), but in old animals the level of
“Ca?" uptake is higher than that in young ones (because of high content of [Ca];
in their brain cortex tissue). However, such correlation between the *Ca*" up-
take and tissue hydration in liver and spleen tissues are absent (Figure 4(e),
Figure 4(f)). In NET the decrease of [Na], leads to dehydration in young ani-
mals, which accompanied by decrease of **Ca®" uptake by cells, while in old ani-
mals’ liver tissue there is non-significant increase of the *Ca®* uptake (Figure

4(e)). Although in the spleen tissue the pronounced dehydration effect has been
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observed (Figure 4(c)), the results of the **Ca”* uptake are similar to that in liver
tissue (Figure 4(f)). The data that the initial the **Ca* uptake by brain cortex
tissue is higher than that in NET and the absence of activation effect of de-
creased [Na], on the *Ca?* uptake in young animals allow us to suggest on the
non essential direct effect of RNa*/Ca** exchange in metabolic regulation of cell
hydration in NET. The non significant effect of decreased [Na], on NET hydra-
tion, which accompanied by the increase of *Ca** uptake in old animals, proba-
bly can by explained by the activation effect of calmodulin on Na*/Ca?* exchange
in the forward mode, which leads to replace the intracellular *Ca** by **Ca**.
This suggestion cannot be final and needs to have a special investigation.

The data of [?’H]-ouabain (at 10™*M) and *Ca?*" effects in 50% Na PS, where
the role of pump is excluded, demonstrates the dehydration in all tissues (Figure
5(a), Figure 5(c)). As it has been predicted, the decrease of [Na], when Na*/K*
pump is in inactive state, the dehydration and **Ca*" uptake in brain cortex is
more pronounced (Figure 5(a), Figure 5(d)) than when the pump is active
(Figure 4(a), Figure 4(d)). In liver tissues the age-dependent weakening dehy-
dration effect is accompanied by depression of *Ca** uptake (Figure 5(b), Fig-
ure 5(e)) and in spleen tissue there is an age-dependent strengthening effect
(Figure 5(c), Figure 5(f)). From these data can be suggested that Na*/K* pump
inactivation leads to the activation of Na*/H" exchange in the reverse mode,
which brings to inhibition of RNa*/Ca*" exchange and activation of mitochon-
drial function leading to tissue dehydration.

The data that 10~ M ouabain in 50% Na PS has effects in ET can be explained
by age-dependent weakening RNa'/Ca** exchange (Figure 6(a)) led to
age-dependent decrease of **Ca®* uptake (Figure 6(d)). However, in liver tissue the
age-dependent weakening dehydration effect leads to the age-dependent increase
of #Ca’" uptake (Figure 6(e)) but in spleen it is accompanied by age-dependent
decreasing effect of Ca** uptake (Figure 6(f)). Since the Na gradient on the
membrane serves as the energy source for both, Na*/H* exchange and RNa*/Ca**
exchange, the effect of [Na], on tissue hydration and *Ca®" uptake can be ex-
plained by competitive interaction between Na*/H* and RNa*/Ca®" differences
between age-dependent Ca uptake in liver and spleen tissues probably can be
explained by different expressions of these exchangers, which could serve as a
subject for special investigation. The different age-dependent ion transporting
mechanisms between these tissues indicate the age-dependent increase of Na*/K*
pump units in liver while it is absent in the spleen (Figure 2). The cell hydration
leads to the activation of cell metabolism [2] [12]. Therefore, it has been suggested
that by supplying animals DW instead of regular tap water, it could stimulate the
metabolic activity of tissues. The data obtained on animals drinking during 10
days DW instead of tap water, indicates that in ET there is an age-dependent in-
crease of tissue hydration (Figure 7(a)), while in NET an age-dependent dehy-
dration is observed (Figure 7(b), Figure 7(c)), ie. there is the opposite picture
to that in case of cooling (Figure 1(a), Figure 1(c)). From these data can be
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concluded that DW-induced activation of mitochondrial activity leads to the
water efflux from the cells bringing to dehydration (transition from sole into gel
state) in NET. This explanation supports the data that old animals’ DW-induced
dehydration effect in NET is less than that in young ones (Figure 7(b), Figure
7(c)).

The data on Na*/K* pump inactivation by 10™*M ouabain indicate that in ET
of young and old animals there are hydration and dehydration effects, respec-
tively (Figure 8(a)). It is worth to note that the number of ouabain binding has
pronounced decrease in the membrane in case of animals drinking DW com-
pared with those drinking tap water (Figure 8(d)). These data indicate on the
increase of expression of Na'/K* pump units in ET of old animals (Figure 7(d),
Figure 7(g)). Probably, the increase of pump units in ET of old animals is the
compensated response of brain tissue for weakening pump function because of
high [Ca];. It seems extremely interesting, that Na*/K* pump inactivation leads
to non-significant effect on liver dehydration of young animals but has pro-
nounced hydration effect in old ones (Figure 8(b)), while in spleen tissue of
both age groups the hydration is observed (Figure 8(c)), which accompanied by
the over-expression of pump units in aging animals, has more pronounced cha-
racter in liver tissues (Figure 8(h), Figure 8(i)). These data clearly indicate that
the electrogenic ion transporting mechanisms such as Na*/K* pump and
Na*/Ca*" exchange and endogen water molecules’ formation as a result of oxida-
tive processes have the key role in regulation of neuronal hydration. Meanwhile,
in NET because of their cell membrane higher permeability to water (H*), the
electrogenic properties of cell membrane are depressed and their hydration con-
trolled by mitochondrial activity in its turn releases the production of water mo-
lecules in cytoplasm.

As it has been predicted, 10~ M ouabain has dehydration effect on tissue,
which is due to activation of RNa*/Ca** exchange in ET (Figure 9(a)) and the
activation of Na*/H" exchange in NET (Figure 9(b), Figure 9(c)). It is interest-
ing that there is an age-dependent increase of a; receptors in the membrane
(Figure 9(g)), which have RNa*/Ca** function in neurons [21], while in NET
tissues Na*/H* exchange (Figure 8(g)). 10°M ouabain has an age-dependent
dehydration effect on liver and spleen tissues, which is accompanied by the
age-dependent increase of nM ouabain receptors in liver and its decrease in
spleen membranes. Since the Na*/K*-ATPase isoforms in NET are absent, nM
ouabain induced effect in NET can be explained by the activation of G protein in
the membrane leading to the increase of the intracellular cAMP contents, which
probably activates Na*/H* exchange [22]. Therefore, it is suggested that in NET
the nM ouabain brings to cAMP-dependent dehydration by stimulation of
Na*/H* exchange, while the brain tissue dehydration is the result of activation of
cAMP-dependent RNa*/Ca*" exchange. Thus, the summary of the obtained data
brings us to the conclusion that the over-expression of Na*/Ca** exchanger in

the brain cortex and the Na*/K* pump units in the liver could be considered as
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markers for aging.

5. Conclusions

1) Metabolic regulation of cell hydration in excitable tissue (brain cortex) is
realized by the activation of electrogenic Na*/K* pump and Na*/Ca** exchange
in the cell membrane and the formation of endogen water by mitochondrial ac-
tivity.

2) Regulation of cell hydration in non-excitable tissue (liver, spleen) is carried
out only by the activity of mitochondrial function.

3) Aging leads to an over-expression of Na*/K* pump units in liver and

Na*/Ca®* exchanger in brain cortex of rats.
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