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ABSTRACT

BACKGROUND: Mobile phone application may cause structural, functional changes and accumulation of toxic

elements in brain.

OBJECTIVES: The aim of this study was to investigate iron accumulation in rabbit cerebellum after exposure

to RF EMF with light and scanning electron microscopy.

MATERIALS AND METHODS: Histochemical analysis of iron distribution by light and electron microscopy with

energy-dispersive microanalysis was used.

RESULTS: Light microscopy revealed dystrophic changes of Purkinje cells in irradiated groups and iron de-
posits located in various parts of cerebellum. Deposits consists of C, O, Na, Mg, Al, Si, P, S, Cl, Ca and Fe.

CONCLUSION: Our experiment revealed structural changes of Purkinje cells and iron and aluminium accumu-
lations in stratum granulosum of rabbit's cerebellum after exposure to RF EMF (Fig. 6, Ref. 33). Text in PDF

www.elis.sk.
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Introduction

During mobile phone usage, human body is exposed to ra-
diofrequency electromagnetic field (RF EMF). Evidences that
exposure to RF EMF might affect people’s health exist (1, 2). RF
EMF is classified as possibly carcinogenic to humans (Group 2B
carcinogens) by International Agency for Research on Cancer
(IARC) (3). Many studies revealed adverse effects of RF EMF on
the cardiovascular, immune and cerebrospinal systems and pro-
duction of various enzymes and proteins (4-8). Mobile phone in
a calling mode is placed in a close proximity to a user’s head that
increases absorption of energy by brain (9). This could affect and
alter physiological brain activity and the function of the central
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nervous system — CNS (10-12). However, the precise mechanism
of RF EMF interaction with cells and tissues is still unknown.
Consequences of the interactions are possibly the changes in neu-
rotransmitter systems, hormone production and/or blood-brain
barrier (BBB) integrity (13). BBB impedes the influx of toxic
molecules from blood into the brain. However, this impairment
of BBB by exposition to RF EMF is still controversial (14, 15).
Higher permeability of BBB causes that some substances, like
toxins and other harmful material, leak out of a bloodstream into
the brain cells and tissues.

Iron is a natural chemical element of a human body partici-
pating in plenty of biochemical reactions responsible for myelin
production, growth and development. It is a part of some enzymes
and proteins and may play an important role in the development of
neurodegenerative diseases and the aging processes (16). It is one
of the elements, whose abnormal quantity induces the oxidative
stress. Iron can be found in human blood, but can also accumulate
in the brain due to BBB impairment.

The aim of this study was to investigate iron accumulation in
rabbit cerebellum after exposure to RF EMF with light and scan-
ning electron microscopy.

Material and methods

All procedures were conducted in accordance with the Dec-
laration of Helsinky and with the laws, rules, and regulations of
the Slovak Republic, and Comenius University Bratislava, taking
into account the Directive 2010/63/EU of the European Parliament.
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Permissions were covered by the Slovak Agency for Research
and Development — the project No. APVV-0189-11 (prof. Jakus).
Experiments were performed on 32 (30 males and 2 females;
3.89 + 0.5 kg) spontaneously breathing New Zealand White
Rabbits. Rabbits were initiated to anaesthesia by combina-
tion of tiletaminum and zolazepamum (Zoletil 100, Virbac,
France) in dose 30 mg/kg i.m. Recurrent supplemental anaes-
thesia was a-Chloralose (Sigma-Aldrich, USA) in dose 60 mg/
kg i.p. as needed. The trachea and femoral vein were cannulated.
The animals were allowed to breathe spontaneously, while end-
tidal CO,, respiration rate and body temperature were monitored
continuously. Animals did not suffer from any disease. Each rab-
bit was individually placed into the Faraday exposure cage. Dur-
ing an exposure, the background extremely low frequency mag-
netic flux density did not exceed 80 nT for the frequency band of
5 Hz — 100 kHz as measured by Narda EHP50-D (Narda Safety
Test Solution, Pfullingen, Germany). The horizontal and vertical
components of static magnetic field were 49 + 4 pT and 80 + 3
uT respectively. Rabbit’s head was placed 5 cm from the loop an-
tenna (17). The occipital and parietal brain regions were primarily
exposed during 150 min.

The rabbits were divided into four groups:

1st group exposed by real telecommunication GSM (Global
System for Mobile Communications) signal (10 individuals) char-
acterized by frequency band 1805 — 1870 MHz, corresponding to
Slovak mobile providers downlink. The signal was calibrated to
intensity of electric field (E) 300 (V/m) measured by broadband
meter Narda NBMS550 (Narda Safety Test Solutions, Pfullingen,
Germany).

2nd group was exposed by generated electromagnetic field (7
individuals). The signal was pulse modulated with duty cycle 50
% under carrier frequency 1788 MHz generated by functional gen-
erator Agilent N9310A (Agilent Technologies, Santa Clara, USA)
and amplified by laboratory 5 W amplifier AR 5S1G4 (Amplifier
Research, Souderton, USA). E field was calibrated to 160 (V/m).

3rd group was exposed to combination of both the real and
generated signals (6 individuals), thus rabbit’s head was exposed
to combination of the groups No. 1 and 2.

4th group served as control (9 individuals). Animals in sham
group were held always at the same conditions as animals in groups
1, 2 or 3. Thus, they were affected with same anaesthetics and
kept within the same exposure unit during the same time period,
however, without RF exposure.

At the end of the trial, the animals were sacrificed by anaes-
thetic agent Sodium pentobarbital (Morbital, Biowet, Poland; 160
mg/kg i.v.) followed by dose of 5 ml Potassium chloride (KCl) i.v.
The brain was gently removed from the skull and placed in 37 %
formaldehyde. After the fixation, the brain tissue was dehydrated
in an ascending series of alcohol, cleared with xylene and em-
bedded in paraffin wax. Serially coronal sections were cut on the
rotating microtome (5 pm thick) and mounted on silanized slides.
Afterward, slides were stained with haematoxylin and eosin ac-
cording to standard protocol. For iron visualization, the Prussian
blue reaction was used. The tissue sections were incubated in
freshly prepared 4 % potassium ferrocyanide (EC237-722-2, Sig-
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maAldrich LLC, USA) and 4 % hydrochloride acid for 20 min-
utes and then rinsed in distilled water. Slides were counterstained
with nuclear fast red (N 3020, SigmaAldrich LLC, USA) for 5
minutes, dehydrated in ethanol, cleared with xylene and cover-
slipped with Entellane (107960, Merck Millipore, Darmstadt,
Germany). Neuropathology was assessed with an examiner who
was blinded to the experimental procedure. During the sample
preparation, special attention was paid to avoid manipulations
with instruments containing iron.

Number of iron complexes, taken by light microscope after the
Perl’s reaction in two image regions with image processing using
graph theory algorithms, was obtained. The first region represents
the layer of stratum granulosum in vicinity of Purkinje cells and the
second region of the same area corresponds to the remote layer of
stratum granulosum. Software counted the number of pixels ratio
representing iron complexes to the number of pixels representing
background in two regions.

Samples for SEM + EDX investigation were mounted on car-
bon block and covered by carbon layer with 30 nm thickness. SEM
analysis was performed by scanning electron microscope EVO LS
15 (ZEISS) with an accelerating voltage of 20 kV. Simultaneous
EDX line analysis was performed by AMETEK (EDAX) EDS
Element Silicon Drift Detector. The time period of spectrum col-
lection was 200 s with the energy range 0.160 to 10 keV.

Results

Light microscopy

We found dystrophic changes of Purkinje cells in all irradiated
groups. Their nucleus membranes were thickened and some Pur-
kinje cells were pyknotic. All investigated samples revealed iron
deposits located in various parts of cerebellum. In control group,
no deposition of iron was observed.

After exposure to real GSM RF EMF signal (group No. 1), iron
depositions appeared in samples mainly in stratum granulosum
of rabbit’s cerebellum (Fig. 2). The size of deposits was around 5
um in diameter (Fig. 1).

Samples after exposition to RF EMF from generator (group
No. 2) revealed the iron depositions of spherical shape in stratum
granulosum of rabbit’s cerebellum in a close vicinity of Purkinje
cells. The size of deposits was around 20 pum in diameter (Fig. 2).

Samples after exposure to combined real and generated sig-
nals (group No. 3), revealed iron depositions mainly in Stratum
granulosum of rabbit’s cerebellum (Fig. 3). The size of deposits
was approximately 5 pm in diameter.

Green hue outlined iron complexes in stratum granulosum of
rabbit’s cerebellum after exposure to real GSM RF EMF signal
(group No. 1). It reveals higher concentration of iron deposits in
the layer closer to the Purkinje cells (55 %, upper part of the fig-
ure) than the remote layer (45 %, Fig. 4).

Electron microscopy and EDX microanalysis

Samples after exposure to real GSM signal (group No. 1),
revealed smaller iron deposits in stratum granulosum of rabbit’s
cerebellum compared to the signal from generator (group No. 2).
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Fig. 1. Rabbit’s cerebellum. Blue dye iron deposits in stratum granu-
losum in vicinity of Purkinje cells after exposition to real GSM RF
EMF signal. Perl’s reaction. Light microscopy, scale bar = 100 pm.

Fig. 2. Rabbit’s cerebellum. Blue dye deposits of iron in stratum granu-
losum in vicinity of Purkinje cells after exposition to RF EMF from
generator. Perl’s reaction. Light microscopy, scale bar =100 pm.

Fig. 3. Rabbit’s cerebellum. Blue dye deposits of iron in stratum granu-
losum in a vicinity of Purkinje cells after exposure to combined real
and generated signals. Perl’s reaction. Light microscopy, scale bar
=100 pm.

Fig. 4. Rabbit’s cerebellum. Green dye deposits of iron in stratum
granulosum in vicinity of Purkinje cells (upper part of the figure) after
exposition to real GSM RF EMF. Image processing, light microscopy.
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Fig. 5. Rabbit’s cerebellum. Iron deposits in stratum granulosum of
cerebellum after exposure to real RF signal. Electron microscopy, scale
bar =2 pm.

29.0K5
26.1K+
23.2K+
20.3K1 b
17.4K
14.5K
11.6K1
8.7K1

s5.8k{|| -
Z'QK'ﬁijﬁ’d'~r--‘-= S
12

0.0K- T T . T r T T
0 3 4 5 6 7 8 9

Fig. 6. Rabbit’s cerebellum. Iron particle in stratum granulosum of
cerebellum after exposure to real RF signal. Particle consists of C, O,
Na, Mg, Al, Si, P, S, Cl, Ca and Fe. SEM-EDX, 20 kV.

Deposits were located entirely in an extracellular space and/or on
the surface of the cells (Fig. 5).

EDX microanalysis of particles was performed on Fig. 6. It
showed isolated, irregular particles of multi-elemental composition
in a vicinity of Purkinje cells in the stratum granulosum. Particles
consisted of C, O, Na, Mg, Al, Si, P, S, Cl, Ca and Fe. Other par-
ticles of similar size and morphology with content of C, O, Na,
Al Si and Ca were also detected (not shown).
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Discussion

The exact mechanism of RF EMF exposure and coupling with
cells and tissues is still unknown. There are evidences that RF EMF
can cause structural changes of cerebellum. Rosli and Teoh (18)
observed that low frequency EMF induced reduction of Purkinje
cells and thinning of the granular layer of the cerebellar cortex
in adult mice. Our results using a high frequency EMF revealed
dystrophic changes of Purkinje cells that can lead to the reduction
of these cells. Light and electron microscopy confirmed moder-
ate accumulation of iron in rabbit’s cerebellum after the exposure
to RF EMF in the layer closer to the Purkinje cells. Reduction of
Purkinje cells and thinning of the granular layer of the cerebel-
lar cortex could be caused by iron inducing formation of reactive
species (oxygen and nitrogen), resulting in formation of various
complexes and impairment of Purkinje cells and granular layer.
Burlaka et al (19) observed formation of iron-nitrosyl complexes
of nitric oxide radicals with FeS proteins (NO-FeS complexes)
on electron transport chain of mitochondria after exposure to RF
EMF. SEM-EDX microanalysis confirms iron-rich particles with
oxygen and sulphur, although without nitrogen. This observation
can indicate formation of not only iron-oxides minerals, but also
very complicated complexes. Apart from above mentioned chemi-
cal elements, the Al, Si and Ca particles were detected, too. These
findings indicate deposition of other toxic elements.

After the exposure to RF EMF, we did not find any iron ac-
cumulation formation in another brain location. Naturally, iron,
as the most abundant transition metal in the brain and blood, can
be regularly found in brain tissue, although in less extent. The
mechanism of short-lasting RF EMF exposure on cerebellum with
formation of iron complexes is still not clear. Nevertheless, one of
the most plausible explanations is a change in BBB permeability.
It impedes the influx of toxic molecules from blood into the brain.
However, this impairment is controversial (20, 21). Higher perme-
ability of BBB renders some substances, toxins and harmful mate-
rial to leak out of the bloodstream into the brain cells and tissues.
Iron from the blood can penetrate through the BBB and accumu-
late within neurons and glial cells. Iron accumulation, electron-
dense ferritin granules in the microglia cytoplasm and Bergmann
cells of the cerebellar cortex after recurrent extravasation were
observed (22). In addition, the occurrence of iron accumulation
in the brain can raise neuronal damage with subsequent release of
iron sequestered in intracellular structures of neuronal cells. E.g.,
Salford et al (23) found a significant relationship between the RF
EMEF exposure and the number of dark neurons what may assume
a serious neuronal damage.

Ferritin is the form of an iron storage nonheme-protein with
diameter up to 12 nm consisting of 6 nm iron core. It has multi-
phase structure — superparamagnetic ferrihydrite, ferromagnetic
magnetite and antiferromagnetic hematite, where all parts are cov-
ered with polypeptide. Three iron-related structures were found in
the brain: the diamagnetic, paramagnetic and superparamagnetic
(24). In addition, ferrimagnetic magnetite or maghemite were
also found (25). The external magnetic field may also influence
ferrimagnetic iron compounds occurring in the nerve cells and in
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cell membranes. Consequently, biochemical reactions proceeding
in a vicinity of these particles could be influenced by interaction
with RF EMF. This could result in a production of reactive oxy-
gen species (ROS) that can damage the membranes. Impairment
of polypeptide coat of ferritin causes a release of iron from the
core. After two hours of exposure, the ability of ferritin to bind an
iron was reduced by 20 % (26). Dadras et al (27) observed in vi-
tro change of Tau protein and tubulin conformation and change of
axonal microtubuls alignment as the result of static magnetic field
on magnetite nanoparticles. Parallel alignment of these structures
is important for physiologic function of axons in propagation of
action potential. Biological effect of ferrimagnetic material in brain
after the RF EMF exposure may reflect the energy absorption fol-
lowing energy dissipation in the surrounding tissue and cells (28).
Nanoparticles of ferritin core increase their internal energy under
exposure to EMF. This energy dissipates to the polypeptide coat
with change of its molecular structure and function and following
iron release. Some studies confirm a harmful bioeffect of RF EMF
on molecular level (29-31) and a harmful bioeffect of ferromag-
netic nanoparticles. Though, the number, the size, distribution and
magnetic properties of nanoparticles is crucial (32). However, the
results of these theoretical models and in vitro experiments may not
be entirely applicable to human brain. Stermer (33) hypothesized,
that the membranes surrounding the human brain (Pia and Dura
mater) may play an important role in shielding against external
electromagnetic radiation. The time period between the exposure
to RF EMF and a sacrifice of animal seems to be important both
for penetration through BBB with subsequent accumulation and
damage of neuronal cells by iron release. Rabbits in this study
were sacrificed 15 minutes after the exposure. This time can
outline moderate iron accumulation in neuronal tissue and cells.

Conclusion

Our experiment revealed structural changes of Purkinje cells
and iron and aluminium accumulations in stratum granulosum of
rabbit’s cerebellum after exposure to RF EMF. These changes can
cause exposure to radiation itself and/or iron through its reactive
species formation. Iron can leak from blood to cerebellar tissue
over damaged blood - brain barrier or pass through iron seques-
tered loci in intracellular structures of impaired neuronal cells.
We explained a moderate iron accumulation as the result of short
time between exposure to RF EMF and sacrifice of the animals.
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