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Abstract

Objectives: The currently widely used technological devices give rise to electromagnetic fields (EMFs) at various frequencies. Re-
cent studies have reported that EMFs damage the central nervous system. The cerebellum is of considerable importance to human
life due to its involvement in motor control, language, and cognitive-sensory functions. Damage occurring in the histological layers
of the cerebellar cortex causes various neurological and psychiatric diseases, such as paralysis, tumor, autism, and schizophrenia. Our
study involved a histopathological evaluation of the effects of communication systems’standard 900-MHz EMF on the cerebellum.
Methods: Sprague—-Dawley rats were assigned into two groups containing six animals each: control and EMF. The EMF group was
exposed to a 24-h 900-MHz radiofrequency EMF over 20 days with a digital modulation signal generator installed in the middle of
their cage. Ten days after EMF application, the rats were sacrificed by cervical dislocation under anesthesia induced with 50 mg/kg
ketamine hydrochloride and 10 mg/kg intraperitoneal xylazine HC1.

Results: Intense caspase-3 expression was seen in the Purkinje cells and granular cells exposed to a 900-MHz frequency EMF
(p<0.05). Pyknotic nuclei were notable in the Purkinje and granular cells exposed to a 900-MHz EMF. We also observed a decrease
in the cytoplasm of the Purkinje and granular cells. Specimens from the EMF group exhibited decreases in the thickness of the
molecular cell layer, Purkinje cell layer, and granular cell layer compared with those from the control group. However, the difference
was not statistically significant (p>0.05).

Conclusion: A 900-MHz EMF causes deleterious effects on the cerebellum by giving rise to apoptosis accompanied by cas-
pase-3 expression in the Purkinje and granular cells in particular.
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Technological devices that were not used till the 1970s,
such as cell phones, base stations, wireless modems,
and magnetic resonance imaging systems used in the
health sector, have become an indispensable part of our
lives now." Recent studies have indicated that these newly
introduced technological devices have deleterious effects
on human health by creating an electromagnetic field
(EMF). Depending on the extent and duration of exposure

to EMF, serious problems caused by EMF including mainly
apoptosis, oxidative stress, impairment of the structures
and functions of enzymes, structural and functional losses
in cell organelles, and increase in the number of cases with
cancer involving particularly the brain, spinal cord, and
heart muscle have been demonstrated.>”! Caspase-3 is a
key protein, which is involved in the apoptotic mechanism
of many cell types including neurons.® ! Besides, caspase-3
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has been also associated with neurodegenerative processes.
10,11 Studies have demonstrated that caspase-3 activation,
plays a vital role in apoptosis and may be considered a termi-
nal event before cell death.”'? However, limited information
exists on the apoptotic effects of the EMF.""3!

Frei et al." have reported that the EMF increases the risk
of cancer particularly in the temporal and occipital regions
of the brain in the central nervous system. The cerebellum
is of considerable importance to human life due to its in-
volvement in motor control, language, and cognitive-sen-
sory functions.">'"7 Any damage to the cerebellum, which
may involve the histological layers of the cerebellar cortex,
causes various neurological and psychiatric diseases, such
as paralysis, tumor, autism, schizophrenia, and ataxia.l'®2%
Iwata et al.”? have reported that magnetic stimuli activate
the Purkinje cells in the cerebellar cortex, leading to the in-
hibition of dentato-thalamo-cortical pathways. Therefore,
noninvasive methods are important as they yield precise
anatomical images of the cerebellar cortical architecture,
thus providing markers for the diagnosis and follow-up of
patients with these pathologies.

Although various frequencies of EMF have been used
in relevant studies, we preferred the 900-MHz EMF as it
meets the standards of the world communication system
and is used in cell phones, which are used in our daily life.
We investigated the effects of 900-MHz EMF on the cere-
bellum using histopathological and immunohistochemi-
cal methods.

Methods

Experimental animals

Four 6-month-old Sprague-Dawley strain rats weighing
250-300 g were investigated at the Animal Care and Re-
search Unit, Recep Tayyip Erdodan University. All animals
were procured in compliance with the Guide for the Care
and Use of Laboratory Animals, which is prepared by Na-
tional Academy of Sciences and published by National In-
stitute of Health. The study protocol was critically reviewed
and approved by the Local Ethics Committee of Animal Re-
search, Faculty of Medicine, Recep Tayyip Erdogan Univer-
sity (approval number: 2014/2).

Sprague-Dawley strain rats were kept in alternate dark and
light cycles of 12 h at 22°C-23°C under 55%-60 % relative
humidity. Female rats were kept in plastic cages with the
dimensions of 36x23x21 cm. Each cage contained three
rats. Commercial rat pellets (BayramogluYem ve Un Sanayi
Ticaret A.S., Erzurum, Turkey) and tap water were provided
for animals ad libitum. All procedures applied on animals
were designed and implemented in compliance with the

criteria of Helsinki Declaration concerning National Health
Institute Maintenance and Use of Laboratory Animals.

Experimental application

Six healthy control rats and six rats exposed to EMF were as-
signed into the control and EMF group. The control group
was not subjected to any intervention. The EMF group was
exposed to a 24-h 900-MHz radiofrequency EMF for 20
days with a digital modulation signal generator (Anritsu
MG3670 B type, Japan) installed in the middle of their cage.
21 The peak value of digital modulation signal generator
was fixed at 2 Watt (W) during exposure so as to represent
the exposure of global mobile communication system. The
carrier frequency (900 MHz), modulation frequency (217
Hz), pulse width (577 us), and maximum peak power (2 W)
were set as indicated.?"

Ten days after EMF application, the rats were sacrificed by
cervical dislocation under anesthesia induced with 50 mg/
kg ketamine hydrochloride (Ketalar®, Eczacibasi Parke Da-
vis, Istanbul, Turkey) and 10 mg/kg intraperitoneal xylazine
HC1 (Alfazyne®, Alfasan International BV Woerden®, the
Netherlands).

Histopathological follow-up procedure

The cerebellar tissue samples were fixed in 10% neutral
formaldehyde solution using routine laboratory methods
and then dehydrated with series of increasing concen-
trations of ethanol (Merck, Darmstadt, Germany). Follow-
ing the procedure of dehydration, the cerebellar tissues
were left in xylol solution (Merck, Darmstadt, Germany) to
make them transparent. Finally, the samples were embed-
ded in solid paraffin blocks (Merck, Darmstadt, Germany)
at 56°C-58°C. Then, the paraffin blocks were cut using a
microtome (Leica RM2125RT, Germany) into 2-um thick
sections. These sections were stained with Harris hema-
toxylin—eosin (H&E) G dye. Slides stained with H&E were
examined under a light microscope (Leica DM6200, Mann-
heim, Microscope), and the histopathological findings
were photographed using Olympus DP20 camera (Olym-
pusCorparation, Tokyo, Japan).

Immunohistochemical analysis

The 2-3-um thick sections cut from the paraffin blocks with
microtomes were placed on slides (Marienfeld-Superior,
Germany). Through the action mediated by caspase-acti-
vated DNAase enzyme, caspase-3 induces apoptosis via
condensation of chromatin and fragmentation of DNA
into nucleosomal subunits.?? Therefore, the sections were
stained with immunohistochemical methods (Caspase-3
rabbit polyclonal, ab13847, Abcam UK) to reveal caspase-3
expressions in cerebellar cells. DAB substrate kit (HRP/DAB
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(ABC) Detection IHC Kit, abcam, ab 64264, UK) was used to
visualize the caspase-3 expression.

In our study, the slides were left in xylol solution (Merck,
Darmstadt, Germany) and then subjected to paraffiniza-
tion procedure. Then the slides were left in 80°, 90°, and
absolute alcohol solutions in that order (Etanol, Merck,
Darmstadt, Germany). Following the stage of deparaf-
finization, the sections were placed in a citrate buffer
solution (x100 citrate buffer, pH=6, ab 93678, Abcam,
UK) and subjected to antigen retrieval procedure in a mi-
crowave oven. The slides were washed with phosphate
buffer saline solution (10x Phosphate Buffered Saline
(PBS), pH=7.4, ab128983, Abcam, UK). Subsequently, the
slides were incubated in 3% H,0, solution (H,0, blocking,
ab64264, Abcam, UK) to block endogenous peroxidases.
The slides were washed with a PBS buffer solution, and
then left in a protein blocking solution (Abcam, ab64264,
Abcam, UK). Afterward, they were incubated in a prima-
ry antibody solution for 60 min. The slides were again
washed with the PBS solution and incubated in a sec-
ondary antibody solution (Biotinylated Goat Anti-Polyva-
lent, ab64264, Abcam, UK) for 30 min. The sections were
washed with the PBS solution and left first in a strepta-
vidine peroxidase solution (Abcam, ab64264, Abcam, UK)
and then in DAB-chromogen kit solution. Then, the slides
washed with PBS and counterstained with H&E. The sec-
tions were washed with water, closed with water-based
closure and coverslip, examined under light microscope
(Leica DM6200, Mannheim, Germany), and photographed
using Olympus DP20 brand (Olympus Corporation, Tokyo,
Japan) digital camera build in the microscope.

Quantitative analysis

In our study, the measurements of molecular, Purkinje cell,
and granular layers and white matter area were made us-
ing arbitrary line probe of the Olympus DP2-BSW (v.2.1 to
v.2.2, Build 6212, Tokyo, Japan) program linked to the light
microscope. This measurement system consists of a cam-
era (Olympus DP20, Olympus Corporation, Tokyo, Japan)
attached to a light microscope (Leicia DM6200, DM6200,
Mannheim, Germany) and an Olympus DP2-BSW software
program. The limits of quantification of H&E-stained slides
were determined by two independent histopathologists
(Fig. 1).

Semiquantitative analysis

Caspase-3 positive cells were evaluated by two indepen-
dent histologists as slightly positive (+), moderately posi-
tive (++), strongly positive (+++), very strongly positive
(++++) (Table 1).

Table 1. Caspase-3 positivity scoring

% Explanation Caspase-3 positivity score
<5% Mild (+)
<25 Moderate (++)
<50 Severe (++4)
<75 Very severe (+4++4)

Statistical Analysis

Measurement data of the scoring of histological layers of cer-
ebellum, gray matter, and caspase-3 positive cells were esti-
mated using SPSS 20.00 (IBM, New York, USA) program and
expressed as mediantstandard deviation. Data with and
without normal distribution patterns were evaluated using
Student t test and Mann-Whitney U test, respectively. In all
measurements, p<0.05 was considered statistically significant.

Results

Histopathological findings

The samples of the cerebellar tissue belonging to the control
group were examined under the light microscope, and the
cerebellar cortex that consists of molecular cells, Purkinje
cells, and granular layers cells and white matter was found to
have a normal structural composition. The Purkinje cells had
euchromatic nuclei with a markedly visible cytoplasm. Other
cerebellar cells had retained their normal anatomy (Fig. 2a-
b). However, especially, as a remarkable finding, the Purkin-
je cells and granular layer cells in the cerebellar samples of
the EMF group had pycnotic nuclei. Besides, we observed
marked decrease in the cytoplasmic contents of Purkinje
and granular cells of the EMF group (Fig. 2¢-d).

Immunohistochemical findings

We did not observe caspase-3 expression in the Purkinje
cells, basket cells in the molecular layer, and granular cells

Figure 1. Method for measuring the cerebellar thickness.
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Table 2 . Histopathological measurements (mediantstandard deviation)

Group Thickness of molecular Thickness of Purkinje Thickness of granular Thickness of white
cell layer (um) cell layer (pm) cell layer (pm) matter (um)

Control 210.89+19.25° 23.1743.77° 151.50+37.32° 133.60+16.50°

EMF 197.26+31.05? 18.36+3.96° 113.77+20.92? 105.08+36.56°

2P<0.05 for the electromagnetic field group in comparison with the control group; EMF, electromagnetic field.

in the granular layer of the control group samples of cer-
ebellar tissue (Fig. 3a-b). However, very intense caspase-3
expression was detected mainly in the Purkinje cells and
granular layer cells in the EMF group (Fig. 3a-b).

Results of statistical analysis

Measurements of the samples of the EMF group revealed
decreases in the thickness of molecular cell layer, Purkinje
cell layer, and granular cell layer compared with those of
the control group without any statistically significant inter-
group difference (p>0.05) (Table 2) (Fig. 3). The number of
caspase-3 positive cells in the cerebellar tissue samples ob-
tained from the EMF group were significantly higher than
those from the control group (p=0.00) (Table 3).

Discussion

As reported in recent studies, EMF decreases the num-
ber of Purkinje cells in the cerebellum.” %! As reported in
histopathological and biochemical studies, EMF induces
apoptosis in the Purkinje cells."" All studies performed con-

Table 3. Caspase-3 measurements (median+standard deviation)

Group Caspase-3 positivity score
Control 0+0.512
EMF 3+0.46°

2P<0.05 for the electromagnetic field group in comparison with the control
group; EMF, electromagnetic field.

cerning the effects of EMF on the cerebellum have gen-
erally focused on the Purkinje cells.":>7 22 However, as an
overlooked issue, we think that since the Purkinje cells are
supported by the basket cells and because of their posi-
tion in the cerebellum, the Purkinje cells are exposed to the
adverse effects of EMF less severely than other cerebellar
cells. Particularly in the global communication systems, a
GSM-900 band width protocol and a minimum 900-MHz
frequency EMF is used in mobile phones. ¢ 24 Thus, to re-
veal the total effects of low-frequency EMF on the cerebel-
lum, all histological layers of the cerebellum were analyzed.

In EMF studies, a decrease in the number of Purkinje cells

Figure 2 (a, d). Appearance of the cerebellum under light micro-
scope. Control Group: (a) Purkinje cell (arrow) 200x (b) Purkinje cell
(arrow) basket cell (arrow with tail) 400x. Electromagnetic field group
(d) Degenerative Purkinje cells with pycnotic nuclei (arrow) and
granular cells with pycnotic nuclei (arrowhead) 200x. (e) Degenera-
tive Purkinje cells with pycnotic nuclei (arrow) and granular cells with
pycnotic nuclei (arrowhead). Mt, molecular layer; Gt, granular layer;
Ac, white matter (H&E).

Figure 3 (a, d). Appearance of the cerebellum under light micro-
scope. Control Group: (a) Immune-negative Purkinje cell (arrow)
200x. (b) Immune-negative Purkinje cell (arrow) and immune-nega-
tive granular cell (arrowhead) 400x. Electromagnetic field group: (c)
Immune-positive Purkinje cells (arrow) and immune-positive granu-
lar cells (arrowhead) 200x. (d) Immune-positive Purkinje cells (arrow)
and immune-positive granular cells (arrowhead). Mt, molecular layer;
Gt, granular layer. (Caspase-3 immunohistochemical staining).
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and apoptosis has been reported. &7 Caspase-3 is an
important protease, which exerts biological and molec-
ular effects on the mechanism of apoptosis. In our study,
we detected caspase-3 expression in the Purkinje cells, in
compliance with the findings of other studies. In addition,
we observed apoptotic cells accompanying the caspase-3
expression in the granular cells. However, we did not de-
tect caspase-3 activation in the basket cells in the molecu-
lar layer. In consideration of its position in the cerebellum,
although the basket cells are most severely exposed to the
adverse effects of EMF, inability to observe any destructive
change in the basket cells may be attributed to their higher
resistance against stimuli emitted from EMF than Purkinje
and other cerebellar cells. Albeit, the granular layer of cer-
ebellar cortex also contains caspase-3 expression and pyc-
notic nuclei any destructive change was not observed in
other granular layer cells.

The small number of stereological studies performed on
this subject has rather focused on the number of Purkinje
cells and reported that EMF decreases the number of Pur-
kinje cells.">7-22 |In our study, a decrease in the thickness
of molecular cell layer, granular cell layer, and Purkinje cell
layer was observed without any statistically significant in-
tergroup difference. Despite the appearance of apoptotic
Purkinje cells, we think that since supportive cells were not
injured, any significant difference in the thickness of mo-
lecular cell layer, Purkinje cell layer, and granular cell layer
was not observed.

Our study was a Phase 1 trial that analyzed cerebellum as a
whole, and as an outcome, the adverse effects of 900-Mhz
frequency EMF on cerebellar cells and mainly on Purkinje
and granular cells have been demonstrated. Further inves-
tigations on the molecular mechanism of cerebellar injury
should be performed to emphasize the outcomes of our
study.
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