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ABSTRACT

Purpose: To demonstrate the molecular effects of acute and chronic exposure to both 900 and
2100 MHz radiofrequency electromagnetic radiation (RF-EMR) on the hippocampal level/activity of
some of the enzymes - including PKA, CaMKllo, CREB, and p44/42 MAPK - from N-methyl-D-aspartate
receptor (NMDAR)-related signaling pathways.

Materials and methods: Rats were divided into the following groups: sham rats, and rats exposed to
900 and 2100 MHz RF-EMR for 2 h/day for acute (1 week) or chronic (10 weeks), respectively. Western
blotting and activity measurement assays were used to assess the level/activity of the selected
enzymes.

Results: The obtained results revealed that the hippocampal level/activity of selected enzymes was
significantly higher in the chronic groups as compared to the acute groups at both 900 and 2100 MHz
RF-EMR exposure. In addition, hippocampal level/activity of selected enzymes was significantly higher
at 2100 MHz RF-EMR than 900 MHz RF-EMR in both acute and chronic groups.

Conclusions: The present study provides experimental evidence that both exposure duration (1 week
versus 10 weeks) and different carrier frequencies (900 vs. 2100 MHz) had different effects on the pro-
tein expression of hippocampus in Wistar rats, which might encourage further research on protection
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against RF-EMR exposure.

Introduction

With the increase in the use of mobile phones, these devices
are becoming one of the most essential components of
contemporary life. Mobile phones generate heat and emit
radiofrequency radiation in the range of 800-2200 MHz and
third-generation (3G) mobile phones run on 2100 MHz radio-
frequency (Bhargava et al. 2012). Mobile phones are known to
be associated with potential adverse effects on human health,
especially on the human brain (Narayanan et al. 2010). Several
effects of radiofrequency electromagnetic radiation (RF-EMR)
on the human brain have been demonstrated in experimental
studies. Specifically, the effects of RF-EMR on cerebral blood
flow (Aalto et al. 2006), blood-brain barrier permeability (Nittby
et al. 2009), oxidant and antioxidant balance (Irmak et al.
2002), neurotransmitter balance (Tamasidze and Nikolaishvili
2007), nerve cell damage (Salford et al. 2003), genomic
responses (Lai and Singh 1996), short-term memory loss and
other cognitive functions (Maaroufi et al. 2014; Sakhnini et al.
2014; Singh and Kapoor 2014) have been studied. However,
much less attention has been paid so far to the molecular
effects of RF-EMR exposure on N-methyl-D-aspartate (NMDA)
receptor-related signaling pathways on the brain.

In research of learning and memory, the hippocampus is
the most studied structure in the mammalian brain because

of its well documented role in learning and memory functions,
especially in spatial memory as well as its simple, tri-synaptic
circuitry (Leuner and Gould 2010). Various studies have indi-
cated that RF-EMR affected the activities (Cho et al. 2012),
morphology (Hao et al. 2013; Wang et al. 2013), and chemistry
(Cuccurazzu et al. 2010) of the hippocampus in animals. For
example, in a study by Narayanan et al. (2009), the effects of
GSM (900/1800 MHz) mobile phone exposure for 4 weeks to
50 missed calls/day on the hippocampus-dependent spatial
memory performance were tested on rats and impaired spatial
memory performance in the Morris water maze (MWM) test
was observed on phone-exposed rats as compared to control
animals.

The N-methyl-D-aspartate receptors (NMDARs) and the
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors (AMPARs) are the major players for controlling synaptic
plasticity and memory functions in the hippocampus (Rebola
et al. 2010; Chater and Goda 2014). They often work together
to produce long-lasting changes in synaptic functioning. The
NMDA receptor acts differently because it is a coincidence
detector of presynaptic and postsynaptic firing (Rebola et al.
2010).

Activation-dependent molecular changes at synapses are
mediated by a rise in intracellular calcium which enters
the postsynaptic neuron through NMDA ion channels
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(Rebola et al. 2010). Calcium alone or conjugated with cal-
modulin acts as a powerful secondary messenger and leads
to the activation of numerous synaptic proteins including
Ca’"/calmodulin-dependent protein kinase called CaMK that
controls the function of other proteins through the phos-
phorylation of Ser/Thr amino acid residues on these proteins
(Swulius and Waxham 2008). In the hippocampus, among
many downstream signaling molecules of the NMDA receptor
pathway, Ca?*/calmodulin-dependent protein kinase Il alpha
(CaMKllar) has long been considered the key mediator in reg-
ulating the early phase of long-term potentiation (E-LTP) and
memory formation (Soderling 2000; Lisman et al. 2002;
Colbran and Brown 2004; Colbran 2004). Studies have shown
that pharmacological inhibition of CaMKIl or genetically
removing it leads to the blockage of LTP induction (Lisman
and Mclnytre 2001). Introduction of an active form of CaMKIl
into the postsynaptic neuron leads to inducing potentiation
which prevents subsequent LTP induction; thus, CaMKIl is
both necessary and sufficient for LTP induction (Lisman and
Mclnytre 2001).

The short-term effects of CaMKlla activation partially
overlap with those of protein kinase A (PKA) and include the
insertion of new AMPARs (Lisman and Mclnytre 20071;
Cammarota et al. 2002) and an increase in the unitary
conductance of the AMPA ionophore (Derkach et al. 1999;
Lisman and Mclnytre 2001). PKA serves a function similar to
CaMKIl, but PKA's effects are broader. Like CaMKIl, PKA phos-
phorylates voltage-dependent calcium channels and enhance
their excitability to future stimuli (Catterall 2011). It also pro-
motes internalization of small-conductance Ca®"-activated K"
channel type 2 (SK2) reducing membrane K" conductance
and thus increases neuron’s excitability (Adelman et al. 2012).
These effects demonstrate PKA's contribution to early phase
of activity-dependent neural plasticity (i.e. E-LTP) (Castillo
2012). However, PKA was also shown to be critical for late
phase of activity-dependent neural plasticity (i.e. L-LTP) and
long-term memory (Wong et al. 1999; Kandel 2001; Castillo
2012; Mayford et al. 2012). It was reported that PKA phos-
phorylates intracellular AMPARs stores, facilitating their inser-
tion postsynaptically. PKA may also enhance new AMPARs
delivery via activation of the mitogen-activated protein kin-
ase (MAPK) cascade (Pearson et al. 2001). The phosphorylated
form of MAPK and catalytic subunit of PKA are transported
to the nucleus, where through activation of the cyclic adeno-
sine monophosphate (cAMP) responsive element-binding
(CREB) protein, a nuclear transcription factor that modulates
transcription of genes containing cAMP responsive elements
(CRE sites) in their promoters and thus leads to long-term
synaptic changes in the stimulated cells (Micheau and Riedel
1999; Pearson et al. 2001; Josselyn and Nguyen 2005).
Increases in the concentration of either calcium or cAMP can
trigger the phosphorylation and activation of CREB (Josselyn
and Nguyen 2005). This transcription factor is a component
of intracellular signaling events that regulate a wide range of
biological functions, from spermatogenesis to circadian
rhythms and memory (Silva et al. 1998). In addition to PKA,
several other kinases such as Ca’'/calmodulin-dependent
protein kinase | (CaMKI), Ca”/calmoduIin-dependent protein
kinase 1l (CaMKiIl), Ca”/calmoduIin—dependent protein kinase
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IV (CaMKIV), protein kinase G (PKG), protein kinase C (PKC)
also phosphorylate CREB (Jonannessen et al. 2004).

The major intracellular signaling pathways involved in
both short- and long-term memory formations in the hippo-
campus are NMDA-dependent pathways including activation
of CaMKII, PKA, CREB, and MAPK. In the literature, little is
known about the effects of RF-EMR exposure on NMDA
receptor-related signaling pathways. Therefore, in the present
study we investigated the basal effects of acute and chronic
exposure to both 900 and 2100 MHz RF-EMR on the hippo-
campal level/activity of previously mentioned enzymes from
NMDA-dependent pathway including CaMKlla, PKA, CREB,
and p44/42 MAPK. Additionally, in order to indirectly esti-
mate the activity of CaMKllo. and p44/42 MAPK, hippocampal
levels of their phosphorylated forms (pCaMKlloe and phospho-
p44/42 MAPK) were also assessed.

Materials and methods
Animals

The animal care procedures and all experimental manipula-
tions in the proposed study were pursued in accordance
with the Institutional Animal Care and Use Committee in
Akdeniz University, Antalya, Turkey (Protocol No: 2014.02.06).
Experiments were conducted on inbred young male albino
Wistar rats aged 3 months, weighing 200-250g obtained
from Akdeniz University Animal Facility. All rats were kept in
home cages in groups of four under a constant temperature
(23+1°C) and a 12/12h light/dark cycle. They were all given
food and water ad libitum.

Electromagnetic field exposure

Rats were randomly divided into six groups (n=13 per
group) after the adaptation process (Table 1). During the
experiment, all rats in each group were placed in a plexiglass
tube with air holes to facilitate breathing and minimize the
rise in body temperature. The ‘900-1" and ‘900-10" group of
rats were exposed to 900 MHz RF-EMR whereas the 2100-1’
and ‘2100-10" groups of rats were exposed to 2100 MHz
RF-EMR emitted from the signal generator for 2h per day
(5 days a week) for 1 and 10 weeks, respectively. Sham rats
were housed in the same room under the same conditions
with equal time period, except that the generator was turned
off. All experimenters were blind to animal experimental
group membership during data collection and analysis.

An RF generator (GSM Simulator 900 MHz Everest
Company, Adapazari, Turkey), which produces 900 MHz RF
radiation, was used to represent exposure of global systems
for mobile communications (GSM). The output power of the

Table 1. Experimental group of rats.

Group number Group name Abbrev
1 Sham-exposed rats for 1 week (acute) S-1

2 Sham-exposed rats for 10 weeks (chronic) S-10
3 Acute exposure to 900 MHz RFR for 1 week 900-1
4 Chronic exposure to 900 MHz RFR for 10 weeks 900-10
5 Acute exposure to 2100 MHz RFR for 1 week 2100-1
6 Chronic exposure to 2100 MHz RFR for 10 weeks ~ 2100-10
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generator was fixed at 5 W during exposure. The carrier fre-
quency was 900 MHz, the modulation frequency was 217 Hz,
pulse width was 0.577 msec, and the power range of the
generator was 0-10 W. The other RF generator (UMTS
Simulator 2100 MHz; Everest Company, Adapazari, Turkey),
which produces 2100 MHz RF radiation, was used to repre-
sent exposure of Universal Mobile Telecommunications
System (UMTS). The output power of the generator was fixed
at 1.5 W during exposure. The carrier frequency was
2100 MHz, the modulation frequency was 217 Hz, pulse width
was 0.577 msec, and the power range of the generator was
0-2 W. The set-up consisted of a carousel on which 13 rats,
each restrained in a radially positioned tube, were exposed
to the electromagnetic field emanating from antenna at the
center (Figure 1). The rats were positioned with their snouts
at a distance of 3.5cm for 900 MHz and 10cm for 2100 MHz,
from the monopole antenna. The tubes restrained the move-
ment of the rats to such an extent as to follow for well-
defined exposure conditions, yet without immobilizing them.
The entire carousel was placed in the shielded room to pre-
vent other disturbance sources. The electric field strengths
were measured by EMR300 with an appropriate probe
(Narda, Germany). The electric field background level in the
shielded room was between 0.02 and 0.2 V/m. In the ‘signal-
on’ situation, the measured electric-field strengths over the
rat’s head positioned 3.5 and 10cm away from the antenna
were 355 and 35.2 V/m for 900 and 2100 MHz RF-EMR,
respectively. The average whole-body SAR was 5.284 and
128 mW/kg for 900 and 2100 MHz, respectively. The SAR for
the brain was in average of 0.66 and 0.27 W/kg for 900 and
2100 MHz, respectively. The numerical computation was per-
formed using the Finite Difference Time Domain (FDTD)
method (LeBlanc et al. 2000; Hyun and Oh 2006). The FDTD
code with perfectly matched layer absorbing boundaries has
been used to measure the SAR value on the brain of Wistar

rats. The electric field strength, the conductivity and the
density of the model for each voxel have been used for the
estimation of the SAR value. Electrical properties, conductivity
and dielectric constant were taken from the literature
(Peyman et al. 2001, Gabriel 2005). The applied carousel set-
up procedure of the present study was compatible with the
set-up procedure of the other studies in the literature
(Burkhardt et al. 1997; Fritze et al. 1997; Schonborn et al.
2003).

Tissue sample preparation

All rats were anesthetized under urethane and brains were
perfused transcardially with heparinized saline. Then, the per-
fused brains were rapidly removed, placed on dry ice and
the hippocampi dissected. For the Western blotting assay,
total hippocampal tissue of rats was immediately frozen in
liquid nitrogen and then stored at —80°C until use. For the
activity measurement assays, total hippocampal tissue of rats
was immediately homogenized, and after centrifuge process
supernatant was removed and stored at —80 °C until use.

Western blot protein analysis

Hippocampal tissues of rats were weighed and homogenized
by ultrasonication in the presence of protease inhibitors.
Tissue samples were transferred to a centrifuge tube contain-
ing 800 ul of Triton lysis buffer (1% Triton X-100, 20 mM Tris-
HCL pH 7.4, 150mM NaCl, 5mM EGTA, 10mM EDTA, 10%
glycerol, 20mM HEPES and protease inhibitor cocktail
[Rochel). Samples were then subjected to sonication.
Sonication was performed with a sonic dismembrator in an
ice-bath with a microtip probe set to a power output of
40 W for three cycles of 5sec each (15sec interval between

Sheilded reom
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Figure 1. Carousel-type electromagnetic field exposure system.
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sonications). Afterwards they were centrifuged at 20,000 g for
30min at 4°C, then supernatant was removed and stored at
—80°C until use.

For determination of CaMKlla, pCaMKlla, PKA, CREB, p44/
42 MAPK, phospho-p44/42 MAPK expressions, 7.5 ug (for
pCAMKIlo, CREB) and 5 ug (for CAMKIla, PKA, p44/42 MAPK,
phospho-p44/42 MAPK) of hippocampal samples were run on
6-7.5% polyacrylamide gels. The separated proteins were
transferred onto PVDF membrane by means of electroblot-
ting with Mini Protean Tetra Cell equipment (Bio-Rad
Laboratories, Richmond, CA, US.A.). Afterwards the mem-
branes were incubated at room temperature in blocking solu-
tion made of 5% dried non-fat milk in TBS-T buffer (20 mM
Tris-HCl, 0.5 M NaCl and 0.05% Tween 20, pH 7.6). Blots were
then incubated for 2h at room temperature with primary
antibodies. Primary antibodies were applied at a dilution of
1:1000 (CaMKlla, Santa Cruz; p44/42 MAPK, Cell Signaling),
1:500 (CREB, ABCAM), 1:2000 (phospho-p44/42 MAPK, Cell
Signaling), 1:5000 (PKA, BD Bioscience) and 1:250 (pCAMKIla,
Santa Cruz). After being rinsed with TBS-T buffer, the mem-
branes were incubated for 1h at room temperature with
the secondary alkaline phosphatase conjugated antibody
(Santa Cruz) used at a dilution of 1:1000 (pCaMKlla), 1:2000
(CREB, p44/42 MAPK) and 1:5000 (CaMKlla, PKA, phospho-
p44/42 MAPK) in 5% dried non-fat milk in TBS-T buffer. A
monoclonal antibody directed against B-actin and a-tubulin
was used as a control to normalize protein expression
levels. Blots were rinsed with TBS-T buffer and incubated
with an AP conjugate substrate kit (Bio-Rad) to visualize the
specifically bound antibodies. The final images were photo-
graphed using a computer-based gel imaging instrument
(Vilber Lourmat) with Infinity-Capt version 12.9 software.
Immunoreactive protein bands were then quantified by
densitometric scanning method using an Image J software
package.

PKA activity

PKA activity in tissues was determined using PKA Activity Kit
Assay (ab139435) which is based on a solid phase enzyme-
linked immune-absorbent assay (ELISA) that utilizes a specific
synthetic peptide as a substrate for PKA and a polyclonal
antibody that recognizes the phosphorylated form of the
substrate.
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CREB activity

CREB activity in tissues was measured via Cayman’s CREB
(Phospho-Ser'?) Transcription Factor Assay Kit (Item No:
10009846). To isolate nuclear proteins, Cayman’s Nuclear
Extraction Kit (ltem No: 10009277) was used. In brief, CREB
contained in a nuclear extract binds specifically to the cAMP
response element (CRE). The activated CREB transcription fac-
tor complex is detected by addition of a specific primary
antibody directed against Phospho-Ser'** on CREB. A second-
ary antibody conjugated to HRP is added to provide a sensi-
tive colorimetric readout at 450 nm.

Protein measurements

Protein concentrations were measured at 595 nm by a modi-
fied Bradford assay using Coomassie Plus reagent with bovine
serum albumin as a standard (Pierce Chemical).

Statistical analysis

To evaluate the Western blotting and activity assay data, one-
way ANOVA with all pairwise multiple comparison procedure
done by Tukey's Honestly Significant Difference (HSD) post
hoc test was applied. In addition, two-way ANOVA was con-
ducted on these data to assess the main effects of radiation
frequency and duration of exposure as well as a potential radi-
ation frequency x duration of exposure interaction. A p value
less than or equal to 0.05 was considered statistically signifi-
cant. The statistical package SPSS v.20 was used for statistical
analyses.

Results

Figure 2 illustrates the representative immunoreactive protein
bands for all proteins under study obtained from the acute
(S-1) and chronic (S-10) groups of sham-exposed rats, from
the acute (900-1) and chronic (900-10) groups of 900 MHz
RF-EMR-exposed rats, and from the acute (2100-1) and
chronic (2100-10) groups of 2100 MHz RF-EMR-exposed rats.
CaMKlloe and pCaMKlla. were detected as bands of 50kDa,
PKA was detected as bands of 53 kDa, CREB was detected as
43 kDa band, and p44/42 MAPK and phospho-p44/42 MAPK
were detected as bands of 42, 44kDa. Relative protein

90010  S-10 S-1 21001 210010 9001

CaMKlla —— — —_—
W S-10 9001 210010 S 21001  900-10

PCAMKI | s s S s s S
2100-10 2100-1 900-10 9001 10  s1

PKA S S S — — —

B-actin el e— -|

S-1 9001 2100-1 2100-10 900-10

- _ Phospho p44MAPK
Phospho-p42 MAPK

2100-10 900-10 2100-1 $-10  900-1 s1

ECS

9001 ‘S-1 210010 900-10 21001  S-10
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SSI0e e SIS S NS seees s | O-Tubulin

Figure 2. Representative immunoreactive protein bands for CaMKllo, pCaMKllo, PKA, p44/42 MAPK, phospho-p44/42 MAPK, and CREB, from hippocampus of the
S-1, S-10, 900-1, 900-10, 2100-1 and 2100-10 rat groups. The B-actin and a-tubulin bands were used as an internal control for each gel.
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expressions were determined by comparing band intensities
with that of B-actin and a-tubulin which were detected at
the position corresponding to a molecular weight of 42 and
55 kDa, respectively, and were used as the internal control.
The differences in the hippocampal levels of both CaMKilla
and pCaMKlloe among rat groups were demonstrated by

Figure 3(A). There was a significantly higher expression levels
of both CaMKlla and pCaMKlla in the 2100-1 groups as com-
pared to the S-1 groups (p <0.001 and p <0.001, respectively),
whereas, both CaMKlla and pCaMKlla levels were significantly
lower in the 900-1 groups as compared to the S-1 groups
(p=0.004 and p=0.029, respectively). The comparison of
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Figure 3. Comparison of the levels of (A) CaMKlloe and pCaMKllo; (B) PKA; (C) CREB; and (D) p44/42 MAPK and phospho-p44/42 MAPK in the hippocampus of S-1,
S$-10, 900-1, 900-10, 2100-1 and 2100-10 rat groups. Band quantifications are expressed as the mean + SD of the relative intensity in respect to that of fB-actin and
a-tubulin, used as the internal control. Error bars denote + SD. Asterisks denote the level of significance: ***p < 0.001.
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Figure 3. Continued.

both CaMKlla and pCaMKlla levels in the 2100-10 groups as
compared to the S-10 groups showed significantly higher
expression of both proteins in the 2100-10 groups (p < 0.001
and p <0.001, respectively). In addition, both CaMKllo. and
pCaMKlla levels in the 900-10 groups were significantly higher
than the S-10 groups (p < 0.001 and p <0.001, respectively). In
the 900-1, 2100-1, 900-10 and 2100-10 rat groups, the mean
numbers of pCaMKlla level (0.95+0.02, 2.05+0.03, 1.96 +0.06
and 2.6%0.03, respectively) were significantly (p <0.001)
higher than the mean numbers of CaMKlla level (0.8+0.02,
1.95+0.04, 1.8+ 0.06 and 2.4 +0.06, respectively) (Figure 3(A)).
Two-way ANOVA applied to Western blot data of CaMKllo and
pCaMKlla revealed a highly significant main effect of both, the
radiation frequency (p<0.001 and p<0.001, respectively),
and the duration of exposure (p<0.001 and p<0.001,
respectively), and a significant radiation frequency x duration
of exposure interaction (p <0.001 and p <0.001, respectively).

The hippocampal level of PKA was significantly higher in
the 2100-1 groups as compared to the S-1 groups and lower
in the 900-1 groups as compared to the S-1 groups
(p<0.001 and p=0.006, respectively) (Figure 3(B)). On the
other hand, PKA level was significantly higher in both 2100-
10 and 900-10 groups as compared to the S-10 groups
(p<0.001 and p<0.001, respectively) (Figure 3(B)). There
was a significant increase in the PKA activity of the 900-1
and 2100-1 rat groups as compared to the S-1 rat groups
(p=0.002 and p=0.008, respectively). Similarly, an increase
in the PKA activity was observed in the 900-10 and 2100-10
rat groups as compared to S-10 rat groups (p=0.006 and
p <0.001, respectively) (Figure 4(A)). Two-way ANOVA applied
to activity data of PKA revealed a highly significant main
effect of both, the radiation frequency and the duration of
exposure (p <0.001 and p <0.001, respectively), and moder-
ately significant radiation frequency x duration of exposure
interaction (p=0.053). As shown in Figure 3(C), quantitative
immunoblot analysis of CREB levels revealed significantly
higher expression of CREB in the 2100-1 groups (p <0.001)

and significantly lower expression of CREB in the 900-1
groups (p=0.007) as compared to the S-1 groups. Both
2100-10 and 900-10 groups exhibited higher levels of CREB
as compared to the S-1 groups (p<0.001 and p<0.001,
respectively) (Figure 3(C)). There was a significant increase in
the CREB activity in the hippocampus of the 2100-1 rat
groups as compared to S-1 rat groups (p < 0.001). In addition,
an increase in the CREB activity was observed in the hippo-
campus of 900-10 and 2100-10 rat groups as compared to
the S-10 rat groups (p=0.005 and p <0.001, respectively)
(Figure 4(B)). Two-way ANOVA applied to activity data of
CREB revealed a highly significant main effect of both, the
radiation frequency and the duration of exposure (p <0.001
and p =0.005, respectively), and a radiation frequency x dura-
tion of exposure interaction (p <0.001). In addition, two-way
ANOVA conducted on Western blot data of PKA and CREB
confirmed a highly significant main effect of both, the radi-
ation frequency (p <0.001 and p <0.001, respectively) and
the duration of exposure (p <0.001 and p <0.001, respect-
ively), and a significant radiation frequency x duration of
exposure interaction (p <0.001 and p <0.001, respectively).
Figure 3(D) illustrates the differences in the levels of both
p44/42 MAPK and phospho-p44/42 MAPK among rat groups.
One-way ANOVA applied to these data yielded a significantly
higher expression of both p44/42 MAPK and phospho-p44/42
MAPK in the 2100-1 groups as compared to S-1 groups
(p<0.001 and p <0.001, respectively), whereas, the p44/42
MAPK level was significantly lower in the 900-1 groups as
compared to S-1 groups (p=0.021). One-way ANOVA per-
formed on these data revealed the difference in the level of
phospho-p44/42 MAPK between the 900-1 and S-1 groups
insignificant. On the other hand, the comparison of levels of
both p44/42 MAPK and phospho-p44/42 MAPK in the 2100-10
groups as compared to S-10 groups showed significantly
higher expression of both proteins in the 2100-10 groups
(p <0.001 and p <0.001, respectively). In addition, both p44/
42 MAPK and phospho-p44/42 MAPK levels in the 900-10
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Figure 4. Enzymatic activity of PKA based on solid phase enzyme-linked immune-absorbent assay (ELISA) (A) and enzymatic activity of CREB based on detection of
activated CREB TF complex by a primary antibody directed against Phospho—Ser133 (B) in the hippocampus of S-1, 900-1, 2100-1, S-10, 900-10 and 2100-10 rat
groups. Values were represented as mean + SD. Asterisks denote the level of significance: ***p < 0.001.

groups were significantly higher than of the S-10 groups
(p<0.001 and p <0.007, respectively). In the 2100-1, 900-10
and 2100-10 rat groups, mean numbers of phospho-p44/42
MAPK level (2.44£0.06, 1.98+0.01 and 3.15£0.2, respectively)
were significantly (p <0.001) higher than mean numbers of
p44/42 MAPK level (2.2+0.05, 1.85+0.03 and 2.75+0.07,
respectively) (Figure 3(D)). Two-way ANOVA applied to
Western blot data of p44/42 MAPK and phospho-p44/42
MAPK revealed a highly significant main effect of both, the
radiation frequency (p <0.001 and p <0.001, respectively) and
the duration of exposure (p <0.001 and p <0.001, respect-
ively), and a significant radiation frequency x duration of
exposure interaction (p <0.001 and p =0.015, respectively).

Discussion

While talking, mobile phones are typically in close proximity
to the brain. All of the brain regions, including hippocampus,

are detrimentally affected from RF-EMR produced by mobile
phones due to this exposure. The most prominent neuro-
transmitter associated with learning and memory functions in
the hippocampus is glutamate. Glutamate exerts its signaling
function by binding to hippocampal glutamate receptors
(Rebola et al. 2010). One of them is called the NMDA recep-
tor and it acts as a coincidence detector of presynaptic and
postsynaptic firing via its role in the induction of activity-
dependent long-term potentiation (LTP) and long-term
depression (LTD) (Rebola et al. 2010). This property of the
NMDA receptor is linked to both NMDA receptor channels
blockage by Mg?" and their permeability to Ca*". NMDA
receptor-dependent calcium influx results in activation of kin-
ases, notably CaMKII, PKA, and MAPK (Lau and Zukin 2007).
Activation of PKA also activates CREB, which binds the cAMP
response element and activates the gene transcription and
Ginty 2002). Although, there have been considerable con-
cerns about the potential influences of RF-EMR exposure on



brain, more comprehensive studies are required to elucidate
the possible effects on the NMDA receptor-related signaling
pathways. Therefore, the major aim of the present study was
to demonstrate the molecular effects of RF-EMR exposure on
hippocampal level/activity of some of the enzymes - includ-
ing PKA, CaMKlla, CREB, and p44/42 MAPK - from N-methyl-
D-aspartate receptor (NMDAR)-related signaling pathways.

There are several animal studies — mainly behavioral -
showing differential effects of different waveforms and differ-
ent duration time of exposure (Nittby et al. 2008; Deshmukh
et al. 2013; Hao et al. 2013). In Nittby et al. (2008), rats were
exposed for 2h each week for 55 weeks to RF-EMR (GSM-
900) at different SAR levels (0.6 and 60 mW/kg at the initi-
ation of the experimental period) emitted by a test phone
and results indicated that GSM-exposed rats had impaired
memory for objects and their temporal order of presentation,
compared to sham-exposed controls. In another study, ani-
mals were subjected to long-term (30 days) microwave
exposure of 900 MHz and results showed that there was a
significant impairment in cognitive function in elevated plus
and Morris water maze (Deshmukh et al. 2013). Hao et al.
(2013) reported that the 916 MHz electromagnetic field (EMF)
exposure for 6 h a day, 5 days a week, for 10 weeks adversely
influenced the learning and memory performances of the
rats in the radial arm maze task to some extent in a period
during exposure, and the rats could adapt to long-term EMF
exposure. With regard to the above studies, different wave-
forms and different duration times of RF-EMR exposure had
different behavioral effects. So, the other aim of the present
study was to investigate basal effects of both acute (1 week)
and chronic (10 weeks) exposure to both 900 and 2100 MHz
RF-EMR on rats as compared to a sham group of rats.

In the present study, the comparison of hippocampal
level/activity of PKA and CaMKllo between acute and chronic
groups of 900 and 2100 MHz RF-EMR revealed that hippo-
campal level/activity of these enzymes were significantly
higher in the chronic (10 weeks) groups than the acute (1
week) groups. In a study by Manikonda et al. (2007), long-
term exposure (90 days) of rats to 50Hz extremely low fre-
quency (ELF) caused increased intracellular Ca®" levels
together with increased activities of PKA and calcineurin in
hippocampal regions compared to control groups. Another
research data showed that expression of CaMKIl gamma was
significantly up-regulated both in hippocampal tissues and
nerve growth factor (NGF)-differentiated PC12 cells, which
can be activated by the increased Ca®" influx signal through
postsynaptic NMDARs that arise from following 30 mW/cm?
microwave exposure (Xiong et al. 2015). In the present study,
the o form of CaMKIl was studied since it is the predominant
form which is specifically localized in the forebrain structures.
The increased level/activity of the PKA and CaMKlla found in
the present study is consistent with the results of the above
studies and might be related to the increased intracellular
Ca®* and calcineurin levels (Manikonda et al. 2007; Xiong
et al. 2015).

A significantly high level/activity of CREB found in the
present study in chronic groups (10 weeks) compared to
acute (1 week) groups of both 900 and 2100 MHz RF-EMR is
consistent with activation of transcription factors including
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phospho-CREB (p-CREB) by activation of CaMKII triggered by
glutamate-mediated Ca?" entry (Xiong et al. 2015). In the
Xiong et al. (2015) study, rats were exposed to 30 mW/cm?
microwave for 10 min every other day for three times. The
central nervous system (CNS), especially the hippocampus, is
sensitive to microwave exposure from mobile phones.
Regarding cognitive function, learning and memory impair-
ments have been reported following microwave exposure
(Lu et al. 2012; Deshmukh et al. 2013; Wang et al. 2013).

Experiments carried out on both acute and chronic groups
of 900 and 2100 MHz RF-EMR revealed significantly higher
level/activity of p44/42 MAPK in chronic groups (10 weeks)
than acute (1 week) groups. In a study by Hidisoglu et al.
(2016), the levels of brain thiobarbituric acid reactive sub-
stances (TBARS) and 4-hydroxy-2-nonenal (4-HNE), which are
known as oxidative stress biomarkers, increased significantly
in the 10 weeks group that was exposed to 2100 MHz EMF.
Another study (Kesari et al. 2014) reported that 3G mobile
phone exposure (2h a day for 60 days) on rats induced the
oxidative stress which caused a transient increase in the
level of p38 MAPK. It has been known that major signal
transduction pathway activated by oxidative stress is mito-
gen-activated protein kinases (MAPK) in addition to phos-
phoinositide 3 kinase (PI-3K), and nuclear factor-kB signaling
(NF-kB) (Johnson and Lapadat 2002). In light of these find-
ings, the increased level/activity of p44/42 MAPK observed in
the present study might be explained by oxidative stress
induction via mobile phone exposure.

Overall results of the present study have revealed that the
hippocampal level/activity of selected enzymes were signifi-
cantly higher in both acute (1 week) and chronic (10 weeks)
groups of rats exposed to 2100 MHz RF-EMR than rats
exposed to 900 MHz RF-EMR. Previously, different effects of
different carrier-frequencies (900 vs. 1800 MHz) on protein
expression were observed on primary human endothelial
cell lines by using proteome profiling (Nylund et al. 2010). In
contrast to our results, Nylund et al. (2010) reported that
exposure of cells to 1800 MHz GSM signal had only a very
small effect on cell proteome, as compared to 900 MHz GSM
exposure. The discrepancy may arise from the different
experimental procedures used in the studies.

To our knowledge, this is the first study investigating
basal effects of acute (1 week) and chronic (10 weeks) expos-
ure to both 900 and 2100 MHz RF-EMR to hippocampal level/
activity of selected enzymes from the NMDA-dependent
pathway. Our experimental approach involved an examin-
ation of the potential effects of RF-EMR exposure on the hip-
pocampal NMDA-dependent signaling pathway. The majority
of the mobile phone studies have investigated the effects of
second-generation (2G) mobile phone exposure, while fewer
researches have focused on the investigation of the effects
of the third-generation (3G) mobile phone exposure on the
brain functions. When considered from this point of view,
our findings might contribute greatly to the literature.

In conclusion, our results provide experimental data
suggesting that both duration (1 week vs. 10 weeks) and dif-
ferent carrier-frequencies (900 vs. 2100 MHz) had different
effects on protein expression of hippocampus in Wistar rats
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which might be used to encourage further research on pro-
tection against the RF-EMR exposure.

Acknowledgements

We gratefully thank O. Kocak and P.A. Girig for English editing and G.
Basaranlar for helping during brain dissection.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This study was supported by a grant from Akdeniz University The
Scientific Research Projects Coordination Unit, Turkey (Project Number:
FBA-2015-38).

Notes on contributors

Cigdem Gokgek-Sara¢ received her Ph.D. degree from Middle East
Technical University (METU), Turkey, in 2012. She is an Assistant
Professor at Department of Biomedical Engineering, Akdeniz University.
Her main research interests are in the area of neuroscience including
molecular effects of electromagnetic radiation on brain functions, cogni-
tion and behaviour.

Hakan Er is a Ph.D. student at Department of Biophysics in Medical Faculty
of Akdeniz University, Turkey. His research interests include biological
effects of electromagnetic fields, neurodegenerative diseases, electrophysi-
ology, behavioural and cognitive neuroscience and electron microscopy.

Ceren Kencebay Manas received her Ph.D. degree from Akdeniz
University, Turkey, in 2017. She is a postdoctoral researcher at
Department of Biophysics, Akdeniz University. Her research interests
include biological effects of electromagnetic fields, mechanism of sul-
phide toxicity in brain, electrophysiology, learning and memory.

Deniz Kantar Gok received her Ph.D. degree from Akdeniz University,
Turkey, in 2016. She is a postdoctoral researcher at Department of
Biophysics, Akdeniz University. Her research interests include biological
effects of electromagnetic fields, neurodegenerative disease, electro-
physiology, behavioural and cognitive neuroscience.

Siikrii Ozen received his Ph.D. degree from Sakarya University, Turkey, in
2003. He is a Professor at Department of Electrical and Electronics
Engineering, Akdeniz University. His research interests include biological
effects of electromagnetic fields, electromagnetic compatibility, wave
propagations, numerical methods, applied electromagnetic and biomed-
ical engineering problems.

Narin Derin received her specialist doctor degree from Akdeniz University,
Faculty of Medicine, Antalya, 2001. She is a Professor at Department of
Biophysics, Faculty of Medicine, Akdeniz University. Her research areas
include biological effects of electromagnetic fields, mechanisms of sul-
phide toxicity in rat brain, evoked potentials, learning and memory.

ORCID

Gigdem Gokgek-Sarag http://orcid.org/0000-0002-3538-6551

References

Aalto S, Haarala C, Brick A, Sipila H, Hamalainen H, Rinne JO. 2006.
Mobile phone affects cerebral blood flow in humans. J Cereb Blood
Flow Metab. 26:885-890.

Adelman JP, Maylie J, Sah P. 2012. Small-conductance Ca2+-activated
K + channels: form and function. Annu Rev Physiol. 74:245-269.

Bhargava S, Motwani MB, Patni VM. 2012. Effect of handheld mobile
phone use on parotid gland salivary flow rate and volume. Oral Surg
Oral Med Oral Pathol Oral Radiol. 114:200-206.

Burkhardt M, Spinelli Y, Kuster N. 1997. Exposure setup to test effects of
wireless communications systems on the CNS. Health Phys.
73:770-778.

Cammarota M, Bevilaqua LR, Viola H, Kerr DS, Reichmann B, Teixeira V,
Bulla M, Izquierdo |, Medina JH. 2002. Participation of CaMKIl in neur-
onal plasticity and memory formation. Cell Mol Neurobiol. 22:259-267.

Castillo PE. 2012. Presynaptic LTP and LTD of excitatory and inhibitory
synapses. Cold Spring Hard Prospect Biol. 4:a005728.

Catterall WA. 2011. Voltage-gated calcium channels. Cold Spring Harb
Perspect Biol. 3:a003947.

Chater TE, Goda Y. 2014. The role of AMPA receptors in postsynaptic
mechanisms of synaptic plasticity. Front Cell Neurosci. 8:401.

Cho SI, Nam YS, Chu LY, Lee JH, Bang JS, Kim HR, Kim HC, Lee YJ, Kim
HD, Sul JD, et al. 2012. Extremely low-frequency magnetic fields
modulate nitric oxide signaling in rat brain. Bioelectromagnetics.
33:568-574.

Colbran RJ, Brown AM. 2004. Calcium/calmodulin-dependent protein
kinase Il and synaptic plasticity. Curr Opin Neurobiol. 14:318-327.

Colbran RJ. 2004. Protein phosphatases and calcium/calmodulin-depend-
ent protein kinase Il-dependent synaptic plasticity. J Neurosci.
24:8404-8409.

Cuccurazzu B, Leone L, Podda MV, Piacentini R, Riccardi E, Ripoli C,
Azzena GB, Grassi C. 2010. Exposure to extremely low-frequency
(50 Hz) electromagnetic fields enhances adult hippocampal neurogen-
esis in C57BL/6 mice. Exp Neurol. 226:173-182.

Derkach V, Barria A, Soderling TR. 1999. Ca2+/calmodulin-kinase I
enhances channel conductance of alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate type glutamate receptors. Proc Natl Acad Sci
USA. 96:3269-3274.

Deshmukh PS, Banerjee BD, Abegaonkar MP, Megha K, Ahmed RS,
Tripathi AK, Mediratta PK. 2013. Effect of low level microwave radi-
ation exposure on cognitive function and oxidative stress in rats.
Indian J Biochem Biophys. 50:114-119.

Fritze K, Wiessner C, Kuster N, Sommer C, Gass P, Hermann DM, Kiessling
M, Hossmann KA. 1997. Effect of global system for mobile communi-
cation microwave exposure on the genomic response of the rat brain.
Neuroscience. 81:627-639.

Gabriel C. 2005. Dielectric properties of biological tissue: variation with
age. Bioelectromagnetics. (Suppl 7):512-518.

Hao D, Yang L, Chen S, Tong J, Tian Y, Su B, Wu S, Zeng Y. 2013. Effects of
long-term electromagnetic field exposure on spatial learning and
memory in rats. Neurol Sci. 34:157-164.

Hidisoglu E, Gok DK, Er H, Akpinar D, Uysal F, Akkoyunlu G, Open S, Agar
A, Yargicoglu P. 2016. 2100-MHz electromagnetic fields have different
effects on visual evoked potentials and oxidant/antioxidant status
depending on exposure duration. Brain Res. 1635:1-11.

Hyun JC, Oh Y. 2006. Effects of size and permittivity of rat brain on SAR
values at 900 Mhz and 1800 Mhz. J Korea Electromag Eng Soc. 6:47-52.

Irmak MK, Fadillioglu E, Giile¢ M, Erdogan H, Yagmurca M, Akyol O. 2002.
Effects of electromagnetic radiation from a cellular telephone on the
oxidant and antioxidant levels in rats. Cell Biochem Funct. 20:279-283.

Johnson GL, Lapadat R. 2002. Mitogen-activated protein kinase pathways
mediated by ERK, JNK, and p38 protein kinases. Science.
298:1911-1912.

Jonannessen M, Delghandi MP, Moens U. 2004. What turns CREB on?
Cell Signal. 16:1211-1227.

Josselyn SA, Nguyen PV. 2005. CREB, synapses and memory disorders:
past progress and future challenges. COTCNSND. 4:481-497.

Kandel ER. 2001. The molecular biology of memory storage: a dialogue
between genes and synapses. Science. 294:1030-1038.

Kesari KK, Meena R, Nirala J, Kumar J, Verma HN. 2014. Effect of 3G cell
phone exposure with computer controlled 2-D stepper motor on
non-thermal activation of the hsp27/p38MAPK stress pathway in rat
brain. Cell Biochem Biophys. 68:347-358.



Lai H, Singh NP. 1996. Single and double-stranded DNA breaks in rat
brain cells after acute exposure to radiofrequency electromagnetic
radiation. Int J Radiat Biol. 69:513-521.

Lau CG, Zukin RS. 2007. NMDA receptor trafficking in synaptic plasticity
and neuropsychiatric disorders. Nat Rev Neurosci. 8:413-426.

LeBlanc D, Hatcher D, Post R. 2000. Finite-difference time-domain front-
end utility. San Antonio (TX): Brooks Airforce Base.

Leuner B, Gould E. 2010. Structural plasticity and hippocampal function.
Annu Rev Psychol. 61:111-113.

Lisman J, Schulman H, Cline H. 2002. The molecular basis of CaMKIl
function in synaptic and behavioural memory. Nat Rev Neurosci.
3:175-190.

Lisman JE, Mclnytre CC. 2001. Synaptic plasticity: a molecular memory
switch. Curr Biol. 11:788-791.

LuY, Xu S, He M, Chen C, Zhang L, Liu C, Chu F, Yu Z, Zhou Z, Zhong M.
2012. Glucose administration attenuates spatial memory deficits
induced by chronic low-power-density microwave exposure. Physiol
Behav. 106:631-637.

Maaroufi K, Had-Aissouni L, Melon C, Sakly M, Abdelmelek H, PB, Save E.
2014. Spatial learning, monoamines and oxidative stress in rats
exposed to 900 MHz electromagnetic field in combination with iron
overload. Behav Brain Res. 258:80-89.

Manikonda PK, Rajendra P, Devendranath D, Gunasekaran B,
Channakeshava K, Aradhya RS, Sashidhar RB, Subramanyam C. 2007.
Influence of extremely low frequency magnetic fields on Ca2+ signal-
ing and NMDA receptor functions in rat hippocampus. Neurosci Lett.
413:145-149.

Mayford M, Siegelbaum SA, Kandel ER. 2012. Synapses and memory stor-
age. Cold Spring Harbour Perspect Biol. 4:a005751.

Micheau J, Riedel G. 1999. Protein kinases: which one is the memory
molecule? Cell Mol Life Sci. 55:534-548.

Narayanan SN, Kumar RS, Potu BK, Nayak S, Mailankot M. 2009. Spatial
memory performance of Wistar rats exposed to mobile phone. Clinics
(Sao Paulo). 64:231-234.

Narayanan SN, Kumar RS, Potu BK. 2010. Effect of radio-frequency elec-
tromagnetic radiations (RF-EMR) on passive avoidance behaviour and
hippocampal morphology in Wistar rats. UPS J Med Sci. 115:91-96.

Nittby H, Brun A, Eberhardt J, Malmgren L, Persson BR, Salford LG. 2009.
Increased blood-brain barrier permeability in mammalian brain 7 days
after exposure to the radiation from a GSM-900 mobile phone.
Pathophysiology. 16:103-112.

Nittby H, Grafstrom G, Tian DP, Malmgren L, Brun A, Persson BR, Salford
LG, Eberhardt J. 2008. Cognitive impairment in rats after long-term
exposure to GSM-900 mobile phone radiation. Bioelectromagnetics.
29:219-232.

Nylund R, Kuster N, Leszczynski D. 2010. Analysis of proteome response
to the mobile phone radiation in two types of human primary endo-
thelial cells. Proteome Sci. 8:52.

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY 989

Pearson G, Robinson F, Gibson TB, Xu B, Karandikar M, Berman K,

Cobb MH. 2001. Mitogen-Activated Protein (MAP) kinase path-
ways: regulation and physiological functions. Endocrine Rev.
22:153-183.

Peyman A, Rezazadeh AA, Gabriel C. 2001. Changes in the dielectric
properties of rat tissue as a function of age at microwave frequencies.
Phys Med Biol. 46:1617-1629.

Rebola N, Srikumar BN, Mulle C. 2010. Activity-dependent synaptic plasti-
city of NMDA receptors. J Physiol (Lond). 588:93-99.

Riccio A, Ginty DD. 2002. What a privilege to reside at the syn-
apse: NMDA receptor signaling to CREB. Nat Neurosci.
5:389-390.

Sakhnini L, Al-Ghareeb S, Khalil S, Seem A, Alaa AA, Amer K. 2014. Effects
of exposure to 50Hz electromagnetic fields on Morris water-maze
performance of prenatal and neonatal mice. J Assoc Arab Univ Basic
Appl Sci. 15:1-5.

Salford LG, Brun AE, Eberhardt JL, Malmgren L, Persson BR. 2003. Nerve
cell damage in mammalian brain after exposure to microwaves from
GSM mobile phones. Environ Health Perspect. 111:881-883.

Schonborn F, Pokovi¢ K, Kuster N. 2003. Dosimetric analysis of the carou-
sel setup for the exposure of rats at 1.62 GHz. Bioelectromagnetics.
25:16-26.

Silva AJ, Kogan JH, Frankland PW, Kida S. 1998. CREB and memory. Annu
Rev Neurosci. 21:127-148.

Singh S, Kapoor N. 2014. Health
fields, mechanisms
2014:198609.

Soderling TR. 2000. CaM-kinases: modulators of synaptic plasticity. Curr
Opin Neurobiol. 10:375-380.

Swulius MT, Waxham MN. 2008. Ca(2+)/calmodulin-dependent protein
kinases. Cell Mol Life Sci. 65:2637-2657.

Tamasidze AG, Nikolaishvili MI. 2007. Effect of high-frequency EMF on
public health and its neuro-chemical investigations. Georgian Med
News. 142:58-60.

Wang H, Peng R, Zhou H, Wang S, Gao Y, Wang L, Yong Z, Zuo H, Zhao
L, Dong J, et al. 2013. Impairment of long-term potentiation induction
is essential for the disruption of spatial memory after microwave
exposure. Int J Radiat Biol. 89:1100-1107.

Wong ST, Athos J, Figueroa XA, Pineda VV, Schaefer ML, Chavkin CC,
Muglia LJ, Storm D. 1999. Calcium-stimulated adenylyl cyclase activity
is critical for hippocampus-dependent long-term memory and late
phase LTP. Neuron. 23:787-798.

Xiong L, Sun CF, Zhang J, Gao YB, Wang LF, Zuo HY, Wang SM, Zhou
HM, Xu XP, Dong J, et al. 2015. Microwave exposure impairs synaptic
plasticity in the rat hippocampus and PC12 cells through over-activa-
tion of the NMDA receptor signaling pathway. Biomed Environ Sci.
28:13-24.

implications of electromagnetic
of action, and research needs. Adv Biol.



	Effects of acute and chronic exposure to both 900&hx2009;MHz and 2100&hx2009;MHz electromagnetic radiation on glutamate receptor signaling pathway
	Introduction
	Materials and methods
	Animals
	Electromagnetic field exposure
	Tissue sample preparation
	Western blot protein analysis
	PKA activity
	CREB activity
	Protein measurements
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Disclosure statement
	Notes on contributors
	References


