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Abstract Incidence rates of epilepsy and use of Wi-Fi world-
wide have been increasing. TRPV1 is a Ca2+ permeable and
non-selective channel, gated by noxious heat, oxidative stress
and capsaicin (CAP). The hyperthermia and oxidant effects of
Wi-Fi may induce apoptosis and Ca2+ entry through activation
of TRPV1 channel in epilepsy. Therefore, we tested the effects
of Wi-Fi (2.45 GHz) exposure on Ca2+ influx, oxidative stress
and apoptosis through TRPV1 channel in the murine dorsal
root ganglion (DRG) and hippocampus of pentylentetrazol
(PTZ)-induced epileptic rats. Rats in the present study were
divided into two groups as controls and PTZ. The PTZ groups
were divided into two subgroups namely PTZ + Wi-Fi and
PTZ + Wi-Fi + capsazepine (CPZ). The hippocampal and
DRG neurons were freshly isolated from the rats. The DRG
and hippocampus in PTZ + Wi-Fi and PTZ + Wi-Fi + CPZ
groups were exposed to Wi-Fi for 1 hour before CAP stimu-
lation. The cytosolic free Ca2+, reactive oxygen species pro-
duction, apoptosis, mitochondrial membrane depolarization,
caspase-3 and −9 values in hippocampus were higher in the
PTZ group than in the control although cell viability values
decreased. The Wi-Fi exposure induced additional effects on
the cytosolic Ca2+ increase. However, pretreatment of the
neurons with CPZ, results in a protection against epilepsy-
induced Ca2+ influx, apoptosis and oxidative damages. In
results of whole cell patch-clamp experiments, treatment of
DRG with Ca2+ channel antagonists [thapsigargin, verapamil
+ diltiazem, 2-APB, MK-801] indicated that Wi-Fi exposure
induced Ca2+ influx via the TRPV1 channels. In conclusion,
epilepsy and Wi-Fi in our experimental model is involved in
Ca2+ influx and oxidative stress-induced hippocampal and
DRG death through activation of TRPV1 channels, and

negative modulation of this channel activity by CPZ pretreat-
ment may account for the neuroprotective activity against
oxidative stress.

Keywords Hippocampus . Dorsal root ganglion .Wi-Fi .

Epilepsy . Apoptosis . TRPV1 channel

Abbreviations
[Ca2+]i Intracellular Ca2+

DMSO Dimethyl sulfoxide
DRG Dorsal root ganglion
EMR Electromagnetic radiation
ROS Reactive oxygen species
TRP Transient receptor potential
TRPV1 Transient receptor potential vanilloid 1
WC Whole cell
CAP Capsaicin
CPZ Capzapine

Introduction

The incidence rates of epilepsy are increasing. Environmental
exposures are likely to play important roles in the induction of
epilepsy. Epidemiological studies on populations living and
working within electromagnetic radiation (EMR) have re-
vealed a possible correlation between exposure to these fields
and neoplastic diseases (Melnikova and Ananthaswamy,
2005). EMR exposure affects various cell functions via ac-
tions exerted on intracellular and molecular membrane pro-
teins, including ion channels, membrane receptors and en-
zymes (Piacentini et al. 2008; Nazıroğlu et al. 2012a). At the
same time, EMR exposure as Wi-Fi is becoming more and
more common in our world. Results in our recent animal
studies indicated that Wi-Fi exposures induced brain and
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dorsal root ganglion (DRG) neuron oxidative injury through
Ca2+ influx (Nazıroğlu and Gümral 2009; Nazıroğlu et al.
2012b). Recently we also observed that cancer cell prolifera-
tion through Ca2+ influx was increased by the Wi-Fi exposure
(Nazıroğlu et al. 2012c). Hence Wi-Fi may aggregate hippo-
campal oxidative stress and Ca2+ influx in epilepsy. The
subject needs to be clarified by further research.

Ca2+ is a unique messenger that has been shown to be
responsible for controlling numerous cellular process includ-
ing neuronal functions, cell growth and death. Numerous
studies have shown that Ca2+ is involved in the induction of
epilepsy. Some studies (Köylü et al. 2006; Manikonda et al.
2007; Ammari et al. 2008) with hippocampal neurons indi-
cated a correlation between Ca2+ influx, oxidative stress and
EMR although results of some studies did not confirm the
results of the authors (O’Connor et al. 2010). One cell mem-
brane Ca2+ channel family is a transient receptor potential
(TRP) and the family includes six different subfamilies in-
cluding TRP vanilloid (Nazıroğlu et al. 2012d). The TRPV1
type of TRP channels is a non-selective ion channels and is
expressed in central and peripheral neurons. It is activated by
physical stimuli such as heat (>43ºC), low pH, and the pun-
gent ingredients of hot chili peppers (capsaicin, CAP)
(Susankova et al. 2006; Nazıroğlu, 2012). Repeated activation
of TRPV1 has been shown to result in increased cytosolic free
Ca2+, oxidative stress, and apoptotic cell injury (Kim et al.
2005; Hong et al. 2008). Recent work has indicated that
functional TRPV1 channels regulate excitatory synaptic trans-
mission in the hippocampus (Edwards et al. 2012). Increased
expression and function of the TRPV1 channels has been
reported in hippocampus of patients with epilepsy (Sun et al.
2013). Results of recent animal studies indicated also the
importance of TRPV1 channels in induction of epilepsy
(Bhaskaran and Smith, 2010; Manna and Umathe 2012).
EMR exposure such as Wi-Fi frequencies induces

hyperthermia in tissues including neuronal cells and brain
(Fukui et al. 1992; Ikeda et al. 1994; Yang et al. 2012).
Increase in Ca2+ influx in hippocampus is a main cause of
epileptic seizures (Meldrum 2002; Nazıroğlu and Gümral
2009). The EMR exposure induces over production of ROS
and Ca2+ influx in neuronal cells (Piacentini et al. 2008).
Hence, the hyperthermia and oxidant effects of EMR may
induce activation of TRPV1 channels (Fig. 1).

An absence of reports in the literature prompted us to
investigate the action of EMR exposure on TRPV1 cation
channels and the possible correlation between Wi-Fi-induced
effects on TRPV1 channels, oxidative stress and apoptosis in
hippocampal neurons of epileptic rats.

Materials and methods

Chemicals

Ethylene glycol-bis(2-aminoethyl-ether)-N,N,N’,N’-
tetraacetic acid (EGTA), dimethyl sulfoxide (DMSO), capsa-
icin (CAP), capsazepine (CPZ) and Roswell Park Memorial
Institute (RPMI) 1,640 medium, Ficoll-Histopaque separating
medium, N-ace ty l -Asp-Glu-Val -Asp-7-amino-4-
methylcoumarin (ACDEVD- AMC), nonidet-P-40 substitute
(NP40), 2-(N-morpholino) ethanesulfonic acid hydrate (MES
hydrate), PEG, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 3-[(3-chomalidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), MK-801, thapsigargin, verapamil,
diltiazem, and dithiothreitol (DTT) were obtained from
S i gm a C h em i c a l C o . ( I s t a n b u l , T u r k e y ) .
Dihydrorhodamine- 123 (DHR 123/N-acetyl-Leu-Glu-
His-Asp-7-amino-4-methylcoumarin (AC-LEHD-AMC)
was purchased from Bachem (Bubendorf, Switzerland).
A mitochondrial stain 5,5’,6.6’-tetrachloro-1.1’,3.3’-

Fig. 1 Possible molecular pathways of Wi-Fi and epilepsy on Ca2+

signaling, oxidative stress and apoptosis values through TRPV1 cation
channels in hippocampus and DRG neurons. It is likely that TRPV1-
mediated Ca2+ entry in the hippocampus of epileptic rats involves

accumulation of ROS and opening of mitochondrial membrane pores
that consequently leads to mitochondrial dysfunction, substantial swell-
ing of the mitochondria with rupture of the outer membrane and release of
apoptosis-inducing factors such as caspase −3 and −9
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tetraethylbenzimidazolylcarbocyanine iodide (JC-1) was
purchased from Santa Cruz (Dallas, Texas, USA). All
organic solvents were purchased from Merck Chemicals
(Darmstadt, Germany). Fura-2/AM was purchased from
Promega (Eugene, Oregon, USA). All reagents were of
analytical grade. The reagents were equilibrated at room
temperature for half an hour before an analysis was
initiated or reagent containers were refilled.

Animals

All experimental procedures were approved by the
Medical Faculty Experimentation Ethics Committee of
Süleyman Demirel University (Protocol Number; 2013-
02/05). Male Wistar Albino (n=20) rats were used in the
current study. At the start of the experiments, the rats
were 4 months old and weighed 160–180 g. Animals were
maintained and used in accordance with the Animal
Welfare Act and the Guide for the Care and Use of
Laboratory animals prepared by the Suleyman Demirel
University. The animals were housed one per cage, under
controlled conditions of room temperature (22 °C) and
humidity (60 %), on a 12 h light–dark cycle and allowed
free access to commercial feed and tap water.
Environmental average light intensity was 4,000 lx.

Study groups

The animals were randomly divided into four groups as
follows;

I. Control group (n=10): The rats did not receive exposure
and/or administrations. However, hippocampal cells of the
groups were kept in the same culture medium without
exposure and administrations.

II. PTZ groups (n=10): PTZ (60 mg/kg) was administered
intraperitoneally to rats (n=8) for induction of epilepsy.

Hippocampal neurons of the second group were divided into
two subgroups as follows;

II-A. PTZ + 1 hour Wi-Fi Exposure. The hippocampal
neurons of the groups were exposed to 2.45 GHz
EMR for 1 hour after induction of epilepsy.

II-B. PTZ + 1 hour Wi-Fi Exposure + CPZ. The hippo-
campal neurons of the groups were exposed to
2.45 GHz EMR for 1 hour after induction of epilepsy
and incubation of CPZ (0.1 mM and 30 min
incubation).

Epilepsy was induced in group II, II-A and II-B by intra-
peritoneal administration of PTZ (60 mg/kg). After 1 hour of
PTZ administration all rats were sacrificed and brain samples

were taken. Seizure intensity was evaluated using the follow-
ing modified scale (Nazıroğlu et al. 2013a);

0 no response
1.ear and tail twitching
2.convulsive waves axially through body
3.myoclonic body jerks
4.generalized clonic convulsion, turn over into side
position
5.generalized convulsions tonic extension episode and
status epilepticus

Murine DRG neurons were used in patch-clamp experi-
ments and the neurons were used in the current study and they
were divided into five subgroups as follows;

A. Control group (n=8): The DRG neurons of the groups
were kept in the same culture medium without exposure
and administrations.

B. CPZ group (n=6). The DRG neurons of the groups were
exposed to CAP (0.1 mM) without Wi-Fi exposure.

C. Wi-Fi Exposure group (n=6). The DRG neurons of the
groups were exposed to 2.45 GHz EMR for 1 hour.

D. Wi-Fi Exposure + CPZ group (n=6). The DRG neu-
rons of the groups were inhibited by CPZ after 1 hourWi-
Fi and CAP stimulation.

E. Wi-Fi Exposure + Antagonists group (n=6). To ex-
clude the consequences of oxidative stress dependent
activation of calcium channels except TRPV1, murine
DRG cultures received 1 mM MK-801 (an antagonist of
NMDA receptor calcium channels), 0.1 mM thapsigargin
(which inhibits efflux of calcium from internal stores via
inhibition of SERCA) (Tjiattas et al. 2004), 0.04 mM 2-
aminoethyldiphenyl borinate (2-APB) (which is an indi-
rect inhibitor of TRPM2 channels) (Celik and Nazıroğlu,
2012), 0.01 mM verapamil + diltiazem [(V + D) the L-
type voltage gated calcium channel blockers] (Nazıroğlu
et al. 2012b) for 30 min in the presence or absence of
2.45 GHz EMR exposure.

Preparation of hippocampal samples

The animals were killed by ether asphyxiation and cervi-
cal dislocation in accordance with SDU Experimental
Animal legislation. Hippocampus samples were immedi-
ately dissected and fragmented and placed in Hank’s
buffered salt solution (HBSS) and incubated for 30 min
with trypsin and mixed every 10 min. It was centrifuged
(at 500 g for 5 min) and the supernatant was discarded
and replaced by HBSS for 2 times and then used in assays
(González et al. 2007).

Metab Brain Dis (2014) 29:787–799 789
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Preparation of DRG samples

The DRG neurons (T13-L5) were carefully dissected from
peripheral nerve roots. The neurons were incubated in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Istanbul, Turkey) with 1 % penicillin-streptomycin (Sigma,
Istanbul, Turkey) in 500 ml of DMEM. The connective tissue
was removed and ganglia were treated with collagenase IV
(0.28 ml in DMEM), and tyripsin (25,000 units/ml in DMEM
(Worthington, USA) for 45 min at 37ºC and in an atmosphere
containing 95 air, 5 % CO2. After dissociation with a sterile
syringe, the cell suspension was centrifuged at 1,500 g and the
neurons were removed for the analysis (Nazıroğlu et al.
2013b).

Exposure system and design

The cells were kept in a circulatorywater bath (Fig. 2). The cells
were attachable cell to walls of the flask. The exposure system
was kept a specific room which was including plastic furniture
such as tables and chairs for preventing possible radiation
reflection. Walls of the room were covered by chromium-
nickel metals (diameter: 1 mm) for protecting the cells from
possible outside electromagnetic interference exposure. The
continuous wave of radiofrequency signal (2450 MHz with
217 Hz pulses) emitted by the generator was amplified initially
and then fed into the cancer cells in the water bath though by an
antenna (Biçer Electronic, Sakarya, Turkey). This antenna has a
special Falcon holder designed to accommodate the cells for
appropriate exposure conditions. The repetition time, frequen-
cy, and amplitude of the RF energy spectrum monitored by a
satellite level meter (PROMAX, MC-877C, Barcelona, Spain).
Radiation reflection and exposure were measured with a
Portable RF Survey System (HOLADAY, HI-4417, Eden
Prairie, MN, USA) with a standard probe. The EMR dose
was calculated from the measured electric field strength (V/kg
per W incident power). Distance was arranged as 25 cm

between the falcon tubes and probe of the exposure system.
Six falcon tubes each containing 1×106 cells/ml (5 ml total
medium) were placed on a non-conductive plexi glass table at
a height of 110 cm at precise location where required power
density was measured. The distance was 5 mm between the
tubes. The RF field inside the specific roomwas probed using a
strength meter and the precise positions were determined
(Jin et al. 2012). The required power density was continu-
ously recorded every 5 min using a satellite level meter
(EXTECH-480836, Extech Instruments, Nashua, NH,
USA). The data were saved onto the computer that was
connected the device via fiber optic cables. At the top of
the flask, the average specific absorption rate (SAR) esti-
mated for 2.45 GHz exposure at 12 μW/cm2 power flux
density was 0.52±0.05 mW/kg per 1 W incident power.
The water bath (Water Bath 601, Jiangsu Zhengji
Instruments, Jiangsu, China) installed in the chromium-
nickel covered room which maintained 37ºC temperature
(relative humidity of 83 %) and inside temperature of flask
also the same.

The SAR values were calculated by using electric frequen-
cy properties of cell culture medium samples and measured
electric field intensities for every distance at a certain frequen-
cy (Burkhardt et al. 1996).

Cell Viability (MTT) assay in hippocampus

Cell viability in Hippocampus neurons was evaluated by the
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay based on the ability of viable cells to
convert a water-soluble, yellow tetrazolium salt into a water-
insoluble, purple formazan product (Uğuz and Nazıroğlu,
2012). Optical density (OD) was measured in an automatic
plate reader at 490 and 650 nm. The data were calculated as
OD units/mg protein and presented as fold-increase over the
pretreatment level (experimental/control).

Fig. 2 Schematic diagram of
2.45 GHz radiofrequency
exposure device
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Measurement of intracellular free calcium concentration
([Ca2+]i) in hippocampus

The hippocampus cells were loaded with 4 μM fura-2/AM in
loading buffer with 1 x 103 cells per ml for 45min at 37 °C in the
dark, washed twice with phosphate buffer then incubated for an
additional 30 min at 37 °C to complete probe de-esterification,
and re-suspended in loading buffer at a density of 1 x105 cells
perml according to a procedure published elsewhere (Uğuz et al.
2009; Uğuz et al. 2012). All groups were exposed to CAP for
stimulation of ([Ca2+]i) influx. Fluorescence was recorded from
2 ml aliquots of magnetically stirred cellular suspension at 37ºC
by using a spectrofluorometer (Carry Eclipsys, Varian Inc,
Sydney, Australia) with excitation wavelengths of 340 and
380 nm and emission at 505 nm. Changes in [Ca2+]i were
monitored by using the fura-2 340/380 nm fluorescence ratio
and were calibrated according to the method of Grynkiewicz
et al. (1985). The experiment was performed in presence of
normal extracellular calcium concentration (1.2 mM).

The Ca2+ release in hippocampal neurons was estimated
using the integral of the rise in [Ca2+]i for 130 s after addition
of CAP. The Ca2+ release is expressed in nanomolar quantities
taking a sample every second as previously described (Espino
et al. 2009).

Electrophysiology in DRG neurons

In our lab, patch-clamp set is suitable for single cell experi-
ment instead of slice experiments. When we performed suck-
ing in the whole cell records the hippocampal neurons were
taken by tip of the pipette during the sucking procedure. It’s
well known that size of DRG neurons is bigger than in
hippocampal neurons. Hence, we performed patch-clamp
technique in the DRG neurons instead of hippocampal neu-
rons. DRG neurons were studied with the patch-clamp tech-
nique in the whole-cell mode, using an EPC 10 equipped with
a personal computer with Patchmaster software (HEKA,
Lamprecht, Germany) (Nazıroğlu et al. 2014). The standard
extracellular bath solution contained (in mM): 140 NaCl, 1.2
MgCl2, 1.2 CaCl2, 5 KCl, 10 HEPES, pH 7.4 (KOH). For Na+

free solutions, Na+ was replaced by 150 mM NMDG (N-
methyl-D-glucamine) and the titration was performed with
HCl. The osmolarity of the solution was 310 mosmol/l. The
pipette solution contained in mM: 145 cesium glutamate, 8
NaCl, 10 EGTA, 2 MgCl2 and 10 HEPES (pH 7.2) (adjusted
with CsOH). The Ca2+ concentration was adjusted to 1 mM
using 0.886 mM Ca2+ concentrations and 1 mM Cs-EGTA.

The DRG neurons were held at a potential of −60 mV, and
current–voltage (I-V) relationships were obtained from volt-
age ramps from −90 to +60mVapplied over 400milliseconds.
In patch-clamp experiments, TRPV1 channels were activated
by addition of extracellular capsaicin (0.01 mM). CAP and
CPZ solution were prepared from 0.1 M stock solution in

DMSO, stored at −33 °C. All experiments were carried out
at room temperature (approx 22–24 °C).

To exclude the consequences of oxidative stress dependent
activation of calcium channels except TRPV1, further DRG
cultures received 1 mM MK-801 (an antagonist of NMDA
receptor calcium channels), 0.1 mM thapsigargin (which in-
hibits efflux of calcium from internal stores) (Tjiattas et al.
2004), 0.04 mM 2-aminoethyldiphenyl borinate (2-APB)
(which is an indirect inhibitor of TRPM2 channels) (Celik
and Nazıroğlu, 2012), 0.01 mM verapamil + diltiazem [(V + )
the L-type voltage gated calcium channel blockers]
(Nazıroğlu et al. 2012b) for 30 min in the presence or absence
of 2.45 GHz EMR exposure.

Apoptosis assay in hippocampus

The APOPercentag assay was performed according to the
instructions provided by Biocolor Ltd. (Belfast, Northern
Ireland) and described elsewhere (Uğuz and Nazıroğlu,
2012). TheAPOPercentage assay is a dye-uptake assay, which
stains only the apoptotic cells with a red dye. When the
membrane of apoptotic cell loses its asymmetry, the
APOPercentage dye is actively transported into cells, staining
apoptotic cells red, thus allowing detection of apoptosis by
spectrophotometry (Senol et al., 2014).

Assay for caspase −3 and −9 activities in hippocampus

The determination of caspase-3 and caspase-9 activities was
based on a method previously reported (Espino et al. 2010;
Espino et al. 2011; Nazıroğlu et al. 2013b) with minor modifi-
cations. Stimulated or resting cells were washed once with
PBS. After centrifugation, cells were re-suspended in PBS at
a concentration of 103 cells/ml. Fifteen microliters of the cell
suspension were added to a microplate and mixed with the
appropriate peptide substrate dissolved in a standard reaction
buffer that was composed of 100 mM HEPES, pH 7.25, 10 %
sucrose, 0.1%CHAPS, 5 mMDTT, 0.001%NP40 and 40μM
of caspase-3 substrate (AC-DEVD-AMC) or 0.1 M MES hy-
drate, pH 6.5, 10 % PEG, 0.1 % CHAPS, 5 mMDTT, 0.001 %
NP40, and 0.1 mM of caspase-9 substrate (AC-LEHD-AMC).
Substrate cleavage was measured with the microplate reader
(Infinite Pro200) with excitation wavelength of 360 nm and
emission at 460 nm. The data were calculated as fluorescence
units/mg protein and presented as fold-increase over the pre-
treatment level (experimental/control). The caspase-3 and
caspase-9 assays are repeated by 3 separate experiments.

Intracellular reactive oxygen species (ROS) measurement
in hippocampus

DHR 123 is a non-fluorescent, non-charged dye that easily
penetrates cell membrane. Once inside the cell, DHR 123
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becomes fluorescent upon oxidation to yield rhodamine 123
(Rh123), the fluorescence being proportional to ROS genera-
tion. The fluorescence intensity of Rh123 was measured in an
automatic microplate reader (Infinite pro200; Tecan Austria
GmbH, Groedig, Austria). Excitation was set at 488 nm and
emission at 543 nm (Kiani-Esfahani et al. 2012). Treatments
were carried out in triplicate. The data are presented as fold-
increase over the pretreatment level (experimental/control).

Mitochondrial membrane potential determination
in hippocampus

Cells were incubated with 1 μM JC-1 for 15 min at 37ºC as
previously described (Espino et al. 2011). The cationic dye,
JC-1, exhibits potential-dependent accumulation in the mito-
chondria. It indicates mitochondrial depolarization by a de-
crease in the red to green fluorescence intensity ratio. After
incubation with JC-1, the dye was removed and the cells were
washed in phosphate buffered saline (PBS). The green JC-1
signal was measured at the excitation wavelength of 485 nm
and the emission wavelength of 535 nm, the red signal at the
excitation wavelength of 540 nm and the emission wavelength
of 590 nm. Fluorescence changes were analyzed using a

fluorescence spectrophotometer. The data are presented as
fold-increase over the pretreatment level (experimental/
control).

Statistical analyses

All results were expressed as means ± SD. Significant values
in the three groups were assessed with an unpaired Mann–
Whitney U test. Data were analyzed using the SPSS statistical
program (version 17.0 software, SPSS Inc. Chicago, Illinois,
USA). P-values of less than 0.05 were regarded as significant.

Results

Effects of Wi-Fi on cytosolic free calcium ([Ca2+]i)
concentration

The results of [Ca2+]i concentrations in control, Wi-Fi, Wi-Fi
+ CPZ, PTZ, PTZ +Wi-Fi and PTZ +Wi-Fi + CPZ are shown
in Fig. 3a and b. The Ca2+ release was significantly (p<0.05
and p<0.01) higher in Wi-Fi, PTZ and PTZ + Wi-Fi groups
than in control andWi-Fi + CPZ groups. However, The [Ca2+]i

Fig. 3a, and b Effects of
2.45 GHz exposure and
capsazepine (CPZ and 0.1 mM)
on cytosolic free Ca2+

concentrations of hippocampal
neurons in control and PTZ-
induced epileptic rat. (n=8 and
mean ± SD). Fura-2-loaded rat
hippocampal neurons were
stimulated with capsaicin (CAP
and 0.1 mM) in the presence of
normal extracellular calcium
([Ca2+]o=1.2 mm for 130 s. The
traces shown are representative of
eight separate experiments. (mean
± SD). ap<0.05 and bp<0.01
versus control + CAP. cp<0.05
versus Wi-Fi. dp<0.05 versus
PTZ. ep<0.01 versus PTZ + i-Fi
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concentration was significantly (p<0.05) lower inWi-Fi + CPZ
and PTZ +Wi-Fi + CPZ groups than in PTZ andWi-Fi groups.
Hence, epilepsy andWi-Fi exposure induced Ca2+ influx in the
neurons through TRPV1 channel activation.

Effects of Wi-Fi exposure on TRPV1 channels in DRG
neurons

Although Ca2+ imaging using Fura-2 is a powerful technique,
it is only relevant for studying established activators/
modulators. Patch-clamp technique is best technique on
activators/modulators of cation channels in literature. Hence,
we investigated effects of Wi-Fi on the TRPV1 currents in
DRG neurons. Wi-Fi induced gradual gating of TRPV1 chan-
nels following addition of CAP to the cells resulting in cur-
rents (at a holding potential of −60 mV) well above 1.2 nA.
These currents were blocked by CPZ and NMDG+ (Fig. 4a
and b). No currents were seen in the absence of Wi-Fi and
CAP (data not shown). The values for the current densities in
control, CAP, Wi-Fi + CAP, CAP + CPZ and Wi-Fi + CAP +
CPZ groups as pA/pFwere 4.7 (n=8), 117.0 (n=6), 162.9 (n=
6), 41.47 (n=6) and 65.3 (n=6), respectively.

There is a stimulator effect of Wi-Fi exposure on gating of
the TRPV1 channels in the neuronal cell system and current
density in the neurons was significantly (p<0.001) higher in
the Wi-Fi + CAP group than in the control and CAP groups
(Fig. 5). However, the values were decreased in CAP + CPZ
and Wi-Fi + CAP+CPZ groups (p<0.001). Hence we ob-
served that an EMR environment increased TRPV1 currents

in the neurons due to a decrease in effective agonist concen-
tration, presumably due to thermal and oxidant effects of Wi-
Fi on the TRPV1 channels.

Wi-Fi exposure induces Ca2+ influx via TRPV1 channel
in the presence of calcium channel and pump antagonists
in DRG neurons

It’s well known that oxidative stress-dependent cytosolic Ca2+

increase may occur via activation of internal stores, TRPM2,
TRPV1, NMDA and L-type voltage gated Ca2+ channels.
Except TRPV1 channels, all the channels in the DRG neurons
was blocked in the presence or absence of Wi-Fi exposure by
using antagonists of the calcium channels namely TRPM2,
NMDA and L-type voltage gated and SERCA pump inhibitor
thapsigargin. Then the neurons were stimulated by CAP
whereas they were inhibited by CPZ (Fig. 6b and c. The
values for the current densities in control, antagonists +
CAP, antagonists + CAP + CPZ, Wi-Fi + antagonists +
CAP, antagonists + CAP + CPZ groups as pA/pF were 4.2
(n=6), 204,1 (n=6), 20.0 (n=5), 449.8 (n=4) and 24.7 (n=4),
respectively (Fig. 7).

The current density in the neurons was significantly
(p<0.001) higher in the Wi-Fi + antagonists+ CAP than in
the control and Antagonists + CAP groups (Fig. 7). However,
the values were decreased in antagonists + CAP + CPZ and
Wi-Fi + antagonists + CAP + CPZ groups (p<0.001). Hence
we observed additional result that an EMR environment in-
creased TRPV1 currents in the presence of Ca2+ channel

Fig. 4 Effects of 2.45 GHz on
TRPV1 channel activation in
DRG neurons. The holding
potential was −60 mV. a. TRPV1
currents in the neurons without
Wi-Fi exposure were stimulated
by capsaicin (CAP and 0.01 mM)
in the bath (patch chamber) and
they were inhibited by
capsazepine (CPZ and 0.1 mM) in
the bath. b. Wi-Fi group: TRPV1
currents in the neurons with
2.45 GHz exposure (1 h) were
stimulated byCAP in the bath and
they were inhibited by CPZ in the
bath. A) I-Vand B) I-V Current
voltage relationships of whole-
cell currents in the presence of
various extracellular cations,
activators and inhibitors as
indicated (same experiments as in
panels A and B). W.C.: Whole
cell
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Fig. 5 Effects of 2.45 GHz exposure and CAP (0. 01 mM) on currents of
TRPV1 channel in murine DRG neurons. For each of the four applica-
tions, the initial current density (divided by the cell capacitance, a mea-
sure of cell size) after administration of CAP. The numbers in parentheses

indicated n numbers of groups. Significant stimulation and inhibition of
currents are indicated with letters. (ap<0.001 versus control. bp<0.001
versus CAP group. cp<0.001 versusWi-Fi + CAP group. dp<0.05 versus
CAP + CPZ group) (mean ± SD)

Fig. 6 Wi-Fi exposure induces Ca2+ influx via TRPV1 channel in the
presence of calcium channel antogonist in the DRG neurons. The DRG
cultures received antagonists [1 mM MK-801 (an antagonist of NMDA
calcium channels), 0.1 mM thapsigargin (which inhibits efflux of calcium
from internal stores), 0.04 mM 2-APB (which is an indirect inhibitor of
TRPM2 channels), 0.01 mM V + D (the L-type voltage gated calcium
channel blockers)] for 30 min in the presence or absence of 2.45 GHz
EMR exposure. The holding potential was −60 mV. a. Original record-
ings from control cell. b. TRPV1 currents in the neurons without Wi-Fi

exposure but the presence of calcium channel antogonists were stimulated
by capsaicin (CAP and 0.01 mM) in the bath (patch chamber) and they
were inhibited by capsazepine (CPZ and 0.1 mM) in the bath. c. Wi-Fi
group: TRPV1 currents in the neurons with 2.45 GHz exposure (1 h) and
the presence of calcium channel antogonists were stimulated by CAP in
the bath and they were inhibited by CPZ in the bath. B) I-V and C) I-V.
Current voltage relationships of whole-cell currents in the presence of
various extracellular cations, activators and inhibitors as indicated (same
experiments as in panels b and c). W.C.: Whole cell
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blockers in the neurons due to oxidant effects of Wi-Fi on the
TRPV1 channels.

Effects of Wi-Fi on apoptosis and caspase values
in hippocampus

We investigated the effects of Wi-Fi and epilepsy on the
rate of programmed cell death as apoptosis and caspase
values in the hippocampal neurons. The results of apo-
ptosis and caspase in control, PTZ, PTZ + Wi-Fi and
PTZ + Wi-Fi + CPZ groups are shown in Figs. 8 and 9,
respectively. The apoptosis (p<0.001), caspase-3
(p<0.05) and caspase-9 (p<0.001) values in PTZ and
PTZ + Wi-Fi groups were significantly higher than in
the control group. To investigate the possible role of
calcium influx in these apoptotic effects, the experi-
ments were repeated in the presence of the TRPV1-
blocking agent, CPZ. The CPZ produced an anti-
apoptotic effect and the apoptosis, caspase-3 and
caspase-9 values were significantly (p<0.05) lower in
the PTZ + Wi-Fi + CPZ group than in PTZ + Wi-
group. The results showed high amounts of apoptosis

following 1 hour Wi-Fi-exposure induced apoptosis in
the hippocampal neurons but blocking of the TRPV1
channels with CPZ attenuated the increase of the apo-
ptosis, considerably.

Effects of Wi-Fi on cytosolic ROS production
and mitochondrial depolarization values in hippocampus

The ROS and mitochondrial depolarization results in control,
PTZ, PTZ +Wi-Fi and PTZ +Wi-Fi + CPZ groups are shown
in Fig. 10. The ROS (p<0.05) and mitochondrial depolariza-
tion (p<0.001) values were increased by the epilepsy induc-
tion and EMR exposure. The values were significantly
((p<0.05 and p<0.001) higher in PTZ and PTZ + Wi-Fi
groups than in the control. However, the ROS and mitochon-
drial depolarization levels were modulated by CPZ and they
were significantly lower in PTZ +Wi-Fi + CPZ groups than in
the PTZ + Wi-Fi (p<0.05) groups.

Effects of Wi-Fi and epilepsy on MTT (Cell Viability) values
in hippocampus

The cell viability (MTT) results for 1 hour exposure in control,
PTZ, PTZ +Wi-Fi and PTZ +Wi-Fi + CPZ groups are shown
in Fig. 11. The MTT values were decreased by epilepsy and
the EMR exposure and they were significantly (p<0.001)
lower in PTZ and PTZ + Wi-Fi groups than the control.
However, the MTT values were not modulated by CPZ and
they were significantly (p<0.001) lower in PTZ + Wi-Fi +
CPZ groups than in control, PTZ and PTZ + Wi-Fi groups.

Effects of Wi-Fi on caspase activities and mitochondrial
membrane depolarization values

The caspase-3 and −9 activities and mitochondrial membrane
depolarization values in control, PTZ, PTZ +Wi-Fi and PTZ +
Wi-Fi + CPZ groups are shown in Figs. 12, 13 and 14,
respectively. The caspase-3 (p<0.05) and −9 (p<0.001) ac-
tivities and mitochondrial membrane depolarization values
(p<0.001) were increased by the epilepsy induction. In

Fig. 7 Effects of 2.45 GHz exposure and CAP (0. 01 mM) on currents of
TRPV1 channel in the presence of calcium channel antogonists in murine
DRG neurons. For each of the four applications, the initial current density
(divided by the cell capacitance, a measure of cell size) after administra-
tion of CAP. The numbers in parentheses indicated n numbers of groups.

Significant stimulation and inhibition of currents are indicated with
letters. (ap<0.001 versus control. bp<0.001 versus Antagonists + CAP
group. cp<0.001 versus Antagonists + CAP + CPZ group. dp<0.001
versus Wi-Fi + Antagonists + CAP group) (mean ± SD)

Fig. 8 Effects of 2.45 GHz EMR exposure on apoptosis levels in
hippocampus of control and epileptic rats. Apoptosis was estimated as
described under Material and methods sections. Values are presented as
mean ± SD of 8 separate experiments and expressed as fold increase over
the pretreatment level (experimental/control). ap<0.001 versus control.
bp<0.001 versus PTZ group. cp<0.05 versus PTZ + Wi-Fi group
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addition, caspase-9 (p<0.001) activity and mitochondrial
membrane depolarization value were not further increased
by Wi-Fi exposure. However, the values were not modulated
by CPZ incubation (Some data are not shown in the results).

Discussion

Data in the present study demonstrate that exposure to epilep-
sy with/withoutWi-Fi increases mitochondrial depolarization,
programmed cell death, cytosolic Ca2+ and oxidative stress in
hippocampus of epileptic rats and DRG of healthy rats. Both
effects are abolished by global blockade of TRPV1 channels
and markedly reduced by selective inhibition of TRPV1 cat-
ion channels. The Ca2+-mediated effects of epilepsy and Wi-
Fi on the apoptosis and oxidative stress are associated with
marked increases in Ca2+ influx, caspase activity, cytosolic
ROS production and mitochondrial membrane depolarization.

Oxidative stress and resulting lipid, protein and DNA oxi-
dation are responsible for dramatically altered neuronal func-
tion injury in epilepsy (Nazıroğlu 2009). PTZ has been used in
experimental epilepsy for inducing generalized seizures. The
current study indicated that PTZ administration, at a convulsive
dose of 60 mg/kg, produced a significant increase in cytosolic
ROS production levels of hippocampal neurons. Our results are

in accordance with previous reports of oxidative stress incre-
ment in brain and hippocampus during epileptic seizures
(Manna and Umathe, 2012; Nazıroğlu et al. 2013a).

Both the epilepsy-induced over production of ROS and
apoptotic effects of EMR exposure appear to be related to
changes in Ca2+ influx through TRPV1 channel activation.
Various studies have suggested that EMR exposure, including
Wi-Fi and mobile phone frequencies, can alter the intracellular
Ca2+ homeostasis (Grassi et al. 2004; Manikonda et al. 2007;
Nazıroğlu et al. 2012b; Nazıroğlu and Akman 2014).
Significant increases in the Wi-Fi induced intracellular Ca2+

concentrations have been observed in several cancer cell models
(Nazıroğlu et al. 2012a; Nazıroğlu et al. 2012c) but conflicting
reports have emerged from studies in neuronal cells (O’Connor
et al. 2010). The role of increased intracellular Ca2+ concentra-
tions in EMR-induced generation of oxidative stress and pro-
grammed cell death has also been suggested by previous studies
(Ammari et al. 2008; Carballo-Quintás et al. 2011). We were
also able to see effects of Wi-Fi exposure and epilepsy on Ca2+

influx through the TRPV1 channels in hipocampus and DRG
neurons in presence or absence of Ca2+ channel antagonists.

The results of relevant clinical and epidemiological studies
in neuronal cells and brain have been inconsistent, possible
health effects of related to radiofrequency-induced EMR by
Wi-Fi are still unclear and debated (Salford et al. 2007;

Fig. 9 Effects of 2.45 GHz EMR on hippocampus caspase- 3 and −9
activities in control and PTZ-induced epileptic rats (mean ± SD and n=3).
Values are presented expressed as fold increase over the pretreatment

level (experimental/control). ap<0.05 and bp<0.001 versus control.
cp<0.001 versus PTZ group. dp<0.05 versus PTZ + Wi-Fi group

Fig. 10 Effects of Wi-Fi on intracellular ROS and mitochondrial depo-
larization levels in hippocampus of control and PTZ-induced epileptic
rats. (mean ± SD and n=4). Values expressed as fold increase over the

pretreatment level (experimental/control). ap<0.05, bp<0.01 and
ap<0.001 versus control. dp<0.05 and ep<0.001 versus PTZ group.
dp<0.05 and ep<0.001 fp<0.05 versus PTZ + Wi-Fi groups
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Nazıroğlu et al. 2013a, b). Health effects of Wi-Fi are mainly
classified as thermal and non-thermal effects. It was reported
that maternal rectal temperature of pregnant rats and hamsters
exposed to high levels of microwave energy in 2.45 GHz
increased (Berman et al. 1981; Berman et al. 1982). TRPV1
is a Ca2+ permeable and non-selective channel, gated by nox-
ious heat and oxidative stress. In the current study, we observed
that TRPV1 channel currents in whole cell patch-clamp exper-
iments of DRG neurons are increased by the Wi-Fi exposure.

A number of studies have evaluated the effects of EMR (apart
from Wi-Fi) on Ca2+ mobilization in neuronal cells, but the
results are controversial. Radiofrequency (50 Hz)-induced expo-
sure was found to induce Ca2+ efflux from brain tissue and native
neurons (Bawin et al. 1978; Adey et al. 1982). However, other
independent studies have not reported a significant Ca2+ efflux
from neuronal cells following microwave (900 MHz) exposure
(Platano et al. 2007; O’Connor et al. 2010). In the current study
we firstly observed Ca2+ efflux through TRPV1 channels.

Many of toxic effects elicited by exposure to environmental
stressors are reported to be mediated the regulation of apoptosis
(Nazıroğlu et al. 2012a). Changes in the apoptotic process are
induced in most of the neurodegenerative diseases including
epilepsy (Dericioglu et al. 2013). Apoptosis has also been ac-
cepted as an endpoint in investigations into potential brain dam-
age by EMR although the results are controversial. Some studies
(Dasdag et al. 2009; Aït-Aïssa et al. 2012) reported no effects of
EMR on apoptosis in animal brain. However, apoptosis was
reported in rat primary neuronal cultures exposed to 900 MHz
EMR (Joubert et al. 2008). Two recent studies in retinal cells of
newborn mice and cortical neurons suggested alterations in
programmed cell death (Zhao et al. 2007; Zhou et al. 2008). In
the current study, we observed increased levels of apoptosis,
caspase-3 and −9 values in the hippocampus of epileptic rats.
Hence, the results confirmed the results of the studies (Zhao et al.
2007; Joubert et al. 2008; Zhou et al. 2008).

Increase of mitochondrial membrane potential is a step of
programmed cell death (Espino et al. 2011). We observed
increased levels of mitochondrial membrane depolarization
in hippocampus of epileptic rats. Hence, our current data
support the concept that the development of hippocampal

neuronal injury in epilepsy occurs, at least in part, through
alterations of mitochondrial function following activation of
TRPV1 channels. The mitochondrial membrane depolariza-
tion was decreased in the hippocampal after CPZ incubation
in the rats, which may be related to an overload of intracellular
Ca2+ that depolarizes the mitochondrial membrane potential
and eventually leads to the opening of mitochondrial perme-
ability transition pores (Meldrum, 2002) (Fig. 2). In addition,
the elevation of intracellular Ca2+ also triggers over produc-
tion of ROS by uncoupling electron transport from ATP
production in mitochondria of epileptic hippocampus
(Kovács et al. 2005). Over production of ROS induces pro-
grammed cell death if not nullified by antioxidants. We ob-
served a modulator role of TRPV1 antagonist, CPZ, on over
production of ROS in the hippocampal neurons through mod-
ulation of Ca2+ influx. It is likely that TRPV1-mediated oxi-
dative injury in the hippocampus of epileptic rats involves
accumulation of ROS and opening of mitochondrial mem-
brane pores that consequently leads to mitochondrial dysfunc-
tion, substantial swelling of the mitochondria with rupture of
the outer membrane and release of apoptosis-inducing factors
such as caspase −3 and −9 (Hong et al. 2008).

In conclusion, we observed striking correlations between
the effects of epilepsy and Wi-Fi exposure on Ca2+ influx
through TRPV1 channels, oxidative stress and apoptosis in
hippocampal neurons of epileptic rats. We observed Ca2+

efflux effects of the Wi-Fi exposure in the hippocampal neu-
rons. The mechanisms through which the Wi-Fi and epilepsy-
induced enhancements of Ca2+ influx can affect oxidative
stress and apoptosis were specifically addressed in the current
study by investigation of caspase activities, assessment of cell
viability, mitochondrial depolarization and cytosolic ROS
production values. Future studies should therefore be aimed
at identifying the protective effects of antioxidants on the
specific pathways in hippocampal neurons of epileptic rats.
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