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Exponential interindividual handling in wireless communication systemhas raised possible
doubts in the biological aspects of radiofrequency (RF) exposure on human brain owing to its
close proximity to the mobile phone. In the nervous system, calcium (Ca2+) plays a critical
role in releasing neurotransmitters, generating action potential and membrane integrity.
Alterations in intracellular Ca2+ concentration trigger aberrant synaptic action or cause
neuronal apoptosis, whichmay exert an influence on the cellular pathology for learning and
memory in the hippocampus. Calcium binding proteins like calbindin D28-K (CB) is
responsible for the maintaining and controlling Ca2+ homeostasis. Therefore, in the present
study, we investigated the effect of RF exposure on rat hippocampus at 835 MHz with low
energy (specific absorption rate: SAR=1.6 W/kg) for 3 months by using both CB and glial
fibrillary acidic protein (GFAP) specific antibodies by immunohistochemical method.
Decrease in CB immunoreactivity (IR) was noted in exposed (E1.6) group with loss of
interneurons and pyramidal cells in CA1 area and loss of granule cells. Also, an overall
increase in GFAP IR was observed in the hippocampus of E1.6. By TUNEL assay, apoptotic
cells were detected in the CA1, CA3 areas and dentate gyrus of hippocampus, which reflects
that chronic RF exposure may affect the cell viability. In addition, the increase of GFAP IR
due to RF exposure could be well suited with the feature of reactive astrocytosis, which is an
abnormal increase in the number of astrocytes due to the loss of nearby neurons. Chronic RF
exposure to the rat brain suggested that the decrease of CB IR accompanying apoptosis and
increase of GFAP IR might be morphological parameters in the hippocampus damages.
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1. Introduction
Explosive growth of wireless mobile communication in the
number of users and rapid worldwide expansion has been
observed over the last three decades (Feychting et al., 2005).
Mobile phones operate at frequencies between 400–900 MHz in
analog system and 1.8–2.2 GHz in digital system (International
Commission for Non-Ionizing Radiation Protection, 2004).
Mobile phone users often suffered from headaches, heat
sensation during long time communication (Frey, 1998;
Hocking, 1998), including abnormal electroencephalogram
(EEG) recording patterns and sleep stage disturbances (Wagner
et al., 1998; Borbely et al., 1999). These observations have raised
concerns about possible biological effects of radiofrequency (RF)
electromagnetic field (EMF) exposure to the human body. The
nervoussystem, especially thebraindue to its closeproximity to
RF source, is exposed to relatively high specific absorption rate
(SAR) compared to rest of the body (Mausset et al., 2001; Odaci
et al., 2008). The potential effect of RF on the release of
neurotransmitters, blood–brain barrier (BBB) permeability, and
behavioral changes has beennoted invarious in vivoanimal and
humanstudies (BrillaudanddeSeze, 2006;D'Andreaetal., 2003).

The possible effect of RF exposure on nervous system has
prompted investigations with animal models mostly focusing
on biochemical and morphological alterations. Neuronal
damages to the cortex, hippocampus, cerebellum, and basal
ganglia due to RF exposure have also been reported earlier
(Mausset et al., 2001; Salford et al., 2003). The intimate
relationship between EMF emitted by mobile phones and brain
function has also been studied with regards to sleep disorder
(Hamblin and Wood, 2002), attention deficits (Edelstyn and
Oldershaw, 2002), neuronal survival, learning, and memory
processing (Manikonda et al., 2007; Koivisto et al., 2000a,b;
Preece et al., 1999). The biological effects of EMF in the cellular
level are also reported in the alteration of intracellular signaling
pathways through changes in ionic distribution andmembrane
fluidity (HossmannandHermann, 2003) or alteration in calcium
(Ca2+) ion permeability across cell membranes (Adey, 1981).
Despite several biological, epidemiological, and toxicological
studies, the potential adverse effects of EMF exposure on the
central nervous system (CNS) are still controversial (Hietanen,
2006).

Ca2+ plays an important role in the neurotransmitter release
and action potential generation as well as membrane integrity
and function in thenervous system (Blackman, 1992). The effect
of RF radiation on homeostatic Ca2+ function such as alteration
ofCa2+ binding in themembrane,Na+K+-ATPase activity (Behari
et al., 1998), Ca2+-ATPase activity, cell permeability, and central
cholinergic activity (Kunjilwar and Behari, 1993), which can
result in tumorigenesis and neural degeneration, were previ-
ously suggested. Ca2+ mobilization on nervous system has also
been observed, that is, RF exposure induces Ca2+ efflux from
brain tissues and isolated neurons of different species (Bawin
et al., 1978;Adeyet al., 1982;Dutta et al., 1984, 1989). Theeffect of
RFEMFon thenervous systemmight be causedby thealteration
in the cellular Ca2+ concentration.

The maintenance of Ca2+ concentration is attributable to
the buffering effect of calcium binding proteins (CaBPs)
consisting of several calcium binding motifs for binding Ca2+
with high affinity, which belong to the EF hand proteins
though efflux, and influx of Ca2+ via various calcium channels
is also required (Celio et al., 1996). CaBPs have been implicated
as important regulators in the pathological process of
neuronal degeneration (Airaksinen et al., 1997) because
CaBP, by virtue of its ability to buffer Ca2+, acts to protect
neurons from Ca2+-mediated toxic injury (Miller, 1995). A
cytosolic CaBP, calbindin D28-k (CB), is involved in intracellu-
lar Ca2+ regulation with neuroprotective role due to its
buffering capability (Mattson et al., 1991). It is used as a
marker of neuronal population (Pfeiffer et al., 1989) and also
implicated as an important regulator of neuronal degenera-
tion (Liang et al., 1996). The neuronal loss and the morpho-
logical changes of glial cells are associated with the
pathological changes (Miguel-Hidalgo et al., 2002).

Glial cells like astrocyte, comprising a large part of brain,
play a role in neurotransmission and control of blood–CNS
interface as well as in nourishment and protection to neurons
(Eddleston and Mucke, 1993). Astrocytes are capable of
regulating synaptic neurotransmission and neuronal activity
(Araque et al., 2001) and respond to changes in the intracel-
lular free Ca2+ concentration. Since glial fibrillary acidic
protein (GFAP), an intermediate filament protein, is frequently
used as a well-known marker for astrocyte (Eng, 1985; Norton
et al., 1992; Eng et al., 2000), increased expression of glial
fibrillary acidic protein (GFAP) has often been recognized in
brain injury (Eng and Shiurba, 1988). In the same way, the
disturbance of Ca2+ homeostasis has been also known to be
linked with increase of GFAP immunoreactivity (IR) after brain
injury (Lee et al., 2000).

Sequential molecular responses resulting from altered
intracellular Ca2+ concentration in the brain may trigger the
variation of synaptic strength, which contribute to the
disturbance of synaptic activity (Lisman, 1989; Artola and
Singer, 1993) such as the learning and memory mechanism in
the hippocampus. Considering the critical role of CaBP Ca2+

homeostasis in numerous processes for cellular preservation,
modulation of intracellular Ca2+ concentration by CB could
play an important part in preserving hippocampus function.
Therefore, we investigated the effect of RF on mice hippo-
campus at 835 MHz at specific absorption rate (SAR) 1.6 W/kg
after 3 months of exposure to indicate brain damage by using
both CB and GFAP specific antibodies as immunohistochem-
ical method and TUNEL assay.
2. Results

2.1. Histopathological observations

2.1.1. Calbindin Immunoreactivity
The CB IR in the hippocampal formation of sham control (SC)
group was mainly observed in soma and dendrites of the
pyramidal cells and interneurons. A large number of stained
cells in the stratumpyramidalewere distinctly observed in the
CA1 area of SC group (Figs. 1A and B). The cells present in the
different layers of CA1 area displayed CB IR with varying
intensity in the SC group. Single neurons displayed intense
labeling in stratum oriens, stratum radiatum, and stratum
moleculare and were characterized by arborized slender



Fig. 1 – Distribution of calbindin D28-k (CB) immunoreactivity (IR) in the hippocampal CA1 area (A–D), CA3 area (E–H), and
dentate gyrus (I–L) among sham control (SC) (SAR 0W/kg) and exposed E1.6 (SAR 1.6 W/kg) groups after 3 months of
radiofrequency exposure at 835 MHz. CB IR was observed in the pyramidal cells (A and C) of SP and interneurons (A) in SR
(arrows) in SC group in the CA1 areas. Note the loss of interneurons (B) and decrease of the pyramidal cells in SP in E1.6 group
(B and D). CB immunoreactive neurons (arrows) in the SR of CA3 area displayed morphological changes with loss of dendritic
arborization in the E1.6 group (E–H). Decrease of pyramidal cells (arrows) as well as loss CB IR of mossy fibers was noted in the
E1.6 group (H). Decrease in the density of CB IR was observed in all the three layers of the dentate gyrus of the E1.6 group as
compared with the SC group (I and J). Note disruption of the alignment and loss of the granule cells (arrows) in granular layer of
the E1.6 group (K and L). SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum
moleculare; MF, mossy fibers; ML, molecular layer; GL, granular layer; PL, polymorphous layer. Scale bars: 100 µm (A, B, E, F, I,
and J), 50 µm (C, D, G, H, K, and L).
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processes (Figs. 1A and C). Comparedwith SC group, only a few
pyramidal cells showed CB IR in the stratumpyramidale of the
exposed (E1.6) group indicating loss of pyramidal cells (Figs. 1B
and D). Few interneurons were faintly stained and showed
lack of arborization as well in the CA1 area of E1.6 group
(Fig. 1B). Numerous immunoreactive fibers were prominently
observed as running perpendicularly in the stratum radiatum
of CA1 area in SC group while, in the E1.6 groups, those were
very faint and incomplete (Figs. 1A–D). Stratum pyramidal as
well as stratum radiatum in CA3 area of SC group displayed
numerous CB immunoreactive multipolar and horizontally
oriented cells with smooth dendritic processes (Figs. 1E–H). In
the CA3 area of E1.6 group, CB IRs were weakly observed in the
cell body of stratum pyramidale and stratum radiatum
(Fig. 1F). In a few CB immunoreactive neurons, dendritic
arborization also seemed to be absent in the E1.6 group
(Fig. 1H). The mossy fiber also displayed weak CB IR in E1.6
group as compared with SC group (Figs. 1E and F).
In the SC group, the CB immunoreactive interneurons in
the dentate gyrus were observed to be aligned at the junction
between granular layer and polymorphous layer and was
scattered abundantly in the granular layer (Figs. 1I and J).
Along with a few CB immunoreactive interneurons, which
showed weak IR, the alignment at the junction between
granular layer and polymorphous layer was interrupted in the
E1.6 group aswell (Fig. 1L). Themolecular layer in the SC group
displayed CB immunoreactive cells along with fine vertically
ascending fibers presumably the axons of the granule cells,
while mossy fibers also appeared to be highly stained in the
polymorphous layer. Such ascending fibers in the molecular
layer as well as the mossy fibers were very faintly stained in
the E1.6 group (Figs. 1I and J).

2.1.2. GFAP Immunoreactivity
The GFAP immunoreactive astrocytes were widely distributed
through the CA1, CA3 area and the dentate gyrus in SC group.

image of Fig.�1
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In the stratum pyramidale of CA1 area, GFAP IR was absent in
both SC and E1.6 groups (Figs. 2A and B). Except the stratum
pyramidale, the GFAP immunoreactive astrocytes with elon-
gated cytoplasmic processes were homogenously distributed
in CA1 area of SC group. The GFAP immunoreactive astrocytes
of CA1 areas in E1.6 group were shown to be hypertropic,
heavily branched with prominently stained long cytoplasmic
processes (Figs. 2C and D). Similar with CA1 area, the GFAP IR
in CA3 area of E1.6 groupwas shown to be hypertrophic and/or
hyperplastic with thickened and elongated processes (Figs. 2G
and H). Such morphological alterations in the astrocytes
indicate transformation into reactive astrocytes.

A relatively dense distribution of GFAP immunoreactive
cells was observed in the dentate gyrus of both SC and E1.6
groups. In themolecular layer of the SC group, astrocytes were
characterized by smaller stellate-shaped cell bodies and short
processes while the astrocytes of E1.6 group appeared to be
dense, highly stained with thicker and slightly elongated
processes (Figs. 2A and B). Thick and darkly stained processes
of GFAP immunoreactive cells appeared to be running through
Fig. 2 – Distribution of GFAP immunoreactivity (IR) in the hippoca
among sham control (SC) (SAR 0W/kg) and exposed E1.6 (SAR 1.
835 MHz. Astrocytes displaying GFAP IR was observed in all the
astrocytes (arrows) with heavily branched and elongated cytopla
group (C and D). The cytoplasmic processes of the astrocytes (arro
group as compared with the SC group (E–H). Alteration of the ast
GFAP IR cells with thick and darkly stained process (arrows) appe
(I–L). Astrocytes in the molecular and polymorphic layers of the E
SC group (I and J). SO, stratum oriens; SP, stratum pyramidale; SR
molecular layer; GL, granular layer; PL, polymorphous layer. Scal
the granular layer of both groups (Figs. 2K and L). The number
and the staining intensity of such processes were observed to
be higher in the granular layer of E1.6 group. The GFAP
immunoreactive astrocytes in the polymorphic layer of SC
group had small cell bodies with short processes, while the
GFAP IR of perikarya as well as its process appeared to bemore
prominent in E1.6 group.

2.2. Immunoreactivity analysis

2.2.1. Calbindin immunoreactivity
In the assessment of image analysis, the relativemean density
of different subfields of the hippocampal regions was per-
formed in SC and E1.6 groups to compare the CB IR
distribution. CB IR was observed to be significantly lower in
all the areas of the hippocampal formation in E1.6 group than
those of the SC group (Fig. 3A). Both the groups displayed
highest CB IR in the granular layer of the dentate gyrus and
lowest was observed in the CA1 area. Significant difference
was observed in the CA1 area (p<0.01), CA3 area (p<0.05),
mpal CA1 area (A–D), CA3 area (E–H), and dentate gyrus (I–L)
6W/kg) groups after 3 months of radiofrequency exposure at
layers of CA1 areas except SP (A–D). Note hypertrophic
smic processes in the E1.6 group as compared with the SC
ws) in the CA3 area were thickened and elongated in the E1.6
rocytes signifies the transformation into reactive astrocytes.
ar to be running through the granular layer in both the groups
1.6 group appear to display higher GFAP IR as compared with
, stratum radiatum; SLM, stratum lacunosummoleculare; ML,
e bars: 100 µm (A, B, E, F, I, and J), 50 µm (C, D, G, H, K, and L).
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Fig. 3 – Observed changes in calbindin D28-k (A) and GFAP (B)
IR presented by image analysis after radiofrequency
exposure on the mean density in the hippocampal subfields
(CA1, CA3, and dentate gyrus) of mice. (i) SC (sham control,
SAR=0W/kg) and (ii) E1.6 (exposed to low energy,
SAR=1.6 W/kg). CA, cornu ammonis; ML,molecular layer; GL,
granular layer; PL, polymorphous layer. *p<0.05, **p<0.01,
***p<0.001, ***p<0.0001.
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molecular layer (p<0.0001), granular layer (p<0.001), and
polymorphic layer (p<0.0001) of E1.6 group when compared
with SC group (Fig. 3A).

2.2.2. GFAP Immunoreactivity
Relative mean density analysis was performed in SC and E1.6
groups to measure the GFAP IR in the areas of the hippocam-
pal formation. GFAP IR was prominently observed in all the
areas of the hippocampal formation except molecular layer in
E1.6 groups as compared with SC group. In both groups, the
most prominent GFAP IR was observed in the molecular layer
and the lowest in the granular layer (Fig. 3B). Compared to the
SC group, E1.6 group displayed significant difference in CA1
area (p<0.001), CA3 area (p<0.001), granular layer (p<0.01), and
polymorphic layer (p<0.01). No significant difference was
observed in the molecular layer of the dentate gyrus (Fig. 3B).

2.3. Apoptosis

To evaluate the apoptosis in the hippocampus, terminal
deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) staining was performed by using
Trevigen Apoptotic Cell System (TACS) 2TdT-Fluor In Situ
Apoptosis Detection Kit (4812-30-K). TUNEL-positive cells were
observed in the CA1 and CA3 area of the E1.6 group. Majority of
the TUNEL-positive cells in the CA1 area of E1.6 group was
observed in the stratum pyramidale of CA1 area, while
stratum oriens and stratum radiatum revealed few TUNEL-
positive cells (Fig. 4E). TUNEL-positive cells were also noted in
the CA3 area of E1.6 group, mainly in the stratum pyramidale
(Fig. 4H). The E1.6 group exhibited numerous TUNEL-positive
cells in the granular layer of the dentate gyrus with few
isolated positive cells in the hilus (Fig. 4Q). In SC group, no
TUNEL-positive cells were observed in all the three regions of
the hippocampal region (Figs. 4B, H, and N). The PI-positive
cells were observed in both the control and E1.6 groups in CA1,
CA3, and dentate gyrus. PI-positive cells weremostly observed
in the stratum pyramidale of CA1 (Figs. 4A and D) and CA3
(Figs. 4G and J) areas, while in the dentate gyrus, the granular
layer exhibited majority of PI-positive cells (Figs. 4M and P).
TUNEL assay revealed maximum percentage of TUNEL-
positive cells in the granular layer of dentate gyrus followed
by CA1 and CA3 areas, respectively (Table 1).
3. Discussion

The effect of RF exposure to the brain have been studied in the
neuronal function, neuronal survival, learning and memory
disturbances, and neurotransmitter release (Manikonda et al.,
2007). By susceptibility to RF exposure, neuronal damages in the
hippocampus, cortex aswell as the basal ganglia in 12-26weeks
old rathasbeen reported (Salfordetal., 2003).Thehippocampus,
especially the granule cells of the dentate gyrus (Odaci et al.,
2008) and the CA areas (Bas et al., 2009a,b), is selectively
vulnerable to RF exposure. Loss of pyramidal cells in the CA
areas has been reported after prenatal period and 4 weeks of
exposure at 900 MHz in adult rats (Bas et al., 2009a,b). EMF
exposure has also resulted in the decrease of granule cell
number in the rat dentate gyrus (Odaci et al., 2008). Similar
studies of radiation effect have reported vulnerability of the
granulecells in thedentate gyrus (Nagaietal., 2000; Jenrowetal.,
2004).Theseprevious reportsmay indicate thedeleteriouseffect
of RF exposure to the hippocampal formation.

Concurrent with the previous results, our study also showed
loss of pyramidal cells in the CA areas as well as disruption in
the granular layer of the dentate gyrus. The three subfields of
the hippocampus (CA1 area, CA3 area, and dentate gyrus)
constitute hippocampal trisynaptic circuit implicated with
memory and learning (Tyler andDiScenna, 1984). Such selective
losses of pyramidal cells in CA areas, granule cell in the dentate
gyrus, and interneurons may give rise to learning and memory
dysfunction. The loss of interneurons in the CA1 area, as shown
in the present study, seems to be associated with complex
cognitive, mnemonic, and emotional processes through its
connection to the prefrontal regions (Barbas and Blatt, 1995).

CB, buffer type CaBP, is involved in regulating the
intracellular Ca2+ concentration (Baimbridge et al., 1992) and
has been proposed a protective role through its Ca2+-buffering
mechanism (Mattson et al., 1991). By this means, cytosolic CB
in neuron might exert protective role against overfull calcium
influx causing degenerative process. Interference on the
intracellular Ca2+ homeostasis in the ion transport may alter
ionic balance and lead to cell death (Liu and Fechter, 1996).
Decrease in CB IR could be attributed to increased Ca2+ influx
due to increased glutamate release or reduced postsynaptic
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Fig. 4 – Representative photomicrographs showing propidium iodide (PI) and TUNEL labeling in the hippocampal subfields, CA1
area (A–F), CA3area (G–L), anddentate gyrus (M–R) among shamcontrol (SC) (SAR0W/kg) andexposed (E1.6) (SAR1.6W/kg) groups
after 3 months of radiofrequency exposure at 835MHz. PI counterstaining (red), TUNEL (green), and PI and TUNEL double staining
(yellow). The stratumpyramidale in the CA1 (E), CA3 (K), and the granular layer of the dentate gyrus (Q) in the E1.6 group exhibited
numerous TUNEL-positive cells (arrows). PI/TUNEL-positive cells (F, L, and R) can be visualized as yellow (arrows). Scale bar:
100 µm.
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inhibition especially since transcription of CB gene has been
reported to be inhibited by Ca2+ (Arnold and Heintz, 1997).
Downregulation of CB expression has been associated with
neuronal loss (Gonzalez et al., 2005). Compared with SC group,
the prominent decrease of CB IR in all subfields of the
hippocampal formation was observed in the E1.6 group

image of Fig.�4


Table 1 – Summary of the expression of TUNEL-positive
cell percentage in the hippocampal subfields (CA1 and
CA3 areas and dentate gyrus) of sham control group (SC)
and group exposed at 1.6 W/kg (E1.6) after 3 months of
radiofrequency exposure at 835 MHz with low energy
(specific absorption rate: SAR=1.6 W/kg). TUNEL-positive
scores were evaluated as a percentage of “apoptotic” in
PI-positive cells. PI staining was used as counter staining.
(−), absence of TUNEL-positive cells; (+), 1–20%; (++),
21–40%. SC, sham control group; E1.6, exposed at SAR
1.6 W/kg group; CA, cornu ammonis; DG, dentate gyrus.

SC group (n=5) E1.6 group (n=5)

CA1 area − ++
CA3 area − +
DG − ++
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(Fig. 3A). Hence, in E1.6 groups, the decrease of CB IR and loss
of CB immunoreactive neurons in the hippocampus ascribed
in the RF exposure imply the decrease of Ca2+-buffering
capability and may lead to cell death. Disruption of the
granule cell alignment at the junction of granular and
polymorphous layer associated with loss of the granule cells
further strengthens the reason for loss of CB IR due to
increased Ca2+ influx.

Reactive astrocytosis linked with Ca2+ influx (Lee et al.,
2000) occurs after various CNS injuries (Eng et al., 1992) and is
an early response of astrocytes to injury (Little and O'Calla-
ghan, 2001). Reactive astrocytosis by EMF exposure could be
elicited by deleterious stimuli like thermal effect (Miller et al.,
1987), oxidative stress, which might be produced in the EMF
exposed brain (Morgan et al., 1997; Meral et al., 2007).
Compared with the SC group, the increase of GFAP IR in the
hippocampal formation (CA1, CA3, molecular layer, granular
layer, and polymorphous layer) of the E1.6 group was also
observed (Fig. 3B). The increase of GFAP IR in the present study
was well correlated with morphological and functional
changes of reactive astrocytosis, which commonly precedes
neuronal death (Petito and Halaby, 1993). In line with our data,
reactive astrocytosis was also observed in rats after chronic
exposure of 900 MHz at SAR 6 W/kg (Ammari et al., 2008).
Neuron and glial cell interaction, where glial cells control Ca2+

signal to facilitate itself to incorporate extracellular signals
(Verkhratsky and Kettenmann, 1996), is essential for Ca2+-
mediated neuronal activity and regulation of synaptic trans-
mission. The imbalance of Ca2+ homeostasis following altera-
tions in signal transduction through RF exposure may cause
insult to elicit apoptosis in the brain.

EMF exposure has been known to induce apoptosis in
human colon cancer cells (Maeda et al., 2004) and human
epidermoid cancer cells (Caraglia et al., 2005), while on the
contrary, no apoptosis was observed in human peripheral
blood mononuclear cells (Capri et al., 2004a) as well as human
lymphocytes (Capri et al., 2004b). In the present study, TUNEL-
positive cells in the CA1, CA3, and the granular layer of the
dentate gyrus were identified in the E1.6 group only (Figs. 4E,
K, and Q). The TUNEL-positive cells in the pyramidal cell layer
of the CA1 region of the E1.6 group (Fig. 4E) are well correlated
with the loss of CB immunoreactive pyramidal cells (Figs. 1B
and D). The disruption of the granule cells in the E1.6 group
(Fig. 1L) is also well matched with the abundant TUNEL-
positive cells in the granular layer of the dentate gyrus
(Fig. 4Q). However, neuronal losses in the hippocampal
subfields were not identified in 1 month of RF exposure,
although decrease of CB IR in the hippocampus was observed
(Maskey et al., 2010). This may indicate that chronic exposure
to the RF may be more harmful to the hippocampus neuron
concerning behavior, learning, and memory impairment, as
compared to the short-duration RF exposure even at the same
frequency.

Consequently, the occurrence of long-term RF exposure in
the hippocampus resulted in the decrease of CB IR accompa-
nying apoptosis and increase of GFAP IR, which might be used
as morphological parameters in the RF exposure damages.
Hence, for preventing possible harmful effects from long-term
RF exposure in advance, elucidating and clarifying the
molecular cascade of apoptosis signal in the hippocampus
may be needed.
4. Experimental procedures

4.1. Animals experimentation

Male ICR mice (6 weeks old), 20–30 g (Orientbio Inc.) (n=20),
were used for the experiment. The mice were kept under
controlled conditions (ambient temperature of 20 to 25 °C,
12-h light/dark cycle). Food (Samtako Bio Korea, Osan, South
Korea) and water were supplied ad libitum. NIH's guidelines
for animal research were followed for all animal procedures
and were approved by Dankook University's Institutional
Animal Care and Use Committee (DUIAC), which adheres to
the guidelines issued by the Institution of Laboratory of
Animal Resources (ILAR).

4.2. Exposure system

The exposure system (Wave Exposer V20) has been described
in detail elsewhere (Maskey et al., 2010). Briefly, a Wave
Exposer V20 emitting 835 MHz equivalent to the Korean CDMA
mobile phone frequency was designed by the Division of
Information Technology Engineering, Soonchunhyang Uni-
versity, (Maskey et al., 2010). Specific absorption rate (SAR)was
controlled from 1.6 to 4.0 W/kg, which is the same value as
electric field intensity between 59.56 and 94.18 V/m for muscle
(=0.92, =57, and =1020 kg/m3) on 835-MHz CDMA frequency.
Waveswere generated and amplified in an electronic unit and,
eventually, were radiated by a pyramidal rectangular horn
antenna connected by a waveguide to coaxial transition.
Standard mouse cage of 22 inches was used for the apparatus.
Output powers of horn antenna of the exposure apparatus are
2.5 W for SAR 1.6 W/kg and 6.3 W for SAR 4.0 W/kg. Electric
field intensities due to SAR values can be calculated, and
power value was obtained by a computer simulation with
HFSS (High Frequency Structure Simulator) manufactured by
Ansoft Co. (Pittsburgh, PA). Five cylinder-shaped models of
mice were used for simulation. The simulation variable was
both the mice location and the distance from the horn
aperture for freely moving mice. Power was obtained by
averaging the simulated peak electric field intensities on each
mouse body. The wave exposure from horn antenna to the
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mouse cage was provided by wave absorption material (TDK
ceramic absorber) mimicking the radiation exposure in the
open environment, which limits the influence the number of
mice might have on exposure. The exposure apparatus
provides an automatic light system and air conditioning
system with a water feeder, with no restriction in movement
during exposure eliminating stress during exposure.

4.3. Experimental design

Mice were exposed to 835 MHz of radiation with an average
SAR of 1.6W/kg using Wave Exposer V20. The mice were
divided randomly into 2 groups (n=10): (1) a sham control group
(SC) (SAR=0W/kg) and (2) a group exposed to low energy (E1.6)
(SAR=1.6 W/kg). All groups were exposed 8 h/d for 3 months.
Threehours after the final exposure, animalswereanesthetized
with diethyl ether, and their brains were collected using
perfusion and fixation with phosphate-buffered saline (PBS)
and 4% paraformaldehyde (PFA) solution. Anesthesia was also
used to avoid animal stress and to lower the augmentation
of blood pressure during perfusion and fixation.

4.4. Immunohistochemical analysis

After decapitation, the brains were immediately removed,
postfixed overnight in 4% PFA, and cryoprotected by infiltration
with a sucrose series (10%, 20%, and 30%) solution at 4 °C. Forty-
micrometer coronal sections were obtained on a freezing sliding
microtome and collected in six-well plates. Five slides of each
cortical area were selected from each mouse and measured all
specifically stainedcells in correspondingareas. Brainareaswere
identified based on the atlas of the mouse brain by Paxinos and
Franklin (2001). Immunohistochemistry was performedwith the
free-floating method, as described earlier (Maskey et al., 2010).
Briefly, coronal sections of the hippocampal region were
incubated for 48 h at 4 °C with primary antibodies, polyclonal
anti-rabbit calbindin D28-k (1:4000; AB1778; Millipore, CA, USA)
and polyclonal anti-rabbit GFAP (1:15,000; AB7260; Abcam, Cam-
bridge, UK) in blocking buffer containing 1% bovine serum
albumin, 0.3% Triton X-100, and 1% normal horse serum. To
eliminate peroxidase activity, the sectionswere treatedwith 10%
hydrogen peroxide in PBS. The sections were washed thrice for
10 min inPBS. Incubationwithbiotinylated secondaryantibodies
at 1:250 for 1.5 h at room temperaturewas followedby treatment
with an avidin–biotin–peroxidase complex (Vectastain ABC
Mouse Elite Kit; Vector Laboratories, Burlingame, CA, USA).
After threewashes in PBS, the sectionswere stained in a distilled
water solution containing diaminobenzidine (DAB) and hydro-
gen peroxide for 5 min. Sections from each group were stained
together to minimize variability. Following additional washes,
sections were mounted on gelatin-coated slides, dehydrated in
ethanol, cleared in xylene, and cover slipped with DPX.

4.5. Apoptosis

For terminal deoxynucleotidyl transferase-mediated biotiny-
lated UTP nick end labeling (TUNEL) analysis, the brains of the
mice from both groups (SC and E1.6) were obtained after
perfusing with 0.1 M phosphate buffer and 4% PFA respective-
ly. The brains were fixed overnight in 4% PFA followed by
series of sucrose (10%, 20%, and 30%) solutions at 4 °C. Sections
of 20 µm were obtained, and TUNEL staining was performed
using the Trevigen Apoptotic Cell System (TACS) 2TdT-Fluor
In Situ Apoptosis Detection Kit (4812-30-K) according to the
manufacturer's instruction.

Briefly, the slides were incubated with proteinase K (4800-
30-01) for 1 h at room temperature, which was followed by
immersion in TdT labeling buffer (4810-30-02) for 5 min.
Sections were then incubated in 50 µl of Labeling Reaction
Mix (1 µl TdT dNTP Mix (4810-30-04), 1 µl TdT Enzyme (4810-
30-05), 50× Cation Stock, 50 µl of 1× TdT Labeling Buffer for
each slides) for terminal deoxynucleotidyl transferase enzyme
linkage of dUTP-digoxigenin to the 3′-OHDNA ends at 37 °C for
1 h in humidity chamber. The reaction was terminated by
incubation with 1× TdT stop buffer (4810-30-03) for 5 min at
room temperature. Following washing with double-distilled
water, the slides were treated with Strep-Fluor solution for
20 min in dark. After washing with PBS (3×10 min) propidium
iodidie (PI) was used for counter staining for 30 min in dark.
Mounting was performed with fluorescence mounting medi-
um (Biomeda Corp, CA, USA). For the TUNEL reaction, the PI-
stained cells served as controls. Five slides from each group
were used for the purpose of TUNEL-positive cell count. The
semiquantitative TUNEL-positive score were evaluated as a
percentage of “apoptotic” and PI-positive cells as follows: (−),
absence of TUNEL-positive cells; (+), 1–20%; (++), 21–40%;
strong TUNEL-positive was defined at more than 40%.

4.6. Image analysis

Analysis was performed with an Olympus BX 51 microscope in
the CA1, CA3, and dentate gyrus (molecular, granular, and
polymorphous layer), andpictureswere takenbyadigital camera
system (DP50, Olympus, Japan). The NIH image program (Scion
Image) was used to determine staining densities as described
previously (Maskey et al., 2010). The investigator performing the
analysis was blinded to the groups' identification.

4.7. Statistical analysis

Data are expressed as mean±SD. Comparison of the mean
density of the different subfields of the hippocampus (CA1,
CA3, and dentate gyrus) between the sham control group and
exposed group (E1.6) was done by unpaired Student's t-test.
Differences were considered significant at p<0.05.
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