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Numerous studies have shown that radiofrequency electromagnetic radiation (RF‐EMR) may negatively
affect human health. We detected the effect of 3500MHz RF‐EMR on anxiety‐like behavior and the
auditory cortex (ACx) in guinea pigs. Forty male guinea pigs were randomly divided into four groups and
exposed to a continuous wave of 3500MHz RF‐EMF at an average specific absorption rate (SAR) of 0, 2,
4, or 10W/kg for 72 h. After exposure, malondialdehyde (MDA) levels, antioxidant enzyme activity,
anxiety‐like behavior, hearing thresholds, cell ultrastructure, and apoptosis were detected. Our results
revealed that hearing thresholds and basic indexes of animal behavior did not change significantly after
exposure (P> 0.05). However, the MDA levels of ACx were increased (P< 0.05), and catalase (CAT),
superoxide dismutase (SOD), and glutathione peroxidase (GSH‐px) activities were decreased (P< 0.05) in
the exposure groups compared to the sham group. Ultrastructural changes of ACx, including swollen
mitochondria and layered myelin sheaths, were observed. Cytochrome‐c relocalization, caspase‐9, and
cleaved caspase‐3 activation were detected in the exposure groups. In conclusion, these results suggest that
oxidative stress is an important mechanism underlying the biological effects of RF‐EMR, which can
induce ultrastructural damage to the ACx and cell apoptosis through a mitochondria‐dependent
mechanism. Moreover, oxidative stress, apoptosis induction and ultrastructural damage increase in a SAR‐
dependent manner. However, RF‐EMR does not increase hearing thresholds or induce anxiety.
Bioelectromagnetics. 43:106–118, 2022. © 2021 Bioelectromagnetics Society.
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INTRODUCTION

Many devices such as microwave ovens, mobile
phones, WiFi routers, and base stations produce
radiofrequency electromagnetic radiation (RF‐EMR)
fields and thus affect our daily lives. RF‐EMR seems
to act as a toxin to biological systems. The hazardous
effects of RF‐EMR on the human body have long
been a hot topic and are still controversial. It has been
reported that RF‐EMR produces adverse effects such
as male fertility impairment [Wdowiak et al., 2007;
Agarwal et al., 2009], increased brain cancer risk
[Carpenter and Sage, 2007], and neuropsychological
disorders including anxiety, tinnitus, fatigue, head-
ache, drowsiness, and hypomnesis [Thomée
et al., 2011; Dasdag et al., 2015; Calvente et al., 2016;
Wang et al., 2017]. However, there is no consensus
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regarding whether RF‐EMF exposure could cause
potential detrimental effects in living animals or
isolated brain regions.

Frequency and specific absorption rate (SAR)
are two important indexes used to measure RF‐EMR.
Previous studies have revealed that exposure of
developing rodents to RF‐EMR may lead to an
impairment of brain cells, which depends on variables
such as the target‐SAR and the duration and frequency
of EMF exposure. The frequency of RF‐EMR
produced by communication devices such as mobile
phones and base stations is typically 800–2000MHz
[Valberg et al., 2006]. However, 5 G (450–3800MHz
and 24–80 GHz) mobile phones are increasingly being
used. The SAR is defined as the amount of RF‐EMR
energy absorbed by body tissues (watts per kilogram,
W/kg). The biological impact of RF‐EMR can be
classified as thermal and nonthermal. Thermal effects
are related to the heat created by RF‐EMR, while
nonthermal effects are associated with energy ab-
sorbed by tissues [Leszczynski et al., 2002;
Challis, 2005]. According to the criteria of the
Institute of Electrical and Electronics Engineers
standard, the SAR limit value of mobile phones is
2W/kg in most European countries, but in the United
States, it is 1.6W/kg [Hardell and Sage, 2008].
According to the guidelines of the International
Commission on Non‐Ionizing Radiation Protection
(ICNIRP), the whole‐body average SAR and the
localized (head and trunk) SARs of occupational and
general public exposure are 10, 0.08, and 2W/kg,
respectively. Additionally, RF‐EMR at an SAR of
4W/kg has a thermal effect [Vecchia, 2007; Hardell
and Sage, 2008].

The ear and auditory cortex (ACx) of the brain
are the most exposed areas to RF‐EMR when
holding a wireless cell phone to ear [Angela
et al., 2003; Dimitris et al., 2013; Chen et al., 2014].
The effect of RF‐EMR on hearing and the ACx is
controversial. Seckin et al. [2014] reported that
exposure to 900 MHz RF‐EMR induces significant
ultrastructural destruction of the cochlear. Oktay
et al. [2004] and Oktay and Dasdag [2006] demon-
strated that occupational or long‐term exposure to
electromagnetic radiation fields can lead to sensor-
ineural hearing loss. However, some studies have
shown contrary results [Ozturan et al., 2002;
Uloziene et al., 2005; Sievert et al., 2007]. Ad-
ditionally, our previous study demonstrated
ultrastructural changes in spiral ganglion neurons
(SGNs) and increased expression of autophagy
biomarkers following exposure to RF‐EMR at
1800 MHz and 4W/kg after lipopolysaccharide
(LPS) treatment [Zuo et al., 2015].

Redox homeostasis plays an important role in
maintaining the normal physiological functions of the
body. A change in the cellular redox balance and
overproduction of reactive oxygen species (ROS) are
part of signal transduction pathway during apoptosis.
In addition, mitochondria are critical for normal
cognitive function in animals; therefore, apoptosis
may be one of the main factors involved in RF‐EMR‐
induced cognitive changes [Tanaka et al., 2008; Gupta
et al., 2018].

Based on these studies, we hypothesize that
oxidative stress is an important mechanism underlying
the bioeffects of RF‐EMR, which may further activate
the apoptotic pathway and affect hearing and anxiety‐
like behavior. The ACx is increasingly understood to
be an integral part of the network of brain regions
responsible for prediction, auditory perceptual
decision‐making, and learning, which play vital roles
in the perceptual processing of complex acoustic
stimulus [King et al., 2018]. The bioeffects of
RF‐EMR on the function of different organs, such as
the hypothalamus [Dundar et al., 2009], hippocampus
[Gupta et al., 2018], the ear canal [Akdag et al., 2018],
cochlea [Yorgancilar et al., 2012; Zuo et al., 2015],
and cochlear nuclei [Özgür et al., 2015], have been
widely investigated. However, few studies have
investigated the effects of RF‐EMR on the ACx.
In recent years, the hazards of long‐term exposure to
RF‐EMR have been a research hotspot, but acute
damage to the ear and ACx caused by RF‐EMR has
not been well studied. We detected cellular ultra-
structure and apoptosis in the ACx by transmission
electron microscopy (TEM) and immunofluorescence
(IF), respectively, evaluated anxiety‐like behavior by
using the open field test (OFT), and assessed hearing
thresholds by measuring auditory brainstem response
(ABR) thresholds following RF‐EMR exposure at
three different SARs (2, 4, and 10W/kg). In addition,
malondialdehyde (MDA) levels and catalase (CAT),
superoxide dismutase (SOD), and glutathione perox-
idase (GSH‐px) activities in the ACx were analyzed to
assess the effects of RF‐EMR on lipid peroxidation
and oxidative stress.

MATERIALSANDMETHODS

Animals

Forty adult male guinea pigs (body mass:
300–350 g) with normal hearing were obtained from
the animal center of Chongqing Medical University
(China) and kept in a humidity‐controlled environ-
ment (55%± 10%) at room temperature (20–22 °C)
under a 12/12 h light/dark cycle. The animals were
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acclimatized for 1 week before the experiments. All
experiments were approved by the Ethics Committee
of Chongqing Medical University of China and were
performed in accordance with the National Research
Council Guide for the Care and Use of Laboratory
Animals.

Exposure System

The 3500 MHz electromagnetic radiation ex-
posure system was designed and built by the
Department of Dependable Service Computing in
Cyber Physical Society (Key Laboratory of the
Ministry of Education, Chongqing University,
Chongqing, China) (Fig. 1). To ensure the stability
and reliability of the exposure, the exposure system
was calibrated by N9010A EXA Signal Analyzer
(Agilent Technologies, Palo Alto, CA) before
exposure. The animals were kept in a wooden
cage having dimension of 40 × 40 × 60 cm with
sufficient free space during the exposure of EMR.
The carbon sheets impregnated with Styrofoam
covered the upper surface and base of the cage in
order to minimize the reflections of electromag-
netic radiation. After that, the wooden cage was
placed and fixed in an anechoic chamber with a
size of 60 × 60 × 80 cm, which was filled with
Styrofoam radiation absorber (to reduce the
reflection of radiation to the horn antenna).

The radiation exposure system consisted of a
microwave signal source (USRP‐2900; National
Instruments, Austin, TX), amplifier (Hengzhi,
Chengdu, China), horn antenna (A‐INFO, Chengdu,
China), wave guide transition (Hengzhi), computer
system, power sensor, and power meter (No. 836 A;
Agilent Technologies), as described in detail in a
previous paper [Wang et al., 2017]. The horn antenna
(A‐INFO) was kept in such a manner that it received
uninterrupted radiation from the source. The tempera-
ture of anechoic chamber was kept constant 25± 2 ℃
throughout the exposure period. The setup also has a
power meter with power sensor to measure the
maximum output power. This was measured to be
19.9 dBm which was delivered to the horn antenna
and amplifier. The distance between the pyramidal
horn and the mid plane of animal's body was
estimated by far field formulae (R≥ 2D2/λ) to be
60 cm. The power input to the horn antenna and the
reflections were measured by using a 20 dB cross‐
coupler, power sensor, and power meter of range
30 lm to 3W. The power that was transmitted (Pt) to
the antenna was estimated by subtracting the reflected
power with input power, which was sent to the
software‐controlled computer system.

The power density was obtained by using the
following formula: Power Density= PtGt/4pR2,
where Pt is the power transmitted into the cage,
Gt is the gain of the horn, and R is the distance

Fig. 1. RF‐EMR‐exposure system (detailed description in text). RX=Receive Port;
SDR Device=NI radiation resource; TX= Transmit Port. Circulator. Power Amplifier.
Wave guide attenuator, Power sensor, Horn and antenna, anechoic chamber.
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between the horn aperture and mid plane of the rat in
the cage.

Experimental Design

Forty guinea pigs were randomly divided into four
groups (n= 10), i.e. the sham group, 2, 4, and 10W/kg
groups. Guinea pigs in the sham group were kept in a
radiation box without being exposed to RF‐EMR, and the
others were exposed to 3500MHz RF‐EMR at different
SARs for 72 h. During the exposure time, there were no
limitations on food, drink, or activity.

Auditory Brainstem ResponseThresholds

Four hours before and after exposure, ABR were
conducted as previously described [Qin et al., 2017].
Hearing in both ears was evaluated in a soundproof room
with Smart EP (Intelligent Hearing, Miami, FL) hardware
and software before and after exposure based on ABR
thresholds. Animals were anesthetized with pentobarbital
(40mg/kg), and then three electrodes were inserted
subcutaneously, one (the active electrode) at the vertex
and the other two (the ground and reference electrodes) at
the muscles behind both auricles. The intensity was
decreased from 80 dB SPL in 20‐dB steps and then in
10‐dB and 5‐dB steps to obtain the threshold. The hearing
threshold was defined as the lowest level that evoked a
wave III response.

Open Field Test

One hour after the termination of exposure, open
field tests were conducted. Anxiety‐like behavior was
evaluated as previously described [Fiset et al., 2015]. Due
to thigmotaxis, rats and mice tend to walk along a wall.
Animals that spend most of their time in the periphery are
more anxious than those that explore the center [Tobach
and Gold, 1966; Zipser et al., 2014; Fiset et al., 2015].
Each animal was placed in the center of a plexiglass box
(100× 100× 50 cm) with a black floor for 15min to
measure parameters such as distance traveled, time spent
in the inner zone, and average velocity. The data were
recorded by a computer‐controlled tracking system
(Mobile Datum Information, Shanghai, China) under
dim light. To eliminate odor cues, the box was cleaned
with 70% ethanol before each test.

Measurement ofMDALevelsand Antioxidant Enzyme
Activity

The guinea pigs were sacrificed after completion of
behavioral and ABR tests, and the ACx was removed
quickly on ice and washed with ice‐cold sterile 0.01M
phosphate‐buffered saline (PBS). Then, the samples were
diluted with PBS and centrifuged, and the supernatants

were collected for estimation of oxidative stress para-
meters (MDA, GSH‐Px, SOD, and CAT).

Estimation of Total Protein

Total protein concentrations were measured with
a BCA Protein Assay Kit (Servicebio, Wuhan, China).
Values were expressed in terms of per mg protein.

MDA

Lipid peroxidation was estimated spectrophoto-
metrically by measuring the level of MDA. Briefly,
50 µl of 0.8% butylated hydroxytoluene (BHT), 750 µl
0.8% of TBA, 750 µl of 20% acetic acid (pH 3.5), and
100 µl of 8% SDS were added to 100 µl of tissue
homogenate. The reaction mixture was then incubated
at 95 °C, in water bath for 1 h. After this, the mixture
was cooled down by keeping on ice for 15 min and
then centrifuged at 2000 rpm for 10 min. Absorbance
was taken at 532 nm. Values were expressed in terms
of nmol/mg protein.

CATActivity

Catalase was estimated by measuring the
decomposition of hydrogen peroxide (H2O2). The
reaction mixture contained 1.9 ml of 50 mM phos-
phate buffer (pH 7.0) and appropriate dilution of
tissue supernatant to make a volume 2 ml. Reaction
was initiated by addition of 1 ml of freshly prepared
30 mmol H2O2 and the decrease in absorbance was
measured at 405 nm. One unit of catalase represents
the decrease of 1 µM of H2O2 per min. Activity was
expressed in terms of U/mg protein.

SODActivity

In brief, the reaction mixture consisted of 100 μl
of sample, 150 mM phosphate buffer (pH 7.4), 20 mM
L‐methionine, 50 μM EDTA, 1% Triton X–100,
100 μM riboflavin, and Greiss reagent. The absor-
bance was taken at 550 nm. Total SOD value was
calculated in term of units defined as the amount of
SOD that inhibits the reduction of nitroblue tetra-
zolium (NBT) by 50%. Activity was expressed in
terms of U/mg protein.

Glutathione Peroxidase

The reaction mixture (1 ml) contained 50 μl
sample, 398 μl of 50 mM phosphate buffer (pH 7.0),
2 μl of 1 mM EDTA, 10 μl of 1 mM sodium azide,
500 μl of 0.5 mM NADPH, 40 μl of 0.2 mM GSH, and
1U glutathione reductase. The resultant mixture was
allowed to equilibrate for 1 min at room temperature.
After this, the reaction was initiated by addition of
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100 mM H2O2. The absorbance measured kinetically
at 412 nm for 3 min. Activity was expressed in terms
of U/mg protein.

Transmission ElectronMicroscopy

Guinea pigs were anesthetized with pentobar-
bital and transcardially perfused with 0.01M PBS (pH
7.4) and 2.5% glutaraldehyde. The ACx was removed
quickly and fixed with the same glutaraldehyde
solution overnight at 4°C and then postfixed with
1% osmium tetroxide for 2 h. The tissues were
dehydrated in different concentrations of ethanol,
treated with propylene oxide for 30 min, and then
embedded in mixtures containing different concentra-
tions of araldite. Ultrathin sections were placed on
copper grids and stained with uranyl acetate followed
by lead citrate. TEM (FEI TecnaiG212; Phillips,
Eindhoven, Holland) was used to examine ultra-
structure.

Immuno£uorescence Staining

Animals were transcardially perfused with
0.01M PBS and 4% paraformaldehyde after being
anesthetized with intraperitoneal pentobarbital
sodium. The brains were collected and fixed with
4% paraformaldehyde for 24 h at 4°C, embedded,
sectioned at a thickness of 5 mm, and mounted on
glass slides. The dewaxed sections were incubated
with 10 mM citrate buffer (pH 6.0) for 5 min. Some
sections were incubated with an anti‐Cyt‐c antibody
(1:500; Servicebio, Wuhan, China), some sections
were incubated with a cleaved caspase‐3 antibody
(1:500; Servicebio), and the others were incubated
with a caspase‐9 antibody (1:500; Servicebio) over-
night at 4 °C. After three washes with PBS, all
sections were incubated with the secondary antibody
(1:500; Servicebio) at 37 °C for 1 h. Subsequently, the
sections were examined under a laser‐scanning
confocal microscope (Nikon, Tokyo, Japan).

Statistical Analysis

The results were analyzed with SPSS 23.0 software
(SPSS, Chicago, IL). ABR data were analyzed by paired

t test, and other data were analyzed by one‐way analysis
of variance. All data are presented as the means±
standard deviation (SD), and P< 0.05 were considered
statistically significant.

RESULTS

Auditory Function

As shown in Figure 2, there were no significant
changes in ABR thresholds after exposure to different
SARs (sham, 2, 4, and 10W/kg), which indicates that
acute exposure to RF‐EMR does not increase the
hearing threshold.

Exploratory Behavior

To evaluate exploratory behavior after exposure,
the OFT was performed before the ABR test. As
shown in Table 1, after exposure for 72 h, there were
no significant differences in the distance traveled (m),
the time spent in the inner zone (s), or the average
velocity (cm/s) between the sham and exposure
groups, which indicates that acute exposure to
RF‐EMR does not induce anxiety‐like behavior in
guinea pigs.

Fig. 2. The effect of 3500MHz RF‐EMR on ABR
thresholds. There were no significant changes in ABR
thresholds after exposure to RF‐EMR at different SARs
(sham, 2, 4, and 0W/kg) (P> 0.05). ABR= auditory brainstem
response; RF‐EMR= radiofrequency electromagnetic radiation;
SAR= specific absorption rate.

TABLE 1. The Effect of 3500MHz RF‐EMR on Open Field Test

Sham 2W/kg 4W/kg 10W/kg P

Total distance (m) 136.34± 70.37 141.84± 62.57 130.08± 47.21 119.23± 36.78 0.82
Speed (cm/s) 15.15± 7.86 15.83± 6.98 14.45± 5.25 13.25± 4.09 0.82
Inner zone time (s) 50.11± 45.09 46.68± 38.42 20.33± 21.68 36.89± 34.02 0.26

Note: There were no significant differences in the distance traveled (m), the time spent in the inner zone (s), or the average velocity
(cm/s) between the sham and exposure groups (P> 0.05). The values are expressed as the mean± SD.
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Ultrastructural Morphologyof the ACx

As shown in Figure 3, in the sham group, no
obvious ultrastructural changes in ACx neurons
were found. Intact nuclear membranes, normal
mitochondria, and intact and compact myelin
sheaths were observed (Fig. 3A, A1, A2). How-
ever, swollen mitochondria in neurons and layered
myelin sheaths in nerve fibers were found in the
exposure groups. In the 2 W/kg group, neuronal
mitochondria were slightly swollen, while myelin
sheaths were intact (Fig. 3B, B1, B2). In the 4 and
10 W/kg groups, mitochondria were swollen, and
myelin sheaths were obviously layered. These

changes were more significant in the 10 W/kg
group (Fig. 3D, D1, D2).

Oxidative Stress Indexes in the ACx

To study the effect of RF‐EMR on the ACx,
the oxidative stress markers MDA, CAT, SOD, and
GSH‐px were detected. As shown in Figure 4, we
found that the level of MDA was significantly
increased, while the activities of CAT, SOD, and
GSH‐px were significantly decreased in the ex-
posure groups compared to the sham group. In the
2, 4, and 10 W/kg groups compared to the sham
group, the levels of MDA were increased by

Fig. 3. The effect of 3500MHz RF‐EMR on the ultrastructure of the ACx (magnification,
×8000, ×20,000). Normal nucleus, uniformly chromatin, and normal mitochondria are
shown in the sham group (A1), while swollen mitochondria (black arrows) were found in the
2, 4, and 10W/kg groups (B1, C1, D1). Intact and compact myelin sheaths were observed
in the sham group (A2) and 2W/kg group, while layered myelin sheaths (white arrows) were
found in the 4 and 10W/kg groups (C2, D2). The figures A1, B1, C1, and D1 were amplified
to 20,000× to better describe the black frame of figures A–D, respectively. ACx= auditory
cortex; RF‐EMR= radiofrequency electromagnetic radiation.
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1.24‐ (P < 0.05), 1.29‐ (P < 0.05), and 1.56‐fold
(P < 0.001), respectively; CAT activity was de-
creased by 1.36‐ (P < 0.05), 1.55‐ (P < 0.05), and
2.02‐fold (P < 0.001), respectively; SOD activity
was decreased by 1.27‐ (P < 0.05), 1.43‐
(P < 0.01), and 1.64‐fold (P < 0.001), respectively;
and GSH‐px activity was decreased by 1.16‐, 1.23‐
(p < 0.05), and 1.41‐fold (P < 0.01), respectively.
The data indicate that as the SAR increased, the
activities of SOD, CAT, and GSH‐px decreased,
and the level of MDA increased.

Cyt c Release and Cleaved Caspase‐3, Caspase‐9
Expression

To determine whether RF‐EMR can induce
apoptosis, Cyt c release, cleaved caspase‐3, and
caspase‐9 expression were detected by IF. Previous
studies have shown that Cyt c is expressed in neuronal
mitochondria and that transport of Cyt c from
mitochondria to the cytosol indicates apoptosis. As
shown in Figure 5, Cyt c, which showed slight
staining in the sham group, was released from
mitochondria into the cytosol in the exposure groups.
The fluorescence signal gradually increased as the
SAR increased and was the strongest in the 10W/kg

group. As shown in Figures 6 and 7, the caspase‐9 and
cleaved caspase‐3 expression in the exposure groups
was higher than that in the sham group, and the
expression gradually increased as the SAR increased.
The above results indicate that RF‐EMR exposure
may trigger apoptosis.

DISCUSSION

Previous studies have shown the effect of
exposure to RF‐EMR of different frequencies and
intensities on the eyes, hippocampus, cochlea, and
reproductive system. Our study focused for the first
time on the effect of acute exposure to high‐frequency
and high‐SAR RF‐EMR on the ACx and anxiety‐like
behavior. The results demonstrated that there were no
significant changes in hearing threshold or anxiety.
However, we found that acute exposure to 3500MHz
RF‐EMR changed the ultrastructures of the ACx,
caused Cyt‐c release from mitochondria, increased the
expression of caspase‐9 and cleaved caspase‐3, and
induced oxidative stress.

Activation of the ROS system is relevant to
oxidative damage to cellular macromolecules such as
lipids, proteins, and nucleic acids, which play a

Fig. 4. The effect of 3500MHz RF‐EMR on (a) MDA levels, (b) CAT activity,
(c) SOD activity, and (d) GSH‐px activity in the ACx. The values are expressed
as the mean ± SD; *P< 0.05, **P< 0.01, ***P< 0.001 versus the sham group. #P< 0.05
versus the 2W/kg group. ACx= auditory cortex; CAT= catalase; GSH‐px= glutathione
peroxidase; MDA=malondialdehyde; RF‐EMR= radiofrequency electromagnetic radiation;
SOD= superoxide dismutase.
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significant role in the biological effects of RF‐EMR.
MDA is the breakdown product of the major chain
reactions leading to the oxidation of polyunsaturated
fatty acids, thus causing oxidative stress [Draper and
Hadley, 1990]. However, antioxidant defense systems,
including SOD, CAT, and GSH‐px, can scavenge this
harmful molecule. In the present study, acute exposure
to 3500MHz RF‐EMR at an SAR of 2, 4, or 10W/kg
resulted in intensity‐dependent increases in free

radical load, which subsequently induced oxidative
stress in the ACx and weakened the antioxidant
defense system. These changes are consistent with
previous observations in various cells and tissues
[Esmekaya et al., 2011; Salah et al., 2013; Özsobacı
et al., 2019]. Additionally, oxidative stress induced by
3500MHz RF‐EMR led to ultrastructural changes in
the ACx. Swollen mitochondria were observed in
ACx neurons by TEM. In addition, intact and compact

Fig. 5. Cyt c release detected by IF (magnification, ×400). The red fluorescence represents
Cyt c staining, the blue fluorescence represents DAPI staining, and the merged images
show Cyt c and DAPI double staining in the ACx. ACx= auditory cortex; DAPI= 4′,6‐
diamidino‐2‐phenylindole; IF= immunofluorescence.
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myelin sheaths were observed in the sham and 2W/kg
groups, while layered myelin sheaths were observed
in the 4 and 10W/kg groups. Myelin serves as an
electrical insulator for the transmission of electrical
signals in the central and peripheral nervous systems
and plays critical roles in the development and
function of the nervous system [Redmayne and
Johansson, 2014; Kim et al., 2017]. This result
indicates that RF‐EMF exposure at an SAR of 4 or

10W/kg may damage myelin in the ACx, while RF‐
EMR at an SAR of 2W/kg cannot induce damage to
myelin. More research is needed to confirm the effect
of RF‐EMR at different SARs on the nervous system.

Apoptosis is an organized and energy‐dependent
process in which mitochondria play a crucial regula-
tory role [Samaiya et al., 2016]. Changes in cellular
redox can be part of signal transduction during
apoptosis. It has been reported that 1800MHz

Fig. 6. Caspase 9 expression detected by IF (magnification, ×400). The red fluorescence
represents caspase 9 staining, the blue fluorescence represents DAPI staining, and the
merged images show caspase 9 and DAPI double staining in the ACx. ACx= auditory
cortex; DAPI= 4′,6‐diamidino‐2‐phenylindole; IF= immunofluorescence.
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RF‐EMR can induce oxidation of the mitochondrial
pores, disrupt the mitochondrial membrane potential
(Δψm), and cause Cyt c release through overproduc-
tion of ROS [Santini et al., 2018]. In the present study,
Cyt c release from mitochondria into the cytosol,
which indicates the opening of the mitochondrial
transition pore due to the loss of mitochondrial
integrity, was observed in the exposure groups.
Cytosolic Cyt c acts in concert with apoptosis

activating factor‐1 (Apaf‐1) to activate procaspase‐9.
Active caspase‐9 is an initiator caspase, which in turn
activates effector caspases, such as caspase‐3 and
caspase‐7. Caspase‐3 is a member of caspase family
and plays a central role in the execution phase of cell
apoptosis and cleaves the majority of cellular
substrates in apoptotic cells. Therefore, we analyzed
the expressions of cleaved caspase‐3 and caspase‐9 by
IF. Our results indicate that the caspase‐9 and cleaved

Fig. 7. Cleaved caspase‐3 expression detected by IF (magnification, ×400). The
red fluorescence represents cleaved caspase‐3 staining, the blue fluorescence
represents DAPI staining, and the merged images show cleaved caspase‐3 and DAPI
double staining in the ACx. ACx= auditory cortex; DAPI= 4′,6‐diamidino‐2‐phenylindole;
IF= immunofluorescence.

E¡ect of RF‐EMR on the ACxand Anxiety‐Like Behavior 115

Bioelectromagnetics

 1521186x, 2022, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bem

.22388 by U
niversity O

f B
ritish C

olum
bia, W

iley O
nline L

ibrary on [10/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



caspase‐3 expression in the exposure groups was
higher than that in the sham group, indicating that
exposure to EMR‐35000 caused mitochondrial dys-
functions leading to leakage of Cyt‐c from the
mitochondria and activation of intrinsic pathway of
apoptosis. Moreover, the significant increase in Cyt c,
cleaved caspase‐3 and caspase‐9 expression in the
ACx in all exposure groups suggests that the degree of
apoptosis induction increased in an SAR intensity‐
dependent manner.

Many studies have highlighted the contribution
of brain mitochondria to psychiatric disorders, in-
cluding anxiety. Several mitochondrial functions, such
as oxidative stress and apoptosis, are altered in
individuals with high anxiety levels [Filiou and
Sandi, 2019]. In addition, Redmayne and Johansson
[2014] reported that myelin damage may induce a
variety of symptoms, including irritability, depression,
and anxiety. We, therefore, used the OFT to explore
whether acute exposure to RF‐EMR affects anxiety‐
like behavior. In our experiment, parameters such as
the distance traveled (m), time spent in the inner zone
(s), and the average velocity (cm/s) were not
significantly changed after exposure to RF‐EMR,
which indicates that acute exposure to RF‐EMR,
even at an SAR of 10W/kg, did not increase the
anxiety‐like behavior of the guinea pigs in our system.
Our results are consistent with previous studies
[Kumlin et al., 2007; Júnior et al., 2014], although
some studies have reported opposite conclusions
[Saikhedkar et al., 2014; Zhang et al., 2017]. The
discrepancy may be attributed to the following factors.
First, in addition to oxidative stress and apoptosis,
changes in energy metabolism, neurosteroid produc-
tion, and Ca+ concentration in mitochondria are
related to anxiety‐like behavior. Second, it is well
known that neural correlates of anxiety are highly
complicated and are related to several brain regions,
such as the amygdala, hippocampus, hypothalamus,
and cortex. Moreover, different species, apparatuses,
and exposure parameters have been used to detect
anxiety‐like behavior in various studies. Other beha-
vioral tests for anxiety such as elevated plus maze,
light‐dark transition should be included in future
studies.

In addition, although RF‐EMR caused changes
in the ACx, such as oxidative stress, ultrastructural
damage, and cell apoptosis, the ABR thresholds were
not increased after acute exposure to 3500MHz, even
at an SAR of 10W/kg. This indicates that these
changes were not sufficient to increase the hearing
thresholds measured by the ABR test. Since the ABR
test measures retrocochlear function, further studies
are needed to investigate whether retrocochlear

conduction of nerve impulses is damaged by
RF‐EMR exposure.

The present study employed an acute exposure
model with an exposure period of 72 h. Some people
face such exposure under certain circumstances, such
as occupational exposure and special emergencies. In
our experiment, the activity of the guinea pigs was not
limited to reduce the emotional changes that may have
been caused by stress interference.

CONCLUSIONS

In summary, oxidative stress is an important
mechanism underlying the biological effects of
RF‐EMR, which can induce ultrastructural damage
to the ACx and cell apoptosis through a
mitochondria‐dependent pathway. The degree of
oxidative stress, apoptosis induction, and ultrastruc-
tural damage increases in an SAR‐dependent
manner.

Although RF‐EMR does not increase hearing
thresholds or induce anxiety in our study, it may alter
the hearing thresholds or anxiety level. Also, once the
power of RF‐EMR‐induced oxidative stress reaches
considerably above the threshold of auditory percep-
tion, it may cause tissue injury. These results provide
clues for future research on how to protect the
auditory cortex against damage induced by RF‐EMR.
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