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Abstract

Introduction: Fear memories are influenced by psychological and environmental variables. We
evaluated the effect of 2.45 GHz microwave radiation on rats’ fear learning and memory ability
to determine the potential risks. The present study aimed to assess the impacts of corticosterone
(CORT) levels on the consolidation and reconsolidation of fear conditioning memories.

Methods: The rats were evaluated in contextual fear conditioning using foot shocks in both short-
term (7 days) exposure and long-term (30 days) exposure. Young male Wistar rats were continually
exposed to radio frequency electromagnetic field radiation for 5-6 weeks (1 h/day) with a frequency,
power density, and pulse width of 2.45 GHz, 6.0 mW/cm?, and 2 ms, respectively. Several animals
housed in identical conditions without exposure to radiation were monitored.

Results: Based on the results, a significant increase and decrease in body weight and percentage of
the freezing time were observed after the short-term group respectively. However, in the long term,
we observed no significant difference in body weight, and the freezing time decreased substantially.
Conclusion: As CORT levels were analyzed, long-term radiation might increase stress, which was
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Introduction

Electromagnetic radiation (EMR) can be classified
into many categories depending on its frequency and
wavelength. The electromagnetic fields (EMFs) are
broadly classified into two groups: EMFs (>3 Hz-3 kHz)
of extremely low frequency (ELF) and radiofrequency
electromagnetic fields (RF-EMF) (3 kHz-300 GHz).!
EMF-generating devices, such as mobile phones, tablets,
and other electrical gadgets, are now widely utilized
in our everyday lives.> EMF effects are a complicated
phenomenon for biological beings.** The detrimental
effects of EMF on the cognitive and behavioral
characteristics of humans and rodents have been widely
debated, and there has been increasing concern regarding
the adverse effects of EMF on general brain function.®
Some new laboratory studies, notably on the impacts of
RF waves linked to mobile phone technology, have been
published in recent years, and it is relevant to evaluate the
results of all of these studies to further the argument.**
Hence, there are several factors to consider when
assessing whether RF radiation may affect the human
brain and its following outcomes in the type of cognition

associated with significant weight loss in rats.
Keywords: Fear memory; Electromagnetic field; Corticosterone; Animal model.

and behavior.” Environmental disturbances are most
evident in the brain, particularly in the hippocampus.?®
Consequently, the purpose of this study was to investigate
changes in some major parameters (body weight, levels of
corticosterone [CORT], and contextual fear conditioning
[CEC]) that are directly and indirectly related to the
hippocampus following exposure to EMF radiation.’
Furthermore, stress hormones regulate neuropathological
and physiological fear memories, and they may be
involved in anxiety disorders.'

Fearful incidents are typically well remembered."
Later in life, acute traumatic experiences may improve
learning new connections.*? In other words, fear memory
generalization is a learning mechanism that encourages
adaptable answers to new situations.'” Fear is the most
intensely studied emotion in brain anatomy and neural
pathways.”® Stress improves fear learning, mediated
through the basolateral amygdala, which has recently
been demonstrated to regulate hippocampal plasticity
and dendritic development.' Fear memory is produced in
three areas of the brain: the hippocampus, which includes
inhibitory avoidance and contextual conditioning; the
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basolateral amygdala (inhibitory avoidance); and the
lateral amygdala (tone conditioning).** Repetitive stress
promotes learning fear through brain action mediated
by pB-adrenoceptors and increases impulsiveness
through an independent mechanism. The expression
of ribonucleic acid (mRNA) of the zif268 messenger
in the amygdala is increased." When stable memories
are reactivated, they become labile and are subject to
extinction or reconsolidation mechanisms.”” Several
studies have shown that the release of stress hormones
during and shortly after stress can impact the genesis and
development of anxiety disorders both physiologically
and pathologically. Compared to female rats,
glucocorticoids control more inflammatory genes and
induce a more robust anti-inflammatory response.'®
Furthermore, dose-response experiments in the livers of
male and female rats revealed that some genes in females
are 10- to 100-fold less responsive to glucocorticoid
regulation than those in males."” Thus, the majority of
studies on the effects of glucocorticoid hormones have
been conducted with male participants.'® Stress activates
the hypothalamic-pituitary—adrenal (HPA) axis and
secretes these hormones,'® which cause the adrenal cortex
to produce glucocorticoids (CORT in rats and cortisol
in humans) that are linked to mineralocorticoid and
glucocorticoid receptors in the brain.”

CFC is a Pavlovian conditioning model that instantly
creates fear memories in a context like a room or a
chamber. CFC is a procedure that involves placing
an animal, typically a rat, in a context (conditioned
stimulus) and exposing it to wunpleasant stimuli
(unconditioned stimulus). In conjunction with similar
procedures for fear conditioning, CFC is used to simulate
behavioral situations for studying the neurobiology of
anxiety disorders in rats, such as post-traumatic stress
disorder or phobias.?** Also, rats have been exposed to
CFC to evaluate hippocampus-dependent memory.*
Experimental subjects learn to connect a neutral
environment with an aversive stimulus and exhibit fear
responses to a setting that predicts danger in CFC.” In
contextual fear conditions, rats get electrical foot shocks
in the conditioned stimulus (CS).

In addition, they are aware that when the noise or
light CS occurs, the foot will be shocked; thus, they fear
it as well.** When the tonic stimulus is heard during the
testing phase, the typical reaction of fear-conditioned rats
is to “freeze,” which means that they remain immobile
for a variable amount of time.” Freezing is a particular
response to fear characterized as “lack of movement
save for breathing.” This might take seconds to minutes,
depending on the severity of aversive stimuli, the number
of exposure, and the subject’s level of learning.*® On the
other hand, animal research revealed that EMF exposure
in various settings altered CORT plasma levels and
increased stress-related behavior.?

The purpose of the present study was to discover the
effects of EMF on some biological factors such as body
weight, fear memory, and the relationship between
stress-induced CORT levels in rodents at different times
of exposure to EMF at 2.45 GHz. Hence, the effects of
EMF at this frequency on animals’ fear memories remain
unclear. However, in this study, we aimed to determine
whether EMF at 2.45 GHz may impact the conditioning
of fear memory in rats and could affect CORT levels
immediately after CFC.

Materials and Methods

Animals

In this study, thirty-two Wistar male rats, 5-6 weeks old,
with a bodyweight range of 180-250 g, were employed.
The rats were housed on a 12-hour light-dark cycle and
provided commercial rat chow. The rats were exposed to
the laboratory setting for one week prior to handling.

Experimental Design

The animals were randomly divided into the following

four groups (EMF groups and control groups):

1. Short-term exposed group: effects of 2.45 GHz EMF
on rats for one week (60 minutes daily). The training
phase of assessing fear memory was conducted on
the sixth day of radiation. In the short-term groups,
the sixth day was considered the training phase of
the fear memory test. Also, on the seventh day of
irradiation, animals were immediately subjected to
the fear memory test.

2. Control short-term group: like the previous group
(mentioned above), no radiation was performed, one
hour per day for seven consecutive days.

3. Long-term exposed group: This group was subjected
to the same frequency as that in the short-term
groups, but for a period of 30 days and one-hour
daily exposure. On the 29" day after radiation
exposure, the training phase for evaluating fear
memory was immediately performed using foot
shock. In addition, on day 30, the fear memory test
was carried out without foot shock.

4. Control long-term group: Similar to the last group
(described above), no radiation was administrated
(one hour per day for thirty days).

Every attempt was made to reduce the number and
suffering of the animals utilized in the study.

EMEF Application and Exposure System

The live animals’ 2.45 GHz EMR device incorporated
a computer, microwave signal sources, and a two-
dimensional moving loading platform. The microwave
output of a horn antenna has a power range of 1-200
W. The EMR device includes a power amplifier (ZHL-
16W-43+, USA) to amplify the signal generated and a
signal generator (the Agilent HP 83732B, USA), which can
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generate signals in the frequency bandwidth range from
10 MHz to 20 GHz. A horn antenna S-band (model LB-
OH-320-10-C-NF) with dimensions of 257 x124x 164
mm, which can operate in the frequency range of 2 to 4
GHz, a power meter, a radiation box (20x30 cm), and
a power density measuring device were used. On the
surface of the radiation cage, electromagnetic waves
(pulsed modulation) with a frequency of 2.45 GHz and
a density of 6 mW/cm?, pulse width (2 ms), and pulse
repetition frequency of 500 Hz were irradiated from
above. The spacing between the horn antenna and the
tested animals was 25 cm. For this study, we used pulse
waves because, unlike continuous waves, they transmit a
lower level of power to the subject, and they did not cause
tissue heating or tissue destruction through heat.

Contextual Fear Conditioning

A CFC approach was used. Then the rats were subjected
to CFC. Only one conditioning chamber was utilized. The
conditioning chamber comprises a chamber (53 x 65 x 55
cm) with Plexiglas and aluminium and a grid floor with
0.3 cm steel bars separated at 1.8 cm. The complete
behavioral technique is as follows:

The animals were transferred to the test chamber
individually on the training day (6™ in the short-term
and 29" in the long-term groups). Rats were allowed
two minutes to freely explore the area. The noise was
then played for 30 seconds with a sound frequency of 4
MHz and an intensity of 90 dB. In the last two seconds,
an electric shock using a current of 0.5 mA was delivered
to the animal via the floor bars of the chamber. After 300
seconds, the animal was removed from the chamber. The
following day, the animals were returned to the same
chamber for 2 minutes for a fear memory test on day 7
for short-term study and on the 30" day for long-term
exposure to radiation study without the shock but using
the tone. Between the tests, the chamber was cleaned with
75% ethanol and dried. A researcher who was not aware
of the procedure videotaped it and assessed behavioral
reactions and the length of immobility as the freezing
time was recorded. The initial 300 seconds of freezing
was regarded as a general fear response to the chamber,
similar to the previous day as a training day. The freezing
behavior of the experiment (defined as no beam crossing
over 1 s) was recorded in the database and the time
spent freezing throughout the 300-second recording
session measured fear memory retention. Throughout
the duration of the study in the retrieval habitat, the
percentage of time spent freezing (freezing time%) was
computed (freezing time x 100/total recorded time) for
each animal.

Measurement of Corticosterone
Chloroform was used to anesthetize rats, and blood
samples were taken directly from their hearts. The blood

was taken and kept immediately on ice in an EDTA-
coated tube (Microvette, Sarstedt, Germany). The blood
serum was centrifuged for 10 minutes at 1600 g, and
the CORT level in plasma was measured (expressed in
nmol/L) according to the manufacturer’s instructions
using the Corticosterone ELISA Kit (Cat # KA0468).
The absorbance of the samples was determined using an
ELISA reader set to 450 nm.

Results

A one-month pulsed modulated RF exposure period
did not result in any documented injuries or fatalities.
The schematic design of the fear conditioning test is
shown in Figure 1A. The body weight of the rats differed
significantly between the exposed and control groups
during the short-term study (P=0.0016, Figure 1B).

In the weight gain session in Figure 1D, the fear memory
test itself, as a stress condition plus chronic exposure (1
hour daily for 30 days) to 2.45 GHz radiation, induced
weight loss compared with its control group (P>0.05).
However, regardless of EMF exposure, all animals
exposed to acute exposure (short-term) gained more
weight significantly (P=0.0016) during the experiment
(Figure 1B). The short-term exposed group on day 7
showed a significant difference with day 1 (P=0.0059),
as shown in Figure 1B. A two-way ANOVA analysis
revealed a significant interaction between groups and
time exposure (F |, =10.72; P=0.0032) and a significant
difference in time exposure (F (120 = 60-203; P=0.0201),
but no significant difference was found in groups of
animals (F (120 = 3-838; P=0.0618). Also, the Student’s
t-test showed that the loss in body weight in the long-term
exposed group was not found significantly lower than the
control long-term group (P>0.05); however, a statistical
difference was observed between the short-term exposed
group and its control group (P=0.0497) using student’s ¢
test for 1 hour daily on day 7. Furthermore, the rats were
subjected to fear conditioning to evaluate the ability of
fear to learn.

Figure 2 indicates the freezing time during the
conditioning session (tone test). Irradiated animals in the
short-term and long-term groups exhibited a statistically
significant decrease (P=0.0322 and P=0.0162) in the
percentage of freezing time in the conditioning fear
memory test based on the student’s ¢ test between the
control group and its exposure group. A two-way ANOV A
analysis indicated no significant interaction of exposure
time and groups (F , =0.179; P=0.6752), a significant
main impact of groups (F (128 = 13.0; P=0.0012), and a
significant impact of exposure time (days) (F (125 =8-09;
P=0.0082). During the experiment, freezing was
observed to see if the behavioral strategies affected fear
in a particular environment. Based on the data shown in
Figure 2, it can be inferred that exposure to EMF in the
2.45 GHz range reduced the rate of immobility and the
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Figure 1. Schematic design for the fear conditioning test (A). Changes in body weight in rats exposed to 2.45 GHz electromagnetic fields during short-term
exposure (7 days) (B), long-term (30 days) exposure (C), and weight gain (D). All data are presented as mean+SD. Note a significant increase in the short-term

exposed rats compared to their control group on day 1, P<0.05, * P<0.01

loss of conditioned memory, in terms of spatial and fear.

Next, we investigated whether CORT levels changed
following the fear memory test and the context tone test
time exposure. Figure 3 depicts the CORT levels in rats
following the conditioning fear memory test. After fear
conditioning, significantly, the student’s ¢ test revealed
a tendency toward a higher increase in CORT levels in
the short-term exposure group compared to the control
group (P=0.0295, Figure 3A). The long-term exposed
group showed no significant difference compared to its
control group at P=0.0668 (Figure 3A).

The indices were examined by a two-way ANOVA
using various groups (tested and control groups) and the
length of exposure time. The two-way ANOVA using the
Bonferroni post hoc test showed a significant difference
in groups (control and exposed) effects (F e =2-874,

P=0.0200), no significant difference in groupsxlength
of exposure time interaction (F e = 1134, P=0.3279),
and a significant difference in the length of exposure
time (F 1o =1174, P<0.0001). The effects on irradiated
and non-irradiated (control) animals were unaffected
by group or exposure length. A Pearson’s correlation
revealed a significant difference between plasma CORT
levels and groups” weight gain (g) (Figure 3B-3E). Based
on the findings, CORT levels were only in long-term
groups (control and exposed) positively correlated with
body weight gain following 30 days of the experiment
(r=0.6442, 95% CI: -0.1107-0.9277, P=0.0847, Figure 3D;
r=0.3947, 95% CI: -0.4294-0.8601, P=0.3332, Figure 3E).

Discussion
Different EMFs are thought to have both beneficial and
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Figure 2. Mean Percentage of Freezing to Context and Tone Data
Following a 24-Hour Contextual Fear Conditioning Test (tone: 4000 Hz,
90 dB, 30 s; foot shock: 0.5 mA, 2 s). The freezing time of the control
and EMF exposure groups was monitored, recorded, and evaluated by
the software application. All data are presented as mean+SD and were
analyzed using one-way and two-way ANOVA (comparing between all
groups) or Student’s ¢ test to compare the short-term group and its control
group, and the long-term group and its control group; ns=not significant;
" P<0.05 and ™" P<0.001.

detrimental biological effects.” In this study, the effect
of EMF at a frequency of 2.45 GHz on the fear memory
of male rats was investigated. The study groups were
divided into four groups of eight rats for the radiation
period experiment. These groups included two groups of
short-term (control and its exposed group) for one week
and long-term (control and its exposed group) for thirty
consecutive days. According to existing guidelines, the
mean power density limit for occupational RF exposure
was 10 W/m?22%* However, we used a lower power density
than this limit (6 mW/cm?=0.6 W/m?). Particularly, the
widespread usage of 2.45 GHz radiation is on the rise,
raising concerns about potential health risks, especially to
the neurological system.* In the present study, we used
the fear conditioning test to assess the effects of EMF
exposure on fear learning and memory. CFC may be a
fundamental key learning experiment.*'

Fear is an anxious and exciting reaction to an express
threat related to defense system activation. Fear
conditioning is predicated on a Pavlovian condition and
the induction of fear to respond to unconditional stimuli.
Both mechanisms are complicated and depend on the
release of CORT.*? Our study showed that both short-
term and long-term exposure groups were biologically
different from their control groups. However, we
observed a significant increase in body weight in the
short-term exposure group. After exposure, the body
weight of the short-term groups of rats exhibited a
significant difference compared to the control group
(P<0.05) on the last day. This discovery could imply that
the mechanism(s) that controls body fuel is sensitive to
2.45 GHz during this period. Virtually identical research
conducted by Shahabi et al* found that chronic exposure

for two months to mobile radiofrequency at 900 MHz had
no impact on animal body weight, while acute exposure
(only for one month) showed a significant difference.
However, a systematic review by Sienkiewicz et al in 2019
showed that many papers, using weight as biological
evidence, have indicated a detrimental effect on memory
and spatial learning from exposure to EMF.6

In the current study, we carefully monitored CORT
plasma levels throughout the experiment to determine
how variations in CORT plasma levels may be related to
fear memory generalization. Regarding CORT levels, de
Kloet et al** mentioned that dysregulation in HPA axis
performance and alterations in CORT levels have been
linked to the development of anxiety disorders. However,
in our study, the time course of EMF did not show any
significant difference in the long-term exposure group.
Some other studies also confirmed that their results
regarding EMF exposure did not affect CORT levels.**
As we discussed earlier, compared with the control
groups, there was a significant difference in the CORT
levels in only the short-term exposed groups. Also,
we found a significant difference between these two
groups (short-term exposure and long-term exposure
groups). However, a study by Bouji et al showed that RF-
EMF exposure improved Alzheimer’s disease memory
impairments in animal models.*® In the animal model of
Alzheimer’s disease, they found that RF-EMF exposure
increased hippocampal HOI staining while decreasing
CORT levels.”

In contrast but with similar results to our findings,
Sandiand Loscertales discovered that their findings might
be attributed to plastic alterations in the hypothalamus
that explain the consequences of chronic exogenous
glucocorticoid increases in the negative responses of the
HPA axis.*® Another study by Roozendaal investigated
whether glucocorticoids decrease memory function.
Memory recall activities are often affected by elevated
circulating levels of glucocorticoids or following
hippocampal infusions of glucocorticoid receptor
agonists.”

Onthebasisofthebodyweightand CORTlevelsdepicted
in Figures 1B, 1C, 1D, and 3, it can be concluded that long-
term radiation may increase stress, which is associated
with significant weight loss in rats. As CORT levels did
not change in the animals exposed, this data may show
that exposure to 2.45 GHz long-term does not depend on
adrenal gland activity. However, our findings indicated
that EMF exposure in the long-term study affected both
hippocampus-dependent and hippocampus-independent
learning and memory represent hippocampus-dependent
and hippocampus-independent learning and memory,
respectively.®® EMF at a frequency of 2.45 GHz caused
damage to the fear memory in our rats during the long-
term study. However, Szemerszky et al mentioned that
prolonged and continuous exposure to a reasonably high-
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group.

intensity EMF may constitute a moderate stress scenario
and may have a role in the development of a depressed
mood or metabolic abnormalities,” which we observed
in our long-term exposed animal group in weight gain
data. As a result, further research is needed to understand
the impact of ELF-EMF on behavior and sex and to
investigate memory-related genes.

Conclusion

Based on the results obtained from the fear memory
extinction between the two different groups of short-
term and long-term exposure to 2.45 GHz radiation and
their significant differences, it can be concluded that both
short- and long-term radiation has a significantly more
destructive effect on fear memory in rats. Also, the results
of weighing rats showed that the group under short-term
radiation compared to the control group had a significant
weight reduction. During both short-term and long-term
exposure to EMF, we observed an increase in CORT levels
in rats, which was related to increased stress compared to
their corresponding control groups. However, there was a
negligible and non-significant difference in the long-term
exposure. On the other hand, increasing stress showed a
significant decrease in the weight of rats. Further research
under controlled settings is needed to fully understand
and corroborate these occurrences and findings.
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