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Abstract

A certain power of microwave radiation could cause changes in the nervous, cardiovascular, and other systems of the body,
and the brain was a sensitive target organ of microwave radiation injury. Studies have shown that microwaves can impair
cognitive functions in humans and animals, such as learning and memory, attention, and orientation. The dose-dependent
effect of microwave radiation is still unclear. Our study aimed to investigate the effects of 1.5-GHz microwaves with different
average power densities on locative learning and memory abilities, hippocampal structure, and related N-methyl D-aspartate
receptor (NMDAR) signalling pathway proteins in rats. A total number of 140 male Wistar rats were randomly divided into
four groups: S group (sham exposure), L5 group (1.5-GHz microwaves with average power density =5 mW/cm?), L30 group
(1.5-GHz microwaves with average power density =30 mW/cm?), and L50 group (1.5-GHz microwaves with average power
density =50 mW/cm?). Changes in spatial learning and memory, EEG activity, hippocampal structure, and NMDAR signal-
ling pathway molecules were detected from 6 h to 28 d after microwave exposure. After exposure to 1.5-GHz microwaves,
rats in the L30 and L50 groups showed impaired spatial memory, inhibited EEG activity, pyknosis and hyperchromatism of
neuron nucleus, and changes in NMDAR subunits and downstream signalling molecules. In conclusion, 1.5-GHz microwaves
with an average power density of 5, 30, and 50 mW/cm? could induce spatial memory dysfunction, hippocampal structure
changes, and changes in protein levels in rats, and there was a defined dose-dependent effect.

Keywords Microwave - Dose-dependent effect - Spatial memory - Histopathology - NMDAR - Hippocampus - Cognitive
functions

Introduction Narayanan et al. 2010; Fragopoulou et al. 2018). Electro-

magnetic waves are considered a fourth pollutant by the

With the increasing use of electromagnetic equipment in the
fields of communications, agriculture, industry, and military
affairs, the impact of electromagnetic radiation on human
health has received widespread attention(Leung et al. 2011;
Cabré-Riera et al. 2021). Studies have shown that micro-
waves can affect the brain, heart, and reproductive system,
and the brain is the most sensitive organ (Eliyahu et al. 2006;
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World Health Organization (WHO) and classified as “proba-
bly carcinogenic to humans” (Group 2B) by the International
Agency for Research on Cancer (IARC) (Baan et al. 2011).
L-band microwaves are defined as electromagnetic radia-
tion with a frequency of 1-2 GHz (Wigneron et al. 2007).
Compared to the S- and X-bands, L-band microwaves have a
lower frequency, longer wavelength and deeper penetration.
Studies have shown that 1.5-GHz microwaves can impair
learning and memory function and damage the hippocam-
pal structure in rats (Tan et al. 2021; Zhu et al. 2021). The
microwaves emitted from mobile phones, wireless hotspots,
and mobile communication base stations are usually in a
frequency range of 800 MHz-2.6 GHz, which places them
mainly within the L-band. Epidemiological studies have
found that microwave radiation can cause various neuro-
logical symptoms, such as dizziness, headache, insomnia,
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and memory loss(Hutter et al. 2006; Schmid et al. 2012).
However, research on the dose-dependent effect of L-band
microwave radiation damage is still lacking. Therefore, our
study used rats irradiated with 1.5-GHz microwaves at dif-
ferent power densities to characterize the underlying dose-
dependent effects and mechanism. In addition, N-methyl
D-aspartate receptor (NMDAR) signal transduction proteins,
such as GluN1, GluN2A, GluN2B, PSD-95, CaMKII, and
CREB, were measured to identify molecules that may be
sensitive to 1.5-GHz microwave exposure.

Materials and methods
Ethical approval

The animal work in this study was approved by the Animal
Care and Use Committee of the Academy of Military Medi-
cal Science JACUC-AMMS-2020-780). It was carried out
on the basis of the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publication No.
85-23, revised 1996). Our study was conducted in compli-
ance with the Animal Research: Reporting In Vivo Experi-
ments (ARRIVE) guidelines (http://www.nc3rs.org.uk/page.
asp?id=1357).

Animal grouping

A total number of 140 male Wistar rats (200+20 g,
6-8 weeks) were provided by Beijing Vital River Laboratory
Animal Technology Co., Ltd. They were raised in specific-
pathogen-free (SPF)-level animal facilities and maintained at
a constant temperature of 22-24 °C, 40-60% humidity, and
a 12/12-h light/dark cycle (lights on from 7 a.m. to 7 p.m.).

The 1.5-GHz microwave belongs to the L-band. The
power densities of the microwaves used in the study were 5
mW/cmz, 30 mW/cmz, and 50 mW/cm?. The letter <L rep-
resents the 1.5-GHz exposure group, and the numbers “5,”
“30,” and ““50” represent the power density of each group.

All rats were randomly divided into four groups: (1) the
sham radiation group (the S group), (2) rats exposed to 5
mW/cm? microwave radiation with a frequency of 1.5-GHz
(the L5 group), (3) rats exposed to 30 mW/cm? microwave
radiation with a frequency of 1.5-GHz (the L30 group), and
(4) rats exposed to 50 mW/cm? microwave radiation with a
frequency of 1.5-GHz (the L50 group).

Experimental design
The microwave exposure system that we used in this study
has been described in detail in our previous article(Wang

et al. 2013a). In short, the microwave energy was transmit-
ted into an electromagnetically shielded chamber through
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a rectangular waveguide and the 16 dB standard gain horn
antenna. The rats of the S, L5, L30, and L50 groups were
exposed to 1.5-GHz microwaves with average power densi-
ties of 0 mW/cm?, 5 mW/cm?, 30 mW/cm?, and 50 mW/
cm?, respectively, for 6 min. The rats were placed in a con-
tainer made of plexiglass. During microwave exposure, the
rat container was rotated at a constant speed to ensure that
each rat received the same radiation dose. The average power
densities were measured by a GX12M1CHP power meter
(Guanghua Microelectronics Instruments, Hefei, China) and
GX12M30A power heads.

The specific absorption rate (SAR) was calculated accord-
ing to the method described in our previous paper(Tan
et al. 2017). Through the simulation platform Empire:
IMST-Empire v-4.10 (GmbH, Kamp-Lintfort, Germany),
the finite-difference time-domain method was used to cal-
culate the special absorption rate of each rat under plane
wave exposure, which was sliced by magnetic resonance
imaging (MRI). The established rat model for calculating
the SAR is based on 370 g male Sprague—Dawley rats with
36 different tissues. The original resolution of the model is
0.39%x0.39 x 1 mm, which yields a three-dimensional array
containing 6.6 million pixels. These cubes are labelled to
identify the type of organization. Under this condition,
we normalized the model to 230 g, which was the average
mass of the rats used in the experiment; the voxel size was
0.30x%0.30x 0.80 mm. On this basis, we calculated the aver-
age SAR of the brain; we found that the average brain SARs
of the S, L5, L.30, and L50 groups were 0, 1.85, 11.1, and
18.5 W/kg, respectively. Due to the uncertainty of the field
value; amplifier drift and changes in position, direction, atti-
tude and anatomical structure, there was uncertainty in the
SAR; however, this uncertainty was less than 2 dB.

Temperature measurement

Before and after microwave radiation, the rectal temperature
(n=>5) of the rats in each group was measured with a port-
able intelligent digital thermometer (TH212, China), and the
body surface temperature (n=>35) of the rats in each group
was measured with an infrared thermal imager (FLIR, USA).

Spatial learning and memory test

The Morris water maze (MWM, Beijing Sunny Instru-
ment, China) was used to detect the spatial learning and
memory ability of rats; the experimental procedure has been
described in the literature (Qiao et al. 2014, Vorhees and
Williams 2014). The MWM was divided into four quad-
rants, and the escape platform was placed in the middle
of the first quadrant, 1-2 cm below the water surface. The
water in the MWM was untreated tap water. The pool walls
and the escape platform were black; therefore, in the dark
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environment, the rats could not see the platform. The high
contrast between the environment and the rats’ body color
enabled the camera to capture their trajectory more clearly.
Before microwave exposure, MWM training was performed
for three consecutive days. The rats were placed in the water,
facing the nearest wall of the pool, at four points in the non-
platform quadrants in a certain order each day; in this man-
ner, the rats were familiarized with the task of searching
for the platform. If a rat found the platform within 60 s, we
stopped the timer and let the animal stay on the platform
for 15 s. If the rat did not find the platform within 60 s, we
recorded an escape latency of 60 s and guided the rat to the
platform, where it was then allowed to stay for 15 s. The
spatial reference memory test was conducted at 6 h, 1 d, 2
d,3d,7d, and 14 d after microwave radiation. The latency
of each rat to find the platform was recorded in four trials
per day, and the average escape latency (AEL) in the MWM
was calculated for each rat. At 4 d after microwave radiation,
the spatial probe test was carried out; for this test, the plat-
form was removed, and the number of times the rats crossed
the previous platform location in one minute was recorded.
The time spent in the platform quadrant during the spatial
reference memory test and the spatial probe test was also
recorded. The spatial reference memory test and the spatial
probe test were used to assess the spatial memory ability of
the rats in each group.

Electroencephalograph (EEG) recording and analysis

At6h, 7d, 14 d, and 28 d after microwave irradiation, rat
EEGs were collected and quantitatively analysed using a
multi-conductor physiological recorder (Biopac Company,
USA). Five rats were selected from each group and injected
with 1% pentobarbital sodium 0.5 ml/100 g IP. The EEG
signals were recorded using needle electrodes made of stain-
less steel. The electrode needle was placed under the scalp
1 mm next to the midpoint of the connecting line (equivalent
to 1 mm next to the posterior sagittal suture of the coronal
suture). A reference electrode was placed at the edge of the
ear (Weiergriber et al. 2016). The EEG signals of the rats
were recorded for 3 min. We recorded EEGs from the same
animals at different time points after microwave exposure.
The animals did not undergo surgery. The electrodes were
connected to the EEG amplifier to filter the collected signals
into signals of different bands. The sampling frequency was
100 Hz. The MP-150 multi-conductor physiological record-
ing and analysis system was used to process the EEG signals
of the rats and analyse the changes in the power of the 4
types of brain waves: o (12-30 Hz),  (8—12 Hz), 6 (4-8 Hz),
and O (1-4 Hz). The electrodes were connected to an EEG
amplifier to filter the collected signals into different bands.
The sampling frequency was 100 Hz.

Histopathological examination

At 6 h,7d, 14 d, and 28 d after exposure, five rats in each
group were randomly selected and anaesthetized with
sodium pentobarbital (50 mg/kg, IP). The rats were sacri-
ficed with 1% sodium pentobarbital solution for pathological
examination. The brain of each rat was removed, and the left
half of the brain was fixed in 10% neutral buffered formalin.
The right half was stored in the refrigerator at — 80 °C for
subsequent experiments. From the left half of each brain, a
tissue sample containing the hippocampus was removed and
made into paraffin-embedded sections (Qin et al. 2018). The
prepared paraffin-embedded sections were dewaxed with
gradient ethanol and xylene in water and then immersed in
haematoxylin for 5 min. The sections were decolorized with
1% hydrochloric acid in ethanol for 7 s and then re-dyed with
eosin for 2 min. After dehydration with gradient ethanol and
xylene, the slices were sealed with neutral gum and dried
naturally. The hippocampal formation was observed under
an optical microscope (Leica, Germany). Referring to the
method in a previous paper(Tosta et al. 2019), we counted
the deeply stained neuron nuclei in the hippocampus of each
group of rats for relative quantitative analysis to evaluate the
degree of hippocampal injury.

Ultrastructure of hippocampal tissue

At 7 d after microwave exposure, ultrastructural injury to the
hippocampus in each group was observed. The hippocam-
pal tissue of the left hemisphere of rats was fixed overnight
in 2.5% glutaraldehyde phosphate buffer, washed with
0.1 mol/l phosphate buffer, fixed with 1% osmium tetroxide
and washed with double-distilled water. The fixed tissue was
dehydrated with gradient ethanol, soaked with acetone and
embedding solution, and cut into semi-thin sections (Tizro
et al. 2019). After H&E staining, the tissues were located
by light microscopy, and ultrathin sections were made to
observe the ultrastructure of the hippocampus under a trans-
mission electron microscope (TEM, Hitachi, Japan). Finally,
quantitative analysis was performed by ImageJ 1.8.021 soft-
ware to measure the thicknesses of hippocampal neurons’
postsynaptic densities (PSDs).

Western blotting

Western blotting was performed using the Simple Western
Jess system (ProteinSimple, USA), a combination of cap-
illary electrophoresis and immunodetection techniques,
following the manufacturer’s protocols (Beekman et al.
2018). The left hippocampal samples were collected and
were frozen at—80°C at 6 h and 7 d after microwave expo-
sure. The hippocampus was homogenized and lysed in a
mixed liquid containing radio-immunoprecipitation assay
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(RIPA) lysis buffer and 1% protease inhibitor after all the
samples were collected. The whole process was carried
out at a low temperature (0-4°C). A fully automated west-
ern blotting was carried out on an array of protein sam-
ples after the protein concentration was determined with a
bicinchoninic acid (BCA) protein assay kit. Proteins were
detected with the following primary antibodies: PSD-95
(ab18258, Abcam), CaMKII (ab134041, Abcam), CREB
(ab32515, Abcam), (ab181602, Abcam), GluN1 (MAB363,
Millipore Sigma), GluN2A (MAB5216, Millipore Sigma)
and GluN2B (ab93610, Abcam). Chemiluminescent signals
were captured by a charge-coupled device (CCD) camera,
and the resulting images were analysed by Compass software
(ProteinSimple, USA) and expressed as peak intensities. For
quantification, the areas under the protein peaks were nor-
malized to GAPDH (ab181602, Abcam) and target protein
loading controls.

Statistical analysis

SPSS 25 software was used to process the data of this article.
All data passed a normality test and are expressed as the
mean + standard error ()_( + SE). A paired #-test was used
to analyze the changes in rectal temperature and body sur-
face temperature before and after microwave radiation. The
results of the MWM and EEG were analysed by two-way
repeated-measures ANOVA. Other data were analyzed by
one-way ANOVA. Differences at P <0.05 were considered
significant. Symbols were assigned to each effect based on
the comparison and the level of significance, as follows:
"P<0.05 or “P<0.01 (vs. S), P <0.05 or #P <0.01 (vs.
L5), *P<0.05 or **P <0.01 (vs. L30). All statistical graphs
were drawn by GraphPad Prism 8.

Results

Body surface temperature and core temperature

The results showed that the changes in rectal temperature
and body surface temperature after microwave radiation

were less than 1 °C (Table 1) (P> 0.05). Therefore, under
the experimental conditions, the influence of microwave
radiation was mainly a non-thermal effect.

The spatial learning and memory ability of rats

The results of the MWM navigation experiment (Fig. 1A)
showed that the AEL of the L50 group was significantly
longer than that of the S group at 6 h (P=0.002, n=10),
1d (P=0.005 n=10) and 2 d (P=0.001, n=10) after
1.5-GHz microwave exposure. In addition, at 6 h after 1.5-
GHz microwave exposure, the AEL of the L50 group was
significantly longer than that of the L5 group (P =0.008,
n=10). At 2 d after 1.5-GHz microwave exposure, the AEL
of the L50 group was significantly longer than that of the
L30 group (P=0.014, n=10). There were no significant
changes in the AEL in any of the exposure groups at3d, 7 d
or 14 d (P>0.05, n=10). Overall, the AELs of the S group
(P=0.000, n=10), L5 group (P=0.002, n=10) and L30
group (P =0.003, n=10) were significantly lower than that
of the L50 group. Compared with the S group, the AELs of
the L5 group (P=0.014, n=10) and L30 group (P=0.012,
n=10) increased significantly.

The time spent in the platform quadrant for each group
was measured at 6 h—14 d after 1.5-GHz microwave expo-
sure (Fig. 1B), and there was no significant difference among
the groups at any time point (P> 0.05, n=10). Additionally,
there was no significant difference among the groups overall
(P>0.05,n=10).

The results of the spatial probe test (Fig. 1C) showed
that compared, with the S group, there were no significant
changes in the numbers of rats crossing the platform in 1 min
in the L5 group (P> 0.05, n=10), whereas the number of
platform crossings decreased significantly in the L30 group
(P=0.003, n=10) and the L50 group (P =0.003, n=10).
Additionally, compared with the LS group, the number of
platform crossings was significantly reduced in the L30
group (P=0.012, n=10) and L50 group (P=0.012, n=10).
There were no significant differences in the number of plat-
form crossings between the L30 group and the L50 group
(P>0.05,n=10).

Table 1 Rectal and body surface temperature before and after microwave radiation exposure in the 4 studied groups

Groups Rectal temperature before Rectal temperature after Body surface temperature before ~ Body surface temperature
microwave exposure (°C) microwave exposure(°C) microwave exposure (°C) after microwave exposure (°C)

S 38.73+0.34 38.50+0.41 34.63+0.94 34.75+0.66

L5 39.08+0.33 38.78+0.53 33.75+0.69 33.85+0.75

L30 39.03+0.22 39.08+0.30 34.15+0.93 34.48+0.75

L50 38.90+0.32 39.23+0.29 34.03+0.30 34.75 +0.66*

*® . . . . .
No significant difference in temperature before and after microwave exposure
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Fig. 1 Analysis of the MWM
test in rats. (A) Changes in the
water maze AEL of rats 6 h—14
d after microwave exposure.
(B) Changes in the time spent
by rats in the platform quadrant
of the water maze 6 h—14 d
after microwave exposure. (C)
The number of times that rats
crossed the platform within
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In the spatial probe test, the time spent in the platform
quadrant was recorded (Fig. 1D). Compared with the S
group, the L30 group (P=0.002, n=10) and L50 group
(P=0.009, n=10) spent increased total amounts of time in
the platform quadrant.

EEG activity after 1.5-GHz microwave exposure

The changes in a wave power in each group after exposure
to 1.5-GHz microwaves are shown in Fig. 2A. At 6 h after

o

Time of platform quadrant(s)

exposure, compared with the S group, the a wave power of
rats in the L30 and L50 groups was significantly reduced
(P=0.041,n=5) (P=0.036, n=5).

The changes in  wave power after 1.5-GHz microwave
exposure are shown in Fig. 2B; these changes were not sig-
nificant (P> 0.05, n=5).

The changes in 6 wave power were follows (Fig. 2C).
At 6 h after exposure, compared with the S group, the
rats in the L30 group (P =0.008, n=5) and L50 group
(P=0.001, n=5) showed significantly increased 6 wave
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power. At 7 d after exposure, the 8 wave power of the L50
group was significantly higher than that of the S group
(P=0.002, n=5) and L5 group (P=0.019, n=5).

The changes in & wave power were as follows
(Fig. 2D). At 6 h after exposure, the & wave power of
the L50 group was significantly higher than that of the S
group (P=0.001, n=35) or L5 group (P=0.023, n=5).
Compared with the S group, the L30 group showed a sig-
nificantly increase in the & wave power (P=0.004, n=5).
At 7 d after exposure, the L50 group had significantly
higher & wave power than the S group (P=0.016, n=35).

Hippocampal structure of rats after 1.5-GHz
microwave radiation

The normal hippocampal tissue structure of rats showed
an orderly arrangement of neurons, light staining of
nuclei and uniform eosinophilic cytoplasm. In the L5,
L30, and L50 groups, different degrees of hippocampal
injury occurred, all indicator for neuronal degeneration
and necrosis mainly manifested as pyknosis and nuclear
hyperchromacia, enhanced eosinophilic cytoplasm and
granulosa cells in the dentate gyrus (DG) region, and
neurons in the CA3 region suffered more severe injury.

At 7 d after exposure, granulosa cells and neurons in
the hippocampal DG area and CA3 area were normal in
the S group (Fig. 3A). In the L5 group, there was occa-
sional deep staining of nuclear pyknosis (Fig. 3B). In
the L30 group, there were obvious lesions, with more
pyknosis of neuron (Fig. 3C). The most serious injury
was observed in the L50 group, which showed a large
number of pyknotic neuronal nuclei and hyperchromatic,
enhanced cytosolic eosinophils (Fig. 3D). Therefore, we
further investigated the dynamic changes in hippocampal
injury in the L50 group. At 6 h after microwave exposure,
the hippocampal tissue structure was injured (Fig. 3E).
At 7 d after exposure, the injury to the hippocampal tis-
sue structure was at its most severe (Fig. 3D). At 14 d
after exposure, the injury still existed but was partially
recovered (Fig. 3F). At 28 d after exposure, the site of
the injury had largely returned to normal, with only a few
nuclei deeply stained (Fig. 3G).

Deeply stained neuron nuclei in the DG and CA3
regions were quantitatively analysed (Fig. 3H). Com-
pared with the S group, the number of hyperchromatic
neuronal nuclei increased in the L5 group (P=0.017,
n=>5), L30 group (P=0.000, n=5) and L50 (P =0.000,
n=135) group. Compared with the L5 group, the number
of hyperchromatic neuronal nuclei increased in the L30
group (P =0.000, n=5) and L50 group (P =0.000, n=>5).
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Ultrastructural changes in the rat hippocampus
after 1.5-GHz microwave exposure

The ultrastructure results are shown in Fig. 4. At 7 d after
exposure, the ultrastructure of the hippocampus in the S
group was normal, the number of vesicles did not increase,
the synaptic space was clearly visible, and the postsynap-
tic density was not thickened. In addition, the mitochondria
and nuclei in neurons were clearly visible, and there was
no widening change in the nuclear membrane space. The
size and shape of the mitochondria and rough endoplasmic
reticulum in the cytoplasm showed no significant changes
(Fig. 4A-B). In the L5, L30, and L50 groups, the injury
was mainly characterized by the accumulation of presynaptic
vesicles, blurred synaptic space and thickening of postsynap-
tic density. Mitochondria in neurons were swollen and even
empty (Fig. 4C—H). The thickness of the PSD was quanti-
tatively analyzed, and the results were as follows (Fig. 41).
Compared with the S group, the thickness of the PSD in the
LS5 group (P=0.000, n=35), L30 group (P=0.000, n=5) and
L50 group (P=0.000, n=35) increased significantly. Com-
pared with the LS group, the thickness of the PSD of the L.30
group (P=0.000, n=5) and L50 group (P=0.000, n=35)
increased significantly. There were no significant differences
between the L30 group and the L50 group (P >0.05, n=5).

In summary, compared with the S group, the ultrastruc-
ture of synapses and neurons was slightly damaged in the
L5 group. However, more obvious injuries were observed in
the L30 and L50 groups. The L30 group and the L50 group
both showed more serious damage than the LS. However,
there was no significant difference between the L30 group
and the L50 group.

NMDAR subunits and related signalling molecules
change

The results of western blotting for NMDAR subunits and
downstream signalling pathway molecules at 6 h and 7 d
after microwave exposure are shown in Fig. 5SA-D, and
the statistical analysis is shown in Fig. SE-J. At 6 h after
microwave exposure, compared with the S group, the
levels of PSD-95 (P=0.021, n=3), CREB (P =0.003,
n=3), GluN1 (P=0.038, n=4) and GluN2B (P =0.008,
n=4) in the L5 group were reduced; the levels of GluN1
(P=0.013, n=4), GIuN2A (P =0.004, n=4) and GIuN2B
(P=0.008, n=4) in the L30 group were reduced; and the
levels of CREB (P =0.026, n=3), GluN1 (P=0.002,
n=4), GluN2A (P=0.001, n=4) and GIuN2B (P =0.000,
n=4) in the L50 group were reduced. Compared with the
LS5 group, the levels of GluN2A (P=0.019, n=4) and
GluN2B (P =0.000, n=4) in the L30 group were reduced;
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Fig. 3 Pathological injuries in the hippocampal DG and CA3 regions
of rats 6 h after L-band microwave exposure. (A) The hippocampal
tissue structure was normal in the S group at 7 d after microwave
exposure. (B-D) The hippocampal tissue structure of the L5 group,
L30 group, and L50 group was injured to varying degrees at 7 d after
microwave exposure. (E-G) Dynamic changes in hippocampal tissue

the levels of GIuN2A (P=0.004, n=4) and GluN2B
(P=0.000, n=4) in the L50 group were reduced; and the
levels of PSD-95 (P =0.001, n=3), CaMKII (P =0.044,
n=3) and CREB (P=0.001, n=3) in the L30 group were
increased. Compared with the L30 group, the levels of
PSD-95 (P=0.015, n=3) and CREB (P=0.007, n=3)
in the L50 group were increased. At 7 d after microwave
exposure, there were no significant changes in the abun-
dance of NMDAR subunits or downstream signalling mol-
ecules (P>0.05, n=4).

structure at 6 h, 14 d, and 28 d after microwave exposure in the L50
group. (H) Quantitative analysis of deeply stained neuron nuclei. The
boxes represent areas of structural impairment, and the arrows indi-
cate deep staining of nuclear pyknosis and enhanced cytosolic eosin-
ophilic neurons. Scale bars =25 pm. Magnification power as: H&E.40

Discussion

Numerous studies have shown that electromagnetic
radiation of a certain intensity can cause injuries to
the brain, heart, reproductive organs, and other organs,
among which the brain is an especially consequential
target (Zhu et al. 2015; Hinrikus et al. 2017; Kes-
ari et al. 2018). At present, there are few studies on
injury caused by L-band microwave radiation on the
nervous system, and the dose-dependent effect is not
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clear. Therefore, in this study, rats were exposed to  dose-dependent effect of 1.5-GHz microwave radiation
1.5-GHz microwaves with average power densities of 5  on spatial memory impairment, structural damage and
mW/cm?, 30 mW/cm?, and 50 mW/cm? to explore the  related molecular changes.

@ Springer



Environmental Science and Pollution Research (2023) 30:37427-37439

37435

«Fig.4 Ultrastructural changes in the hippocampus after 1.5-GHz
microwave exposure. (A-B) The S group showed no changes in neu-
rons or synapses. (C-D) The L5 group. (E-F) The L30 group. (G-H)
The L50 group. In the radiation group, mitochondria were swol-
len, cristae were broken, and the PSD was thickened. As the dose
increased, the injury became severe. The boxes represent areas of
ultrastructural impairment, the blue arrows indicate swollen hollow
mitochondria, and the black arrows indicate thickened synapses. (I)
Quantitative analysis of PSD thickness. Compared with the S group,
*#% indicates P<0.01. Compared with the L5 group, * indicates
P <0.01. Scale bars =250 or 500 nm

The most significant effect of electromagnetic radiation
on the central nervous system was the impairment of learn-
ing and memory ability (Deshmukh et al. 2015; Shahin
et al. 2015). The MWM is a common behavioural paradigm
used to evaluate the learning and memory function of rats
(Nunez 2008). The influence of microwave radiation on
learning and memory function is still controversial. Most
scholars found that microwaves could induce the impair-
ment of learning and memory function, and other studies
believed that electromagnetic radiation had a positive effect
on learning and memory function (Koivisto et al. 2000;
Sienkiewicz et al. 2000; Arendash et al. 2010; Mortazavi
et al. 2013, Sharma and Shukla 2020). In a previous study
by our laboratory, Wistar rats were exposed to S-band elec-
tromagnetic radiation with average power densities of 0,
5, 10, and 50 mW/cm? at 2.856 GHz for 6 min. In the
MWM navigation experiment, the AEL of rats in the 10
mW/cm? and 50 mW/cm? groups was significantly pro-
longed, and there were no significant changes in the AEL
of rats in the 5 mW/cm? group (Wang et al. 2013a). In
this study, the MWM results showed that there were no
significant changes in the spatial memory ability of rats
in the L5 group. At 6 h, 1 d, and 2 d after radiation, the
AEL of rats in the L50 group was prolonged, and spatial
memory was impaired. Our previous paper also found that
spatial memory impairment was most pronounced in the
early stage after microwave exposure and that there was
no obvious difference during the late stage after microwave
exposure (Zhu et al. 2021). At 3 d after microwave expo-
sure, there was no significant difference in AEL among the
groups. The spatial probe test was performed at 4 d after
microwave exposure to further evaluate the impairment of
spatial memory. The results of the spatial probe test showed
that the number of platform crossings and the time of plat-
form quadrant in 1 min decreased and that spatial memory
extraction was impaired in the L.30 and L50 groups. The
findings were interesting because microwaves might partic-
ipate in the real-time or short-term regulation of brain func-
tion, which should be given enough attention. Therefore,
the injury of L-band microwaves of 1.5 GHz on the spatial
memory of rats was similar to that of S-band microwaves,
and the injury was aggravated with the increase in dose.

EEG signals are an important neuro-electrophysiological
index reflecting brain activity. The a and  waves normally
occur when the brain is awake or excited. When the functional
state of the brain is suppressed, slow waves with frequen-
cies below 8 Hz occur, namely, 6 waves and 0 waves (Van
Paesschen et al. 2007). Some researchers irradiated rats with
microwaves at 30 mW/cm?. At 7 d—14 d after exposure, the 6
wave and O wave power increased, which was consistent with
the results of this study(Zhao et al. 2020). In our experiment,
EEG was measured at 6 h, 7 d, 14 d, and 28 d after exposure.
The experimental results showed that there were no significant
changes in EEG activity in the L5 group compared with the
S group. The a wave power in the L30 group decreased at 6 h
after exposure, and the 6 wave and 6 wave power increased
at 6 h after exposure. The 8 wave and & wave power of the
L50 group increased after microwave radiation, the increased
amplitude was greater than that in the L30 group, and the
duration was longer. In general, the EEG activity of rats in
the 130 and L50 groups was inhibited. As the average power
density increased, the inhibition of EEG activity increased
as well. Thus, there was a negative dose-dependent effect
between 1.5-GHz microwaves and EEG activity in rats.

After microwave exposure under certain conditions, the
microscopic and ultramicroscopic structure of the hippocampus
can change. This damage to the hippocampal tissue structure
was mainly focused on the CA3 and DG regions (Zhi et al. 2017,
Hao et al. 2018). Previous studies found that after microwave
exposure, the nuclei of hippocampal neurons in rats showed
pyknosis and deep staining, the eosinophilic cytoplasm was
enhanced, and apoptosis increased(Karimi et al. 2018). Under
an electron microscope, mitochondrial swelling, disordered
ridge arrangement, thickening of the postsynaptic membrane
density, and a reduction in the number of synaptic vesicles could
be observed (Wang et al. 2015b). Quantitative analysis of H&E
staining showed that 1.5-GHz microwaves could cause vary-
ing degrees of damage to hippocampal tissue structure. With
increasing power, the injury became increasingly serious. At
6 h after microwave exposure, the tissue structure began to
be injured, the injury was the most serious at 7 d after micro-
wave exposure, and the damage began to recover at 14 d after
microwave exposure. Moreover, combining the results regard-
ing the effects of microwave exposure from our group (Zhu
et al. 2021), we believe that the molecular parameters changed
first, then the functional indexes changed, and the histological
changes occurred last, which met the general rules of disease
occurrence and development. Therefore, according to the histo-
logical results, we chose to observe the dose-dependent effect of
1.5-GHz microwaves on hippocampal ultrastructure at 7 d after
microwave exposure. The ultrastructure of the hippocampus was
observed under an electron microscope. The degree of injury
was related to power. The PSD thickness was quantitatively ana-
lysed. When the power increased, the PSD thickness increased;
this dose-dependent effect was readily observable.
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Fig.5 Expression of NMDAR subunits and downstream signalling
pathway molecules after microwave exposure. (A-B) The protein
expression levels of PSD-95, CaMKII, and CREB at 6 h and 7 d after
microwave exposure. (C-D) The protein expression levels of GluNI1,
GluN2A, and GIluN2B at 6 h and 7 d after microwave exposure.

NMDAR is an ionic glutamate receptor, and its subu-
nit composition affects channel activity and downstream
signals (Gladding and Raymond 2011, Zhou et al. 2015).
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(E-G) Quantitative analysis of PSD-95, CaMKII, and CREB. (H-J)
Quantitative analysis of GIuN1, GluN2A, and GluN2B. Compared
with the S group, * indicates P<0.05, and ** indicates P <0.01.
Compared with the L5 group, * indicates P<0.05, and.*# indicates
P<0.01

PSD-95, CaMKII, and CREB are downstream molecules
of NMDAR and important postsynaptic signal transduc-
tion proteins in the nervous system (Gardoni et al. 2006).
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They are of great significance in maintaining synaptic plas-
ticity and regulating normal neural function. Blot K (Blot
et al. 2015) used MK-801 to block NMDARSs in the medial
prefrontal cortex (mPFC), and rats showed impairment of
mPFC-dependent cognitive flexibility and spatial memory.
The use of glutamate receptor agonists ameliorated the spa-
tial memory impairment induced by MK-801. Other studies
have found that blocking NMDARS in nonhuman primates
inhibited nerve cell firing and impaired working memory
(Wang et al. 2013b). Wang (Wang et al. 2015a) irradiated
rats with a frequency of 2.856 GHz and an average power
density of 50 mW/cm? for 6 min, and the expression levels
of GluN1 and GluN2B decreased significantly. Other studies
have found that the PSD-95 content in primary hippocampal
neurons decreases after exposure to 1800 MHz microwave
radiation(Xu et al. 2006). In this study, we established a
dose-dependent model of the effect of microwave radiation,
and the hippocampal levels of NMDAR-related proteins
after microwave exposure were quantified by a fully auto-
mated western blotting system. The results showed that the
concentrations of PSD-95 and CREB in the L5 group and
CREB in the L50 group decreased at 6 h after microwave
exposure. At 7 d after exposure, the injury was recovered,
and the protein levels were not significantly different from
their normal values. The concentrations of the NMDAR sub-
units GluN1, GluN2A, and GluN2B decreased at 6 h after
1.5-GHz microwave exposure. There was a dose-dependent
effect; with increasing doses of radiation, the protein level
decreased. At 7 d after exposure, the injury was recovered,
and the protein levels were not significantly different from
normal. A previous paper found that NMDARSs protect
against synaptic plasticity damage to primary hippocam-
pal neurons by microwave radiation (Wang et al. 2018). It
appears to us that the change in tissue structure had no direct
relationship with NMDAR or downstream molecules. Our
analysis of the tissue structure suggested that neurons had
pyknotic and hyperchromatic changes, which might mediate
the process of cell apoptosis after microwave exposure. The
ultrastructure results showed that PSD thickness increased,
and NMDARs were mainly expressed on the membrane,
which was not directly related to the increase in postsynaptic
density. Since there were many proteins in the postsynaptic
region, which is a complex regulatory mechanism, it could
not be proven that the changes in NMDAR consequences
after microwave exposure were related to tissue structure
changes. The specific mechanism still needs to be further
studied.

In general, we found that, after 1.5-GHz microwave
exposure, spatial memory was impaired, EEG activity was
inhibited, the hippocampal structure was impaired, and the
concentrations of NMDAR subunits and downstream sig-
nalling molecules were changed. Microwave impairment
was reversible. At 6 h after exposure, spatial memory was

impaired, EEG activity was inhibited, the molecular level
of the NMDAR signalling pathway was changed, and the
tissue structure was damaged. At 7 d after exposure, spatial
memory and the NMDAR signalling pathway returned to
normal, and the tissue structure was the most seriously dam-
aged. Therefore, we believe that spatial memory impairment
and EEG inhibition after 1.5-GHz microwave exposure may
be caused by changes in the abundance of NMDAR subu-
nits and downstream molecules in the NMDAR signalling
pathway. After 1.5-GHz microwave exposure, the changes
in molecular levels preceded the change in function, and
the change in function preceded the change in structure. At
28 d after 1.5-GHz microwave exposure, the hippocampal
structure returned to normal, which was consistent with the
adult hippocampal regeneration cycle reported in a previ-
ous paper (Urbach and Witte 2019). In addition, there was
a dose-dependent effect between 1.5-GHz microwaves and
injury. The higher the dose, the more serious the injury and
the longer the recovery time. Spatial memory ability, EEG
activity, and hippocampal structure were altered, and the
specific mechanism needs to be further discussed.

Our study revealed the role of NMDAR subunits and the
NMDAR signalling pathway in the dose-dependent impair-
ment of spatial memory by 1.5-GHz microwaves, which
provides a basis for further research on the dose-dependent
effect of microwave damage and forms of protection against
such damage.

Conclusion

Exposure to a 1.5-GHz microwave with an average power
density of 5, 30, and 50 mW/cm? for 6 min induces vary-
ing degrees of spatial memory impairment, hippocampal
structure abnormalities, and changes in protein levels in rats
(dose-dependent effect).

Recommendation

This study explored the dose-dependent effect of 1.5 GHz
microwave, found changes in cognitive function, histological
structure and protein level, and laid a foundation for the sub-
sequent dose-dependent effect of microwave. In the future,
we suggest to do more work in the field of dose-dependent
effect of microwave, further explore its specific mechanism,
clarify the dynamic relationship between dose and effect,
and extend it to the application of microwave protection.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-022-24850-4.

@ Springer


https://doi.org/10.1007/s11356-022-24850-4

37438

Environmental Science and Pollution Research (2023) 30:37427-37439

Author contribution Hui Wang and Lequan Song conceived the experi-
ments and wrote the paper. Li Zhao, Haoyu Wang, Xinping Xu, Ji
Dong, Jing Zhang, and Binwei Yao analyzed the MWM, EEG, H&E,
TEM and western blotting data. Xuelong Zhao conducted the micro-
wave irradiation. Ruiyun Peng designed the study. All the authors had
reviewed the manuscript.

Data availability The data and materials used during the current study
are available from the corresponding author on reasonable request.

Declarations

Ethical approval All animal work was conducted according to relevant
national and international guidelines. The study was approved by the
Beijing Institute of Radiation Medicine Animal Care and Use Com-
mittee (IACUC-AMMS-2020-780). It was carried out following the
National Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No.85-23, revised 1996).

Consent to participate Written informed consent was obtained from
all participants.

Consent for publication All authors agreed to publish this article in
Environmental Science and Pollution Research.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arendash GW, Sanchez-Ramos J, Mori T, Mamcarz M, Lin X, Runfeldt
M et al (2010) Electromagnetic field treatment protects against and
reverses cognitive impairment in Alzheimer’s disease mice. J Alz-
heimers Dis 19:191-210. https://doi.org/10.3233/JAD-2010-1228

Baan R, Grosse Y, Lauby-Secretan B, El Ghissassi F, Bouvard V, Ben-
brahim-Tallaa L et al (2011) Carcinogenicity of radiofrequency
electromagnetic fields. Lancet Oncol 12:624-626. https://doi.org/
10.1016/s1470-2045(11)70147-4

Beekman C, Janson AA, Baghat A, van Deutekom JC, Datson NA (2018)
Use of capillary Western immunoassay (Wes) for quantification of
dystrophin levels in skeletal muscle of healthy controls and indi-
viduals with Becker and Duchenne muscular dystrophy. PLoS One
13:e0195850. https://doi.org/10.1371/journal.pone.0195850

Blot K, Kimura S, Bai J, Kemp A, Manahan-Vaughan D, Giros B et al
(2015) Modulation of hippocampus-prefrontal cortex synaptic
transmission and disruption of executive cognitive functions by
MK-801. Cereb Cortex 25:1348-1361. https://doi.org/10.1093/
cercor/bht329

Cabré-Riera A, van Wel L, Liorni I, Thielens A, Birks LE, Piero-
tti L et al (2021) Association between estimated whole-brain

@ Springer

radiofrequency electromagnetic fields dose and cognitive func-
tion in preadolescents and adolescents. Int J Hyg Environ Health
231:113659. https://doi.org/10.1016/.ijheh.2020.113659

Deshmukh PS, Nasare N, Megha K, Banerjee BD, Ahmed RS, Singh
D et al (2015) Cognitive impairment and neurogenotoxic effects
in rats exposed to low-intensity microwave radiation. Int J Toxicol
34:284-290. https://doi.org/10.1177/1091581815574348

Eliyahu I, Luria R, Hareuveny R, Margaliot M, Meiran N, Shani G
(2006) Effects of radiofrequency radiation emitted by cellular tel-
ephones on the cognitive functions of humans. Bioelectromagnet-
ics 27:119-126. https://doi.org/10.1002/bem.20187

Fragopoulou AF, Polyzos A, Papadopoulou MD, Sansone A, Manta
AK, Balafas E et al (2018) Hippocampal lipidome and transcrip-
tome profile alterations triggered by acute exposure of mice to
GSM 1800 MHz mobile phone radiation: an exploratory study.
Brain Behav 8:e01001. https://doi.org/10.1002/brb3.1001

Gardoni F, Polli F, Cattabeni F, Di Luca M (2006) Calcium-calmodu-
lin-dependent protein kinase II phosphorylation modulates PSD-
95 binding to NMDA receptors. Eur J Neurosci 24:2694-2704.
https://doi.org/10.1111/j.1460-9568.2006.05140.x

Gladding CM, Raymond LA (2011) Mechanisms underlying NMDA
receptor synaptic/extrasynaptic distribution and function. Mol Cell
Neurosci 48:308-320. https://doi.org/10.1016/j.mcn.2011.05.001

Hao Y, Li W, Wang H, Zhang J, Yu C, Tan S et al (2018) Autophagy
mediates the degradation of synaptic vesicles: a potential mecha-
nism of synaptic plasticity injury induced by microwave exposure
in rats. Physiol Behav 188:119-127. https://doi.org/10.1016/j.
physbeh.2018.02.005

Hinrikus H, Bachmann M, Karai D, Lass J (2017) Mechanism of low-
level microwave radiation effect on nervous system. Electromagn
Biol Med 36:202-212. https://doi.org/10.1080/15368378.2016.
1251451

Hutter HP, Moshammer H, Wallner P, Kundi M (2006) Subjective
symptoms, sleeping problems, and cognitive performance in sub-
jects living near mobile phone base stations. Occup Environ Med
63:307-313. https://doi.org/10.1136/0em.2005.020784

Karimi N, Bayat M, Haghani M, Saadi HF, Ghazipour GR (2018)
2.45 GHz microwave radiation impairs learning, memory, and
hippocampal synaptic plasticity in the rat. Toxicol Ind Health
34:873-883. https://doi.org/10.1177/0748233718798976

Kesari KK, Agarwal A, Henkel R (2018) Radiations and male fer-
tility. Reprod Biol Endocrinol 16:118. https://doi.org/10.1186/
$12958-018-0431-1

Koivisto M, Revonsuo A, Krause C, Haarala C, Sillanmaki L, Laine
M et al (2000) Effects of 902 MHz electromagnetic field emitted
by cellular telephones on response times in humans. NeuroReport
11:413-415. https://doi.org/10.1097/00001756-200002070-00038

Leung S, Croft RJ, McKenzie RJ, Iskra S, Silber B, Cooper NR et al
(2011) Effects of 2G and 3G mobile phones on performance and
electrophysiology in adolescents, young adults and older adults.
Clin Neurophysiol 122:2203-2216. https://doi.org/10.1016/j.
clinph.2011.04.006

Mortazavi SM, Taeb S, Dehghan N (2013) Alterations of visual reac-
tion time and short term memory in military radar personnel. Iran
J Public Health 42:428-435. https://doi.org/10.1080/03630242.
2013.769482

Narayanan SN, Kumar RS, Potu BK, Nayak S, Bhat PG, Mailankot M
(2010) Effect of radio-frequency electromagnetic radiations (RF-
EMR) on passive avoidance behaviour and hippocampal morphol-
ogy in Wistar rats. Ups J Med Sci 115:91-96. https://doi.org/10.
3109/03009730903552661

Nunez J (2008) Morris Water Maze Experiment. J vis Exp. https://doi.
org/10.3791/897

Qiao S, Peng R, Yan H, Gao Y, Wang C, Wang S et al (2014) Reduc-
tion of phosphorylated synapsin I (ser-553) leads to spatial mem-
ory impairment by attenuating GABA release after microwave


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3233/JAD-2010-1228
https://doi.org/10.1016/s1470-2045(11)70147-4
https://doi.org/10.1016/s1470-2045(11)70147-4
https://doi.org/10.1371/journal.pone.0195850
https://doi.org/10.1093/cercor/bht329
https://doi.org/10.1093/cercor/bht329
https://doi.org/10.1016/j.ijheh.2020.113659
https://doi.org/10.1177/1091581815574348
https://doi.org/10.1002/bem.20187
https://doi.org/10.1002/brb3.1001
https://doi.org/10.1111/j.1460-9568.2006.05140.x
https://doi.org/10.1016/j.mcn.2011.05.001
https://doi.org/10.1016/j.physbeh.2018.02.005
https://doi.org/10.1016/j.physbeh.2018.02.005
https://doi.org/10.1080/15368378.2016.1251451
https://doi.org/10.1080/15368378.2016.1251451
https://doi.org/10.1136/oem.2005.020784
https://doi.org/10.1177/0748233718798976
https://doi.org/10.1186/s12958-018-0431-1
https://doi.org/10.1186/s12958-018-0431-1
https://doi.org/10.1097/00001756-200002070-00038
https://doi.org/10.1016/j.clinph.2011.04.006
https://doi.org/10.1016/j.clinph.2011.04.006
https://doi.org/10.1080/03630242.2013.769482
https://doi.org/10.1080/03630242.2013.769482
https://doi.org/10.3109/03009730903552661
https://doi.org/10.3109/03009730903552661
https://doi.org/10.3791/897
https://doi.org/10.3791/897

Environmental Science and Pollution Research (2023) 30:37427-37439

37439

exposure in Wistar rats. PLoS One 9:e95503. https://doi.org/10.
1371/journal.pone.0095503

Qin C, Bai Y, Zeng Z, Wang L, Luo Z, Wang S et al (2018) The Cutting
and Floating Method for Paraffin-embedded Tissue for Sectioning.
J vis Exp. https://doi.org/10.3791/58288

Schmid MR, Loughran SP, Regel SJ, Murbach M, Bratic Grunauer A,
Rusterholz T et al (2012) Sleep EEG alterations: effects of dif-
ferent pulse-modulated radio frequency electromagnetic fields. J
Sleep Res 21:50-58. https://doi.org/10.1111/j.1365-2869.2011.
00918.x

Shahin S, Banerjee S, Singh SP, Chaturvedi CM (2015) 2.45 GHz
Microwave Radiation Impairs Learning and Spatial Memory via
Oxidative/Nitrosative Stress Induced p53-Dependent/Independ-
ent Hippocampal Apoptosis: Molecular Basis and Underlying
Mechanism. Toxicol Sci 148:380-399. https://doi.org/10.1093/
toxsci/kfv205

Sharma S, Shukla S (2020) Effect of electromagnetic radiation on redox
status, acetylcholine esterase activity and cellular damage con-
tributing to the diminution of the brain working memory in rats.
J Chem Neuroanat 106:101784. https://doi.org/10.1016/j.jchem
neu.2020.101784

Sienkiewicz ZJ, Blackwell RP, Haylock RG, Saunders RD, Cobb BL
(2000) Low-level exposure to pulsed 900 MHz microwave radiation
does not cause deficits in the performance of a spatial learning task
in mice. Bioelectromagnetics 21:151-158. https://doi.org/10.1002/
(sici)1521-186x(200004)21:3%3c151::aid-bem1%3e3.0.co;2-q

Tan S, Wang H, Xu X, Zhao L, Zhang J, Dong J et al (2017) Study
on dose-dependent, frequency-dependent, and accumulative
effects of 1.5 GHz and 2.856 GHz microwave on cognitive func-
tions in Wistar rats. Sci Rep 7:10781. https://doi.org/10.1038/
s41598-017-11420-9

Tan S, Wang H, Xu X, Zhao L, Zhang J, Dong J et al (2021) Acute
effects of 2.856 GHz and 1.5 GHz microwaves on spatial memory
abilities and CREB-related pathways. Sci Rep 11:12348. https://
doi.org/10.1038/s41598-021-91622-4

Tizro P, Choi C, Khanlou N (2019) Sample Preparation for Trans-
mission Electron Microscopy. Methods Mol Biol 1897:417-424.
https://doi.org/10.1007/978-1-4939-8935-5_33

Tosta TAA, de Faria PR, Servato JPS, Neves LA, Roberto GF, Martins
AS et al (2019) Unsupervised method for normalization of hematox-
ylin-eosin stain in histological images. Comput Med Imaging Graph
77:101646. https://doi.org/10.1016/j.compmedimag.2019.101646

Urbach A, Witte OW (2019) Divide or Commit - Revisiting the Role of
Cell Cycle Regulators in Adult Hippocampal Neurogenesis. Front
Cell Dev Biol 7:55-55. https://doi.org/10.3389/fcell.2019.00055

Van Paesschen W, Porke K, Fannes K, Vandenberghe R, Palmini A,
Van Laere K et al (2007) Cognitive deficits during status epi-
lepticus and time course of recovery: a case report. Epilepsia
48:1979-1983. https://doi.org/10.1111/j.1528-1167.2007.01157.x

Vorhees CV, Williams MT (2014) Assessing spatial learning and
memory in rodents. ILAR J 55:310-332. https://doi.org/10.1093/
ilar/ilu013

Wang H, Peng R, Zhou H, Wang S, Gao Y, Wang L et al (2013a)
Impairment of long-term potentiation induction is essential for
the disruption of spatial memory after microwave exposure. Int
J Radiat Biol 89:1100-1107. https://doi.org/10.3109/09553002.
2013.817701

Wang M, Yang Y, Wang CJ, Gamo NJ, Jin LE, Mazer JA et al (2013b)
NMDA receptors subserve persistent neuronal firing during work-
ing memory in dorsolateral prefrontal cortex. Neuron 77:736-749.
https://doi.org/10.1016/j.neuron.2012.12.032

Wang H, Peng R, Zhao L, Wang S, Gao Y, Wang L et al (2015a) The
relationship between NMDA receptors and microwave-induced
learning and memory impairment: a long-term observation on
Wistar rats. Int J Radiat Biol 91:262-269. https://doi.org/10.3109/
09553002.2014.988893

Wang LF, Wei L, Qiao SM, Gao XN, Gao YB, Wang SM et al (2015b)
Microwave-Induced Structural and Functional Injury of Hip-
pocampal and PC12 Cells Is Accompanied by Abnormal Changes
in the NMDAR-PSD95-CaMKII Pathway. Pathobiology 82:181—
194. https://doi.org/10.1159/000398803

Wang H, Tan S, Zhao L, Dong J, Yao B, Xu X et al (2018) Protec-
tive Role of NMDAR for Microwave-Induced Synaptic Plasticity
Injuries in Primary Hippocampal Neurons. Cell Physiol Biochem
51:97-112. https://doi.org/10.1159/000495167

Weiergriaber M, Papazoglou A, Broich K, Miiller R (2016) Sampling
rate, signal bandwidth and related pitfalls in EEG analysis. J
Neurosci Methods 268:53-55. https://doi.org/10.1016/j.jneum
eth.2016.05.010

Wigneron JP, Kerr Y, Waldteufel P, Saleh K, Escorihuela MJ, Rich-
aume P et al (2007) L-band Microwave Emission of the Biosphere
(L-MEB) Model: Description and calibration against experimental
data sets over crop fields. Remote Sens Environ 107:639-655.
https://doi.org/10.1016/j.rse.2006.10.014

Xu S, Ning W, Xu Z, Zhou S, Chiang H, Luo J (2006) Chronic expo-
sure to GSM 1800-MHz microwaves reduces excitatory synaptic
activity in cultured hippocampal neurons. Neurosci Lett 398:253—
257. https://doi.org/10.1016/j.neulet.2006.01.004

Zhao L, Sun Y, Yu C, Chen J, Xu X, Zhang X et al (2020) Astra-
galoside protects rat brain from microwave-induced functional
injuries via restoring acetylcholine and normalizing electroen-
cephalogram. Environ Sci Pollut Res Int 27:40787-40794. https://
doi.org/10.1007/s11356-020-07915-0

Zhi WJ, Wang LF, Hu XJ (2017) Recent advances in the effects of
microwave radiation on brains. Mil Med Res 4:29. https://doi.org/
10.1186/s40779-017-0139-0

Zhou X, Chen Z, Yun W, Wang H (2015) NMDA receptor activity
determines neuronal fate: location or number? Rev Neurosci
26:39-47. https://doi.org/10.1515/revneuro-2014-0053

Zhu W, Shen N, Zhong X, Hou J, Lu S, Cai J (2015) The cardiac injury
effect of microwave radiation on rabbit and its mechanism. J Hyg
Res 44:818-821. https://doi.org/10.1159/000204713

Zhu R, Wang H, Xu X, Zhao L, Zhang J, Dong J et al (2021) Effects of
1.5 and 4.3 GHz microwave radiation on cognitive function and
hippocampal tissue structure in Wistar rats. Sci Rep 11:10061.
https://doi.org/10.1038/s41598-021-89348-4

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1371/journal.pone.0095503
https://doi.org/10.1371/journal.pone.0095503
https://doi.org/10.3791/58288
https://doi.org/10.1111/j.1365-2869.2011.00918.x
https://doi.org/10.1111/j.1365-2869.2011.00918.x
https://doi.org/10.1093/toxsci/kfv205
https://doi.org/10.1093/toxsci/kfv205
https://doi.org/10.1016/j.jchemneu.2020.101784
https://doi.org/10.1016/j.jchemneu.2020.101784
https://doi.org/10.1002/(sici)1521-186x(200004)21:3%3c151::aid-bem1%3e3.0.co;2-q
https://doi.org/10.1002/(sici)1521-186x(200004)21:3%3c151::aid-bem1%3e3.0.co;2-q
https://doi.org/10.1038/s41598-017-11420-9
https://doi.org/10.1038/s41598-017-11420-9
https://doi.org/10.1038/s41598-021-91622-4
https://doi.org/10.1038/s41598-021-91622-4
https://doi.org/10.1007/978-1-4939-8935-5_33
https://doi.org/10.1016/j.compmedimag.2019.101646
https://doi.org/10.3389/fcell.2019.00055
https://doi.org/10.1111/j.1528-1167.2007.01157.x
https://doi.org/10.1093/ilar/ilu013
https://doi.org/10.1093/ilar/ilu013
https://doi.org/10.3109/09553002.2013.817701
https://doi.org/10.3109/09553002.2013.817701
https://doi.org/10.1016/j.neuron.2012.12.032
https://doi.org/10.3109/09553002.2014.988893
https://doi.org/10.3109/09553002.2014.988893
https://doi.org/10.1159/000398803
https://doi.org/10.1159/000495167
https://doi.org/10.1016/j.jneumeth.2016.05.010
https://doi.org/10.1016/j.jneumeth.2016.05.010
https://doi.org/10.1016/j.rse.2006.10.014
https://doi.org/10.1016/j.neulet.2006.01.004
https://doi.org/10.1007/s11356-020-07915-0
https://doi.org/10.1007/s11356-020-07915-0
https://doi.org/10.1186/s40779-017-0139-0
https://doi.org/10.1186/s40779-017-0139-0
https://doi.org/10.1515/revneuro-2014-0053
https://doi.org/10.1159/000204713
https://doi.org/10.1038/s41598-021-89348-4

	The dose-dependent effect of 1.5-GHz microwave exposure on spatial memory and the NMDAR pathway in Wistar rats
	Abstract
	Introduction
	Materials and methods
	Ethical approval
	Animal grouping
	Experimental design
	Temperature measurement
	Spatial learning and memory test
	Electroencephalograph (EEG) recording and analysis
	Histopathological examination
	Ultrastructure of hippocampal tissue
	Western blotting
	Statistical analysis

	Results
	Body surface temperature and core temperature
	The spatial learning and memory ability of rats
	EEG activity after 1.5-GHz microwave exposure
	Hippocampal structure of rats after 1.5-GHz microwave radiation
	Ultrastructural changes in the rat hippocampus after 1.5-GHz microwave exposure
	NMDAR subunits and related signalling molecules change

	Discussion
	Conclusion
	Recommendation
	References




