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ARTICLE INFO ABSTRACT

Keywords: The anxieties and concerns about health hazards caused by microwave has been growing recently.
C?mPO‘md exposure Previous studies have reported microwave induced structural and functional injuries to brain.
Microwave However, the biological effects caused by compound microwave were largely unexplored. In this
k;:;:g:yg function study, we investigated the biological effects on rat’s hippocampus2 after sequentially exposure to
Hippocampus 2.8 GHz and 9.3 GHz at average power density of 10 mW/cm“. Morris water maze (MWM)

Rats navigation tests showed that microwave exposure significantly extended the average escape la-
tency (AEL) at 1d and 3d after exposure, suggesting reduced learning and memory ability.
Importantly, compound microwave produced strongest responses at 3 d after exposure. Moreover,
microwave also could induce abnormal electroencephalogram (EEG), such as increasing the
power of 6 wave and 8 wave, suggesting brain damage or dysfunction. Histopathological analysis
suggested that microwave resulted in obvious structural injuries in hippocampus at 7 d after
exposure, and most serious injuries were observed in compound microwave exposed rats.
Moreover, disorder of mitochondria and reduced Nissl bodies in hippocampus might contribute to
the decrease of cognitive function. However, both the cognitive function and hippocampal
structure restored to normal at 28 d after exposure, which might be attributed to self-recovery
mechanisms. Gene ontology (GO) and Protein-protein interaction (PPI) analyses of differential
expressed genes (DEGs) in peripheral blood suggested that Htt and Bdnf might be potential in-
dicators to predict microwave. In conclusion, compound microwave of 2.8 GHz and 9.3 GHz
could elicit reversible structural injuries to hippocampus, which could decrease the cognitive
function of rats.

1. Introduction

Microwave is a kind of electromagnetic wave with frequency ranging from 300 MHz to 300 GHz, and wavelength between 1 m and
1 mm [1]. With the application of microwave in communication, transportation, medicine, military and industry, the biological effects
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of microwave have been attracting more and more attentions. Numerous studies have demonstrated that microwave can damage
multiple tissues and organs [2,3]. Compound exposure to microwave frequently occurred in our daily life. It has been demonstrated
that compound exposure to multi-frequencies microwave always produces much more serious injuries than single frequency micro-
wave [4-6].

Brain is one of the most sensitive organs to microwave radiation, and the learning and memory ability is susceptible to be injured
[7-14]. Epidemiological studies have found that compound microwave exposure can impair the learning and memory ability, as well
as affect cognition and emotion [15,16]. The alteration of neurotransmitters metabolism and energy metabolism might contribute to
the impairment of learning and memory ability after microwave exposure. Nissl bodies, which can produce proteins and enzymes for
supporting generation of organelles and synthesis of neurotransmitters, is an sensitive indicator for neuronal activity [17]. Moreover,
mitochondria are the critical organelles for energy metabolism. Studies have reported that the structure and functions of mitochondria
could be injured by microwaves with different frequencies [4,6,18].Microwave with 2.8 GHz and 9.3 GHz frequencies have been
widely used, but the effects of their combined exposure on cognition have not been reported. In this study, we investigate the effects of
2.8 GHz and 9.3 GHz on cognition of rats. The structural damage of hippocampal tissue, brain electrical activity, and metabolic activity
were detected to analyze microwave caused injuries of rats’ learning and memory abilities. Studies have shown that microwave ra-
diation can cause electrons or ions to vibrate through resonance, which in turn collides with other molecules in biological tissues,
resulting in interactions with biological systems and causing a series of changes [19]. To explore the potential mechanism underlying
microwave induced injuries on cognition, the alterations of gene expression or protein conformation were analyzed, which might in
turn alter signaling pathways, ultimately resulting in structural damage and cognitive impairments in rats.

2. Materials and methods
2.1. Microwave exposure mode

The microwave exposure system was described previously [44,45]. Briefly, microwave energy is transmitted to an electromagnetic
shield chamber, through rectangular waveguide and A16 dB standard gain horn antenna. The transmit power is measured with a

semiconductor detector, which is connected to a directional coupler at one port of the circulator and displayed on an oscilloscope.
Waveguide antenna, GX12M1CHP power meter (China Hefei Guanghua Microelectronics Instrument) and GX12M30A power head
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Fig. 1. Schematic diagram of the device for microwave exposure. A: Top view of microwave radiation device; B: Front view of microwave radi-
ation device.
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were used to measure the average power density. The schematic diagram of microwave exposure experimental device is shown in
Fig. 1.

2.2. Animals and microwave exposure

A total of 100 male Wistar rats were randomly divided into four groups according to microwave exposure power density and
exposure mode: Sham group, 2.8 GHz microwave exposed group (S10 group), 9.3 GHz microwave exposed group (X10 group), 2.8 GHz
and 9.3 GHz compound microwave exposed group (XS10 group) (n = 25/group). Rats in S10 group and X10 groups were exposed to
2.8 GHz and 9.3 GHz microwave for 6 min, and then were kept in the cage for another 6 min with the microwave cut down. While the
compound group was sequentially exposed to 2.8 GHz and 9.3 GHz microwave for 6 min. And, the Sham group was treated as that in
microwave exposed groups, but without exposure.

The animal experiments were approved by Institutional Animal Care and Use Committee at Beijing Institute of Radiation Medicine
(IACUC-DWZX-2020-781), and all the procedures were carried out in accordance with National Institute of Health Guide for the Care
and Use of Laboratory Animals. Rats were intraperitoneally injected with 1 % pentobarbital sodium (0.5g/100g, IP). Here, we injected
pentobarbital to anesthetize the rats in order to keep them stationary and make subsequent experiments more convenient.

2.3. Morris water maze (MWM)

2.3.1. Instrument setting

The Morris Water Maze testing system was sourced from Beijing Shuolinyuan Technology Company. And the water maze pool was
divided into four quadrants, with the platform placed in the center of the first quadrant, 1-2 cm beneath the water surface. The camera
was located directly above the pool and was covered with a light colored cloth curtain to ensure soft and uniform lighting. The
surrounding scenery and furnishings remained unchanged and the environment remained quiet.

2.3.2. Water maze training

All rats were trained in water maze for 3 connective days before microwave exposure. The rats were placed into the water from four
quadrants facing the wall of the pool at a fixed time point once a day, and the time was counted at the same time. If a rat found the
platform within 60 s, the timer was stopped and the rat was allowed to stay on the platform for 15 s. If a rat did not find the platform
within 60 s, it was guided to the platform after 60 s and allowed to stay there for 15 s. The average escape latency (AEL) of each rat in
the water maze was obtained by averaging the time of finding the platform in the four quadrants.

2.3.3. Positioning cruise test

Positioning cruise test was performed on rats, at 6h, 1 d, 2d, 7 d, 14 d and 28 d after exposure. The rats were placed in water from
four quadrants facing the wall of the pool and timed. If the rats find the platform within 60 s, the time was recorded. If the rats do not
find the platform within 60 s, the time was recorded as 60 s. The average time of finding the platform for each term of rat was
calculated, which was named AEL.

2.4. Electroencephalogram (EEG)

EEG recordings were collected from rats at 6 h, 7 d, 14 d, and 28 d after microwave exposure. Five rats were selected from each
group and injected intraperitoneally with 0.5 ml/100 g of 1 % pentobarbital sodium. When the rats were in a state of mild anesthesia
(with pain reflexes), a multi-channel physiological recorder (BIOPAC, USA) was used to detect EEG. Firstly, the hair on the top of the
head was removed using a hair clipper. Then, the area was disinfected and degreased. An electrode was placed on both sides of the
center of the head and fixed to the scalp with a needle electrode. The reference electrode was inserted at the edge of the ipsilateral
earlobe. The electrodes were connected to an EEG amplifier and the EEG waveforms were classified into Alpha (), Beta (p), Theta (6),
and Delta (8). The sensitivity was set to 2000 Hz, and the EEG changes were continuously recorded. Finally, the power of a, f, 6, and &
brain waves was statistically analyzed.

2.5. Histopathological analysis

The rats in each group were euthanized at 6 h, 7 d, 14 d and 28 d after exposure (n = 6/group), and the brain was removed. The
hippocampus in the right hemisphere of brain was fixed in 10 % formalin solution. Three weeks after fixation, it was taken out of
formalin solution, cut into appropriate size and put into an embedding box. The cassette was rinsed with running water overnight and
placed in an automatic dehydrator (Leica, Germany). Then the tissue was subjected to dehydration, transparency and wax immersion
according to a preset program. Following wax immersion, paraffin embedding was performed and 3 pm sections were prepared. The
sections were laid flat on glass slides and dried overnight in a 60 °C incubator. Subsequently, dewaxing was done using xylene and
gradient ethanol, followed by staining with hematoxylin and eosin (HE). Next, we used gradient ethanol and xylene for dehydration
and transparency. Finally, the sections were sealed. The morphological features and staining of hippocampal tissues of six rats in each
group at different time points were observed under a light microscope (Leica, Germany) and 5 random visions were selected from each
slide for photography. Moreover, the sections of hippocampal tissue in each group were stained with toluidine blue (ZSGB-BIO, China)
for 10 min, and then de-stained in 95 % alcohol for 3 s. Following dehydration in gradient alcohol, xylene clearance and coverslipping,
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the Nissl bodies were observed under a microscope. Five visual fields were randomly selected and photographed. The image Pro Plus
software was used to detect the mean optical density (MOD) and integral optical density (IOD) of the positive areas of each visual field.

2.6. Ultrastructural observation of hippocampus

After the rats were euthanized at 7d after exposure (n = 6/group), the hippocampal tissue of left hemisphere was removed and fixed
overnight in 2.5 % glutaraldehyde phosphate buffer fixative solution. After washing with 0.1 mol/L phosphate buffer solution, the
tissue was fixed with 1 % osmium acid and washed with double steaming water. The fixed tissue was dehydrated by gradient ethanol,
soaked and embedded with acetone and embedding solution, and then were cut into semi-thin sections. And, the ultra-thin sections
were made after located by light microscope. The ultra-thin slices were stained with uranium acetate and lead nitrate. And, the ul-
trastructure was observed by transmission electron microscope (TEM, Hitachi, Japan). We observed the ultrastructure of mitochondria
and synapses in neurons in hippocampal tissue of each group of rats after microwave radiation, and at least seven images were taken
for each group. Typical structures of mitochondria, mitochondrial cristae, synaptic gap and postsynaptic dense material were found in
each picture, and quantitative analysis was performed using Image J. At least 20 data were quantified for each index in each group.

2.7. Transcriptomic analysis

The peripheral blood was collected at 7 d after exposure, and transcriptomic analysis was carried out [20]. Firstly, total RNA was
extracted by Trizol (Invitrogen, CA, USA). The blood was mixed with chloroform upside down and left on ice for 15 min, then
centrifuged for 15 min at 12000 rpm/min at 4 °C, carefully taking the supernatant and placing it in a new EP tube. It was added
isopropyl alcohol to the supernatant and gently mixing. Next, the supernatant was centrifuged for 10 min at 12000 rpm/min. And the
white precipitate was visible at the bottom of the tube. We added 80 % ethanol, 12000 rpm centrifugation for 5 min. Finally, we
discard the supernatant and lay it flat on the paper to dry. When the white precipitate began to become transparent, we added RNase
Free ddH,O to dissolve the precipitate. Subsequently, the quality was confirmed by NanoDrop Spectrophotometer (Thermo Fisher
Scientific, MA, USA). Lastly, RNA sequencing was performed on NovaSeq 6000 platform (Illumina). After data collection, DESeq2 was
used to analyze gene expression, and DEGs were: |log2FoldChange| > 1 and significant q value < 0.05. GO enrichment analysis were
applied to explore potential biological functions of screened DEGs.

2.8. Statistical analysis

All data were expressed as the mean + standard deviation, and analyzed by GraphPad Prism software version 6.0 (GraphPad
software, CA, USA). Longitudinal data were analyzed by a one-way ANOVA, followed by post-hoc test using S-N-K method. The
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Fig. 2. The learning curves of rats after the microwave exposure. A: the experimental design; B: the learning curves; C: the typical path of rats in
each group at 3 d after exposure. Compared with Sham group, *, XS10 group p = 0.015 at 1 d, *, X10 group p = 0.030 at 2 d, *, XS10 group p =
0.023 at2d, *, XS10 groupp = 0.013 at 3 d, *, p < 0.05; Compared with S10 group, ® XS10 groupp = 0.022 at 3d, ® b < 0.05; Compared with X10
group, *, XS10 group p = 0.030 at 3 d, *, p < 0.05 (one-way ANOVA).
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difference is considered significant if p < 0.05.

3. Results

3.1. Effect of compound wave on spatial learning and memory

Wistar rats were exposed to compound microwave with frequency of 2.8 GHz and 9.3 GHz (Fig. 2A). Before and immediately after
exposure, the anal and body surface temperature were monitored and no significant changes were observed, suggesting that no
thermal effects were induced by microwave (Supplementary-Figure S1A-B). Then, the learning and memory ability was detected using
MWM navigation tests at indicated time points after exposure. We found that the microwave significantly decreased the learning speed
at1d and 3 d after exposure. Moreover, compound microwave of 2.8 GHz and 9.3 GHz could reduce learning speed much stronger than
single frequency microwave at 3d after exposure. However, the learning speed was restored to the equal level with that in Sham group
at 7 d after exposure, indicating self-recovery mechanisms were initiated (Fig. 2B: F3 15 = 0.855, p > 0.05 for 6h; F3 14 = 2.734, p <
0.05 for 1d; F3 14 = 2.649, p < 0.05 for 2d; F3/13 = 3.487, p < 0.05 for 3d; F3 12 = 1.186, p > 0.05 for 7d; F3/14 = 0.226, p > 0.05 for 14d;
F313=10.061, p > 0.05 for 28d). These data suggested that compound microwave of 2.8 GHz and 9.3 GHz could impair spatial learning
and memory ability in rats much more obviously than single frequency microwave.

3.2. Effect of compound wave on electroencephalogram (EEG)

Brain electrical activity play pivotal roles in maintaining learning and memory ability. Therefore, we analyzed EEG, which could
clearly show the brain electrical activity, in this study. Compared to 2.8 GHz microwave (S10 group), the power of a wave was
decreased at 7 d after exposure to 9.3 GHz microwave (X10 group) (Fig. 3A: F3 12 = 0.773, p > 0.05 for 6h; F3 12 = 2.449, p < 0.05 for
7d; F3 12 = 0.150, p > 0.05 for 14d; F3 12 = 0.102, p > 0.05 for 28d). Compared to Sham group, the power of p wave and 6 wave were
increased at 6 h after exposure to S10 group(Fig. 3B: F3 12 = 5.614, p < 0.05 and p < 0.01 for 6h; F3 12 = 0.567, p > 0.05 for 7d; F3 12 =
0.106, p > 0.05 for 14d; F3 12 = 0.412, p > 0.05 for 28d. Fig. 3C: F3 12 = 2.588, p < 0.05 for 6h; F3 12 = 2.392, p < 0.05 for 7d; F3 12 =
0.026, p > 0.05 for 14d; F3 12 = 0.207, p > 0.05 for 28d), while the power of & wave was elevated at 7 d after exposure to X10 group
(Fig. 3D: F3,12 = 1.564, p > 0.05 for 6h; F3 12 = 4.081, p < 0.05 for 7d; F3 12 = 0.121, p > 0.05 for 14d; F3 12 = 0.102, p > 0.05 for 28d).
Importantly, both the power of 6 wave and & wave were obviously up-regulated at 7 d after radiation in compound microwave group
(XS10 group) (Fig. 3C-D). Interestingly, the power of  wave in XS10 group was much lower than that in X10 group (Fig. 3B), sug-
gesting the interaction between 2.8 GHz and 9.3 GHz microwave. Moreover, all of waves were recovered at 14 d after exposure.
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Fig. 3. The alteration of electroencephalogram (EEG) power in rats after microwave exposure. A: « wave power. Compared with S10 group, ®, p =
0.021 at 7 d; B: p wave power. Compared with Sham group, *, p = 0.013 at 6 h, Compared with S10 group, ®®, p = 0.003 at 6 h, Compared with X10
group, *, p = 0.023 at 6 h; C: 6 wave power. Compared with Sham group, *, p = 0.020 at 6 h, *, p = 0.020 at 7 d; D: § wave power. Compared with
Sham group, *, p = 0.011 for X10 group, *, p = 0.013 for XS10 group. *, p < 0.05; ®®, p < 0.01; 4, p < 0.05 (one-way ANOVA).
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3.3. Effect of compound wave on the structure of hippocampus

To investigate the potential mechanisms, we analyzed the histological structure of the rat hippocampus, an important brain region
that plays a cognitive role. At 7 d after radiation, the Sham group showed normal morphological characteristics. Deep staining and
shrinkage of nuclei were observed in the CA3 and DG regions of the hippocampus in S10, X10, and XS10 groups. As expected,
compound microwave produced most serious injuries to hippocampal neurons. In XS10 group, pyknotic and hyperchromatic nuclei
could be detected at 6 h after exposure (Supplementary-Figure S2), and significantly increased at 7 d after exposure (Fig. 4A-D). And
then, pyknotic and hyperchromatic nuclei gradually decreased and return to normal level at 28 d after exposure (Supplementary-
Figure S2). Our data indicated that both 2.8 GHz and 9.3 GHz microwave, as well as compound microwave caused reversible structural
injuries to rat’s hippocampus, while compound microwave produced much more impressive injuries.

Nissl body participates in synthesis of structural proteins and enzyme that regulating metabolisms of organelles and neurotrans-
mitters. Here, we analyzed the changes of Nissl body in hippocampal neurons after microwave exposure. The number of Nissl body
decreased obviously at 7 d after exposure in all of microwave exposed groups. And then, the Nissl body gradually increased, and
restored to normal level at 28 d after exposure. Interestingly, 2.8 GHz microwave reduced Nissl body much stronger than 9.3 GHz
microwave, suggesting that Nissl body was sensitive to S band microwave (Fig. 4E-I. Fig. 4I: F3 16 = 7.778, p < 0.05, p < 0.01 and p <
0.001).

3.4. Effect of compound wave on ultrastructural of hippocampal tissue

Moreover, the ultrastructure of the hippocampal tissue was also analyzed at 7 d after exposure. Generally, microwave exposure
caused obvious structural injuries in hippocampal neurons, and most serious injuries were observed in XS10 group. Firstly, we found
that microwave exposure blurred synaptic spaces and increased postsynaptic compacts. Compared to that in S10 group, synaptic cleft
in XS10 group was more blurred and the postsynaptic density was significantly increased (Fig. .5A-F. Fig. 5E: F3 36 = 26.483, p < 0.05
and p < 0.001; Fig. 5F: F3 30 = 26.268, p < 0.05, p < 0.01 and p < 0.001). Secondly, the mitochondrial structure was also damaged by
microwave. Compared with Sham group, microwave exposure resulted in swelling, cavitation, disordered cristae and ruptured
membrane of mitochondria. Compared with single frequency microwave, compound microwave damaged mitochondria much
stronger (Fig. 5G-L Fig. 5K: F3 48 = 178.162, p < 0.001; Fig. 5L: F3 48 = 55.520, p < 0.001). Synapses and mitochondria are the most
sensitive organelles to electromagnetic radiation, and may respond to microwaves, especially compound microwave of 2.8 GHz and
9.3 GHz.

3.5. Effect of compound wave on genes expression in peripheral blood

Effective predictive indicators for microwave-induced neuronal injuries are useful to healthy alarming. Moreover, these indictors
might be potential targets for developing preventive and therapeutic approaches. Peripheral blood is the most convenient source for
screening sensitive indicators. We have previously reported that 548 upregulated genes and 311 downregulated genes were detected in
peripheral blood after exposure to compound microwave of 2.8 GHz and 9.3 GHz [20]. Here, we further analyzed the DEGs that closely
associated with the nervous system(https://www.jianguoyun.com/p/DQNoFnAQ98CyCxjBw _UEIAA). Only 6 neuronal functions
related DEGs were found in compound microwave exposed group, including 5 up-regulated and 1 down-regulated genes (Table S1),
namely huntingtin (Htt), htra serine peptidase 2 (Htra2), presenilin 1 (Psenl) and tumor protein p73 (Tp73), heterogeneous nuclear
ribonucleoprotein D (Hnrnpd) and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon (Ywhae). In
the Protein-Protein Interaction (PPI) analysis, we found Htt could directly interact with brain derived neurotrophic factor (Bdnf),
neurotrophic receptor tyrosine kinase 2 (Ntrk2) and microtubule associated protein tau (Mapt) to regulate neuronal activities, such as
cognitive function (Fig. 6). Therefore, Htt and Bdnf might be potential indicators to predict microwave.

4. Discussion

In recent years, with the rapidly growing applications of microwave technologies, people’s concerns about the health hazards of
microwave are increasing [1]. Many studies have reported the biological effects induced by single microwaves with a certain frequency
and power intensity in various organs and tissues, of which the brain is one of the most sensitive organs [2,8-12,21]. Studies have
demonstrated that microwave exposure could cause impairment of cognitive functions, especially the learning and memory ability
[18,22]. However, people always surrounded by complex environments that containing microwave with multiple frequencies and
different power intensities, in daily life. Nowadays, more and more studies have been focusing on exploring biological effects induced
by compound microwave exposure. Our group and others have reported that compound microwave with different frequencies could
induce much more serious injuries than microwave with corresponding single frequency in various organs and tissues [4-6]. In this
study, we found that exposure to compound microwave of 2.8 GHz and 9.3 GHz resulted in obvious injuries in rat’s hippocampus and
significant impairment of learning and memory ability.

Learning and memory ability and EEG signals are frequently used indicators to evaluate cognitive functions [23,24]. Morris Water
Maze (MWM) is a common tool for assessing spatial learning and memory. Researchers found that exposure to both microwave with
single frequency and multi-frequencies significantly increased the AEL in MWM navigation experiment, indicating the impairment of
spatial learning and memory ability [7,13,25-27]. Wang et al. found that exposure to microwave with single frequency (1.5 GHz) or
multi-frequencies (1.5 and 4.3 GHz) could prolong the AEL [5]. Tan et al. reported that radiation by S-band and L-band microwave
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Fig. 4. Histopathological and Nissl analysis of hippocampal tissues of rats at 7d after exposure to microwave (HE). Neurons with normal nuclei were
well-distributed in Sham group (A). However, pyknotic and hyperchromatic nuclei were observed in neurons of S10 (B) and X10 (C) groups.
Importantly, more severely pyknotic and hyperchromatic nuclei with spindle shape were detected in XS10 group (D). Nissl staining images of the
Sham, S10, X10 and XS10 groups were shown in E-H respectively. And, the image analysis of Nissl body changes in rat hippocampus at 7d after
microwave exposure were presented in I. Generally, decrease of Nissl body content could be observed in S10, X10 and XS10 groups, while
impressive changes could be detected in XS10 group. Compared with Sham group, ***, p < 0.0001 for S10 group, *, p = 0.045 for X10 group, **, p
= 0.002 for XS10 group, *, p < 0.05, **, p < 0.01 ***, p < 0.001; Compared with S10 group, ®, p = 0.031, ®, p < 0.05 (one-way ANOVA). Scale bar
= 50 pm for HE staining and toluidine blue staining.

<

with an average power density of 10 mW/cm? obviously increase the AEL [4]. Zhu et al. also found that exposure to L band and C band
microwave at average power density of 10 mW/cm? extended the AEL from 1 to 7 days exposure [6]. In this study, we showed that both
2.8 GHz and 9.3 GHz microwave extend the AEL from 1d to 3d after exposure for 6 min. As expected, compound microwave of 2.8 GHz
and 9.3 GHz increased AEL much more than single frequency microwave. Our data suggested that compound microwave could reduce
learning and memory ability much stronger than single frequency microwave in rats.

EEG is an objective electrophysiological index to present physiological and pathological of brain [24,28]. There are four types of
waves in the EEG spectrum: o (12-30 Hz), p (8-12 Hz), 6 (4-8 Hz) and 6 (1-4 Hz). The a and p waves appear in a relaxed or tense status
of the brain, while the 6 and  waves appear in a tired or sleepy state of the brain [29]. Studies have demonstrated that both single and
compound microwave could affect the waves of EEG. Wang et al. found that compound exposure to L band and C band resulted in an
increase in the power of § waves, while Zhu et al. found the power of 6 wave was up-regulated on day 7 after exposure, indicating that
microwaves reduce electrical excitability [5,6]. In this study, we found that 2.8 GHz microwave increased the power of 6 wave at 6h
after exposure. Moreover, 9.3 GHz microwave elevated the power of & wave, while compound microwave increased the power of both
6 wave and § at 7d after exposure, indicating that cortical excitability is suppressed. These results suggested that compound microwave
of 2.8 and 9.3 GHz significantly inhibited the activity of brain.

The hippocampus is a region of the brain, which is largely responsible for the learning and memory [30,31]. Previous studies have
showed that microwave exposure could cause obviously damages to hippocampal tissues, in which blurred synaptic space, reduced
synaptic vesicles, pyknotic and hyperchromatic nucleus could be observed [4,6,18]. Moreover, several groups reported that exposure
to both single and compound microwave could injure the ultrastructure of hippocampus, especially mitochondria [6]. Mitochondria
are the critical organelle for energy metabolism, and can generate energy to support the physiological functions of brain. In this study,
mitochondrial swelling, cavitation, cristae disorder and rupture, and membrane broken could be observed at 7 d after exposure in all of
the exposed groups. However, compound microwave produced much stronger injuries. In addition to mitochondria, Nissl bodies are
also emerged as important structure of neurons. Nissl bodies could synthesize structural proteins for organelles, and enzymes for
generating neurotransmitters [17]. And, it has been reported that microwave radiation can reduce the content of neuronal cytoplasmic
Nissl bodies, and the decrease of Nissl bodies are positively related with the decline of learning and memory ability [4,32,33]. Our data
suggested that compound microwave could destroy the metabolism of hippocampal neurons, which in turn impair the learning and
memory ability of rats, while compound microwave caused most serious injuries.

Predictive indicators for microwave induced injuries to nervous system, will be valuable to alarm the risks and protect people from
potential health hazards. In this study, we analyzed DEGs in peripheral blood, and found that only 7 DEGs were closely related with
functions of nervous system. Htt can positively regulate the transcription of Bdnf, as well as promote the transport of Bdnf in the axon
of cortex and striatum. Once Bdnf is released into the synapse, it can activate the TrkB receptor to promote endocytosis of TrkB. Then,
TrkB forms complex with dynein, dynactin and kinesin-1 to activate Erk1/2 and promote the survival of neurons [34]. Htra2, a serine
protease located in the mitochondrial membrane gap, owns enzyme activity to degrade misfolded proteins. Htra2 has neuroprotective
functions when mitochondria undergo stress response [35,36]. Psenl play important roles in regulating lysosomal related functions
during autophagy, as well as synaptic plasticity. Also, the mutations of Psenl are closely associated with the Alzheimer’s disease
[37-40]. Tp73 gene, a homologue of the Tp53 family, not only can regulate autophagy and angiogenesis [41,42], but also can
modulate cell senescence by intervening in mitochondrial metabolism [43]. Combined with GO and PPI analysis, we found that Hitt,
Htra, Psenl, Tp73 and Bdnf might be potential predictive indicators for microwave induced injuries of nervous system. Interestingly,
we found that most 6 out of 7 DEGs were up-regulated at 7 d after microwave exposure, which suggested that the self-recovery
mechanisms have been initiated.

In summary, the composite microwave of 2.8 GHz and 9.3 GHz caused obvious decline in the learning and memory abilities of rats,
companying hippocampal structural injuries and cognition functional impairments. Mitochondrial disorder and decrease of Nissl
bodies are the potential mechanisms for microwave induced injuries of structural and functional injuries. Moreover, the results of
transcriptomics explored several potential indicators for diagnosis, such as Htt, Htra, Psenl, Tp73, and Bdnf, which also can be po-
tential targets for and therapy. However, experiments are still needed to be further verify and it will be interesting and valuable to
explore the interactions between microwaves with different frequencies.

5. Conclusion

The composite microwave of 2.8 GHz and 9.3 GHz can cause damage to rat hippocampal tissue, inhibit brain activity, and reduce
the metabolism of hippocampal neurons through inducing mitochondrial disorder and decreasing Nissl bodies, and ultimately
impaired the learning and memory abilities of rats. Notably, compound microwave can reduce the learning and memory ability of rats
more than single frequency microwave. Through a combination of GO and PPI analyses, we have also identified Htt, Htra, Psenl, Tp73,
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Fig. 5. Ultrastructural analysis of hippocampal neurons by transmission electron microscope (TEM). A: TEM image of synapses in the Sham group at
7 d after microwave exposure; B: TEM image of synapses in the S10 group at 7 d after microwave exposure; C: TEM image of synapses in the X10
group at 7 d after microwave exposure; D: TEM image of synapses in the XS10 group at 7 d after microwave exposure. E: Thickness of synaptic
density in rat hippocampus after microwave exposure. Compared with Sham group, ***, p < 0.001 for S10 group, ***, p < 0.001 for X10 group, ***,
p < 0.001 for XS10 group; Compared with S10 group, ®, p = 0.010, ®, p < 0.05(one-way ANOVA); F: Width of synaptic cleft in rat hippocampus
after microwave exposure. Compared with Sham group, ***, p < 0.001 for S10 group, ***, p < 0.001 for X10 group, ***, p < 0.001 for XS10 group;
Compared with $10 group, ®, p = 0.025, ®®, p = 0.006, ®, p < 0.05, ®®, p < 0.01(one-way ANOVA). G: TEM image of mitochondria in the Sham
group at 7 d after microwave exposure; H: TEM image of mitochondria in the S10 group at 7 d after microwave exposure; I: TEM image of
mitochondria in the X10 group at 7 d after microwave exposure; J: TEM image of mitochondria in the XS10 group at 7 d after microwave exposure.

K: Length of cristae in rat hippocampus after microwave exposure. Compared with Sham group, ***, p < 0.001 for S10 group, ***, p < 0.001 for X10
group, ***, p < 0.001 for X$10 group; Compared with $10 group, ®®®, p < 0.001; Compared with X10 group, “*4, p < 0.001(one-way ANOVA); L:

Thickness of synaptic density (um)
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Mitochondrial area in rat hippocampus after microwave exposure. Compared with Sham group, ***, p < 0.001 for S10 group, ***, p < 0.001 for X10
group, ***, p < 0.001 for XS10 group; Compared with S10 group, ®®®, p < 0.001; Compared with X10 group, ***, p < 0.001(one-way ANOVA). The
yellow arrow in the figure shows the swelling and cavitation of mitochondria; The blue arrow indicates the destruction of synaptic structure. Scale
bar = 500 nm for TEM.
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Fig. 6. Protein-protein interaction (PPI) analysis of differential expressed genes that closely related with functions of nervous system. Network
N

nodes represent proteins. Node Color: a colored nodes: query proteins and first shell of interactors, | white nodes: second shell of interactors;

Node Content: C empty nodes: proteins of unknown 3D structure, @ filled nodes: some 3D structure is known or predicted. Edges represent

protein-protein association. Known Interactions: ©—: from curated databases, ‘' experimentally determined; Predicted Interactions: ="
gene neighborhood, = gene fusions, =" gene co-occurrence; Others: ' textmining, =" co-expression, ‘— ' protein homology.

and Bdnf as potential predictive indicators of microwave-induced neuronal damage in the nervous system.
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