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Abstract
Background: Treatment of Alzheimer’s disease is still a medical challenge now. Some researchers have
tried to use electromagnetic therapy to treat Alzheimer’s disease, but there are no clear conclusions. 1500
MHz microwave was used to expose young and old 5×FAD mice here to explore the bene�cial effect of
microwave on Alzheimer’s disease.

Methods: Young and old 5×FAD mice were exposed to 1500 MHz microwave at SARs of 2 or 4 W/kg for
5-months (2 h/day, 5 days/week). The cognitive function and emotional behavior were detected by Morris
Water Maze, Y-Maze, Open Field Test and Elevated Plus Maze respectively. Amyloid β peptides, BACE1
expression, and in�ammatory cytokines interleukin were detected by ELISA and qPCR. Amyloid β peptides
and Iba1 in hippocampus of old FAD mice were further detected with immunohistochemistry.

Results: Microwave treatment obviously improved the learning and memory in old AD mice after 5
months of exposure, which was con�rmed by the signi�cant decreased Aβ42 peptides and
downregulated BACE1 expression in hippocampus. 1500 MHz microwave exposure caused anxiety-like
behavior in young and old AD mice at a SAR of 2 W/kg and 4 W/kg respectively. IL-6 mRNA levels were
signi�cantly decreased while IL-4 and IL-10 were signi�cantly increased in old AD mice after exposure at
a SAR of 2 W/kg. At the same time, the amount of microglia along with Aβ deposition were signi�cantly
decreased in hippocampus. The weight loss of aged AD mice slowed down and no obvious increase of
anal temperature was found during exposure.

Conclusions: 1500 MHz microwave exposure can signi�cantly improve the symptoms of AD in aged mice
at a SAR of 2 W/kg with the regulations of in�ammatory reaction in hippocampus, which may provide an
effective clinical choice for treatment of elderly patients with AD.

Background
With the increasingly prominent problem of aging worldwide, Alzheimer's disease (AD) poses a serious
issue to society and individuals. The main clinical features of AD include memory, cognitive, and
behavioral impairments. A classic feature of this disease is the appearance and deposition of amyloid β
(Aβ) peptides in the brain, which slowly accumulate to form senile plaques. In addition, the tua proteins
are abnormally phosphorylated, resulting in tangles of neuronal �bers[1, 2]. Researchers have been
working hard to �nd an effective way to improve AD symptoms, but they have not yet found a useful
therapeutic approach to treat AD. Most therapies in use can only delay the progress of disease[3].
Therefore, it is necessary to �nd an effective way for AD treatment.

In certain frequency bands, electromagnetic �eld exposure has been found to be helpful in improving
cognitive learning and memory[4, 5]. Moreover, previous studies have reported that radiofrequency
exposures repaired cognitive derangements in 3×Tg-AD mice to a certain extent[6]. Since it is found that
electromagnetic �eld exposure can alter Aβ pathology in AD mice, researchers have begun to pay close
attention to the effects on AD mice around the radio frequencies of mobile phones such as 1950 MHz
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and 918 MHz[7, 8]. Nevertheless, studies on the treatment of AD using electromagnetic �eld exposure and
the frequency range remain scarce.

The radiofrequency electromagnetic �eld of 1500 MHz has not been reported in the intervention study of
AD, which is higher than 918 MHz in frequency and penetrates deeper into the organism than higher-
frequency microwaves, such as the 2450 MHz Wi-Fi signal. In order to further explore whether
radiofrequency electromagnetic �eld exposure can improve the symptoms of AD in mice and the
underlying mechanism, young and old 5×FAD mice were exposed to 1500 MHz electromagnetic �elds in
this study. 5×FAD transgenic mice can quickly produce Aβ peptides in the brain, and the accumulation
begins to appear at 1.5 months of age. Dense plaques are formed at 2 months, and glial cells proliferate
at the same time[9, 10]. Based on two different studies from the same group[7, 11], the exposure period in
this study was set to 5 months. Learning, memory, and emotional behaviors were observed, and the
underlying mechanism was preliminarily explored from the perspective of the neuroin�ammatory
response. We aimed to provide a therapeutic reference for treatment of AD through this study.

Materials And Methods
Animals

Three- and seven-month-old 5×FAD mice overexpressing K670N/M671L (Swedish), I716V (Florida), and
V717I (London) mutations in human APP (695), as well as M146L and L286V mutations in human PS1
(41), were provided by C. Zhang (Peking University, Beijing, China). Genotypes were con�rmed by PCR
analysis of toe biopsy specimens. Negative mice in the same litter were used as the wild-type controls.
Mice were housed four to �ve per cage with a 12-h light/12-h dark cycle, with food and water ad libitum.
Male mice (C56BL/6J background) were used in all experiments to avoid the in�uence of sex. All
experimental animal procedures were approved by the Institutional Animal Care and Use Committee of
the National Beijing Center for Drug Safety Evaluation and Research, State Key Laboratory of Medical
Countermeasures and Toxicology, Institute of Pharmacology and Toxicology.

The experimental groups were as follows: the young mice were randomly divided into four groups with
ten mice per group, namely the wild-type sham (Young-WT-Sham), wild-type exposure group (Young-WT-2
W/kg), the AD sham (Young-AD-Sham), and the AD sham exposure group (Young-AD-2 W/kg). The old
mice were randomly divided into three groups with eight mice in each group, namely Old-AD-Sham, Old-
AD-2 W/kg, and Old-AD-4 W/kg.

Electromagnetic �elds exposure system and dosimetry

The electromagnetic �eld exposure system was mainly composed of a signal generator, an ampli�er, a
control PC, and a reverberation chamber (dimension: 1.5 × 1.5 × 1.5 m3), which was equipped with a
transmitting antenna on each of its walls (six dipole antennae in total). A one-in-six-out power switcher
connected the output port of the ampli�er and the input ports of the six antennae. The selection of the
emission antennae was enabled by the control PC. In such a case, only one antenna emitted at one time
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and the six antennae randomly functioned, but each of them had an equal possibility to transmit the
signal. The con�guration ensured that the wave came from all directions in a temporal view. One two-
level plastic stand was placed in the middle of the reverberation chamber, which supported the plastic
containers. To avoid electromagnetic wave re�ection by the adjacent mouse in the same container, only
one mouse was placed in each container. A schematic of the exposure system is shown in Fig. 1.  

The system is composed of a signal generator, an ampli�er, a control PC (a) and a reverberation chamber
with a dimension of 1.5 × 1.5 × 1.5 m3 (b). One two-level plastic stand was placed in the middle of the
reverberation chamber (c), which supports plastic containers for exposure of mice.

A measurement-simulation strategy was applied to determine the whole-body speci�c absorption rate
(SAR) [12]. In brief, the E-�eld strength at different points in the container was measured along with the
alternative emissions of the six antennae. The overall E-�eld results were then averaged over the values
obtained at various locations. The measurement was performed with the sham mouse models �lled with
tissue equivalent liquid, simulating the power absorption of the mice in the real experiment. Consequently,
the measured overall E-�eld strength was applied in a �nite-difference time-domain solver (Sim4life,
Speag AG, Zurich, Switzerland) to calculate the power distribution in the voxelized mouse model. The
details can be found in the literature[13]. To specify, the measured �eld homogeneity in the volume
holding the containers was superior to 0.8 dB.

The reverberation chamber was placed in a ventilation-, humidity-, and temperature-controlled
environment suitable for animal. The mice were exposed to 1500 MHz continuous electromagnetic
signals for 2 h/day, 5 days/week, for 5 months. For 3-month-old young mice, the SAR was 2 W/kg, and
for 7-month-old mice, the SARs were 2 W/kg and 4 W/kg. Mice in the sham-exposure group were treated
in the same way with microwave off. Behavioral tests were started at 16 days before the end of
microwave exposure, and tissue preparation was immediately conducted after exposure.

Behavioral tests

Morris water maze (MWM) The MWM was used to assess spatial learning and memory ability, which
mainly contained a circular pool (120-cm diameter and 30-cm height) �lled with water which was
maintained at 16-18°C and made opaque using titanium dioxide[14]. During the visible platform training
period, the escape platform (10-cm diameter) was placed at the center of a designated quadrant of the
pool with its top positioned 1 cm below the water surface, and the platform was marked by a red �ag.
The mice were trained three times to have their swimming, vision, and muscle tone evaluated for
normality. Subsequently, mice that could not swim and those that were abnormal were removed from the
trial. After visible platform training, the mice were subjected to hidden platform training with three trials
per day for six consecutive days. The spatial exploration test was conducted on the eighth day after
platform removal. The times of crossing the platform and swimming time in the quadrant of the platform
were recorded.
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Y-Maze The Y-maze consisted of three arms with the same length and angle between the two
neighboring arms, which was used to measure working and reference memories. In the working memory
test, the three arms of the Y-maze were open. The activity of the mice was recorded for 5 min, and the
frequency of alternating of mice in the three arms was counted. The reference memory experiment was
conducted 3 days after the end of the working memory. First, any one of the three arms was closed.
Furthermore, the mouse was allowed to move freely in both arms for 5 min, and their activities were
recorded. One hour later, one of the two open arms in the above experiment and the closed arm in the
current experiment were simultaneously closed and opened, respectively. The mouse was allowed to
explore for 5 min to calculate the time and distance in the new open arm in relation to the evaluation of
the reference memory.

Open �eld test (OFT) The OFT was used to study the autonomous behavior of mice in a new
environment. The mice were placed in a square box with a length, width, and height of 50, 50, and 20 cm,
respectively. The area at the center with an edge of 10 cm in length was de�ned as the central area, and
the activity of mice in the box was recorded for 5 min. The number of times the mice entered the central
area delineated in the open �eld and the total time spent in this area were counted to evaluate the anxiety
of the mice.

Elevated plus maze (EPM) The EPM, which consisted of two open and two closed arms, was used to
evaluate the anxiety-like state of the mice. The mouse was placed at the center of the two closed arms,
and the mouse was allowed to explore freely for 5 min. Furthermore, the residence time and movement
distance of the mice were measured in the closed and open arms, respectively.

Tissue preparation

The mice were anesthetized with 0.7% pentobarbital sodium and euthanized after the behavioral tests
and electromagnetic �eld exposure. Consequently, the mice in each group were divided into two parts,
brain tissues were then harvested, half of the mice were used for pathological observation, and the other
half was used for biochemical detection. For histological analysis, the tissues were �xed in 4%
paraformaldehyde solution. For molecular biological analysis, the tissues were stored at -80°C. 

Enzyme-linked immunospeci�cassay (ELISA)

Brain tissues were collected from mice and prepared into homogenates, which were snap-frozen on dry
ice and then stored at -80°C for ELISA analysis. ELISA was performed to measure Aβ levels in the mouse
hippocampus and cortex; Aβ 40 and 42 peptides were quanti�ed using commercial ELISA kits (Invitrogen,
Carlsbad, CA; KHB3481 and KHB3441, respectively) following the manufacturer’s protocol. Brie�y,
samples were diluted in a sample diluent to detect Aβ 40 and Aβ 42 levels within the optimal working
range of each standard at known concentrations (0-500 pg/mL). After the samples were incubated with
antibody solutions, the concentration of proteins in the sample was determined by colorimetric assay via
absorbance at 620 nm (A620). The A620 values were converted to pg Aβ 40 or pg Aβ 42/mg protein by



Page 6/22

correcting for dilution factors. The Aβ 42 and Aβ 40 levels per group were averaged and expressed as the
mean ± standard error (SE).

qPCR

Total RNA in the mouse hippocampus was extracted using TRIzol reagent and reverse transcribed into
cDNA. The corresponding primers were designed and synthesized by Shenggong Bioengineering Co., Ltd.
(Table 1). Quantitative PCR was performed according to the instructions of the GoTaq®qPCR Master Mix
reagent (Promega). The equipment used was 7500 real-time �uorescent quantitative PCR instrument
(Applied Biosystems). The Ct values of the target genes in each sample were collected. The relative
quantitative method was used to calculate the ΔCt value of each sample, and the relative expression of
the target gene in each sample was analyzed.

Table 1 Primers used for qRT-PCR

Genes Forward Reverse

GAPDH 5’AGGTCGGTGTGAACGGATTTG3’ 5’GGGGTCGTTGATGGCAACA3’

BACE1 5’GGCGGGAGTGGTATTATGAAGTGA3’ 5’GAAGGATGGTGATGCGGAAGG3’

IL-4 5’GGTCTCAACCCCCAGCTAGT3’ 5’GCCGATGATCTCTCTCAAGTGAT3’

IL-6 5’GCTACCAAACTGGATATAATCAGGA3’ 5’CCAGGTAGCTATGGTACTCCAGAA3’

IL-10 5’GCTCTTACTGACTGGCATGAG3’ 5’CGCAGCTCTAGGAGCATGTG3’

Frozen section

After the brain tissues were �xed in paraformaldehyde, it was dehydrated with 10% sucrose once, 20%
sucrose once, and 30% sucrose twice. Subsequently, samples were sectioned into 40μm-thick slices,
placed in antifreeze, and stored at -20°C.

Immunohistochemistry

Brain slices (40μm) from the frozen sections were immunoassayed with mouse anti-Aβ primary antibody
(Biolegend Co.) and rabbit anti-Iba1 primary antibody (Wako. Co.). The donkey anti-mouse green
�uorescent antibody and anti-rabbit red �uorescent secondary antibodies (Jackson Immuno Research
Co.) were diluted (1:400) and incubated with brain slices in the absence of light following the
manufacturer’s protocol. Hoechst (Thermo Fisher Co.) was prepared in 1×PBS (1:1000) for nuclear
staining. The appropriate visual �eld was selected using a laser confocal microscope (Olympus Co.).
Photographs were subsequently analyzed using Image-J software. Aβ protein was stained with green
�uorescence, and microglia (Iba1) were stained with red �uorescence. Pictures of the CA1 and DG regions
in the hippocampus were then taken. The number of Aβ plaques in the CA1 and DG regions (number of
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green �uorescent plaques) was counted. Image-J was used to analyze the optical density of the red
�uorescence and calculate the average optical density in the corresponding brain area.

Statistical analysis

The values are expressed as the mean ± standard error (mean ± SE). One-way ANOVA was used to
analyze the signi�cant differences between the groups. Data were statistically analyzed separately for
young and old mice. The normal distribution of the samples and equal variances were tested. When the p
value of F-TEST was 0.05, the equal variance hypothesis LSD test was applied; otherwise, the
heteroscedasticity hypothesis Tamhane’s T2(M) test was used. For data repeatedly acquired at different
times such as the MWM test and body weights, a two-way ANOVA was used to analyze signi�cant
differences between the groups. A value of p<0.05, indicated a signi�cant difference, and p<0.01
indicated a very signi�cant difference. 

Results
1500 MHz microwave exposure improved the learning and memory of old 5×FAD mice

In MWM, the results showed that the average latency period to �nd the platform was longer (analyzed
with two-way ANOVA) and the number of times entering the target quadrant were signi�cantly reduced
(analyzed with one-way ANOVA) in young 5×FAD mice compared with that in the wild-type group. Young
AD mice took longer time to �nd the platform than wild-type mice on the 4th day, the F-values for time in
this test was 180.3 with p 0.0001. However, the above two indices were not signi�cantly improved in both
young wild-type and AD mice after electromagnetic exposure at a SAR of 2 W/kg (Fig. 2a). For old AD
mice, the latency time of �nding the platform on the 4th and 6th day at the learning stage was shorter
than that of Old-AD-sham mice, indicating a restoration of learning function after exposure. The F-values
for dose, time and dose*time were 2.54 (p=0.11), 55.91(p<0.0001) and 2.25 (p=0.08), respectively.
Furthermore, the number of passing through the target quadrant was signi�cantly increased in a dose-
dependent manner after removal of the platform, indicating an obvious improvement in memory in elderly
AD mice after microwave radiation (Fig. 2b). In short, 1500 MHz microwave exposure improved learning
and memory in old 5×FAD mice.

In Y-maze, the staying time and ratio in the new arm were decreased in young AD mice compared with
that in young wild-type mice because of their impaired memory due to AD. However, there were no
signi�cant improvements in both young AD and wild-type mice after microwave exposure. For old AD
mice, the staying time along with the ratio of stay in the new arm were signi�cantly increased after 4
W/kg exposure compared with that in Old-AD-sham group, which indicated that the reference memory of
the old mice was improved (Fig. 2c). In short, 1500 MHz microwave exposure improved the reference
memory of old 5×FAD mice at a SAR of 4 W/kg.

1500 MHz microwave exposure caused anxiety-like behavior in AD mice
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The emotional behaviors of young and old mice were assessed using the OFT and EPM. The OFT results
showed that the moving speed and distance in the open area were signi�cantly decreased in young AD
mice after electromagnetic exposure at a SAR of 2 W/kg compared with sham groups, which indicated
that anxiety-like behavior was caused by microwave exposure. However, there were no signi�cant
changes in old AD mice except that the distance in the central area was signi�cantly increased in Old-AD-
2 W/kg group compared with the sham group (Fig. 3a). In short, 1500 MHz microwave exposure caused
anxiety-like behavior in young AD mice at a SAR of 2 W/kg.

In EPM, the staying time and percent of time in the open arm were decreased in old AD mice after
exposure at a SAR of 4 W/kg compared with the Old-AD-Sham mice, which indicated that anxiety-like
behavior was caused in old mice by microwave exposure at a SAR of 4 W/kg. However, there were no
signi�cant differences between the groups in young mice (Fig. 3b). In short, 1500 MHz microwave
exposure caused anxiety-like behavior in old AD mice at a SAR of 4 W/kg.

1500 MHz microwave exposure reduced the Aβ deposition in old AD mice

To further verify the effect of 1500 MHz microwave exposure on AD mice, the cortex and
hippocampus were extracted from AD mice to detect Aβ40 and Aβ42 peptides. In cortex, there were no
signi�cant changes in young AD mice, while Aβ40 levels were signi�cantly decreased in the cortex after 4
W/kg exposure in old AD mice (Fig. 4a). In hippocampus, there were no signi�cant changes of Aβ40 and
Aβ42 levels in young AD mice either. However, Aβ42 levels were signi�cantly decreased in old AD mice
after exposure (Fig. 4b). In short, 1500 MHz microwave exposure led to a decrease of Aβ deposition in old
AD mice.

We further detected BACE1 expression in the hippocampus of aged AD mice. The results showed that
BACE1 mRNA content in the hippocampus of old AD mice signi�cantly decreased after electromagnetic
exposure at a SAR of 2 W/kg (Fig. 4c), which was consistent with the ELISA results of Aβ 42 detection. No
signi�cant changes were observed in the cortex (results not shown). In short, 1500 MHz microwave
exposure led to a decreased expression of BACE1 in the hippocampus of old mice at a SAR of 2 W/kg.

In�ammation plays important roles in the pathogenesis of AD. We further detected the mRNA expression
of IL-6, IL-4, and IL-10 in aged AD mice. The results showed that IL-6 mRNA levels were signi�cantly
decreased after electromagnetic exposure at a SAR of 2 W/kg, but increased at a SAR of 4 W/kg. The
anti-in�ammatory factors IL-4 and IL-10 mRNA levels were signi�cantly increased after exposure at a SAR
of 2 W/kg, while the effect at 4 W/kg was not obvious (Fig. 4d). In short, 1500 MHz microwave exposure
led to bene�cial regulation of IL-6, IL-4, and IL-10 mRNA expression in the hippocampus of old mice at a
SAR of 2 W/kg.

1500 MHz microwave exposure led to the inhibition of proliferation of microglia in hippocampus of old
AD mice



Page 9/22

From the above studies, it was found that 1500 MHz microwave exposure with a SAR of 2 W/kg had a
more obvious palliative effect on aged AD mice. We used three groups of aged 5×FAD mice, including
wild-type, sham irradiation, and 2 W/kg exposure groups, to detect in-situ expression of Aβ and Iba1
proteins with immuno�uorescence staining. The results showed that the above proteins were both
signi�cantly decreased in the CA1 (Fig. 5a) and DG (Fig. 5b) regions of the hippocampus after exposure
as compared to Old-AD-Sham mice. The red �uorescence indicated an Iba1-positive reaction, which is a
marker of microglia. The cell body became larger and irregular, and the synapses became thicker in the
AD sham group. The expression of Iba1 was signi�cantly increased in both the hippocampal CA1 and DG
regions of aged AD mice as compared to wild-type mice, while they were all signi�cantly decreased after
microwave exposure. At the same time, it was found that a large amount of Iba1 gathered near Aβ
peptides with green �uorescence. In short, the results indicated that microwave radiation signi�cantly
reduced the amount of microglia along with Aβ deposition in the hippocampus of aged AD mice at a SAR
of 2 W/kg. 

Anal temperature and body weight changes of mice during microwave exposure

ALT-HTP (Alcott Biotech. Shanghai, China) was used to monitor changes in the anal temperature of mice
during exposure. The results showed that the anal temperature in each group did not increase
signi�cantly compared to that before exposure, suggesting that no obvious thermal effect was found
during exposure (Fig. 6a). 

Moreover, we monitored the changes in body weight of mice during exposure to adjust the
electromagnetic parameters to ensure that the set microwave dose remained the same. During this
process, we found that the body weight of young mice increased continuously. At 1 month of exposure,
the weight gain of Young-AD-2 W/kg mice was signi�cantly higher than that of Young-AD-sham mice. In
the second month, the weight gain of the Young-WT-2 W/kg mice was signi�cantly higher than that of the
Young-WT-sham group. There were no signi�cant differences between the exposure and sham groups at
other time points (Fig. 6b). At the same time, we also found that the body weight of old mice in the sham
group decreased continuously due to AD and aging, while the weight loss of aged AD mice slowed down
because of microwave exposure. The changes in body weight in the 2 W/kg exposure group were
signi�cantly lower than those in the sham exposure group at each time point of detection, while weight
losses in the 4 W/kg group were lower than those in the sham group only at the 4th and 5th month.
Besides, the body weight of all groups decreased in the 5th month because of behavioral tests (Fig. 6b).

Discussion
Most of the microwave frequencies used in studies related to AD models were usually around 918 MHz[8,
15, 16], single or combined exposure of 1950 MHz[17-21], and Wi-Fi signals at 2450 MHz[22]. Some
irradiation systems used in these studies were relatively simple, and the radiation conditions were di�cult
to control. In order to clarify whether microwaves are bene�cial to AD, 1500 MHz microwaves were
uniformly exposed to the whole body of young and old 5×FAD mice in an electromagnetic reverberation
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chamber[12]. The most interesting �nding was that 1500 MHz microwave exposure can signi�cantly
relieve the symptoms of 5×FAD in aged mice at a SAR of 2 W/kg after 5 months of whole-body exposure,
while it had no effect on young AD mice in reversing behavioral impairment or reducing deposition of Aβ.

It is well known that electromagnetic waves are widely used in clinical medicine, such as in microwave
ablation of tumors and microwave physiotherapy[23-26]. At the same time, many studies have focused
on the biological effects around different frequency bands[27-29]. However, there still were few studies
with limited frequency bands on the impact of AD. Some authors have shown that radiofrequency
exposure reversed both Aβ deposition and cognitive impairment[15-17], but others did not concur, some
studies were even combined with different treatments on models of cells or animals[18, 19, 30-32]. At
�rst, people paid attention to the function of mobile phones as an auxiliary tool for patients with AD[33].
Later, researchers exposed AD mice to 918 MHz electromagnetic �elds and found that they have the
potential to treat AD for the �rst time[8]. However, in another study, AD mice were used to study the
effects of 1950 MHz radiofrequency electromagnetic �elds, the results indicated that 3-month exposure
did not affect Aβ-related memory impairment in the Alzheimer’s disease model[19]. However, their other
studies have suggested that long-term exposure to RF-EMF might exert bene�cial
effects on 5×FAD mice[21]. Subsequently, researchers found that radiofrequency radiation can improve
cognitive function in mice[4]. Moreover, they considered use of electromagnetic radiation for AD
treatment[8, 34]. In addition, a landmark study on AD patients showed that transcranial electromagnetic
treatment provided cognitive enhancement and changes to CSF/blood AD markers when given daily 915
MHz EMF treatment twice at 1.6 W/kg for 2 months, simultaneously appearing to be safe in the trial[35,
36]. Despite this, there are still few related studies on AD treatment using microwaves.

In this study, 1500 MHz microwave at a SAR of 2 W/kg could not relieve the symptoms of AD in young
mice, while anxiety-like emotions were caused. The results indicated the stimulation of the nervous
system in young mice, which was consistent with the emotional studies due to microwave exposure[37,
38]. For old AD mice, their learning ability was enhanced, which was con�rmed by the MWM and the
detection of Aβ peptide deposition. β-secretase 1 (BACE1), also known as starch protein pre-β-
decomposing enzyme 1, is closely related to the formation of Aβ. The expression of BACE1 was
signi�cantly decreased. The results of in�ammatory factor detection showed that IL-6[39] was decreased,
while IL-4 and IL-10[40] were increased in the hippocampus after 2 W/kg microwave exposure. But, the
effect on the in�ammatory reaction was not obvious at 4 W/kg. Under conditions of 2 W/kg the
expression of microglia detected with staining of Iba1 in the hippocampus of aged AD mice decreased
signi�cantly after exposure. Therefore, we postulate that 1500 MHz microwave irradiation can
signi�cantly improve the symptoms of AD in aged mice at a SAR of 2 W/kg. 

As mentioned above, we have reached different conclusions from the same type of AD mice with a
similar treatment of microwave exposure just because of the difference in the age of mice. The
differences seen in EMF studies from various laboratories can also be attributed to differences in AD
transgenic lines, different EMF parameters (frequency and SAR), different periods of EMF exposure, and
different endpoints evaluated. For example, Arendash showed 918 MHz 8-month radiofrequency
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exposure at 0.25 W/kg with 2 months of daily treatment reversed cognitive impairment in aged AD
mice[8, 15]. However, Bouji has shown that senescence-typical neurobiological de�cits are not modi�ed
by RF-EMF exposure in aged rats[30]. In this study, we observed that the weight loss of aged AD mice was
signi�cantly reduced after exposure, and the weight loss in the exposure groups was signi�cantly lower
than that in the sham group. The different effects on AD mice at different ages and the in�uence on the
weight loss of aged AD mice indicate that microwave energy might affect metabolism, which is different
from the oxidative stress[16, 41-43] and in�ammatory reactions[7, 44]. 

Because of extensive concerns about health impact, there have been many studies on the biological
effects of electromagnetic radiation[45-47]. However, owing to the lack of direct experimental evidence,
the non-thermal effect cannot be explained. It is generally believed that the interaction between
electromagnetic waves and organisms is nonspeci�c[28]. Therefore, young and old mice were whole-body
exposed to 1500 MHz microwaves in this study. After long-term exposure, the mice constantly absorbed
electromagnetic energy. The longer the exposure time, the more energy was absorbed, and there was a
greater impact on old AD mice due to their slow metabolism. This maybe is a reason why many short-
term exposures had a slight effect on senescence-typical de�cits[19, 32]. The different effects on AD mice
with different ages illustrate the non-speci�c and atypical effects of microwave exposure again in this
study. 

Currently, AD treatment remains a challenge. Although it has been found that radiofrequency radiation
may have the potential to treat AD, there is no clear conclusion. In this study, by comparing the effects of
1500 MHz microwave on young and old 5×FAD mice, we found that it was bene�cial for aged AD mice at
a SAR of 2 W/kg with a regulation of in�ammatory reaction in the mouse hippocampus, and that the
learning and memory behavior of aged mice was also improved to a certain extent at 4 W/kg, which may
provide an effective clinical option for the treatment of elderly patients with AD. 

Limitations

As mentioned above, the microwave effects on AD remain controversial due to different EMF parameters,
periods of exposure, and endpoints evaluated. By comparison, we �rst found that 1500MHz microwave
can effectively alleviate the symptoms of elderly AD mice. Since the bene�cial effect was found on old
AD mice, longer-term exposure couldn’t be tentatively conducted to deeply study the effects. Next, we will
use more models or local exposure on animal head to con�rm and explore the bene�cial effects as well
as the underlying mechanisms. 

Conclusion
1500 MHz microwaves exposure can signi�cantly improve the symptoms of AD in aged mice at a SAR of
2 W/kg with the regulation of in�ammatory reactions in hippocampus, which may provide an effective
clinical option for the treatment of elderly patients with Alzheimer’s disease.
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Abbreviations
Aβ            Beta amyloid

AD           Alzheimer’s disease

BACE1    Beta-Site APP Cleaving Enzyme 1

CSF          Cerebrospinal �uid

ELISA     Enzyme-linked immunospeci�cassay

EMF         Electromagnetic �elds

EPM        Elevated plus maze
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Figures

Figure 1
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Schematic of the exposure system.

The system is composed of a signal generator, an ampli�er, a control PC (a) and a reverberation chamber
with a dimension of 1.5 × 1.5 × 1.5 m3 (b). One two-level plastic stand was placed in the middle of the
reverberation chamber (c), which supports plastic containers for exposure of mice.

Figure 2
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Changes of learning and memory of mice after 1500 MHz microwave exposure.

a, b Latency time of �nding the platform and entries into the target quadrant tested with Morris water
maze in young mice (a) and old mice (b). The analysis results of the two-way ANOVA showed that the F-
value for time was 180.3 with p<0.0001. Latency time was signi�cantly increased in the Young-AD-sham
group on the 4th day (p=0.042) compared with Young-WT-sham mice. For old mice, the F-values for dose,
time, and dose*time were 2.54 (p=0.11), 55.91(p<0.0001) and 2.25 (p=0.08), respectively. Latency times
were signi�cantly decreased on the 6th day (p=0.003) in the Old-AD-2 W/kg group and on the 4th (p=0.01)
and 6th (p=0.01) days in Old-AD-4 W/kg group compared with Old-AD-sham mice. c Results of Y-maze
analyzed using a one-way ANOVA, the staying time and the ratio of stay in the new arm were signi�cantly
increased after 4 W/kg exposure. Data are presented as the mean ± SE. The p values indicate the
differences between the two groups.
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Figure 3

Changes of emotional behaviors of mice after 1500 MHz microwave exposure.

a Results of the open �eld test. Microwave exposure caused obvious anxiety-like behavior in young AD
mice after 2 W/kg microwave exposure, with a signi�cant decrease in the moving speed and distance in
the center area. b Results of the elevated plus maze test. Microwave exposure caused obvious anxiety-
like behavior in old AD mice after 4 W/kg microwave exposure, with a signi�cant decrease in staying time
in the open arm compared to Old-AD-Sham. Data are presented as the mean ± SE and analyzed using
one-way ANOVA. The p values indicate the differences between the two groups.
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Figure 4

Changes in Aβ, BACE1, and IL- mRNA expression in the brain of AD mice after 1500 MHz microwave
exposure.

a, b Aβ40 and Aβ42 levels in the cortex (a) and hippocampus (b) of AD mice detected by ELISA. Aβ40
levels in the cortex were signi�cantly decreased in the Old-AD-4 W/kg group, and Aβ42 in the
hippocampus were also signi�cantly decreased in old AD mice after exposure. c mRNA levels of BACE1 in
the hippocampus of old AD mice were signi�cantly decreased after exposure. d mRNA levels of IL-6, IL-4
and IL-10 in the hippocampus of old AD mice. IL-6 was signi�cantly decreased, while IL-4 and IL-10 were
signi�cantly increased in the Old-AD-2 W/kg group. Data are presented as the mean ± SE and analyzed
using one-way ANOVA. The p values indicate the differences between the two groups.
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Figure 5

Immuno�uorescence results of Aβ and Iba1 in the hippocampal CA1 and DG regions stained with DAPI,
FITC and TRITC.

a Red �uorescence indicates Iba1-positive reaction, green indicates Aβ-positive reaction, the results
showed that Aβ protein in CA1 region was decreased signi�cantly after exposure along with co-location
of Iba1. b Red �uorescence indicates Iba1-positive reaction, green �uorescence indicates Aβ-positive
reaction, the results showed that Aβ peptides in the DG region was also decreased signi�cantly after
exposure along with co-localization of Iba1. Data are presented as the mean ± SE and analyzed using
one-way ANOVA. The p values indicate the differences between the two groups.
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Figure 6

Changes of anal temperature and mice weight during 1500 MHz microwave exposure.

a Anal temperature was tested before and after exposure at different times. There was no abnormal
temperature rise during exposure. b Body weight of mice was observed monthly and analyzed using the
two-way ANOVA. In young mice, the weight gain of Young-AD-2 W/kg was signi�cantly higher than
Young-AD-sham in the �rst month (p=0.03), and signi�cantly increased in Young-WT-2 W/kg than Young-
WT-sham at month 2 (p=0.001). The F-value for time was 283.65 with a p value<0.0001. The weight loss
in aged AD mice was signi�cantly lower than that in Old-AD-Sham mice. The F-values for dose, time, and
dose*time were 9.71(p=0.002), 40.54(p<0.0001) and 24.06(p<0.0001), respectively, and the p-values of
comparison with the sham group are marked on the graph. Data are presented as the mean ± SE. The p
values indicate the differences between the two groups.


