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Abstract

Objective The hippocampus is thought to be a vulnerable target of microwave exposure. The aim of
the present study was to investigate whether 20-hydroxyecdysone (20E) acted as a fate regulator of
adult rat hippocampal neural stem cells (NSCs). Furthermore, we investigated if 20E attenuated high
power microwave (HMP) radiation-induced learning and memory deficits.

Methods Sixty male Sprague-Dawley rats were randomly divided into three groups: normal controls,
radiation treated, and radiation+20E treated. Rats in the radiation and radiation+20E treatment groups
were exposed to HPM radiation from a microwave emission system. The learning and memory abilities
of the rats were assessed using the Morris water maze test. Primary adult rat hippocampal NSCs were
isolated in vitro and cultured to evaluate their proliferation and differentiation. In addition, hematoxylin
& eosin staining, western blotting, and immunofluorescence were used to detect changes in the rat
brain and the proliferation and differentiation of the adult rat hippocampal NSCs after HPM radiation
exposure.

Results The results showed that 20E induced neuronal differentiation of adult hippocampal NSCs from
HPM radiation-exposed rats via the Wnt3a/B-catenin signaling pathway in vitro. Furthermore, 20E
facilitated neurogenesis in the subgranular zone of the rat brain following HPM radiation exposure.
Administration of 20E attenuated learning and memory deficits in HPM radiation-exposed rats and
frizzled-related protein (FRZB) reduced the 20E-induced nuclear translocation of B-catenin, while FRZB
treatment also reversed 20E-induced neuronal differentiation of NSCs in vitro.

Conclusion These results suggested that 20E was a fate regulator of adult rat hippocampal NSCs,
where it played a role in attenuating HPM radiation-induced learning and memory deficits.
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INTRODUCTION prominent in our daily lives™. Microwaves are non-

ionizing electromagnetic waves and are currently

ith the increasing development of exploited for a variety of applications such as radar,

W numerous wireless applications, communication, and medical instruments'". Despite
microwave usage has become more the benefits of these uses, they have resulted in a
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significant increase in human exposure to microwave
radiation, resulting in questions about the safety of
this technology’”. Evidence has shown that
microwaves, especially high power microwaves
(HPMs), can induce damaging effects in the central
nervous system (CNS)B’QI. The hippocampus, the area
of the brain involved in long-term processing of
information about sound, light, and taste, plays a
major role in declarative memory. In the mammalian
brain, neurogenesis continues in certain regions,
namely the hippocampal dentate gyrus (DG) and
olfactory bulb. New neurons are generated in the
subgranular zone (SGZ) of the DG and integrate into
the existing hippocampal circuitry, where they play a
major role in learning and spatial memory. The
hippocampus is thought to be particularly vulnerable
to microwave radiation, which potentially results in
spatial learning and memory deficits”™. Neuronal
degeneration and enlarged perivascular spaces have
been noted in the hippocampus of microwave-
exposed mice. Furthermore, transmission electron
microscopy has shown that mitochondria became
swollen and cristae become disordered following
microwave exposure. In addition, the rough
endoplasmic reticulum exhibits sacculated
distension, and a decrease in the quantity of synaptic
vesicles was noted. Furthermore, the hippocampus
can be injured by long-term microwave exposure,
which may result in cognitive impairments due to
neurotransmitter disruption. Numerous studies have
indicated that hippocampus-dependent spatial
learning and memory deficits occurring after
microwave exposure were associated with the
impairment of hippocampal neurotransmission. For
example, Wistar rats, rat hippocampal
synaptosomes, and differentiated (neuronal) PC12
cells were exposed to microwave radiation for 5 min
at a mean power density of 30 mW/cmZ, resulting in
a decrease in spatial memory performance[m]. In
addition, rats exposed at 10 mW/cm2 and 50
mW/cm® microwave radiation showed significant
deficits in spatial learning and memory at 6 h, 1 d,
and 3 d after exposure[”]. Chronic low power-density
microwave exposure can also induce spatial memory
deficits™. However, treatments for HPM-induced
hippocampal damage have not yet been developed.
Neural stem cells (NSCs)/progenitor cells are self-
renewing cells that can differentiate into astrocytes,
oligodendrocytes, and neurons™*.  Substantial
evidence suggests that adult NSCs persists in two
germinal regions in the adult mammalian brain,
namely the subventricular zone of the lateral
ventricles and the SGZ of the hippocampal DG,

The neuronal differentiation of NSCs in the adult
hippocampus is associated with learning and
memory formation™®, Therefore, activation of
endogenous NSCs may be a potential treatment
strategy for hippocampal damage.

Wnt signaling plays an important role in the
proliferation of neural progenitor cells during the
development of the CNS, and is also involved in
dendrite development, synaptogenesis, and the
establishment of axons'™. Recent studies have
reported that Wnt signaling plays an important role
in the regulation of several aspects of cortical
development, such as neural progenitor proliferation
and dendritogenesis[w]. Whnt signaling is essential for
determining cellular specificity in the hippocampal
DG, B-catenin is an important component of the
Wnt signaling pathway. In the canonical Wnt
signaling pathway, the Wnt peptide interacts with its
membrane receptors of low density lipoprotein

receptor-related protein and Frizzled™.
Overexpression of pB-catenin can affect the
development of the mammalian cortex™, and a

number of studies have demonstrated that Wnt/B-
catenin function was crucial for the correct
development of the hippocampusm].

The 20-hydroxyecdysone (20E) is an ecdysteroid
hormone produced by insects and some plants, such
as Achyranthes, Cyanotis, and Stemmacantha
uniflora. It is thought to have a number of beneficial
pharmacological properties in mammals, involving
stimulation of protein synthesis, inhibition of
apoptosis, and even regulation of the fate of some
stem cells?*?%, However, it is unclear whether 20E
also affects the proliferation and differentiation of
NSCs.

The present study therefore determined whether
20E regulated the fate of adult hippocampal NSCs
after HPM radiation exposure, both in vitro and in
vivo. Overall, this study investigated if 20E treatment
attenuated learning and memory deficits in HPM
radiation exposed-rats.

EXPERIMENTAL PROCEDURES

Animals

All animal procedures were performed in
accordance with national regulations regarding the
use of laboratory animals, and were approved by the
Institutional Animal Care and Use Committee of the
Third Military Medical University, Chonggqing, China
(Approval No. AMUWEC20212008), which followed
the regulations of the China Laboratory Animal
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Guidelines (RB/T 019-2019 Edition). All efforts were
made to minimize animal suffering and the number
of animals used.

A total of 60 male 2-month-old Sprague-Dawley
rats from the Experimental Animal Center of the
Third Military Medical University, Chonggiong,
China, weighing 180-220 g were randomly divided
into three groups: normal control (not treated with
radiation or 20E), the radiation group, and the
radiation + 20E treatment group (n = 20 per group).
Four animals per cage were placed in a room with an
alternating 12-h light/dark cycle at a temperature of
22-25 °C and humidity of 50%-60%.

HPM Radiation and 20E Treatment

Rats in the radiation and radiation + 20E
treatment groups were exposed to HPM radiation.
Briefly, the microwave source, a klystron amplifier
model JD 2000 (Wuhu Zhongdian Zhaowei
Electronics, Anhui, China), was capable of generating
pulsed microwaves at S-band with the frequency of
9.37 GHz + 40 MHz, a pulse repetition frequency of
1,875 Hz, and a pulse width of 0.6 + 0.1 pS.
Microwave energy was transmitted by a rectangular
waveguide and A16-dB standard-gain horn antenna
to a standard echoless dark chamber (length =
7 m/width = 6.5 m/height = 4 m) with minimal
reflected waves. The interior walls of the chamber
were covered with 500 mm and 300 mm pyramidal
microwave absorbers to minimize reflections. The
emitted power was measured with a semiconductor.
The distance from the antenna to the top of the
animal cage was 1.4 m, the rats were fixed in an
organic glass box, and the radiation table was
rotated to assure whole body radiation. The rats
were exposed to radiation with an average power
density of 30 mW/cm®, an exposure frequency of
9.37 GHz + 40 MHz, a pulse repetition frequency of
1,875 Hz, and a pulse width of 0.6 + 0.1 uS for 2 min
in a single day. In addition, the specific absorption
rate (SAR) calculation was based on the formula:
SAR = oE’/p (W/kg)[zsl. In the formula, E is the
electric field strength (V/m), o (sigma) is the electric
conductivity (S/m), and p (rho) refers to the sample
density (kg/m’). The SAR of the rats was calculated
by measuring anal temperatures before and
immediately after HPM irradiation wusing a
thermocouple point thermometer (Beijing Xuyang
Tiandi Technology Co., LTD, Beijing, China). The
average SAR was determined to be 6.08 W/kg.
Animals in the control group were also placed in the
box but were not exposed to microwave radiation.

Rats in the treatment group received an

intraperitoneal injection of 4 mg/kg 20E (CAS No.
5289-74-7, purity: 99.25%; Selleck Chemicals,
Houston, TX, USA) twice daily for 7 consecutive d
after radiation exposure. Animals in the control and
radiation groups were intraperitoneally injected with
saline, the solvent in which 20E was dissolved.

Cell proliferation after radiation was assessed by
evaluating the cells that incorporated the thymidine
analog, 5-bromo-20-deoxyuridine (BrdU). In rats of
all three groups, 100 mg/kg BrdU was injected
intraperitoneally once daily for 3 consecutive days
starting 8 days after radiation exposure.

Primary Culture and Identification of Adult
Hippocampal NSCs from HPM Radiation-exposed
Rats

Primary culture of adult rat hippocampal NSCs
was performed as previously described with slight
modifications®.  Seven days after radiation
exposure, the rats were anesthetized by a 2%
isoflurane/air mixture (1-21/min), and perfused with
artificial cerebrospinal fluid (Shanghai Maokang
Biotechnology, Shanghai, China). The hippocampus
was harvested and immediately cut into 1-2 mm?®
pieces. After washing three times with D-Hank’s
solution, the dissected tissue pieces were suspended
in 0.125% trypsin/0.02% EDTA solution. Then, the
tissue pieces were incubated for 10 min at 37 °C and
triturated using a 5 mL pipette until the cell
suspension was free of large tissue pieces. The
remaining tissue pieces were removed via filtration
using a copper mesh. The filtered cell suspension
was centrifuged at 1,000 xg for 3 min, and the
trypsin-EDTA solution was gently removed. The cells
were then resuspended in DMEM/F-12 medium
containing 10% fetal bovine serum (FBS) (Sigma-
Aldrich, St. Louis, MO, USA) and washed three times.
After aspirating the medium, the cells were
resuspended in serum-free DMEM/F-12 medium
containing 20 ng/mL basic fibroblast growth factor
and 20 ng/mL epidermal growth factor (PeproTech,
Windsor, NJ, USA). For clonal culture, the suspended
cells were seeded at 5 x 10* cells/cm’® on poly-L-
ornithine  hydrobromide (Sigma-Aldrich)/laminin
(Invitrogen, Carlsbad, CA, USA)-coated dishes. Half of
the medium in the cultures was replaced with fresh
medium every 2-3 days. After 12-14 days, the
clones reached the target size (diameter > 50 um).

To examine the self-renewal and differentiation
potential of these cells, primary neurospheres were
dissociated and subcultured in serum-free
proliferation medium or differentiation medium
(containing 5% FBS without growth factors). The
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more abundant neurospheres were passaged in
proliferation medium and stained with rabbit anti-
nestin antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). In the differentiation medium,
neurospheres exhibited adherence and sprouted
differentiated neural cells. These were characterized
using antibodies against glial fibrillary acidic protein
(GFAP), a specific marker of astrocytes, and class Il
B-tubulin (Tuj1), a specific marker of neurons.

Proliferation and Differentiation Assays

The neurospheres were separated using 0.125%
trypsin/0.02% EDTA for 1 min and then gently
triturated using a glass pipette. Individual NSCs were
seeded at 5 x 10° cells/well in 96-well plates and
cultured in 100 pL proliferation medium. Four final
concentrations (1, 10, 100, and 1,000 umol/L) of 20E
were each applied to six wells of the subcultured
cells. For the proliferation assays, the number of
clones in five random fields was counted and total
cell viability was detected using Cell Counting Kit-8
(CCK-8; Dojindo, Mashiki, Japan), according to the
manufacturer’s instructions. Briefly, after culturing
for 5 days, 20 pL of CCK-8 buffer was added to each
well, followed by incubation for another 2 h. The
optical density values at 490 nm were measured
using a microplate reader (Thermo MK3; Thermo,
Vantaa, Finland). Each OD value reading was
obtained in triplicate.

For the differentiation assay, the suspended cells
of primary neurospheres were seeded with
differential media at 5 x 10° cells/well in 6-well
plates. The next day, differential medium containing
100 pmol/L 20E or 100 pmol/L 20E + 150 ng/mL
Frizzled-related protein (FRZB) was added to
subcultured cells and was replaced every 2 days. Ten
days after 20E administration, the cells were
harvested for immunofluorescence.

Western Blotting

Total proteins were extracted from cultured cells
using CellLytic MT Cell Lysis Reagent (Sigma-Aldrich).
Nuclear extracts were obtained as previously
reportedml. Briefly, cells were homogenized in
300 pL of homogenization buffer [10 mmol/L
HEPES, pH 7.9, 10 mmol/L KCI, 0.1 mmol/L EDTA,
0.1 mmol/L EGTA, 1 mmol/L DTT, and 0.5 mmol/L
phenylmethylsulfonyl fluoride (PMSF)] on ice for 1 h.
Then, 19 pL of 10% (v/v) NP40 was mixed and
centrifuged at 13,000 xg for 1 min at 4 °C. The
supernatant (cytosolic protein fraction) was
immediately frozen in liquid nitrogen. The nuclear
pellet was washed once with homogenization buffer

and then dissolved in 40 uL of buffer [20 mmol/L
HEPES, pH 7.9, 400 mmol/L KCL, 1 mmol/L EDTA,
1 mmol/L EGTA, 10% (v/v) glycerin, 1 mmol/L DTT,
and 0.5 mmol/L PMSF]. Nuclear proteins were eluted
for 1 honice and centrifuged at 13,000 xg for 5 min at
4 °C. Protein concentration was determined using
bovine serum albumin as a standard (Sigma-Aldrich).
Western blotting was performed as previously
described™”. The protein samples were probed using
the following antibodies: rabbit anti-Wnt3a (1:800)
(Abcam, Cambridge, MA, USA), mouse anti-B-actin
(1:2,000) (Santa Cruz Biotechnology), rabbit anti-B-
catenin (1:1,000) (Abcam), and mouse anti-Histone
H2A (1:2,000) (EMD Millipore, Burlington, MA, USA).
The B-actin was used as an internal control standard.
The secondary antibodies were IR Dye 700-
conjugated anti-rabbit (1:5,000, LI-COR Biosciences,
Lincoln, NB, USA) and IR Dye 800-conjugated anti-
mouse (1:5,000, LI-COR Biosciences, Lincoln, NB,
USA). The membranes were scanned using an
Odyssey  imager (LI-COR BiosciencesLI-COR
Biosciences, Lincoln, NB, USA), and each band
intensity was determined using Quantity One 4.40
software (Bio-Rad, Hercules, CA, USA).

Tissue Preparation

For tissue preparation, rats were deeply
anesthetized using chloral hydrate (500 mg/kg) and
were intracardially perfused with 0.1 mol/L
phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde. Brains were immediately
harvested, postfixed in 10% formalin overnight, and
cryoprotected in 30% (w/v) sucrose in PBS for 2 days.
They were then embedded in paraffin according to
standard procedures[zsl. Then, 10 um-thick sections
were sliced and stained with hematoxylin and eosin
(H&E), toluidine blue, or specific antibodies. H&E
staining showed edema, vacuole-like denaturation,
and structural disorder in both the cortex and
hippocampus after radiation exposure. TUNEL
positive cells were detected by a fluorescent
technique to assess apoptosis, and Niss| staining was
used to show changes in the number of neurons.

Immunofluorescence

A standard immunofluorescence protocol was
conducted in this studylzg]. Briefly, tissue sections or
cell culture slides were incubated in 0.1 mol/L PBS
containing 0.1% Triton X-100 for 20 min and then
treated with primary antibodies in PBS containing 5%
horse serum overnight at 4 °C. After removing the
unbound primary antibodies with 0.1 mol/L PBS, the
sections were incubated with secondary antibodies
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for 2 h at 37 °C and then mounted using 90%
glycerol. Fluorescent staining was examined and
photographed using a confocal laser scanning
microscope (LSM 710; Carl Zeiss, Oberkochen,
Germany). The numbers of positively-stained cells in
five random visual fields were counted. The primary
antibodies included chicken anti-GFAP (1:250),
mouse anti-Tujl (1:200) (Abcam), rabbit anti-BrdU
(1:350), and rabbit anti-Nestin (1:200) (Santa Cruz
Biotechnology). The secondary antibodies included
fluorescein isothiocyanate-conjugated goat anti-
chicken, cyanine 3 (Cy3)-conjugated goat anti-
mouse, and Cy3-conjugated goat anti-rabbit (Santa
Cruz Biotechnology). All antibodies were used
according to the manufacturer’s instructions.

Morris Water Maze Test

Nine rats from each group were used for
behavioral tests. The spatial reference memory of
rats was assessed 5 weeks after radiation exposure
using a Morris water maze test, performed as
previously described®”. In brief, the maze consisted
of a circular water tank (120 cm in diameter and 50
cm in height) with a platform (11 cm in diameter and
25 cm in height) at the center of one quadrant. One
d before the test, rats were allowed to swim in the
pool for 120 s for training. At the beginning, one rat
was placed randomly into the maze facing the wall
and allowed to swim until they found the platform.
The trial was then terminated, and the rat was
allowed to stay on the platform for 15 s. Rats that
did not find the platform in 120 s were manually
placed on the platform for 15 s. Thirty-two
acquisition trials were performed for the place
navigation test (PNT, eight trials per day separated
by 15 min intervals for 4 d). Their performance was
monitored and analyzed with an automated video-
tracking system (CleverSys, Reston, VA, USA). The
PNT performance of the rats was assessed by
measuring the time taken to find the platform
(escape latency). One day after the final acquisition
trial, the platform was removed, and a 120 s
retention trial was conducted for the spatial probe
test (SPT). The SPT performance of the rats was
assessed by noting the number of times that the rats
swam through the target quadrant and the number
of crossings over the platform location.

Statistical Analysis

The data are presented as the mean + standard
error of the mean (SEM). Differences between two
groups were compared using Student's t-test.
Multiple comparisons between groups were

conducted using one-way analysis of variance. All
statistical analyses were performed using SPSS
statistical software for Windows, version 17.0 (SPSS,
Chicago, IL, USA). The differences were considered
statistically significant when P < 0.05 or P < 0.01.

RESULTS

20E Promoted the Proliferation and Neuronal
Differentiation of NSCs in vitro

We cultured primary hippocampal NSCs from
HMP radiation-exposed rats, and confirmed that
these cells could self-renew or differentiate into
neural and glial lineages in proliferative and
differential media, respectively (Figure 1A-D).

The subcultured cells were treated with four
concentrations of 20E (1, 10, 100, or 1,000 pumol/L)
in proliferative medium. Seven d later, the viability
of the NSCs was assayed using a CCK-8 kit and the
number of neurospheres was measured in five
random fields using an inverse fluorescent
microscope  (CKX31-A12PHP; Olympus, Tokyo,
Japan). Treatment with 1 pmol/L 20E did not affect
the viability of NSCs. Treatment with 10, 100, and
1,000 umol/L 20E; however, significantly increased
the proliferation of NSCs. It was noted that
100 pumol/L 20E exerted stronger stimulatory effects.
The 100 pmol/L 20E-treated hippocampal NSCs
exhibited a 1.7-fold increase in the number of
neurospheres compared to the PBS vehicle-treated
control NSCs (Figure 2A-D).

NSCs were induced to differentiate in medium
containing 5% FBS without growth factors for 12 d.
Immunofluorescence staining for Tujl and GFAP was
then conducted to assess differentiated neurons and
astrocytes (Figure 2E). The results showed that the
100 umol/L 20E-treated NSCs exhibited a 2.5-fold
increase in the percentage of Tujl-positive neurons,
and a 1.5-fold decrease in the percentage of GFAP-
positive astrocytes (Figure 2F).

The Wnt3a/B-catenin axis was Upregulated in NSCs
Cultured in differential Medium after 20E
Treatment

When cultured in differential medium, western
blotting showed that the expression of Wnt3a
protein in NSCs gradually increased and peaked at
day 3. Administration of 100 umol/L 20E further
increased the expression of Wnt3a (Figure 3A and B).
Both immunofluorescent staining and western
blotting indicated that nuclear B-catenin expression
was significantly increased at day 3 when NSCs were
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treated with 100 pmol/L 20E and cultured in
differential medium. Administration of FRZB
(150 ng/mL), an antagonist of the Wnt/B-catenin
signaling pathway, reduced the 20E-induced nuclear
translocation of B-catenin (Figure 3C—E), while FRZB
treatment also reversed 20E-induced neuronal
differentiation of NSCs in vitro (Figure 3F and G).

HPM Radiation Exposure Resulted in Brain Injury in
Rats

The brains of the rats that had been exposed to
HPM radiation were collected and histological
examinations were performed. H&E staining
revealed that 24 h after radiation exposure, a
number of hippocampal and cortical cells exhibited
vacuole-like denaturation (Figure 4A). Nissl staining
showed some conspicuous neuronal injuries,
including cellular swelling, cell loss, nuclear
pyknosis, and karyorrhexis in the hippocampus and

cortex 24 h after HPM radiation exposure
(Figure 4B). The numbers of TUNEL-positive cells in
both the cortex and hippocampus were also
significantly increased after HPM radiation
exposure (Figure 4C and D).

20E Facilitated Neurogenesis in the SGZ after
Radiation Exposure

BrdU was used to measure cell proliferation,
and immunofluorescence double staining was used
to investigate neurogenesis in the SGZ. After HPM
radiation exposure, the number of BrdU" cells in the
SGZ was increased, when compared to the control
cells. Furthermore, 20E treatment after radiation
significantly increased the number of BrdU" cells in
the SGZ (Figure 5A-D). Twenty-eight d after
radiation exposure, Tuj1/BrdU double-labelling was
conducted to assess neurogenesis in the SGZ. The
results showed that 20E treatment significantly

Merging

Figure 1. Culture and identification of adult hippocampal neural stem cells from high power microwave
radiation-exposed rats. (A) Primary neurospheres in proliferative medium. (B) Adherent neurospheres
and migrated cells in differential medium; (C) Nestin labelling (red) of neurospheres. (D) Glial fibrillary
acidic protein® (GFAP, green) and class Ill B-tubulin® (Tujl, red) cells in neurospheres cultured in
differential medium. Bar: (A) and (B), 100 um; (C), 50 um; (D), 20 um.



510

Biomed Environ Sci, 2022; 35(6): 504-517

promoted neurogenesis in the SGZ, demonstrating
a 2.25-fold increase in the number of Tuj1/BrdU
double-positive cells compared to the untreated
radiation-exposed group (Figure 5E and F). The ratio
of Tuj1/BrdU double-positive cells to BrdU-positive
cells in the radiation + 20E group (89.7% + 9.2%)
was greater than in the radiation group (67.9% +
8.3%) (Figure 5G), implying that 20E treatment
promoted neuronal differentiation of NSCs in the
SGZ.

20E Treatment Ameliorated Spatial Learning and
Memory deficits induced by HPM Radiation
Exposure

The spatial learning and memory of rats were
tested using the Morris water maze test. The time
taken for the animals to find the platform was
recorded in the PNT (Figure 6A—F). In the first 3 days
of the PNT, rats in the radiation and radiation+20E
groups required a similar length of time to find the
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Figure 2. The 20-hydroxyecdysone (20E) promoted the proliferation and neuronal differentiation of
neural stem cells (NSCs) in vitro. (A) Neurospheres in normal proliferative medium (control);
(B) Neurospheres in proliferative medium containing 100 pmol/L 20E; (C)-(D) The number of
neurospheres (C) and total cell viability (D) were significantly increased after 20E treatment. (E) Glial
fibrillary acidic protein (GFAP, green) and class Ill B-tubulin (Tujl, red) double-labelling of NSCs in
differential medium containing 100 umol/L 20E or control medium. (F) Quantitative analysis of the
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promoted neuronal differentiation of NSCs. 'P<0.05and "P<0.01 compared to the control. Bar: (A) and

(B), 100 um; (E), 25 um.
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hidden platform. On the last day of the PNT (day 4);
however, rats in the radiation+20E group found the
hidden platform significantly quicker than rats in the
radiation group (Figure 6G). The SPT on day 5 of
testing showed significant differences between the
radiation and radiation+20E groups with respect to
the length of time that the rats spent in the quadrant
in which the platform was previously placed (Figure
6H) and the number of times that the rats swam
acrossthe previouslocation of the platform (Figure 6l).

DISCUSSION AND CONCLUSION

The results of this study showed that 20E
promoted the neuronal differentiation of adult
hippocampal NSCs from HPM radiation-exposed rats
via the Wnt3a/B-catenin signaling pathway in vitro.
In vivo, we also found that 20E treatment facilitated

neurogenesis in the SGZ of the rats after HPM
radiation exposure. Additionally, administration of
20E attenuated learning and memory deficits in HPM
radiation-exposed rats. Therefore, our research
showed that 20E could act as a fate regulator of
adult rat hippocampal NSCs and could attenuate
HPM radiation-induced learning and memory
deficits.

It has been shown that long-term exposure to
microwave radiation can exert harmful effects on
sensitive organs. These effects depended largely on
exposure intensity, frequency of exposure, and
exposure duration®®". A number of potentially
harmful effects have been reported, namely
cognitive impairment, loss of mental concentration,
reduced learning ability, and an imbalance in DNA
damage and repair, which may ultimately lead to cell
death or cancer®?® However, data on how to
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Figure 3. The Wnt3a/B-catenin axis was upregulated in neural stem cells (NSCs) cultured in differential
medium after 20-hydroxyecdysone (20E) treatment. (A-B): Western blotting (A) and quantitative analysis
(B) of Wnt3a expressions in NSCs treated with 100 umol/L 20E and control NSCs cultured in differential

medium. (C): Immunofluorescent staining of B-catenin in NSCs. (D—E):

Western blotting (D) and

quantitative analysis (E) of nuclear B-catenin expression in NSCs in control, 20E (100 umol/L)-treated, and
20E (100 pmol/L) + Frizzled-related protein (FRZB, 150 ng/mL)-treated differential medium. (F): Glial
fibrillary acidic protein (GFAP, green) and class Ill B-tubulin (Tujl, red) double-labelling of NSCs in
differential medium containing 20E (100 pmol/L) or 20E (100 pmol/L) + FRZB (150 ng/mL). (G):
Quantitative analysis of the percentage of Tujl-positive cells showing that administration of FRZB
reversed 20E-induced neuronal differentiation of NSCs. P < 0.05 and P < 0.01 compared to the control
(B), compared to the control and 20E + FRZB (E), and compared to 20E (G). Bar: (C), 40 um; (F), 25 um.
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control the potential risks of exposure to different
sources of microwaves on the brain are limited.

The nervous system, especially the hippocampus,
is thought to be particularly vulnerable to HPM
radiation exposure. Exposure to HPM radiation
disrupts the normal levels of neurotransmitters in
the hippocampus, resulting in memory and learning
deficits, which may relate to the accumulation of
metabolic products or damage to the internal
environment®™. In addition, it has been reported
that oxidative stress and the subsequent generation
of reactive oxygen species (ROS) can be induced by
different kinds of radiation. ROS can cause DNA
damage and lead to cognitive impairment[38]. Based
on these considerations, the potential role of
oxidative stress on the development of the cognitive
impairment observed after radiation may include
disruption of hippocampal cell proliferation and
neurogenesis, hormonal changes, increased
oxidative stress and ROS production, chronic
increases in inflammation, and alterations in
synaptic plasticity and long-term potentiation. While
the effects of inflammation and oxidative stress on
neurogenesis and their role in cognitive impairment
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have been widely studied, the HMP-induced
cognitive impairment mechanisms that involve
mitochondrial dysfunction, estrogen dysregulation,
and increased transglutaminase 2 are still unclear.
Behavioral and cognitive changes are important
outcomes for assessing the effects of microwave
exposure on the brain®*** In this study, we
showed that HPM radiation-exposed rats exhibited
hippocampal injury and learning and memory
deficits. Further studies are therefore required to
identify methods of ameliorating HMP-induced
learning and memory impairments.

NSCs are present in two neurogenic regions in
the mammalian brain, the subventricular zone and
the SGZ of the hippocampal DG, and continue to
generate new neurons throughout life™". In the SGZ,
most NSCs differentiate into dentate granule cells
that migrate into the inner granule cell layer and
functionally integrate into hippocampal neural
circuits™. Mice lacking adult-born dentate granule
cells exhibit cognitive impairment characterized by
an inability to form hippocampus-dependent long-
term spatial memorym]. Adult neurogenesis in the
SGZ therefore contributes to at least some types of
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Figure 4. Representative photomicrographs showing changes in the rat brain after high power microwave
radiation exposure. (A) Hematoxylin & eosin stained images showing edema, vacuole-like denaturation,
and structural disorder in both the cortex (left) and hippocampus (right) after radiation exposure
(bottom) compared to the control (top). (B) Nissl staining showing reduced numbers of neurons and
thinner neurons in the cortex and hippocampus after radiation exposure. (C—D) The numbers of TUNEL-
positive cells were significantly increased in both the cortex and hippocampus after microwave radiation
exposure. “p<0.01 compared to the control. Bar = 50 um.
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hippocampus-dependent learning and memory. The
hippocampal CA1 area is also closely related to
learning and memory. Several animal studies have
shown that the CA1 area was selectively vulnerable
to the consequences of hypoperfusion®, indicating
that cerebral hypoperfusion played a significant role
in cognitive disturbances™*”. Cerebral hypoperfusion
has been demonstrated to induce memory
impairment; a previous study found that chronic
hypoperfusion induced the degeneration of

pericytes and the development of capillary deposits
in the hippocampal CA1 area but not in the DG™. In
the present study, HPM radiation-exposed rats
exhibited hippocampal damage and consequential
learning and memory deficits. Therefore, promoting
neurogenesis in the SGZ could improve the learning
and memory ability of HPM radiation-exposed rats.
20E, a hydrophobic steroid hormone, is produced
in both insects and plants and plays an important
role in the regulation of NSCs. It is involved in
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Figure 5. 20-hydroxyecdysone (20E) facilitated neurogenesis in the subgranular zone (SGZ) after radiation
exposure. (A—C): Representative images of the SGZ from control (A), radiation (B), and radiation + 20E (C)
rats, in red. (D): Quantification of the number of BrdU" cells in the SGZ in the three groups. 20E treatment
significantly increased the number of BrdU" cells in the SGZ after radiation exposure. (E): Representative
Tuj1/BrdU double-labelling images of the SGZ. (F-G): Quantification of the number of Tuj1’/BrdU" cells
(F) and the ratio of Tuj1/BrdU" cells to BrdU" cells (G) in the SGZ in the three groups. 20E treatment
significantly promoted neurogenesis (Tuj1’/BrdU" cells) in the SGZ after radiation exposure. P < 0.05
compared to the control group. *P < 0.05 and *P < 0.01 compared to the radiation group. n = 3. Bar:

(A—C), 250 pm; (E), 50 um.
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directing many features of CNS remodeling during
insect metamorphosis, and is important in the insect
brain for learning and memory”s]. In addition, 20E
has been shown to induce osteogenic differentiation
in  mesenchymal stem cells, to promote the
proliferation of human periodontal ligament stem
cells in periodontal regenerative therapy[46]. We
hypothesized that 20E promoted the neuronal
differentiation of adult hippocampal NSCs from HPM
radiation-exposed rats. According to our study,

administration of 20E promoted the differentiation
of NSCs into neurons in the SGZ. Administration of
20E induced a 2.25-fold increase in the number of
Tuj1/BrdU double-positive cells, and ameliorated
HPM radiation-induced learning and memory
impairments. These results indicated that 20E played
an important role in the fate regulation of NSCs. In
addition, 20E has been shown to have
neuroprotective antioxidant potential effects against
cerebral ischemia injury by inhibiting ROS production
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Figure 6. 20-hydroxyecdysone (20E) attenuated high power microwave radiation-induced rat learning
and memory deficits as measured using the Morris water maze test. (A—F): Representative swim tracks of
the control (A, D), radiation (B, E), and radiation + 20E-treated (C, F) rats in the place navigation trial
(A—C) on day 4 and the probe trial (D—F) on day 5 of the Morris water maze test. (G): Length of time
required to find the platform during the acquisition phase of the test. (H): Length of time spent in the
quadrant of the water tank in which the platform was previously placed during the probe trial of the test.
(1): Comparison of the number of crossovers between the three groups in the probe trial test. P <0.05

and P <0.01 compared to the radiation group. n=9.
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and modulating oxidative stress-induced signal
transduction pathways. Therefore, the potential
anti-oxidant effect of 20E as a treatment for
cognitive impairment is worth investigating.

Wnt/B-catenin signaling plays a pivotal role in
adult neurogenesis, the regulation of stem cell
pluripotency[”], neural progenitor proliferation in
the developing CNS, and is also involved in dendrite
development, synaptogenesis, and the
establishment of axons. Wnt has also been shown to
promote neuronal differentiation of embryonic,
somatic, and neural stem cells™®*? The Wnt/B-
catenin signaling pathway may inhibit cell
proliferation and abnormal differentiation by
interfering with the cell cycle of NSCs. Indeed, a
recent study reported that multiple sevoflurane
exposures inhibited proliferation via inhibition of the
Wnt/B-catenin signaling pathway in mouse NSCs®Y.

The results of our study showed that 20E
promoted neurogenesis in the SGZ of HPM-
irradiated adult rats, and that Wnt/B-catenin
signaling played a key role in this process. The
immunofluorescence and western blot results
showed a significant increase in nuclear B-catenin on
day 3 when NSCs were treated with 100 umol/L 20E
and cultured in differential medium. However, the
mechanism by which 20E regulates Wnt expression
requires further study.

In conclusion, our study showed that 20E
regulated adult NSCs and ameliorated HPM-induced
learning and memory impairments, providing a
possible therapeutic strategy for HPM-induced
deficits. In the present study, the observed learning
and memory deficits were, at least in part, due to
the marked injury and structural changes observed
in the hippocampus following microwave radiation
exposurem]. In addition, disrupted neurotransmitter
levels in the hippocampus, which may be closely
related to the accumulation of metabolites or
damage to the internal environment®*¥, may also
have contributed to HMP-induced learning and
memory deficits. Overall, future studies in this field
should analyze changes in neurotransmitter
concentrations to elucidate the relationships
between 20E and neurotransmitters®*?, potentially
facilitating the development of new therapeutic
strategies for HMP-induced impairment in the
hippocampus. Our findings may also aid in the
development of alternative treatments for cognitive
impairment caused by other types of neurological
damage such as trauma and infarction®. Our future
research will examine the molecular proteomic
changes after microwave radiation exposure to

determine the associated mechanisms of brain cell
dysfunction.
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