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China; bMinistry of Education Key Lab of Hazard Assessment and Control in Special Operational Environment, Xi’an, 
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ABSTRACT
The rapid development of 5G network technology has gained much 
popularity as well as concerns about its adverse effects. In this study, we 
investigated the effects of 4.9 GHz (one of working frequencies of 5G 
communication) radiofrequency (RF) field on emotional behaviours and 
spatial memory in adult male mice. Open field test (OFT), tail suspension 
test (TST) and Y maze were used to evaluate anxiety, depression-like 
behaviour and spatial memory ability, respectively. It was found that the 
anxiety-like behaviour and spatial memory ability of mice did not change, 
but the depression-like behaviour was induced in mice after 4.9 GHz RF 
exposure. In addition, the number of neurons significantly reduced and 
the level of pyroptosis obviously increased in amygdala rather than hip
pocampus. These results suggested that 4.9 GHz RF exposure could 
induce depression-like behaviour, which might be associated with the 
neuronal pyroptosis in amygdala.
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Introduction

Radiofrequency electromagnetic radiation (RF-EMR) refers to the electromagnetic waves with 
frequencies ranging from 3 kHz to 300 GHz, which is widely used in the living environment since 
the increasing number of radios, televisions and wireless telecommunications, including mobile 
phones. Recently, 5 G (the fifth generation) network technology has gained much popularity for its 
faster data transmission rate and higher communication quality. According to the Ministry of 
Industry and Information Technology of China, the number of mobile phone users in China has 
reached 1.642 billion by November 2021, among which 496 million were 5 G users. One the one 
hand, 5 G communication has brought great convenience to humans, on the other hand, it raises 
the concerns of its potential health hazards.

It was reported that RF field emitted by 2 G-4 G communication network could cause 
adverse health effects to humans, such as headache, fatigue, sleep disturbance and even cancer 
(Durusoy et al. 2017; Gupta et al. 2022; Pareja-Peña et al. 2022). In 2011, the International 
Agency for Research on Cancer (IARC) classified RF as a “possible carcinogenic to humans” 
(Group 2B) (IARC 2013). The brain is one of sensitive organs to RF (Hu et al. 2021), and head 
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also receives much more RF energy than other parts of body, whether RF exposure contributes 
to brain dysfunction has become the focus of investigations. Nittby et al (Nittby et al. 2008) 
reported that exposure to Global System for Mobile Communication-900 MHz (GSM-900) 
radiation with SAR levels of 0.6 and 60 mW/kg significantly reduced memory function in 
rats. Narayanan et al (Narayanan et al. 2013) revealed that exposure to GSM-900 GHz mobile 
phone radiation with a peak power density of 146.60 μW/cm2 for 28 days could affect the 
emotionality of rats. Another study (Shehu et al. 2016) found that exposure to mobile phone RF 
field, vibration, ringtone or both for 4-week significantly increased anxiety-like behaviour in 
rats. However, the results from studies relating to the effect of RF-EMR on brain functions are 
inconsistent. Some scholars (Dubreuil et al. 2003; Zhang et al. 2017b) found that exposure to RF 
could not affect the emotional behaviour and spatial memory of rats or mice. Until today, no 
studies have been able to theoretically and practically prove whether RF exposure is hazardous 
or not.

4.9 GHz RF is commonly used in 5 G network communication technology in China, but its 
biological effects on brain function have not been clarified. Therefore, in the present study, we aim 
to investigate the effects of 4.9 GHz RF on the spatial memory and emotionality in mice, so as to 
provide theoretical and experimental basis for the evaluation and prevention of potential health 
hazards caused by RF from 5 G communications.

Materials and methods

Animals

Healthy adult C57BL/6 mice (8 weeks, 22.6 ± 2.7 g) were purchased from the Laboratory Animal 
Centre of Air Force Medical University (Xi’an, China) and housed in the clean room (12-h light/ 
dark cycle) with controlled temperature 20-26°C, and humidity 45–65% with free access to water 
and food. All mice were randomly divided into sham exposure group (Sham) and RF exposure 
group (4.9 GHz RF), with 12 mice in each group. All animal operations were conducted in 
accordance with the ethical guidelines of the Animal Welfare Committee of the Air Force 
Medical University (SYXK-2019-001). The body weight of mice was measured daily in the first 3  
days, and then recorded every 3 days.

Exposure system

The exposure system consists of a signal generator, an amplifier, and a radiating antenna. The mice 
in the 4.9 GHz RF group were placed individually and freely in a plexiglass box (32 mm × 42 mm ×  
80 mm) with small ventilation holes on the walls, and then exposed to 4.9 GHz RF for 21 d, 1 h/d. 
The power density (PD) was 50 W/m2, and the distance from the radiation antenna to the target 
animals was 70 cm. The animals in Sham group were treated in the same way as that of in 4.9 GHz 
RF group, but the exposure control system was turned off. After exposure, the mice were returned to 
original cages, and the general health status was observed every day.

Open field test (OFT)

OFT is used to evaluate spontaneous movement and emotion of animals in a novel environment 
which was reported previously (Kraeuter et al. 2018a). Briefly, the mice were separately placed in the 
centre of open field (50 cm × 50 cm × 40 cm) and allowed to explore freely for 5 min. After the 
exploration, the open field arena was wiped with 75% alcohol, the feces and urine were cleaned to 
prevent the odor traces. The total locomotion distance, number of central area entries and time 
spent in central squares were recorded and measured by the video camera tracking system 
(Ethovision XT 15.0 Noldus software, Holland).
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Y-maze test

The Y-maze behavioural test was performed based on the Kraeuter’s report (Kraeuter et al. 2018b) 
with proper modifications. Briefly, the experiment consisted of two stages. During the first stage, 
one arm of Y-maze was closed and mice were gently put into one of two arms and allowed to 
explore the maze undisturbed for 10 min. All arms were opened 1 h after the first stage and mice 
were placed into the same arm that what used in the first stage, and allowed to freely explore the 
maze for 5 min. After each test, the feces and urine were cleaned and all walls of the maze were 
wiped with 75% alcohol to remove the odor in the maze. Video tracking system (Ethovision XT 15.0 
Noldus software, Holland) was used to record the track of mice and analyse the percentage of time 
in novel arm and total number of novel arm entries.

Tail suspension test (TST)

The TST procedure was adapted from Can et al (Can et al. 2012) with proper modifications. Briefly, 
the mouse was suspended with adhesive tape and fixed in a 20 cm × 20 cm × 30 cm box, the head of 
mouse was about 50 cm above the bottom of box. In order to prevent the mice from climbing their 
tails, a small plastic cylinder was placed around the tails prior to applying the tape. All mice were 
suspended for 6 min, and digital video-camera was applied to record the movement of mice for 6  
min. After each test, mice were returned to their home cages and the tapes from the tails were 
carefully removed, the feces and urine were cleaned with 75% alcohol before the next session. The 
accumulated immobility time of mice within 6 min was measured, mice were considered to be 
immobile when they remained motionless and gave up struggling.

Hematoxylin-eosin (HE) and Nissl staining

After the behavioural tests, the mice were deeply anesthetized with 1% sodium pentobarbital (60  
mg/kg) and perfused with 4% paraformaldehyde (PFA). Then the brain was harvested on the ice 
and fixed in 4% PFA. After routine dehydrated and embedded, the brain tissue was sliced at 
a thickness of 4 μm with a Leica RM2135 rotary microtome (Leica, Germany). Subsequently, the 
brain slices were stained with HE and Nissl solution. The morphology and histology of hippo
campus and amygdaloid nucleus were observed with Leica DMI400B microscope (Leica, 
Germany).

Enzyme-linked immunosorbent assay (ELISA)

Mice were deeply anesthetized with 1% sodium pentobarbital and blood samples were collected 
from the left ventricle of the heart and centrifuged at 3000 r/min for 15 min at 4°C after 2 h 
sufficient clotting. The serum (n = 10 for each group) was collected to determine the levels of 
neuron specific enolase (NSE) and S100 calcium binding protein B (S100B) with ELISA kit (HY306 
and HY1017, Huaying, China) according to the manuals.

TUNEL staining

The apoptosis in hippocampal cell and amygdala were evaluated by terminal deoxynucleotidyl 
transferase (TdT) enzymaticated dUTP nick end labelling (TUNEL) assay using Cell Death 
Detection Kit (Roche, Basel, Switzerland) according to the manuals. After initial deparaffinization 
and antigen recovery, the sections were permeabilized with Triton X-100 (ST795, Beyotime, 
Shanghai, China), followed by 30 μl TUNEL reaction mixture for 60 min at 37°C. Finally, 6 random 
fields for each group were chosen for analysis with a fluorescence microscope (Leica, Germany).
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Immunofluorescence staining

The brain tissues were carefully dissected out from the mice  , fixed in 4% PFA for 24 h, and then 
dehydrated in 30% sucrose solution for at least 48 h. Hippocampal coronal slices were sliced at 20  
μm thickness and were treated with 1% Bovine serum albumin (BSA) for 1 h, then the sections were 
incubated with GSDMD (1:200, rabbit polyclonal antibody, Affinity, USA) and Cleaved caspase-1 
(1:200, rabbit polyclonal antibody, Affinity, USA) at 4°C overnight. After washing 3 times with PBS, 
the sections were incubated in a dark place with fluorescent secondary antibodies: Alexa Fluor 594- 
labeled goat anti-rabbit IgG (1:200) for 1 h at room temperature. All sections were later counter
stained with DAPI to label nuclei at room temperature. Digital images were obtained with a Leica 
DMI4000B microscope (Leica, Germany).

Western blotting analysis

Total hippocampal protein   was extracted and quantified as previously described (Liu et al. 2022). 
Briefly, approximately 30 μg hippocampus samples were separated by 12% SDS-PAGE gel elec
trophoresis and transferred to polyvinylidene fluoride immunoblot (PVDF) membranes 
(Millipore, USA). Then the membranes were blocked with 5% non-fat milk for 2 h at room 
temperature, and incubated with primary antibodies: GSDMD (1:1000, rabbit polyclonal anti
body, Affinity, USA) and Cleaved caspase 1 (1:1000, rabbit polyclonal antibody, Affinity, USA) 
overnight at 4°C. The membranes were then incubated with species-matched HRP-conjugated 
secondary antibodies (1:5000, CWBIO, Beijing, China) for 2 h at room temperature. Quantity 
One 4.6.2 software (Bio-Rad, CA, USA) was used to analyse the optical density of each target 
band.

Statistical analysis

The data were presented as the mean and standard error (mean ± SEM), and analysed by SPSS 22.0 
software (SPSS Inc., Chicago, IL, USA). Two-tailed student’s t-test was used to compare two 
independent groups. The graphs were performed with GraphPad Prism 8.0 software (San Diego, 
CA, USA), the difference was considered statistically significant when P < 0.05.

Results

The effects of 4.9 GHz RF exposure on the spatial memory and emotional behaviour in mice

Figure 1(a) shows the timeline of RF exposure. During the whole experiment, the mice in the Sham 
group and 4.9 GHz RF group were raised in general conditions. The results (Figure 1(b)) showed 
that the body weight of mice in 4.9 GHz RF group increased gradually, and there was no obvious 
difference in body weight between two groups.

The anxiety-like behaviour of mice was evaluated by OFT (Figure 1(c)). The results showed that 
compared with Sham group, the accumulative total distance (Figure 1(d)), total time spent in 
central area (Figure 1(e)) and central area entries (Figure 1(f)) remained unchanged in 4.9 GHz RF 
group (P = 0.998, P = 0.631, P = 0.517, respectively), which indicated that 4.9 GHz RF exposure had 
no obvious effect on anxiety-like behaviour in mice.

The spatial memory ability of mice was evaluated by Y-maze (Figure 1(g)). The results showed 
that compared with Sham group, the time spending in novel arm (%) (Figure 1(h)) and number of 
novel arm entries did not change in 4.9 GHz RF group (Figure 1(i), P = 0.627, P = 0.080, respec
tively), which indicated that 4.9 GHz RF exposure could not affect spatial learning and memory 
ability of mice.

The immobility status was recorded (Figure 1(j)) in TST. The results showed that compared 
with Sham group, 4.9 GHz RF exposure significantly increased the immobility time of mice 
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(Figure 1(k), P = 0.018), suggesting that 4.9 GHz RF exposure could induce depression-like 
behaviour of mice.

The effects of 4.9 GHz RF on the morphology and histology of brain in mice

The results of ELISA showed that compared with Sham group, 4.9 GHz RF exposure significantly 
increased the levels of NSE and S100B concentrations in mice (Figure 2(a), B, P < 0.01 and P < 0.05, 
respectively). As is shown in Figure 2(c), no obvious morphological change was found in hippo
campus between Sham group and RF group. However, karyopyknosis, disordered cells arrangement 
and necrosis were found in the amygdala of 4.9 GHz RF group. The results of Nissl staining 
(Figure 2(d)) showed that the number of neurons in hippocampal CA1 and DG regions did not 
change (Figure 2(e,f), P = 0.916 and P = 0.497, respectively) compared with Sham group. While the 
number of neurons in amygdala of 4.9 GHz RF exposure group significantly reduced (Figure 2(g), P  
< 0.01). The above results indicated that 4.9 GHz RF exposure had no obvious effects on the 
histology and morphology of hippocampus, while it could induce the structural damage and 
neuronal loss in amygdala.

Figure 1. The effects of 4.9 GHz RF on spatial memory and emotional behaviours in mice. (a) The experimental procedure. (b) 
Body weight of mice during exposure. (c) Representative activity track in OFT. The red and blue dots in open field indicate the 
beginning and ending points, respectively. (d) Total distance travelled in OFT. (e) Time spent in central area. (f) Number of central 
entries. (g) Representative activity track in Y-maze. The red and blue dots in Y-maze indicate the beginning and ending points, 
respectively. (h) Percentage of time in novel arm. (i) Number of novel arm entries. (j) The movement status of mice in TST. (k) 
Immobility time in TST. n = 12 for each group. All data are presented as mean ± SEM. *P <0.05.
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Figure 2. The level of brain injury after exposure of 4.9 GHz RF. (a) The level of NSE concentration in serum. (b) The level of S100B 
concentration in serum. n = 10 for each group. (c) Representative images of HE staining in hippocampus (Hippo) and amygdala 
(AM). (d) Representative images of Nissl staining in Hippo and AM. Scale bar = 100 μm for Hippo; scale bar = 50 μm for CA1 and 
DG regions; scale bar = 200 μm for AM. (e) The number of neurons in CA1. (f) The number of neurons in DG. (g) The number of 
neurons in amygdala. All data are presented as mean ± SEM. *P <0.05, **P <0.01.
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The effects of 4.9 GHz RF on cell apoptosis in the hippocampus and amygdala

The results of TUNEL staining in hippocampus and amygdala were shown in Figure 3. The 
apoptosis rate in hippocampus and amygdala slightly increased in 4.9 GHz RF group, while the 
differences were not statistically significant, compared with Sham group (Figure 3(c–e), P = 0.236 
and 0.082 for CA1 and DG, respectively; P = 0.410 for AM). The results suggested that 4.9 GHz RF 
exposure did not induce cell apoptosis in hippocampus and amygdala.

The effects of 4.9 GHz RF on the levels of cell pyroptosis in hippocampus and amygdala

We next examined the level of cell pyroptosis by immunofluorescence staining in hippocampus and 
amygdala. The immunoreactivity of Gasdermin D (GSDMD) and Cleaved caspase-1 were shown in 
Figure 4. Compared with Sham group, the average fluorescence density of GSDMD and Cleaved 
caspase-1 in hippocampus did not change in 4.9 GHz RF group (Figure 4(c,e), P = 0.370 and P =  
0.736, respectively), which was consistent with the results of western blot (Figure 4(g–i), P = 0.205 
and P = 0.135, respectively). These results indicated that 4.9 GHz exposure could not induce 
pyroptosis in hippocampus. In addition, the average fluorescence density of GSDMD and 
Cleaved caspase-1 in amygdala significantly increased in 4.9 GHz RF group, compared with Sham 
group (Figure 4(d,f) P < 0.01). These results above suggested that 4.9 GHz RF exposure for 21 d may 
induce neuronal death in amygdala through cell pyroptosis.

Discussion

With the popularity of 5 G network communication, the effects of RF-EMR exposure from 5 G 
telecommunication on brain function has become a major public concern (Zhang et al. 2017a; 
Russell 2018; Simkó and Mattsson 2019; Kostoff et al. 2020). 4.9 GHz RF is one of commonly used 5  
G communication frequencies in China, in this study, based on literature and mobile phone usage 
reality, we investigated long-term 4.9 GHz RF exposure (1 hour/day for 21 d consecutively) on 
emotional behaviours and spatial memory in mice.

The results of OFT showed that after exposure to 4.9 GHz RF for 21 d, the cumulative time 
and number of entries in central area did not change, which indicated that under this experi
mental condition, 4.9 GHz RF exposure could not induce anxiety-like behaviour. This result was 
consistent with Júnior’s result (Júnior et al. 2014), they found that exposure to 1.8 GHz RF 
emitted by mobile phone for 3 days (the RF originated from 25-second-long phone calls, every 2  
min), no anxiety patterns were observed in exposed rats. Another study (Petitdant et al. 2016) 
also revealed that after exposing young rats to 900 MHz RF (SAR: 0, 1.5, and 6 W/kg, 45 min/d) 
for 30 days, no significant changes were found in novelty perception and anxiety-like behaviour 
compared with Sham groups. However, Obajuluwa et al (Obajuluwa et al. 2017) reported that 
there was an increase in anxiety-like behaviours of rats after exposure to 2.5 GHz RF for a period 
of 4, 6 and 8 weeks. Similarly, Varghese et al (Varghese et al. 2018) found that adult female rats 
showed increased anxiety-like behaviours after exposure to 2.45 GHz RF (PD: 7.88 W/m2) for 4 h/ 
d for 45 days. Although our results showed that 4.9 GHz RF exposure had no obvious effects on 
anxiety-like behaviours, it could induce depression-like behaviour in mice. Previously, Zhang et al 
(Zhang et al. 2017b) reported that depression-like behaviour of mice did not change after 4-week 
exposure to 1.8 GHz RF field (SAR: 2.7 W/kg for whole body and 2.2 W/kg for brain; PD: 530 
µW/cm2). Regarding the inconsistency, it is noted that the present study and those studies used 
discrepant species of animals with different parameters of RF, which may give rise to diverse 
outcomes.

Y-maze is a hippocampal-dependent task which is widely used to evaluate spatial memory in 
mice. Our results showed that long-term 4.9 GHz RF exposure had no adverse effect on spatial 
memory in mice, which was consistent with Daniels and Keleş et al report (Daniels et al. 2009; Keleş 
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et al. 2018). However, inconsistent findings were also reported. Gupta et al (Gupta et al. 2018) found 
that exposure to 2450 MHz RF for 28 consecutive days caused cognitive deficiency in male rats. 
Interestingly, Tafakori et al (Tafakori et al. 2020) revealed that short-term RF could increase 
working memory in rats, while it was temporary and would reduce by one-week rest, and gradually 

Figure 3. The effects of 4.9 GHz RF on the levels of cell apoptosis in hippocampus (Hippo) and amygdala (AM). (a) Representative 
images of TUNEL staining in hippocampus. Scale bar = 100 μm for Hippo, scale bar = 50 μm for CA1 and DG regions. (b) 
Representative images of TUNEL staining in amygdala. Scale bar = 100 μm. (c) The apoptosis rate in hippocampal CA1 region. 
(d) The apoptosis rate in hippocampal DG region. (e) The apoptosis rate in amygdala. All data are presented as mean ± SEM.
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decreased to initial level. Therefore, based on the discussion above, the effects of RF on spatial 
learning and memory remain inconsistent, further investigations are needed.

S100B and NSE are two important biomarkers for central nervous system (CNS) (Missler et al. 
1997). When neuronal cells are damaged, the concentrations of S100B and NSE are detected to be 
increased in serum (Yu et al. 2020). To explore the potential mechanism of 4.9 GHz RF induced 
emotional behaviour change, the levels of S100B and NSE in serum were detected. It was found that 
4.9 GHz RF exposure significantly increased the levels of S100B and NSE in mice serum, which 
indicated that 4.9 GHz RF exposure could cause brain injury. It was proved that hippocampus and 
amygdala are associated with emotionality in mice (Janak and Tye 2015). Therefore, we next 
observed the histology of hippocampus and amygdala. It was found that 4.9 GHz RF resulted in 
the alteration of morphology of amygdala, rather than hippocampus, meanwhile, the number of 
neurons in amygdala significantly reduced, which suggested that amygdala was involved in 4.9 GHz 

Figure 4. The effects of exposure to 4.9 GHz RF on pyroptosis in hippocampus (Hippo) and amygdala (AM). (a) Representative 
images of immunofluorescence staining of GSDMD in Hippo and AM. (b) Representative images of immunofluorescence staining 
of Cleaved caspase-1 in Hippo and AM. Scale bar = 50 μm for Hippo, scale bar = 100 μm for AM. (c, e) Average fluorescence 
density of GSDMD and Cleaved caspase-1 in hippocampus. (d, f) Average fluorescence density of GSDMD and Cleaved caspase-1 
in amygdala. n = 3 for each group. (g) Representative western blot results of GSDMD and Cleaved caspase 1 in hippocampus. n =  
3 for each group. (h) Relative protein level of GSDMD. (i) Relative protein level of Cleaved caspase-1. All data are presented as 
mean ± SEM. **P <0.01.
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RF induced emotional behaviour change. Previously, Hong et al (Hong et al. 2020) reported that 
exposure to 800–1900 MHz RF for 19 days did not affect hippocampal architecture in pregnancy 
rats. However, Narayanan et al (Narayanan et al. 2018) revealed that after exposing rats to 900 MHz 
radiation (1 h/day, SAR: 1.15 W/kg) for 28 d, a decrease of neurons in amygdala was found, which 
was consistent to this study.

To investigate the manner of 4.9 GHz RF induced neuronal death in amygdala, we then detected 
the level of apoptosis and pyroptosis in amygdala and hippocampus. It was found that 4.9 GHz RF 
exposure had no obvious effects on cell apoptosis in hippocampus and amygdala. Pyroptosis, differs 
from necrosis and apoptosis, is an inflammasome-mediated and caspase-1-dependent programmed 
cell death (Fu et al. 2019). GSDMD and Cleaved caspase-1 are widely used as biomarkers of 
pyroptosis. Our results showed that the fluorescence density of GSDMD and Cleaved caspase-1 
increased obviously in amygdala after 4.9 GHz RF exposure, which suggested that 4.9 GHz RF could 
induce pyroptosis rather than apoptosis in amygdala. Furthermore, the expression levels of pyr
optosis-related proteins showed no obvious difference in hippocampus. Combined the results of HE 
and Nissl staining, we speculated that the morphology damage and neuronal loss in amygdala were, 
at least partly, due to 4.9 GHz RF induced pyroptosis.

In this study, we first investigated the effects of 4.9 GHz RF from 5 G Communications on spatial 
memory and emotionality, and found that 4.9 GHz RF induced depression-like behaviour in mice, 
which might be associated with the pyroptosis in amygdala. However, this study has some limita
tions. For example, we did not observe whether 4.9 GHz RF induced depression-like behaviour was 
reversible; besides pyroptosis, is there other ways of neuronal death initiated by 4.9 GHz RF in 
amygdala? These remain to be further studied.

Conclusion

Our study reveals that 21-d exposure to 4.9 GHz RF may induce depression-like behaviour in mice 
and the pyroptosis in amygdala may be involved in it.
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