
TYPE Original Research

PUBLISHED 12 March 2025

DOI 10.3389/fnmol.2025.1534324

OPEN ACCESS

EDITED BY

Martina Di Bartolomeo,

Università degli Studi di Teramo, Italy

REVIEWED BY

Sadaharu Miyazono,

Asahikawa Medical University, Japan

Laura M. Harrison,

Tulane University, United States

*CORRESPONDENCE

Yan Gao

gaoyan211@163.com

Chang-zhen Wang

wangcz2002@aliyun.com

†These authors have contributed equally to

this work

RECEIVED 25 November 2024

ACCEPTED 24 February 2025

PUBLISHED 12 March 2025

CITATION

Sun B, Xue T, Gao A-n, Wang X-y, Wu S,

Liu X-m, Zhang L-h, Li M-h, Zou D-f, Gao Y

and Wang C-z (2025) The CB1R of mPFC is

involved in anxiety-like behavior induced by

0.8/2.65 GHz dual-frequency electromagnetic

radiation. Front. Mol. Neurosci. 18:1534324.

doi: 10.3389/fnmol.2025.1534324

COPYRIGHT

© 2025 Sun, Xue, Gao, Wang, Wu, Liu, Zhang,

Li, Zou, Gao and Wang. This is an open-access

article distributed under the terms of the

Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in

other forums is permitted, provided the

original author(s) and the copyright owner(s)

are credited and that the original publication

in this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted

which does not comply with these terms.

The CB1R of mPFC is involved in
anxiety-like behavior induced by
0.8/2.65 GHz dual-frequency
electromagnetic radiation

Bin Sun1†, Teng Xue2†, An-ning Gao1, Xin-yu Wang1, Shuang Wu1,

Xiao-man Liu1, Li-hui Zhang1, Meng-hua Li1, Dong-fang Zou1,

Yan Gao3* and Chang-zhen Wang1*

1Beijing Institute of Radiation Medicine, Beijing, China, 2Department of Neuroscience, School of Life

Sciences, Southern University of Science and Technology, Shenzhen, China, 3Center of Cognition and
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As mobile phones and communication base stations become more widespread,

concerns have arisen regarding the potential risks of environmental exposure

to multi-frequency electromagnetic radiation (EMR) and its e�ects on mental

health. To address these concerns, our study established a dual-frequency EMR

mouse model at 0.8/2.65 GHz to explore potential molecular mechanisms

and intervention targets. Our results revealed that exposure to this dual-

frequency EMR significantly induced anxiety-like behavior in mice. Molecular

experiments further showed a significant decrease in cannabinoid receptor type

1 (CB1R) levels in the medial prefrontal cortex (mPFC) of the mice, along with

a notable reduction in the endogenous cannabinoids 2-arachidonoylglycerol

and anandamide. This led to a downregulation of the entire endocannabinoid

system (ECS). Additional confirmation was obtained by overexpressing and

knocking down CB1R in the mPFC. We found that increasing mPFC CB1R levels

could e�ectively reduce anxiety-like behavior, while decreasing mPFC CB1R

levels exacerbated it. Furthermore, we found dual-frequency EMR induced the

change of ECS in the basolateral amygdala (BLA). Notably, female mice exhibited

similar behavioral phenotypes and molecular mechanisms in response to dual-

frequency EMR. In summary, our study demonstrates that anxiety induced by

dual-frequency EMR is closely linked to the function of the ECS in the mPFC and

BLA, and that CB1R expression in the mPFC plays a significant role in modulating

emotional behavior in mice.

KEYWORDS

anxiety-like behavior, endocannabinoid system, medial prefrontal cortex, amygdaloid

nucleus, cannabinoid receptor type 1

1 Introduction

Electromagnetic radiation (EMR) refers to the phenomenon of electromagnetic

energy radiating into space in the form of electromagnetic waves (Rohrlich, 1961). With

technological advancements, people are inevitably affected by EMR from mobile phones

and other wireless communication devices, potentially resulting in symptoms such as

nervous exhaustion, fatigue, headaches, sleep disturbances, reduced attention, anxiety, and

depression (Glaser and Brown, 1976; Raines, 1981). Electromagnetic waves in the 0.8 and

2.65 GHz frequency bands, which are important for mobile phone usage (Zheng et al.,

2023), have raised significant concerns regarding their impact on human health.

The mechanism by which complex-frequency EMR induces negative emotions

remains unclear. The endocannabinoid system (ECS) plays a critical role in regulating
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anxiety and depressive emotions (Lu and Mackie, 2015; Lutz

et al., 2015). Postsynaptic excitation triggers the release of

the endocannabinoids 2-arachidonoylglycerol (2-AG) and

anandamide (AEA), which, through retrograde signaling, activate

presynaptic CB1R to inhibit neurotransmitter release at the

presynaptic terminal, a process involved in emotional regulation

(Zou and Kumar, 2018). In previous studies, our group found

that dual-frequency EMR-induced anxiety-like behavior in mice

is associated with the endocannabinoid system (Xue et al., 2024),

although the specific brain regions involved remain unclear. The

medial prefrontal cortex (mPFC) is involved in the modulation

of emotional responses, and recent studies have demonstrated

that the activation of endocannabinoid signaling within this

region can reduce anxiety-like behaviors. The mPFC’s ECS,

particularly through CB1 receptors, has a significant impact on

emotional regulation by influencing neural circuits that govern

fear and anxiety responses (Imperatore et al., 2015). Furthermore,

inhibition of endocannabinoid system function in the mPFC led to

an increase in anxiety-like behavior in mice, further highlighting

the critical role of the ECS in the regulation of anxiety (Demaili

et al., 2024). Therefore, The ECS of mPFC plays a crucial role in

emotion regulation. However, it remains unclear whether the ECS

of mPFC is involved in dual-frequency EMR-induced anxiety.

The endocannabinoids (eCBs) are dynamically signal in mPFC

and BLA neurons and contribute to adverse mood extinction. It

suggests that eCBs in the mPFC and BLA are potential therapeutic

targets for extinction deficit disorders, including anxiety and

PTSD (Gunduz-Cinar et al., 2023). Furthermore, after stress,

activation of the BLA-mPFC pathway occurs, and 2-AG-mediated

endocannabinoid signaling can inhibit synaptic glutamate release

in the BLA-mPFC circuit, thereby alleviating anxiety (Marcus et al.,

2020). Research has shown that activation of the ECS in the BLA

can reduce anxiety, the activation of CB1R in the BLA reduces

anxiety-like behavior in rodents (Morena et al., 2016). Inhibiting

the breakdown of endocannabinoids in the BLA led to a decrease in

anxiety-like behaviors in mice (Kondev et al., 2023). These findings

indicate that the ECS in the BLA regions is also involved in the

regulation of emotions.

However, it remains unclear whether dual-frequency EMR

induces changes in the ECS in brain regions closely associated

with emotional regulation, such as the medial prefrontal cortex

(mPFC) and basolateral amygdala (BLA), including variations in

CB1 receptors (CB1R), 2-AG, AEA, and enzyme levels. This study

aims to elucidate the specific brain regions, molecular mechanisms,

and intervention targets that contribute to anxiety in mice through

the establishment of a dual-frequency electromagnetic radiation

animal model.

2 Results

2.1 Induction of anxiety-like behavior in
male mice exposed to dual-frequency
(0.8/2.65 GHz) electromagnetic radiation

The EMR devices used in this study are shown in Figures 1A, B.

Mice in the radiation group were placed in the effective working

area for exposure, while mice in the control group were placed

in the same area but with the devices turned off. Mice were

randomly assigned to control and dual-frequency (0.8/2.65 GHz)

EMR groups. The dual-frequency group underwent exposure to

0.8 GHz radiation for 2 h, followed by 2.65 GHz radiation for an

additional 2 h, totaling 4 h (8:00 AM−12:00 PM) per day, with

a specific absorption ratio (SAR) of 4 W/kg, excluding the days

designated for behavioral testing (e.g., days 7, 14, and 21).

Mouse body weight and rectal temperature were measured

during radiation exposure, and no differences were found between

the control and dual-frequency EMR groups (Figures 1D, E).

After radiation exposure, we adopted behavioral paradigms

for evaluation (Figure 1C). In the elevated zero maze (EZM)

test (Figures 1F–H), the dual-frequency EMR group showed a

significant increase in the time spent in the closed arms on days

14 and 21 (Figure 1G, p = 0.0139, day 14; p = 0.0071, day 21),

along with a significant decrease in entries into the open arm on

day 21 (p = 0.0157, Figure 1H) compared to the control group.

In the Social Interaction Test (SIT) test (Figures 1I–J), the dual-

frequency EMR group exhibited a significant reduction in the

social interaction ratio (Figure 1J, p = 0.0026, day 14; p = 0.0098,

day 21) on days 14 and 21 compared to the control group. In

the light-dark box (LDB) test, the dual-frequency EMR group

spent significantly less time in the light compartment on days

14 and 21 (Figure 1K, p = 0.0424, day 14; p = 0.0086, day 21)

compared to the control group. These findings indicate that dual-

frequency (0.8/2.65 GHz) EMR induces anxiety-like behavior in

mice. However, in contrast to the control group, the dual-frequency

EMR group showed no significant difference in total immobility

time during the tail suspension test (TST) on days 7, 14, and 21

(Figure 1L), suggesting that dual-frequency (0.8/2.65 GHz) EMR

did not induce depression-like behavior in mice.

2.2 Dual-frequency (0.8/2.65 GHz)
electromagnetic radiation significantly
reduced the expression of Cnr1 and the
content of CB1R in mice medial prefrontal
cortex

To further explore which specific brain regions are responsible

for inducing anxiety in the mice, we conducted relevant research.

First, using functional magnetic resonance imaging (fMRI)

technology, we investigated the changes in brain region activity

induced by dual-frequency EMR. We found that, compared to

the control group mice, the irradiated group mice exhibited a

significant increase in the amplitude of low-frequency fluctuations

(ALFF) of the medial prefrontal cortex (mPFC), indicating higher

activity levels in this brain region (p < 0.05, Figures 2A, B); there

were also some brain nuclei exhibited a significant increase that

were not closely associated with anxiety (p < 0.05, Figure 2A),

these brain nuclei include AOM (anterior olfactory nucleus, medial

part) (Wolf et al., 2024), CPu (caudate-putamen-nucleus) (Wu

et al., 2024), Acb (accumbens nucleus) (Li, 2024), S1 (primary

somatosensory cortex) (Yue et al., 2025). Subsequently, through

immunofluorescence experiments, we found that the CB1R signal

was significantly weakened in the dual-frequency radiation group

compared to the control group (p = 0.0134, Figures 2C, D). We
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FIGURE 1

E�ects of 0.8/2.65 GHz dual-frequency electromagnetic radiation on the emotional behavior of male mice. Schematic diagram (A) and actual image

(B) of the working principle of the electromagnetic reverberation chamber. (C) Behavioral timeline of dual-frequency electromagnetic radiation

(0.8/2.65 GHz, 4 W/kg, 4 h/day, total radiation duration of 21 days). (D, E) E�ects of dual-frequency EMR on body weight and rectal temperature in

mice (n = 10/group). (F–H) Elevated zero maze test (EZM, 7, 14, 21 days, 9:00–11:00); representative statistical heatmaps of EZM results (7, 14, 21

days, n = 10/group) (F), time spent in closed arms (G), and number of entries into open arms (H). (I, J) Social interaction test (SIT, 7, 14, 21 days,

19:00–21:00, n = 10/group); representative statistical heatmaps of SIT results (7, 14, 21 days, n = 10/group) (I), and social interaction ratio (SIR) (J).

(Continued)
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FIGURE 1 (Continued)

(K) Light-dark box test (LDBT, 7, 14, 21 days, 20:00–22:00, n = 10/group), time spent in the light box (K). (L) Tail suspension test (TST, 7, 14, 21 days,

9:00–11:00, n = 10/group), relative immobility time. All data are expressed as means ± SEM, * p < 0.05, **p < 0.01, control vs. 0.8/2.65 GHz,

repeated-measures analysis of variance in (B, C). Unpaired t-test in (G, H, J, K, L).

also performed quantitative polymerase chain reaction (Pcr) and

Western blotting (WB) detection of mPFC brain tissue, found

that in the mPFC, compared to the control group, the Cnr1 gene

encoding CB1R was notably downregulated in the radiation group

(p = 0.0017, Figure 2E). WB confirmed a significant reduction in

CB1R protein expression in the mPFC (p = 0.0142, Figures 2F,

G), indicating that prolonged exposure to dual-frequency EMR

impacted the CB1R expression of the ECS within the mPFC.

Pertaining to the endocannabinoids 2-Arachidonoylglycerol

(2-AG) and Anandamide (AEA), crucial ligands of the ECS that

predominantly bind to CB1R and regulate mood, we delved into

their content. Our analysis revealed a significant decrease in the

2-AG (p = 0.0279, Figure 2H) and AEA (p = 0.0319, Figure 2I)

content in mice mPFC exposed to dual-frequency EMR compared

to the control group.

Furthermore, we investigated the enzymes responsible for

controlling endocannabinoid levels in the brain. The Western Blot

experiment was performed and pictures of endocannabinoid

synthase (Figures 2J–M) and endocannabinoid resolvase

(Figures 2N–P) were taken. Our investigations found that

Diacylglycerol lipase-α (DAGLα) that Synthesizing 2-AG also

have a lower tendency (p = 0.0579, Figure 2K), and Diacylglycerol

lipase-β (DAGLβ) that Synthesizing 2-AG significantly decrease

(p = 0.0005, Figure 2L), and Monoacylglycerol lipase (MAGL)

degrading 2-AG has significant increase (p = 0.0001, Figure 2O).

N-acylphosphatidylethanolamine phospholipase D (NAPE-

PLD) that Synthesizing AEA significantly decrease (p = 0.0154,

Figure 2M), and Fatty acid amide hydrolase (FAAH) degrading

AEA has significant increase (p = 0.0002, Figure 2P), suggesting

that 2-AG and AEA downregulation of content also due to

insufficient synthesis and Excessive degradation.

In summary, these results suggest that the downregulation of

CB1R, along with the downregulation of the ligands 2-AG and AEA

in the mPFC, collectively leads to the weakening of their binding,

resulting in the downregulation of ECS function, ultimately leading

to anxiety-like behavior in mice.

2.3 The basolateral amygdala of mice was
also involved in anxiety induced by
dual-frequency electromagnetic radiation

The base lateral amygdala (BLA) is a downstream nucleus of the

mPFC and an important brain region for the regulation of anxiety,

and has long been a key target of concern (Feng et al., 2024).

Therefore, we have also conducted molecular analysis of the BLA.

First, we performed QPcr and WB detection of BLA brain tissue,

found that compared to the control group, the Cnr1 gene encoding

CB1R had a lower tendency in the radiation group (p = 0.0555,

Figure 3A). WB confirmed a significant reduction in CB1R of BLA

(p = 0.0063, Figures 3B, C), indicating that prolonged exposure

to dual-frequency EMR impacted the CB1R expression of the ECS

within the mice’s BLA.

Similarly, we also examined AEA and 2-AG in the BLA

(Figures 3D, E), finding that a significant reduction in the 2-AG

content in the BLA exposed to dual-frequency EMR compared to

the control group (p = 0.0182, Figure 3E). Furthermore, we also

investigated their enzymes (Figures 3F–L). We found that DAGLα

and DAGLβ that Synthesizing 2-AG significantly decrease (p =

0.0075, Figure 3F; p = 0.0103; Figure 3G), and MAGL degrading

2-AG has a significant increase (p = 0.0013, Figure 3J), suggesting

that 2-AG downregulation of content is due to in decrease its

synthesizing enzyme and an increase in its hydrolyzing enzyme.

Similarly, NAPE-PLD, the enzyme responsible for synthesizing

AEA, showed a significant decrease (p = 0.0038, Figure 3H).

However, FAAH, the enzyme that degrades AEA, showed no

significant change, which may explain why the AEA content did

not significantly change.

In summary, these results suggest that the downregulation of

CB1R within the ECS in the BLA, along with the reduction of 2-

AG, may reduce their binding each other, impair ECS function, and

ultimately lead to anxiety-like behavior in mice.

2.4 Overexpression of CB1R in the mPFC
improves anxiety-like behavior induced by
dual-frequency electromagnetic radiation

Given the pivotal role of the ECS in emotion regulation

and the observed changes in ECS activity in the mPFC of

mice exposed to dual-frequency EMR in this study, our next

objective was to investigate whether increasing ECS activity

in the mPFC could mitigate neurobehavioral harm. After 21

days of injecting either Cnr1 (pcAAV-CMV-EGFP-P2A-Cnr1-

3xFLAG-WPRE; 4.45E+12 v.g./ml) or MCS (pcAAV-CMV-EGFP-

P2A-MCS-3xFLAG-WPRE; 3.57E+13 v.g./ml, diluted 8 times to

4.46E + 12 v.g./ml) into the mPFC, we conducted EMR modeling

and behavioral tests (Figure 4A).

The results showed that (Figures 4B–H), in the OFT, compared

with the RM (Radiation 0.8/2.65 GHz + MCS) group, the

RC(Radiation 0.8/2.65 GHz + Cnr1 Overexpression) group

displayed increased center distance (p = 0.0421, Figure 4D) and

time (p = 0.0126, Figure 4E) on day 21. In the EPM test, the

RC group showed a significant increase in both open arm time

(p = 0.0247, day7; p = 0.0325, day 14; p = 0.0355, day 21) and

entries (p = 0.0137, day 7; p = 0.0221, day 14; p = 0.0275, day

21) compared to the RM group across all time points (Figures 4G,

H). But there is no difference between RM and RC group for tail

suspension test (TST) (Figure 4I) and Forced Swimming Test (FST)

(Figure 4J). These results demonstrate that overexpression of CB1R
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FIGURE 2

E�ects of 0.8/2.65 GHz dual-frequency electromagnetic radiation on the endocannabinoid system in the mPFC of male mice. (A, B) Functional

magnetic resonance imaging (fMRI) detection of the e�ects of dual-frequency EMR on brain activity in mice, showing whole-brain scans and a

schematic diagram of the mPFC (n = 12/group). (C) Representative immunofluorescence images showing CB1R, DAPI, and merged images. (D)

Average fluorescence intensity of CB1R in the mPFC (n = 4/group). (E) q-PCR analysis of cnr1/β-actin gene expression in the mPFC (n = 9/group). (F)

Western blot images showing target protein CB1R and internal control GAPDH in mPFC. (G) Statistical analysis of CB1R/GAPDH Western blot results

in the mPFC (n = 3/group). (H, I) ELISA analysis of 2-AG and AEA molecules in the mPFC (n = 5/group). E�ects of EMR on cannabinoid synthesis

enzymes in the mPFC: (J) Western blot results for target proteins (DAGLα, DAGLβ, NAPEPLD) and internal control α-tubulin in the mPFC, and (K–M)

statistical analysis of Western blot results for (DAGLα, DAGLβ, NAPEPLD)/α-tubulin in the mPFC (n = 5/group). (N–P) E�ects of EMR on cannabinoid

hydrolase in the mPFC. Western blot results of target proteins (MAGL, FAAH) and internal control β-actin in the mPFC (N), and statistical analysis of

(MAGL, FAAH)/β-actin Western blot results in the mPFC (O, P) (n = 5/group). All data are expressed as means ± SEM, *p < 0.05, **p < 0.01, ***p <

0.001. All results were analyzed using the unpaired t-test.

in the mPFC significantly alleviated their anxiety-like behaviors

induced by dual-frequency EMR.

Moreover, we assessed serum hormone levels and found

that the RC group had significantly lower CRH (p = 0.0348,

Figure 4K) and CORT (p = 0.0178, Figure 4L) compared to

the RM group, suggesting that overexpression of CB1R in the

mPFC restores CORT and CRH levels in response to dual-

frequency EMR exposure. Additionally, CB1R expression was

significantly higher in the RC group (p = 0.0434, Figures 4M,

N) compared to the RM group, with no significant difference

between the RC and (Control + MCS) CM groups. These

findings indicate that dual-frequency EMR downregulates

CB1R in the mPFC, and its overexpression can counteract

this effect.

In conclusion, overexpression of CB1R in the mPFC

may ultimately improve anxiety-like behavior induced by
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FIGURE 3

E�ects of 0.8/2.65 GHz dual-frequency electromagnetic radiation on the endocannabinoid system in the basolateral amygdala (BLA) of male mice.

(A) Q-PCR analysis of cnr1/β-actin in the BLA (n = 9/group). Changes in CB1R in the BLA, (B) statistical analysis of CB1R/GAPDH protein

electrophoresis in the BLA (n = 5/group), (C) schematic diagram of WB results of CB1R/GAPDH in the BLA. (D, E) Elisa analysis of 2-AG and AEA

molecules in the BLA (n = 5/group). (F–I) E�ects of dual-frequency EMR on cannabinoid synthetase in the BLA, (I) WB results of target proteins

(DAGLα, DAGLβ, NAPEPLD) and internal reference α-tubulin in the BLA, (F–H) analysis of DAGLα, DAGLβ, NAPEPLD/α-tubulin protein electrophoresis

in the BLA (n = 5/group). (L–K) E�ects of EMR on cannabinoid hydrolase in the BLA, (L) WB results of target proteins (MAGL, FAAH) and internal

reference β-actin in the BLA, (J, K) analysis of MAGL, FAAH/β-actin WB results in the BLA (n = 5/group). All data are expressed as means ± SEM, *p <

0.05, **p < 0.01, All results were analyzed using the unpaired t-test.

dual-frequency EMR by restoring HPA axis serum hormone levels

and CB1R content in the mPFC.

2.5 Knock-down of CB1R in the mPFC
aggravated anxiety-like behavior induced
by dual-frequency electromagnetic
radiation

We have found that overexpressing CB1R of mPFC can reduce

anxiety-like behavior in mice, so whether Knock-down CB1R

of mPFC can aggravate anxiety-like behavior in mice is worth

studying. After 21 days of injecting either Cnr1-knockout virus

(pAAV-U6-shRNA(Cnr1)-CMV-EGFP-WPRE; 4.45E+12 v.g./ml)

or NC control virus (pAAV-U6-shRNA(NC)-CMV-EGFP-WPRE;

3.10E+13 v.g./ml diluted 7 times to 4.43E+12 v.g./ml) into the

mPFC, we conducted EMR modeling and behavioral tests

(Figure 5A).

The results showed that, in the OFT (Figures 5B–E), compared

with the RN (Radiation 0.8/2.65 GHz + NC) group, The RCK

(Radiation 0.8/2.65 GHz + Cnr 1 knockout) group exhibited

a significant decreased center distance on day 7 (p = 0.0465,
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FIGURE 4

Overexpression of CB1R in the mPFC significantly alleviated anxiety in male mice induced by dual-frequency electromagnetic radiation. (A) Time axis

of dual-frequency electromagnetic radiation (0.8/2.65 GHz, 4 W/Kg, 4h/day, 21 days) (RM group: 10:00–12:00, 0.8 GHz; 12:00–14:00, 2.65 GHz; RC

group: 14:00–16:00, 0.8 GHz; 16:00-18:00, 2.65 GHz). (B–E) Open field test (OFT, 7d, 14d, 21d, 8:00–12:00); Representative heat map for statistical

analysis of OFT results (n = 10/group) (B), total distance (C), central distance (D), and time spent in the center (E). (F–H) Elevated plus maze test

(EPM, 7d, 14d, 21d, 18:00–22:00); Representative heat map for statistical analysis of EPM results (n = 10/group) (F), time spent in the open arms (G),

and the number of open arm entries (H). (I) Tail suspension test (TST, 20d, 18:00–22:00), relative immobility time (n = 10/group). (J) Forced swim test

(Continued)
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FIGURE 4 (Continued)

(FST, 22d, 8:00–12:00), relative immobility time (n = 10/group). (K) Serum CRH levels as determined by ELISA (n = 10/group). (L) Serum CORT levels

as determined by ELISA (n = 10/group). (M, N) Immunofluorescence of CB1R in the mPFC: Representative CB1R, DAPI, and merged images (M), and

mean CB1R fluorescence intensity in the mPFC (n = 6/group) (N). All data are expressed as means ± SEM, *p < 0.05, **p < 0.01. All results were

analyzed using the one-way ANOVA. CM, Control + MCS; CC, Control +Cnr1; RM, Radiation (0.8/2.65 GHz) + MCS; RC, Radiation (0.8/2.65 GHz) +

Cnr1.

Figure 5D), the center distance was significantly reduced on day

14 (p = 0.0377, Figure 5D), the center distance was significantly

reduced on day 21 (p = 0.0376, Figure 5D); and the central time at

14d (p = 0.0137, Figure 5E) and at day 21 (p = 0.0261, Figure 5E)

decreased in the OFT. In the EPM (Figures 5F–H), the time in

open arms of RCK (radiation 0.8/2.65 GHz + Cnr 1 knockdown)

was significantly less than RN (radiation 0.8/2.65 GHz + NC)

on day 14 (p = 0.0112, Figure 5G) and on day 21 (p = 0.042,

Figure 5G); the entries in open arms of RCK (radiation 0.8/2.65

GHz+Cnr 1 knockdown) was significantly less than RN (radiation

0.8/2.65 GHz + NC) on day 14 (p = 0.0271, Figure 5H) and on

day 21 (p = 0.0194, Figure 5H). But there is no difference between

RN and RCK group for TST (Figure 5I) and FST (Figure 5J).

These results demonstrate that knock-down of Cnr1 in the mPFC

significantly aggravated their anxiety behaviors induced by dual-

frequency EMR.

Last, we detected the CB1R expression (Figures 5K–L),

uncovering that the RCK group demonstrated a significant decrease

(p = 0.0357, Figure 5L) compared to the RN group. These results

signify that dual-frequency EMR induces downregulation of CB1R

of mPFC, which knock-down of CB1R in the mPFC can efficiently

aggravate.

2.6 Exposure to dual-frequency (0.8/2.65
GHz) EMR induces anxiety-like behavior in
female mice and significantly decreases the
content of CB1R in the medial prefrontal
cortex and base lateral amygdala

In order to study the differences between males and females, we

also conducted similar behavioral tests on female mice (Figure 6A).

In the OFT (Figures 6B–E), the dual-frequency EMR group showed

a significant decrease in center distance (p = 0.0014, Figure 6D)

and center time (p = 0.0027, Figure 6E) compared to the control

group on day 21. Similarly, in the EPM (Figures 6F–H), the dual-

frequency EMR group had significantly reduced time (p = 0.012,

Figure 6G) in the open arms on day 21. However, in comparison

with the control group, the dual-frequency EMR group showed no

significant difference in the total immobility duration during the

TST on day 21 (Figure 6I), suggesting that dual-frequency EMR

did not induce depression-like behavior in mice. These findings

indicate that dual-frequency (0.8/2.65 GHz) EMR induced anxiety-

like behavior in female mice.

To investigate the molecular mechanisms triggering anxiety-

like behaviors, we performed WB detection of mPFC and BLA

brain tissue (Figures 6J–M), found that compared to the control

group, WB confirmed a significant reduction in CB1R protein

expression in the mPFC (p = 0.0022, Figure 6L) and BLA (p

= 0.0148, Figure 6M), indicating that prolonged exposure to

dual-frequency EMR impacted the CB1R expression of the ECS

within the female mice.

3 Discussion

This study confirms that dual-frequency EMR induces anxiety-

like behavior in mice, linked to disrupted ECS function in the

mPFC and BLA. fMRI showed increased ALFF in the mPFC, while

molecular analysis revealed reduced CB1R levels and decreased 2-

AG and AEA, leading to ECS downregulation. Overexpression of

CB1R in the mPFC alleviated anxiety-like behavior, whereas CB1R

knockout exacerbated it. Similar ECS dysfunction was observed

in the BLA. Both male and female mice exhibited comparable

responses. These findings highlight CB1R of ECS in the mPFC as

a key mechanism in EMR-induced anxiety, suggesting potential

therapeutic targets.

The CB1R is distributed throughout the brain and plays

a neuromodulatory role in various neurotransmitter systems

(Noriega-Prieto et al., 2023), with its highest concentrations found

in limbic regions such as the prefrontal cortex, amygdala, and

hippocampus (Burns et al., 2007). It is closely associated with

stress, emotion regulation, reward processing, and fear learning

(Jacob et al., 2009; Gao et al., 2024; Lucindo et al., 2025). In our

previous research, we found that dual-frequency EMR leads to

downregulation of CB1R in the cerebral cortex of mice (Xue et al.,

2024). However, the specific brain regions where dual-frequency

EMR induces anxiety remain unclear. To investigate this, we first

identified a significant increase in ALFF in the mPFC of irradiated

mice using fMRI, suggesting increased activity in this brain region.

We then aimed to determine whether the ECS in the mPFC

shows any changes. IF, QPCR, and WB experiments revealed a

significant decrease in CB1R levels in the mPFC, a region known

to regulate fear and anxiety expression (Adhikari et al., 2015). This

indicates that the mPFC plays a crucial role in the regulation of

dual-frequency EMR-induced anxiety in mice. Finally, using both

overexpression and knockdown of CB1R in the mPFC, we found

that CB1R overexpression alleviated anxiety-like behaviors, while

CB1R knockdown exacerbated them. Thus, CB1R in the mPFC

plays an essential role in regulating anxiety-like behavior induced

by dual-frequency EMR in mice. Of course, there is still some room

for research in AOM, CPU, Acb, S1 and other brain nuclei, which

show differences in MRI.

In addition, changes in the levels of eCBs in the central nervous

system can also lead to emotional changes. eCBs are synthesized

“on-demand” and are released from postsynaptic neurons into the

synapse, where they inhibit presynaptic activity in a retrograde

manner (Herkenham et al., 1991; Marsicano and Kuner, 2008;

Kendall and Yudowski, 2016). Studies have reported that eCB
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FIGURE 5

Knockdown of CB1R in the mPFC exacerbated anxiety in male mice induced by electromagnetic radiation. (A) Time axis of dual-frequency

electromagnetic radiation (0.8/2.65 GHz, 4 W/Kg, 4h/day, 21 days) for behavioral tests (RN group: 10:00–12:00, 0.8 GHz; 12:00–14:00, 2.65 GHz;

RCK group: 14:00–16:00, 0.8 GHz; 16:00–18:00, 2.65 GHz). (B-E) Open field test (OFT, 7d, 14d, 21d, 8:00–12:00); Representative heat map for

statistical analysis of OFT results (7d, 14d, 21d, n = 10/group) (B), total distance (C), central distance (D), and time spent in the center (E). (F–H)

Elevated plus maze test (EPM, 7d, 14d, 21d, 18:00–22:00); Representative heat map for statistical analysis of EPM results (7d, 14d, 21d, n = 10/group)

(F), time spent in the open arms (G), and the number of open arm entries (H). (I) Tail suspension test (TST, 20d, 18:00–22:00), relative immobility time

(Continued)
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FIGURE 5 (Continued)

(n = 10/group). (J) Forced swim test (FST, 22d, 8:00–12:00), relative immobility time (n = 10/group). (K, L) Immunofluorescence of CB1R in the

mPFC: Representative CB1R, DAPI, and merged images (K), and mean CB1R fluorescence intensity in the mPFC (n = 6/group) (L). All data are

expressed as means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All results were analyzed using the one-way ANOVA. CN, Control +

NC; CCK, Control + Cnr1 knockout; RN, Radiation (0.8/2.65 GHz) + NC; RCK, Radiation (0.8/2.65 GHz) + Cnr1 knockout.

concentrations can be modulated by both acute and chronic stress

(deRoon-Cassini et al., 2020), and disruptions in eCB signaling are

associated with several stress-related disorders, including anxiety,

depression, post-traumatic stress disorder (PTSD), obesity, and

diabetes (Engeli, 2008; Kurtov et al., 2024; Hill et al., 2018;

Charytoniuk et al., 2020; Mechoulam and Parker, 2013; Cheung

et al., 2019). In this study, we found that dual-frequency EMR

reduces endocannabinoids 2-AG and AEA in the mPFC, leading

to a downregulation of the ECS. The activity of AEA and 2-AG

is primarily regulated by synthesizing enzymes NAPE-PLD and

DAGL for AEA and 2-AG, respectively or degrading enzymes

FAAH and MAGL. In this study, we observed a reduction in

DAGLα, DAGLβ, and NAPE-PLD, as well as an increase in

FAAH and MAGL in the mPFC, consistent with the changes in

endocannabinoid levels. This suggests that alterations in the levels

of endocannabinoids and their enzymes in the mPFC are also

involved in dual-frequency EMR-induced anxiety-like behavior

in mice.

Under physiological conditions, the mPFC exerts top-down

inhibition on BLA activity, preventing the expression of negative

emotions (Rosenkranz and Grace, 2001; Motzkin et al., 2015;

Quirk et al., 2003). However, under prolonged stress, the regulatory

influence of the mPFC on the BLA is weakened, leading to

overactivity in the BLA and the development of anxiety (Quirk and

Gehlert, 2003; Correll et al., 2005). Anatomical evidence indicates

that projection fibers from mPFC neurons primarily target the

BLA (Mcdonald et al., 1996; McDonald, 1998), highlighting

extensive structural and functional connectivity between the two

regions, which play a crucial role in regulating fear, anxiety,

and other emotions (Likhtik et al., 2014). Given the BLA’s

critical role in emotional regulation and its close connection

with the mPFC, we also conducted molecular analyses on

the BLA, finding reductions in Cnr1, CB1R, and endogenous

cannabinoid 2-AG. Thus, as a core brain region involved in the

regulation and expression of emotions, the BLA also participates

in the anxiety-like behavior induced in mice by dual-frequency

EMR exposure.

In addition, to verify sex differences, we conducted related

experiments with female mice and found that dual-frequency EMR

also induced anxiety in female mice. Additionally, CB1R in the

mPFC and BLA was significantly reduced, further confirming the

critical role of CB1R in these brain regions in dual-frequency

EMR-induced negative emotions in mice.

However, our study has certain limitations. First, dual-

frequency EMR may not fully replicate real-world conditions.

Second, our research focused solely on the molecular mechanisms

underlying the effects of dual-frequency EMR, leaving circuit-

level mechanisms unexplored. Third, we studied the impact of

EMR on mouse anxiety-like behavior but lacked investigations

involving humans. In future research, we aim to further study

the mPFC, activating or inhibiting its neurons and examining

its connections with upstream and downstream brain regions

to analyze the relationship between EMR-induced anxiety and

neural circuits. Additionally, we plan to target CB1R in the mPFC

to develop targeted interventions or treatments for alleviating

EMR-induced anxiety symptoms, paving the way for potential

clinical applications.

4 Materials and methods

4.1 Animals

Eight-week-old male C57BL/6J mice (20.00 ± 0.43 g) were

obtained from SPF Biotechnology Co., Ltd. (Beijing, China). They

were housed under standard laboratory conditions with a 12-

h light-dark cycle (lights on from 7:30 to 19:30), an ambient

temperature of 22 ± 2◦C, and relative humidity of 50–60%. The

mice were provided with unrestricted access to a standard diet and

tap water. 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.

4.2 EMR exposure equipment

The electromagnetic reverberation chamber (RC) utilized

in this experiment was developed by Wu Tongning’s team at

the Department of Environment and Security, China Institute

of Information and Communication Technology (Li et al.,

2016). Constructed with reinforced concrete, the RC is a large

shielded enclosure featuring highly conductive reflective walls

and multiple mechanical stirrers. The stirrers’ rotation alters the

chamber’s boundary conditions, creating a statistically uniform,

isotropic, and randomly polarized electromagnetic environment.

Key components of the RC include signal generators, power

amplifiers, and shielding structures. The chamber can produce

electromagnetic waves within a frequency range of 0 to 3 GHz. In

this study, 0.8 and 2.65 GHz frequencies were applied at a dose

of 4 W/kg. The electric field intensity was calculated based on the

mice’s average body weight, with specific experimental parameters

detailed in Table 1.

4.3 OFT

The open field test (OFT) apparatus, obtained from Shanghai

Xinruan Technology Co., Ltd. (Shanghai, China), consists of an

open polypropylene box with dimensions of 50 × 50 × 40 cm3.

During the test, each mouse is placed in a designated corner of

the box and allowed to explore freely. Spontaneous activity is

recorded and analyzed using specialized software over a 5-min
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FIGURE 6

E�ects of 0.8/2.65 GHz dual-frequency electromagnetic radiation on the emotions of female mice and CB1R expression in di�erent brain regions. (A)

Time axis of dual-frequency electromagnetic radiation (0.8/2.65 GHz, 4 W/Kg, 4h/day, 21 days) for behavioral tests (14:00–16:00, 0.8 GHz;

16:00–18:00, 2.65 GHz). (B–E) Open field test (OFT, 21d, 9:00–11:00); Representative heat map for statistical analysis of OFT results (21d, n =

10/group) (B), total distance (C), central distance (D), and time spent in the center (E). (F–I) Elevated plus maze test (EPM, 21d, 19:00–21:00, n =

10/group); Representative heat map for statistical analysis of EPM results (21d, n = 10/group) (F), time spent in the open arms (G), and the number of

open arm entries (H). (I) Tail suspension test (TST, 20d, 19:00-21:00), relative immobility time. (J–M) E�ects of electromagnetic radiation on CB1R in

the mPFC and BLA of female mice; (J) Western blot images showing target protein CB1R and internal control GAPDH in the mPFC, (L) Statistical

analysis of CB1R/GAPDH protein levels in the mPFC (n = 5/group), (K) WB images showing CB1R and GAPDH in the BLA, (M) Statistical analysis of

CB1R/GAPDH protein levels in the BLA (n = 5/group). All data are expressed as means ± SEM, *p < 0.05, **p < 0.01, All results were analyzed using

the unpaired t-test.
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TABLE 1 Corresponding electric field strength parameters in mice with

di�erent body weights and frequencies.

Weight of mice (g) Radiation
frequency

(GHz)

Electric field
intensity (V/m)

21.9 2.65 188.93

25.0 2.65 189.79

30.0 2.65 190.00

21.9 0.80 243.00

25.0 0.80 262.00

30.0 0.80 285.00

session. Key parameters, including total distance traveled, distance

covered in the center, and time spent in the center, are used to

evaluate anxiety-like behaviors. Prior to testing,mice are acclimated

to the experimental environment for at least 2 h. The apparatus is

thoroughly cleaned with a 75% ethanol solution between trials to

prevent olfactory cues from influencing results.

4.4 EPM

The apparatus, acquired from Anhui Zhenghua Biological

Instrument Equipment Co., Ltd. (Anhui, China), stands 50 cm tall

and features two open arms and two closed arms (50 cm long,

5 cm wide, with 15 cm high walls). A camera records the mouse’s

movements for 5min, with behavior analyzed using specialized

software. Key parameters, such as distance traveled in the open

arms, time spent in the open arms, and the number of open-arm

entries, are used to evaluate anxiety-like behaviors in mice. To

minimize stress, mice are acclimated to the testing environment

for at least 2 h before the experiment. A quiet environment is

maintained throughout the procedure. The maze is cleaned with

75% ethanol between trials to eliminate any residual odors that

could affect the results.

4.5 TST

The apparatus, obtained from Anhui Zhenghua Biological

Instrument Equipment Co., Ltd. (Anhui, China), was used for

the experiment. Before beginning, a rubber band was secured

around one-third of the mouse’s tail and fastened with a clip,

suspending the mouse in an inverted position 30 cm above the

ground within an observation box of a behavioral analysis system.

Video equipment was activated to automatically record the mouse’s

activity for 6min, with the first 2min serving as an adaptation

phase and the remaining 4min as the test phase. Animal behavior

software analyzed the relative immobility time during the 4-

min test phase to evaluate depression-like behavior. A quiet

environment was maintained throughout the experiment, and the

apparatus was cleaned with alcohol after each trial to ensure

hygiene and eliminate potential interferences.

4.6 EZM

The apparatus, manufactured by Shanghai Xinruan Technology

Co., Ltd. (Shanghai, China), is an elevated zero maze (EZM)

constructed from dark gray aluminum. It features a circular

platform with a 5 cm wide “O”-shaped corridor elevated 50 cm

above the ground. The maze has an inner diameter of 55 cm and

an outer diameter of 60 cm, divided into four quadrants: two

opposing enclosed quadrants and two opposing open quadrants.

The open quadrants lack side walls, while the enclosed quadrants

are surrounded by 15 cm high side walls. At the start of the

experiment, the mouse is placed at the midpoint of an open

quadrant, facing a closed quadrant, and observed for 5min.

Anxiety-like behavior is evaluated using two parameters: the time

spent in the enclosed quadrants and the total number of entries

into the open quadrants. A quiet environment is maintained during

testing, and the apparatus is cleaned with alcohol after each trial to

ensure consistency and hygiene.

4.7 SIT

The apparatus, manufactured by Shanghai Xinruan Technology

Co., Ltd. (Shanghai, China), includes A cylindrical cage with a

diameter of 10 cm positioned along one side of an open field (50 cm

× 50 cm× 50 cm). A C57BL/6J mouse is initially placed in a corner

of the open field, and its movement trajectory is recorded and

analyzed for 2.5min using a camera. Then, a novel CD-1 mouse

is introduced into a transparent plastic cage, and a new 2.5-min

monitoring and recording session is conducted. The open field is

cleaned with 75% ethanol before testing the next C57BL/6J mouse.

The social interaction zone, measuring 20 cm × 15 cm, is used to

record the time the mouse spends in this zone, referred to as “social

time.” The social interaction ratio (SIR), an indicator of social

anxiety, is calculated by dividing the time spent in the interaction

zone in the presence of the CD-1 mouse by the time spent in the

absence of the CD-1 mouse. A quiet environment is maintained

during the experiment, and the apparatus is thoroughly cleaned

with alcohol between trials.

4.8 LDBT

The light-dark box, obtained from Shanghai Xinruan Software

Technology Co., Ltd. (Shanghai, China), is a rectangular apparatus

measuring 42 × 21 × 25 cm. It is divided into a small dark

compartment (occupying one-third of the box) and a larger

illuminated compartment (occupying two-thirds of the box). A

small opening, 3 cm high and 4 cm wide, connects the two

compartments. The light intensity in the illuminated compartment

ranges from 200 to 400 lux or higher, while the dark compartment

maintains an intensity of 5 lux or lower. During the experiment, the

mouse is allowed to move freely between the two compartments

for 5min. Specialized software records the latency time for the

mouse to enter the illuminated compartment, a parameter used to

evaluate anxiety-like behavior. A quiet environment is maintained
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throughout the experiment, and the apparatus is cleaned with

alcohol after each trial to ensure consistency and hygiene.

4.9 FST

The apparatus, purchased from Anhui Zhenghua Biological

Instrument Equipment Co., Ltd. (Anhui, China), consists of a

forced swim cylinder for mice with a diameter of 10 cm and a height

of 25 cm. Before the experiment, the cylinder is filled with warm

water maintained at a temperature of 23 to 25◦C. The water level

is set to approximately 15 cm to ensure the mouse’s tail does not

touch the bottom. Once the mouse is placed in the water, recording

begins using specialized software for a total duration of 6min,

with the first 2min serving as an adaptation phase. The relative

immobility time during the final 4 minutes is analyzed to evaluate

depression-like behavior in the mice. Prior to the experiment, the

mouse is acclimated to the testing environment for at least 2 h. A

quiet environment is maintained throughout the experiment, and

fresh water is used for each trial to ensure consistency and hygiene.

4.10 Functional magnetic resonance
imaging

Using a small animal imaging system (PharmaScan 70/16US,

Bruker, Germany), both control group mice and dual-frequency

EMR group mice were pre-anesthetized with a mixture of 2.5–3.0%

isoflurane and oxygen. The mice were positioned prone on the

animal bed, and their respiratory rate was continuously monitored

in real-time using a physiological state monitoring system (PC-

SAM32 software, Small Animal Instruments Inc., Stony Brook,

NY). The anesthetic dosage was adjusted as needed to maintain

a respiratory rate between 61 and 80 breaths per minute. To

keep the mice warm during imaging, a water bath (SC100-S14P,

Thermo Scientific) was used. Resting-state functional data were

collected using Paravision 6.0.1 software. First, a localizing scan

was performed to confirm proper positioning of the mice, using

scanning parameters set to TR/TE = 100/3ms, 1 slice, 1mm slice

thickness, image size 256 × 256, and a field of view of 40 ×

40mm. Next, brain structural images were acquired using the

T2_TurboRare sequence with parameters: TR/TE = 4,500/35ms,

40 slices, 3 averages, 0.35mm slice thickness, image size 256× 256,

and a field of view of 20 × 20mm. Finally, resting-state functional

images were collected using a GRE sequence (T2star_FID_EPI_sat)

with the following parameters: TR/TE = 2,000/15ms, 40 slices,

1 average, 300 repetitions, 0.35mm slice thickness, image size 64

× 64, field of view 20 × 20mm, and bandwidth 2,00,000Hz.

Subsequent analysis of ALFF and ReHo in both control and

radiation group mice will be conducted by Shanghai Ji Ying

Technology Co., Ltd.

4.11 Serum hormone test

Following the completion of behavioral experiments, the mice

were anesthetized via intraperitoneal injection of 1% sodium

pentobarbital. Once anesthesia was confirmed, blood samples were

collected through cardiac puncture. The collected blood was stored

at 4◦C overnight and subsequently centrifuged at 4,000 rpm for

10min to isolate the serum. Serum levels of CORT and CRH

were determined using a mouse CORT/CRH ELISA kit (Sankang

Biotechnology Co., Ltd.), following the manufacturer’s protocol.

4.12 Endocannabinoid test

After anesthetizing the mice with an intraperitoneal injection

of 1% sodium pentobarbital, their brains were carefully removed.

The extracted brains were embedded in a freezing medium and

maintained at −20◦C for 30min. Using a cryostat, sections were

prepared to target the mPFC and BLA regions, which were

subsequently collected with a tissue micro-sampler and stored at

−80◦C. Endogenous cannabinoids 2-AG and AEA were measured

using pooled tissue samples from two mice per group, employing a

mouse endogenous cannabinoid 2-AG/AEA ELISA kit (Shanghai

Fanta Biotechnology Co., Ltd., China) in accordance with the

provided protocol.

4.13 Western blot

The mice were anesthetized with 0.7% sodium pentobarbital

before neck breakage. The brains were quickly extracted from the

euthanized mice and frozen in a freezing microtome. After the

brains were hard frozen, they were cut into mPFC and BLA using a

freezing microtome and dug into mPFC and BLA with a microdrill

sampler. The brain tissue was lysed thoroughly using an ultrasonic

disruptor, followed by centrifugation to collect the supernatant.

The total protein concentration was determined using a BCA kit

(Thermo Fisher Scientific, USA). Protein samples were separated

via 10% SDS-PAGE and transferred onto a PVDF membrane. After

washing with TBST, the membrane was blocked with 5% skim milk

for 1 h, then incubated overnight at 4◦C with primary antibody

at a 1:1,000 dilution ratio (internal controls: GAPDH, α-tubulin,

β-actin, Solarbio China; primary antibodies: CB1R, Abcam, USA;

FAAH,MGL, DAGLα, DAGLβ, NAPE-PLD, ImmunoWay, China).

After washing with TBST, the membrane was incubated with

secondary antibody (Only CB1R was goat anti-rabbit, and the

remaining proteins were goat anti-rat) at a 1:2,000 dilution for 1 h

to enhance specificity, followed by three additional TBST washes.

Supper ECL Western Blotting Substrate from Shanghai Zeha

Biotechnology Co., Ltd was applied to the membrane and the signal

was captured using a gel imaging system (Bio-Rad Laboratories Co.,

Ltd.). The grayscale values of theWestern blot bands were analyzed

and quantified using ImageJ-win64 1.51 software.

4.14 Immunofluorescence

After anesthetizing the mice with isoflurane, their limbs were

secured, and the sternum was cut open to expose the heart.

A sufficient volume of physiological saline or PBS was slowly

infused into the left ventricle for cardiac perfusion until the liver
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FIGURE 7

E�ects of 0.8/2.65 GHz dual-frequency electromagnetic radiation (EMR) on the endocannabinoid system (ECS) in the mPFC. The anxiety-like

behavior observed in mice exposed to dual-frequency EMR (0.8/2.65 GHz) is closely associated with disruptions in the ECS of the medial prefrontal

cortex (mPFC). These disruptions include the downregulation of the receptor cannabinoid receptor type 1 (CB1R) and the ligands

2-arachidonoylglycerol (2-AG) and anandamide (AEA). Furthermore, Overexpression of CB1R in the mPFC significantly alleviates anxiety-like

behavior in mice. In contrast, knockdown of CB1R in the mPFC exacerbates negative emotional responses. mPFC: medial prefrontal cortex. CB1R:

cannabinoid receptor type 1. 2-AG, 2-arachidonoylglycerol; AEA, anandamide; DAGL-α/β, diacylglycerol lipase-α/β (synthesizes 2-AG); NAPE-PLD,

N-acylphosphatidylethanolamine phospholipase D (synthesizes AEA); MAGL, monoacylglycerol lipase (degrades 2-AG); FAAH, fatty acid amide

hydrolase (degrades AEA).

appeared grayish-white. At this point, the solution was replaced

with pre-cooled 4% paraformaldehyde (PFA) at 4◦C. Perfusion

was continued until the mice’s limbs became rigid. The mice

were then decapitated, and the brains were carefully removed.

The intact brain tissues were fixed overnight in 4% PFA and

subsequently dehydrated in PBS containing 20% sucrose until the

tissues sank to the bottom of the tube. The tissues were further

dehydrated in PBS with 30% sucrose for 24 h. Next, the brains were

sectioned into slices 30µm thick using a cryostat. The collected

brain sections were rinsed three times with PBS and immersed
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in a blocking solution composed of PBS with 0.2% Triton X-

100, 5% goat serum, and 2.5% BSA for 2 h at room temperature.

The sections were then incubated overnight at 4◦C on a shaker

with the primary antibody targeting CB1R (Abcam, USA; 1:1,000

dilution). The following day, the brain sections were incubated at

room temperature for 1 hour and rinsed three times with PBS, each

rinse lasting 10min. After rinsing, the sections were incubated with

the appropriate fluorescent secondary antibody (Goat Anti-Rabbit

lgG; Abcam, USA; 1:1,000 dilution) for 2 h at room temperature.

The secondary antibody was then discarded, and the sections were

rinsed three additional times in PBS, with each rinse lasting 10min.

Finally, the sections were mounted onto slides using a mounting

medium containing 0.1% DAPI. Using the mouse brain atlas,

the medial prefrontal cortex (mPFC) and basolateral amygdala

(BLA) regions were identified. Fluorescence signals were observed

and photographed using a Nikon A1R laser scanning confocal

microscope. The average fluorescence intensity of CB1R in the

target brain regions was quantified using Image J software.

4.15 RT-qPCR

Immediately after decapitation, the mPFC and BLA brain

tissues of themouse were extracted using amicro tissue sampler in a

cryostat. The tissues were then rapidly frozen in liquid nitrogen and

stored at−80◦C. RNA was extracted using TriZol reagent (Thermo

Fisher, Waltham, MA, USA) and quantified with an ultramicro

UV spectrophotometer (Quawell Q3000). Reverse transcription to

cDNAwas performed using the T100TM Thermal Cycler (Bio-Rad).

Quantitative real-time PCR (qRT-PCR) was carried out using 1 µg

of cDNA as the template. Amplification was performed with the

StepOnePlusTM Real-Time PCR System (Thermo Fisher). β-actin

was used as the reference gene, and cnr1 was the target gene. The

mRNA levels were calculated using the 2-1Ct method.

4.16 Stereotaxic surgery

Mice were anesthetized with 5% isoflurane and then secured

in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA), with

anesthesia maintained at 2% isoflurane. Ocular ointment was

applied, and a longitudinal incision was made on the skin at the

top of the mouse’s head. The exposed area was cleaned first with

3% hydrogen peroxide and then with saline to reveal the skull. The

bregma’s height difference was adjusted to be within ±0.05mm,

with the anterior bregma positioned 0.00–0.05mm lower than the

lambda, ensuring proper leveling. Holes were drilled at the specified

coordinates on the skull, and a 10 µL microsyringe (Hamilton

Co., Reno, NV) controlled by a Micropump (World Precision

Instruments, Sarasota, FL) was used to inject the virus (Produced

by OBiO Technology (Shanghai) Corp., Ltd) bilaterally into the

mPFC. The injection rate was maintained at 30 nL/min, delivering

500 nL per side (coordinates: AP: +1.95mm, ML: ±0.25mm,

DV: −3.00mm). After the injection, the needle was left in place

for 10min to allow for proper diffusion. The skin was then

sutured, and the incision area was cleaned and disinfected. The

health of the mice was monitored post-surgery. Following a 21-

day period to allow for virus expression, subsequent experiments

were performed.

4.17 Statistical analysis

Data analysis was conducted using GraphPad Prism 8.4.2

software. A normality test was performed on the dataset prior

to statistical analysis. For comparisons between two samples, an

unpaired t-test was used, while one-way analysis of variance

(ANOVA) was employed for comparisons among multiple groups.

Results are presented as mean ± standard error of the mean (M

± SEM). Statistical significance was defined as follows: ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, with “ns” indicating no

statistical significance.

5 Conclusion

In summary, this study demonstrates that anxiety-like behavior

induced by dual-frequency EMR is closely associated with the

ECS in the mPFC and BLA. Moreover, overexpression of CB1R

in the mPFC significantly alleviates anxiety-like behavior in mice,

while knockdown of CB1R in the mPFC exacerbates negative

emotional responses (Figure 7). This research offers new insights

into potential strategies for the treatment or prevention of the

effects of dual-frequency EMR.
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