Duration-Dependent Effects of 5G Mobile Phone Radiation Exposure on Anxiety-Like Behaviors Using the Swiss Mouse Model
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ABSTRACT
The widespread use of 5G mobile phones has raised concerns about potential health risks, particularly regarding their impact on anxiety-like behaviors. This study aimed to investigate the effects of 5G mobile phone radiation on anxiety- related behaviors using the Swiss Mouse Model. Four groups of mice were exposed to varying durations of 5G radiation (Control, 20 minutes, 40 minutes, and 60 minutes). Mice behaviors were assessed using the Elevated Plus Maze (EPM), measuring head dipping, rearing, time spent in the open arms, time spent in the closed arms, and the number of entries into both the open and closed arms. A one-way ANOVA and Tukey HSD post hoc analysis were employed to analyze the data. Results revealed that longer exposure to 5G radiation significantly increased anxiety- like behaviors, as evidenced by a decrease in the time spent in the open arms and the number of entries into the open arms. Furthermore, the number of entries into the closed arms increased with longer exposure. Additionally, behaviors such as head dipping and rearing were also affected by exposure duration, with the greatest changes occurring in the 40 and 60-minute exposure groups. These findings suggest a dose-response relationship, where increased radiation exposure correlates with heightened anxiety-like behavior. This study contributes to understanding the health implications of 5G technology.
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INTRODUCTION
Mobile phones emit radiation widely, raising public concerns about possible health effects (National Institutes of Health, 2024). Among the body's systems, the central nervous system is recognized as one of the most important targets for radiation exposure. However, in both human and animal models, the majority of research so far links electromagnetic fields (EMFs) to a broad range of disruptions at the anatomical, physiological, cellular, and molecular levels. Further assessment of the effects of new technologies on the human body is necessary to clarify this issue as such disputes are still not solved and vivid (Fragopoulou et al., 2009). Cellphones use is rapidly growing, especially among young adults, which raises concerns about long-term radiation exposure and potential health hazards (Hasan et al., 2022). This aligns with the Sustainable Development Goal for Good Health and Well-Being (SDG3), which stresses the importance of examining the health effects associated with pervasive technologies such as 5G networks.

As the 5G technology evolves and is implemented at higher frequencies, it is increasingly important to evaluate how its effects might interfere with brain function. Altun et al. (2017) exposed participants to radiation and observed that they suffered losses of both pyramidal and granule neurons—two fundamental components of the information storage system within the brain’s cortex. These studies highlight a worrying risk for exposure to RF-EMR radiation and its possible enduring impacts on an individual’s neurological health. Zheng et al. (2023) observed that irradiated mice in a different study became more anxious and less mobile. However, some behavioral parameters like spatial memory and depressive-like behavior did not change at all. Qin et al. (2022), on the other hand, took a more specific route by exposing mice to 4.9 GHz radiation. They had a non-exposed control group, which was compared with the exposed group. With regards to body weight and anxiety-like behavior, there were no observable changes for the stated exposure frequency and level in these mice. As a follow-up to these concerns, Zheng (2023) assessed anxiety with the EPM and OFT methods and additional studies concluded that EMR exposure is likely to significantly impair one’s neurological and psychiatric health. Moreover, the exposed mice showed reduced mobility and exploratory behaviors, which are commonly associated with heightened anxiety. Other studies have also highlighted possible effects on the nervous system. For example, EMF's impact on some ion channels, nerve myelin, and even neuronal cell death in the central nervous system was demonstrated by Kim et al. (2018). Electromagnetic field (EMF) radiation may also induce stress on biological systems. Most of the studies relied on cells or animal models, which offered a basic understanding of how RF radiation and EMF fields might impact biological systems.

The global public concern surrounding mobile phones and their health risks due to electromagnetic radiation (EMR) has significantly increased over the past decade. While abundant literature exists regarding the health effects of older generations of mobile technology, studies addressing the newest mobile technology, 5G and its EMR, are very limited as they undergo preliminary exploration. To address this gap, this study examined the effects of radiation from 5G mobile phones on behavior in the context of health using the Swiss mouse model, which was the primary objective of the study.

Specifically, this study: (1) determined the anxiety levels of Swiss mice exposed to 5G radiation at varying durations (0, 20 minutes, 40 minutes, and 60 minutes); (2) compared the anxiety-related behaviors of Swiss mice exposed to 5G radiation at varying durations. With the increasing use of 5G technology, this study seeks to provide data that could influence safety standards and contribute to a deeper understanding of electromagnetic radiation's effect on health.

MATERIALS AND METHODS

Materials
The materials for this study comprised 20 Swiss mice, which possessed a range of traits and, therefore, genetic diversity, which made them appropriate for a number of experimental studies. Along with these mice, the materials needed for the experiment included a rectangular plastic cage, an EPM (elevated plus-maze) with 4 arms (two open and without walls and two enclosed by walls 16 cm high and 30 cm long and 5 cm wide Pellow et al. 1985), two Techno Spark 20 5G and 30 5G mobile phones, closed circuit television camera, and other items which were tailored in accordance with the specific aim of the experiment were also added.

Research Design
The study used a quantitative experimental research design to analyze the effects of 5G radiation on the anxiety-related behavioral characteristics of Swiss mice. It manipulated the independent variable, 5G radiation exposure, to observe its effects on the dependent variables, which were the mice's anxiety-like behaviors. This study involved comparing four different experimental groups of mice, which were divided into 5 per group, exposed to 5G radiation over a specified period with behavioral observations. Specifically, the mice exposed to 5G modulated RF- EMR at varying durations, the controlled group (no radiation exposure), and the three exposed groups (20 minutes, 40 minutes, and 60 minutes) each day for one month (30 days).

Procedures

Construction of Elevated-plus Maze (EPM)
[image: ][image: ]The Elevated-plus maze was composed of four arms, each 30 cm long and 5 cm broad, two of which were open without walls and two of which were enclosed by walls that were 16 cm high. It was constructed of mahogany wood and painted matte black. The maze was supported by strong mahogany wood legs that were raised 70 cm from the table it was placed on. A CCTV camera mounted above the maze captured the movements, which video tracking software then converted and stored on the computer (Ghassemi et al., 2022). Additionally, a camera was placed on a tripod to monitor the model's action in the closed arms due to the CCTV’s lack of perspective from above.

Figure 1. Elevated-Plus Maze (Top View)	Figure 2. Elevated-Plus Maze (Isometric View)
Acclimation of Swiss Mice
The study involved 20 male mice, two weeks old, categorized into four groups. After one week of acclimatization, during which the mice were fed with pellets and mineral water that underwent an ad libitum diet, they had constant access to high-energy food in their cage (Keenan et al., 2005). The mice were fed once daily on a 24- hour schedule, ensuring they received their food at the same time each day (Ritske-Hoitinga et al., 2012). Each group contained five mice (n=5), along with 10 additional mice for acclimatization, bringing the overall total to thirty mice. The average mean was calculated each day over a month to assess the behavioral characteristics of the mice. If any mice died and the average number of mice was not reached, the group underwent a week of acclimatization from the 10 extra mice. Each group was tested in separate trials, consisting of one mouse per trial, with each mouse kept apart in rectangular plastic cages separated by wire mesh partitions. The body weight of the mice was recorded before radiation exposure began.
Radiofrequency electromagnetic radiation (RF-EMR) exposure system
Two 5G interconnected mobile phones operating at 3500 MHz, were exposed to radiation at a Specific Absorption Rate (SAR) of 2.7 W/kg in this experiment. The three-power- meter method for measuring SAR calculated the energy difference between an empty and occupied chamber, divided by the total weight of the mice inside (Marshall et al., 1983). The animal was positioned in the middle of the maze and given about ten minutes to explore before the test began during the exposure period. The exposure room from the control room free of electronic devices such as PCs, laptops, and cameras, prevented additional EMF sources from influencing behavioral studies. To ensure uniform radiation exposure, the mobile phones with automatic answer mode were placed at the top of the closed arm (Kumar et al., 2009; Narayanan et al., 2009). To start the test, the Swiss mice were placed into the intersection of the open and closed arms of the maze. The Swiss mouse can spend time in an open space (open arms) or a safe, enclosed space (closed arms). The treatment groups consisted of a control group (no exposure) and three experimental groups: Group 1 (20 minutes), Group 2 (40 minutes), and Group 3 (60 minutes). The exposure was conducted over one month to assess the effects of varying radiation levels (Hasan et al., 2021; Hasan & Islam, 2023; Narayanan et al., 2009; Saikhedkar et al., 2014; Sokolovic et al., 2008).
Behavioral Assessment
The EPM was cleaned and dried before a Swiss mouse was placed into it. After that, the video-tracking system was prepared for use. The observation was conducted for durations of 20 minutes, 40 minutes, and 60 minutes, depending on the experimental group. Individual housing in a single plastic container covered with wire mesh or a plastic hamster cage with a secure mesh cover allows five mice to thrive with adequate ventilation. The data sheets were filled out, including the date, coded condition, animal subject number, and the experimenter's initials. The mouse was brought into the behavioral testing laboratory in a makeshift transport cage. After this, it was taken out of its cage and positioned facing the open arm across from the researcher at the intersection of the maze closed and open arms. In the elevated-plus maze (EPM), every mouse should be handled uniformly and placed in the same location. When the mouse was positioned facing an open arm as opposed to a closed arm, different behaviors were seen (Pellow et al., 1985).

Before a new Swiss mouse was tested, the Elevated-plus Maze (EPM) was cleaned thoroughly with 20 percent alcohol to remove any impure odor index and wait for 5-10 minutes to reduce the smell of the alcohol. Monitoring the environment was also crucial to preventing stresses, which could be caused by hidden, broken climate controls. 


During the radiofrequency application, the Swiss mice may behave differently, as indicated in the following:
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Table 1. Measurement of Anxiety-related Behavior
	Behavioral Metrics
	Indicator
	Interpretation

	Head-Dipping
	Each instance where a mouse dips its head over the edge of an open arm toward the floor is counted.

	Increased head-dipping often indicates reduced anxiety and increased exploratory behavior

	Rearing
	This will be scored by counting each time a mouse stands on its hind legs, usually with front paws against the maze walls.

	Higher rearing frequency can indicate comfort and reduced anxiety


	Time Spent in Open and Closed Arms

	Open Arm Entries: This will be counted each time a mouse fully enters (all four paws) an open arm anxiety Closed Arm Entries: This will be counted similarly and used to assess general movement.

	Higher entries suggest lower anxiety A balanced ratio of open to closed-arm entries helps differentiate anxiety from general activity level.

	Number of Entries in Open and Closed arms
	Open Arm Duration: This will be recorded as the total time the mouse spends in the open arms Closed Arm Duration: Recorded as time spent in closed arms.
	More time in open arms typically indicates lower anxiety.
Mice tend to spend more time here if anxious


Source: Hasan et al. (2022)

Data Analysis
Anxiety levels in the control groups and the three exposed groups were analyzed using One-way ANOVA for durations of 20, 40, and 60 minutes to determine differences between the experimental control and exposed groups. The analysis was performed using JASP, with results visualized through tables and bar graphs to illustrate mean values and standard errors. This approach provides a comprehensive understanding of the behavioral effects of 5G radiation on Swiss mice.

Ethical Consideration
The researchers observed regulatory requirements and obtained the necessary approvals from the administration before experimenting. To ensure the integrity and ethical compliance of the study, guidance from experts and mentors was requested during the experiment's implementation. The researchers adhered to national guidelines concerning animal welfare, ensuring that the requirements for responsible care and ethics were considered. A letter was sent to the veterinarian for approval to experiment, and the researchers sought permission from the city veterinarian. To ensure compliance with local and municipal regulations on animal welfare, including appropriate housing, care, and humane treatment of the Swiss mice before, during, and after the experiment. With the help of a mentor and a licensed veterinarian, the researchers ensured that the experiment followed safety standards regarding animal health, confining all risks to an absolute minimum, as stated by the Animal Welfare Act of 1998 (Republic Act. 8485). It required the researchers to secure authorization and follow ethical guidelines to prioritize animal welfare.

RESULTS AND DISCUSSION

Effects of RF-EMR Exposure on Anxiety-like Behavior of Swiss Mouse Model
This study examined the mice's behavior after one month of exposure to radiation. The frequency of entries and the amount of time spent in the open and closed arms were utilized to evaluate the presence of anxiety-related behavior. Throughout the trial, no significant behavioral changes were observed. However, fatalities were distinguished across all experimental groups. In the control group, 2 out of 5 mice died two weeks before data collection. Similarly, fatality was recorded in the exposed groups, with 2 mice in the 1-hour group, 2 mice in the 40- minute group, and 1 mouse in the 20-minute group. Despite these losses, daily monitoring ensured that the mice's health and consumption were closely observed throughout the experimentation.

Mice's anxiety was measured by how often they entered and how long they stayed in the open and closed arms of EPM. Throughout the mice experiment period, every mouse in the control group was active and healthy, and there were no odd behavioral changes. Every day of the trial, the mice's food and water intake, as well as overall health, were monitored.

In this table, the results were displayed as the mean and standard deviation for the control group as well as the exposure groups (20, 40, and 60 minutes). The data were presented based on their behavioral features after being calculated to p-values and η².

Table 3. Results of Frequencies of Behavior in Mice under various durations under 5G Mobile Radiation
	
	Mice Exposure Duration
	
	

	Behavioral Metrics
	Control
	20 Min
	40 Min
	60 Min
	F
	η²

	Head dipping
	10.90 ± 1.98
	12.93 ± 3.26
	13.22 ± 1.83
	5.39 ± 2.41
	6.645*
	0.714 (71%)

	Rearing
	7.39 ± 0.97
	6.93 ± 0.37
	6.93 ± 2.59
	8.96 ± 3.45
	0.566
	0.175 (17.5%)

	Time Spent in Open Arms
	15.27 ± 1.93
	16.25 ± 0.44
	15.27 ± 1.93
	11.99 ± 0.89
	21.806**
	0.891 (89.1%)

	Time Spent in Closed Arms
	9.46 ± 3.30
	10.03 ± 0.98
	20.16 ± 3.59
	31.00 ± 3.10
	35.981**
	0.931 (93.1%)

	Number of Entries in
Open Arms
	10.33 ± 1.59
	8.63 ± 1.20
	8.36 ± 0.90
	6.03 ± 1.06
	6.350*
	0.704 (70.4%)

	Number of Entries in Closed Arms	
	5.60 ± 1.22
	6.78 ± 0.82
	7.51 ± 0.95
	7.75 ± 0.75
	3.064
	0.535 (53%)


note. *p<0.05; **p<0.001
Table 3 presents the results of an analysis investigating the impact of various time exposures on Swiss mice performed in EPM observing their anxiety-like behavior. The behavioral characteristics assessed include number of entries in open and closed arms, time spent in open and closed arms, head dipping, and rearing, observed at specific groups of control, 20 minutes, 40 minutes, and 60 minutes with the average of 3 mice in each group. To evaluate the variation in the mean values of each behavioral characteristic across different time exposures, a one-way ANOVA was used. The results indicated a significant difference for head dipping (F = 6.645, *p < 0.015, η² = 0.714), time spent in open arms (F = 22.806, **p < 0.001, η² = 0.891), time spent in closed arms (F = 35.981, **p < 0.001, η² = 0.931), and number of entries in open arms (F = 6.350, *p < 0.016, η² = 0.704). No significance (NS) was observed in the number of entries in closed arms (F = 3.064, p < 0.091, η² = 0.535) and rearing (F = 0.566, p < 0.652, η² = 0.175). 

In addition to the significant findings from the One-Way ANOVA, a post hoc analysis was conducted to further elucidate the specific differences between various duration exposure of mobile radiation on the behavioral characteristics of the Swiss mouse model. The Tukey HSD test was employed for pairwise comparisons. The post hoc analysis revealed that there were significant differences in behavioral characteristics between the control group (no exposure) and the treatment groups (20 minutes, 40 minutes, and 60 minutes).

Head dipping
The results of the post hoc analysis showed a significant decline with increasing exposure duration. There was a significant difference between the 60-minute group and the control group (t = -3.932, p = 0.018) in the reduction of head dipping, which may be an indication of increasing anxiety in 60 minutes following prolonged radiation exposure. Significant differences also existed between the 20- and 60-minute groups (t = 3.786, p = 0.022). Intermediate exposure did not significantly alter this behavior, either, as no significant differences were observed across other pairs, such as the 20-minute vs. 40-minute groups (t = 1.017, p = 0.745) or the 40-minute compared control groups (t = -1.162, p = 0.665). According to Heinz et al. (2008), the study supports the findings that extended radiation exposure reduces head-dipping behavior, indicating increased anxiety in rodents. Exposure to head-only gamma radiation resulted in notable neurobehavioral deficits, such as increased impulsivity and decreased performance accuracy. Similarly, Hasan et al. (2022) stated that a decrease in head-dipping behavior indicates reduced exploratory activity. This reduction in exploratory behavior is associated with heightened anxiety levels. These findings align with the current study results, which suggest that longer exposure significantly lowers exploratory behaviors, leading to anxiety and cognitive changes induced by radiation.

Rearing
A measure of exploration in rearing behavior showed no significant changes across groups, suggesting that radiation exposure had no effect on exploratory activity. No observable group differences were found by the post-hoc analysis. Though it was still not significant, the comparison between the 60-minute and control groups had the highest t-value (t = 0.868, p = 0.821). Other comparisons that failed to achieve statistical significance were the 20-minute versus 40-minute groups (t = 0.000, p = 1.000) and the 40-minute versus 60-minute groups (t = -1.122, p = 0.687).

Since 5G exposure did not significantly alter rearing behavior, these findings suggest that this metric may be less susceptible to radiation-induced anxiety. Additionally, a low rearing frequency in the EPM could indicate that certain mouse strains have innately lower rearing rates due to genetic predispositions to anxiety-like behavior (Cryan & Sweeney, 2011). Similarly, Salunke et al. also found no significant impact of radiation exposure on rearing behavior, further supporting the notion that certain exploratory activities may remain unaffected even with prolonged exposure.

Time Spent in Open Arms and Closed Arms
The time spent in open and closed arms in the EPM further supports the anxiogenic effects of longer exposure, as mice in the control group spent the most time in open arms, while those exposed for 60 minutes spent significantly less time in arms. There is a significant difference between the 60-minute and control groups, according to the post hoc analysis (t = -7.974, p < 0.001), demonstrating that increased anxiety was caused by longer exposure, which led to a considerably shorter open-arm time. The 40-minute group spent less time with open arms than the control group (t = -5.158, p = 0.004). Additionally, there was a significant difference between the 20-minute and 60-minute groups (t = 3.655, p = 0.027). Nonetheless, there was no significant difference between the 20-minute and 40-minute groups (t = 0.839, p = 0.835), indicating that this behavior was not significantly affected by intermediate exposure. Rats exposed to electromagnetic radiation over an extended period of time have also been demonstrated to exhibit anxiety- like behavior, as indicated by a decrease in the number of times they enter and remain in the Elevated Plus Maze open arms (Gupta et al., 2019). Compared to the control group, the 60-minute group was in closed arms for a considerably longer period of time (t = 8.462, p < 0.001). This indicates that the 60-minute exposure group spent the most time in closed arms compared to the control group, demonstrating a strong preference for enclosed spaces, a behavior indicating increased anxiety. However, it demonstrates that it dramatically increased with extended radiation exposure in the closed arms. Similarly, the 40-minute group closed-arm time was significantly longer than the control (t = 4.206, p = 0.013), and the 60 and 40-minute group differences were similarly significant (t = -4.257, p = 0.012). There was also a significant difference between the 20 and 40-minute comparisons (t = -4.373, p = 0.010). These findings support a dose-response connection in which anxiety increases with higher radiation exposure and align with previous research by Tarsaei et al., 2022, showing that exposure to non-ionizing radiation decreased entries and time spent in the open arms of the Elevated Plus Maze, indicating heightened anxiety-like behavior

Number of Entries in Open Arms and Closed Arms
The number of entries in open arms decreased significantly with increased radiation exposure, with the control group recording the highest entries and the 60-minute group the lowest. The 60-minute and control groups showed the largest significant difference in the post-hoc analysis (t = -4.332, p = 0.011), suggesting that longer exposure led to less exploratory behavior. This implies that this behavior was only significantly affected by prolonged exposure, which is 60 minutes, as the control group experienced induced anxiety. Gupta et al. (2019) examined the impact of long-term exposure to 2450 MHz electromagnetic radiation on rats and observed a significant decrease in open-arm entries in the EPM, indicating induced anxiety-like behavior. Other comparisons failed to achieve statistical significance, including the 20-minute compared to 40-minute groups (t = 0.269, p = 0.993) and the 40-minute compared to control groups (t = -1.978, p = 0.272). 

Meanwhile, entries into the closed arms remained relatively stable across all groups indicating that locomotor activity was unaffected and the observed behavioral changes were primarily anxiety-related behavior. These findings suggest that prolonged 5G radiation exposure leads to increased anxiety-like behavior, as evidenced by reduced exploratory activity and an increased preference for closed spaces. Although there was a trend toward more entry with longer exposure, the number of entrances into the closed arms did not differ statistically significantly between the majority of groups. The 60-minute over-control comparison had the greatest t-value (t = 2.757, p = 0.094), which was close to but not exactly significant. Additional comparisons were likewise not significant, including the 20 -minute compared to 40-minute groups (t = -0.929, p = 0.791) and the 40-minute compared to control groups (t = 2.447, p = 0.145). These findings show that, in comparison to other measures, higher radiation exposure is not a reliable indicator of anxiety-like behavior, even though it may have a minor impact on closed-arm entries. Overall activity levels remain consistent across all experimental settings, as evidenced by the absence of noticeable fluctuation in open-arm entry; any observed variations in close-arm exploration are most likely the consequence of anxiety-related behavioral shifts (Komada et al., 2008).

[image: ] Histogram measuring anxiety-like behavior
Figure 3. Histograms of various behavioral metrics on Swiss mice

CONCLUSIONS
This study indicates that Swiss mice's anxiety-like behavior was greatly affected by 5G radiation exposure, with longer exposure times resulting in increased anxiety. The mice exposed to 60 minutes of radiation spent more time in closed arms. The mice showed fewer active behaviors, indicating higher anxiety. As exposure time increased, anxiety- related behaviors became more visible, such as fewer open-arm entries and less head dipping, indicating a clear dose- response relationship. The preference for enclosed spaces in longer-exposure groups suggests that 5G radiation affects anxiety levels rather than overall activity, which remained stable. Furthermore, the findings of this study indicate that exposure to 5G mobile radiation for 60 minutes significantly increased anxiety-like behavior in the model, suggesting a strong relationship between prolonged exposure and behavioral changes. In contrast, shorter exposure durations of 40 and 20 minutes had only minimal effects, implying that the impact of radiation may be dose- dependent. Additionally, the control group, which was not exposed to radiation, exhibited no anxiety-like behavior, reinforcing the notion that the observed effects were specifically induced by radiation exposure rather than other external factors.
RECOMMENDATIONS
It is important to examine the long-term effect of 5G radiation on brain function and behavior. Since prolonged exposure to radiation causes potential mental health risks, it is recommended to minimize radiation exposure as further studies about the similarities between mice and human brains when exposed to mobile radiation to lower the risks. Additionally, researchers should consider adding the time duration of exposure of Swiss mice and the use of other devices that can induce 5G radiation to know more about the potential risks of radiation.
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