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Abstract 
 

Microwave radiation refers to electromagnetic waves between 300 MHz and 300 GHz. 
Microwaves are used in communication systems, manufacturing, medical treatments, and 
military operations. The ability to modify waveform parameters, such as frequency and duty 
cycle, contribute towards the versatility of microwave radiation.  In the same way, the ability to 
adjust each parameter also contributes to the complexity of understanding the biological effects 
of microwaves. For some time, researchers have studied the microwave effects on learning and 
spatial memory in rodents [1]–[20]. Rodents provide scientists with a neurologically similar 
model to humans, which is easy to study both on the cellular levels and to assess behaviorally 
due to the development of maze performance tests. However, the mechanisms disrupting spatial 
memory remain largely unknown because of the nearly infinite number of ways microwave can 
be modified, combined with the multitude of neurological effects, which could impact behavior. 
It is important for scientists to continue to study rodent models under various microwave 
exposure conditions to prevent harmful exposure conditions with humans.  

 
In this review microwave exposure conditions will be introduced, followed by an 

introduction to the cruciality of synaptic plasticity to spatial memory and learning. Synaptic 
plasticity can be impacted through various neurological mechanisms; of which the NMDAR 
receptors, neurotransmitter release, and activation of intracellular signaling cascades, and cell 
apoptosis will be reviewed.  
 
Characterization of Microwave Exposure  
  

Source frequency is one of the studied microwave exposure conditions. While outside of 
the microwave range, scientist have observed bioeffects in the Very High Frequency (VHF) 
Band (30-300 MHz) [21]–[24]. Jadadeesh [24] and Wilson et al.[23] observed neuronal recovery 
through increased myelinated nerve fibers, myelin sheath thickness, and axon diameter post-
injury in rats with 15 minutes of 27.12 MHz exposure for 30 days. Microwave studies have 
tested the Ultra High Frequency (UHF) Band (300-3000MHz) [1], [5], [35], the L-Band (1-
2GHz)[26]–[28], the S-Band (2-4 GHz) [3], [4], [8], [16], [28]–[30], and the X-Band (8-12 GHz) 
[1].  

In addition to the source frequency, the effects of average power density have also been 
observed. Average power density is the amount of power deposited on an area. The bioeffects of 
average power density have been observed between 0-50 mW/cm2  [11], [13]–[15]. Liao et al. 
exposed rats to 0, 10, 30, and 50 mW/cm2 at 2.856 GHz pulsed wave (pulse widths = 1µs, pulse 
repetition frequency = 250 Hz). Rats exposed to 30 and 50mW/cm2 exhibited longer average 
escape latencies in the Morris Water Maze Test (Figure 1) and increased length and width of the 
postsynaptic density, indicating microwave exposure may cause abnormalities in 
neurotransmitter release and synaptic structures[11].  
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Figure 1. Results showing the Escape Latency time (in seconds) of the Morris Water Maze Test 
for mice with and without microwave exposure at various average power density levels. Mice 
exposure to higher power densities had longer escape latency times [11]. Reused with 
permission. 

 
Another metric used to characterize microwave exposure is the Specific Absorption Rate 

(SAR). SAR is the measure of the rate energy is absorbed by unit mass in the body. The SAR is 
an internationally recognized standard and is used to determine safe exposure conditions for 
organisms when exposed to electromagnetic radiation. The SAR is dependent on the frequency, 
incident direction, the electric-field polarization direction, the structure of the exposed subject, 
and the electromagnetic properties of the subject [31]. Biological effects have been observed in 
SAR values between 10-4 W/kg and 35 W/kg [2], [22], [30], [32]–[36]. Shanin et al. exposed 
mice to a low SAR of 0.0146 W/kg (2.45 GHz continuous wave, with an average power density 
of 0.0248 mW/cm2) [37]. The exposed mice had reduced dendritic arborization, branching, spine 
density, with neuronal/dendritic atrophy (Figure 2) and reduced performance in the 8-RAM test, 
a maze used to assess spatial memory and learning[8].  

 
 



 
Figure 2. Immunofluorescence of the NMDA receptors in the DG, CA1, CA2, and CA3 regions 
of the hippocampus in mice exposed to SAR 0.0146 W/kg at 2.45GHz over time. Mice with 60 
days of microwave exposure showed significantly less number of neuronal and nonneuronal cells 
[8]. Reused with permission. 

 
Time variability of the microwave is also an important metric. Time variability refers to 

the difference between a continuous and pulsed wave. Continuous waves are transmitted 
continually and have fewer controlled parameters than pulsed waves. Pulsed waves can be 
modified in duration, peak power, and repetition rate and can be concentrated to produce higher 
average power densities. Liao et al. disrupted the cognitive abilities of rats with a pulsed wave 
[11], similar to how Shanin et al. disrupted the cognitive abilities of rates with a continuous wave 
[8] (Figure 3). 
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Figure 3. A. Maze performance times of mice exposed to pulsed wave from Liao et al. [11]. B. 
Maze performance times of mice exposed to continuous wave from Shanin et al. [8]. Reused with 
permission. 

 
 
Frequency variability refers to how many frequencies the subject is exposed to. 

Frequency variability can occur through transmitting multiple frequencies simultaneously or by 
transmitting multiple frequencies consecutively. Most studies focus on the effects of a single 
frequency transmission, but multiple exposure was reported by Kumar et al. [38] and Zu et al. 
[28]. Kumar et al. exposed rats to a continuous wave at 2.45 GHz, and then to a pulsed wave at 
100 Hz. The rats exposed to the frequency varied signal had less severe effects than rats only 
exposed to 2.45GHz continuous wave [38]. Zu et al. exposed one group of rats to 1.5 GHz, 
another group of rats to 4.5 GHz, and a third group of rats which was exposed to both 
frequencies simultaneously. The group exposed to both simultaneous frequencies did not show 
any significant differences in cognitive performance compared to the other two microwave 
exposed groups (however all microwave exposed groups performed significantly below the sham 
group), but did show significant increases in post-synaptic density compared to the other two 
microwave exposed groups [28].  

The distance between the subject and the radiation source also affects the how much 
radiation the subject is exposed to. In medical applications it is common for the subjects to be 
closer to the radiation source, such as with imaging, but in telecommunications, it is common for 
the subject to be farther away. Other factors which could influence the radiation effects are: how 
much of the subject is exposed to microwave energy, duration of the exposure, and the time 
between exposure and the measurement [31].  
 
Synaptic Plasticity Impacts Spatial Memory and Learning   
 
 While the effects on spatial memory and learning from microwave radiation are well 
documented, the underlying mechanisms remain poorly understood. The synapse, where the 
axon and dendrite meet, is the structure responsible for the transmission of signals along neurons 
in the brain. Synaptic plasticity refers to the efficiency of signal transduction at the synapse and 
is critical for learning and memory processes. Microwave radiation can affect synaptic plasticity 
by altering the expression of receptors on the synapse, the release of neurotransmitters, the 
activation of intracellular signaling cascades, and cause cell apoptosis. To understand how 
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microwave radiation effects spatial memory and learning, it is critical to understand how 
microwaves effect synaptic plasticity.  
 
The NMDAR Receptor  
  

The N-methyl-D-aspartate (NMDAR) receptor is a specific type of excitatory amino acid 
receptor and a voltage-gated ion channel widely integrated throughout the central nervous 
system[39]. The NMDAR receptor is closely associated with synaptic plasticity [11], [37], [39], 
[40], but the microwave effects on the NMDAR receptors are still being understood. In 2015, 
Xiong et al. studied the microwave effects on the NDMAR receptor by radiating rats. The rats 
were divided into a sham group and a microwave exposure group. The microwave exposure 
group was exposed to microwaves at 2.856 GHz and with an average power density of 30 
mW/cm2. The pulse repetition frequency was 300Hz, and the pulse width was 500ns. The rats 
were sacrifice following 1-, 7-, 14-, and 28-days post-exposure, and their brains were sliced, 
fixed, and observed with a light microscope [40].  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. The effect of microwave exposure on rat hippocampal structure (A-E) and 
ultrastructure (F-H). A and F: sham group. B-E, G, and H: experimental groups. B: 1-day post-
exposure, C: 7 days post-exposure, D: 14 days post-exposure, E: 28 days post-exposure. The 
hippocampal ultrastructure was observed with transmission electron spectroscopy. F: 
ultrastructure of the sham group, G: ultrastructure 7 days post-exposure, H: ultrastructure 14 
post-exposure [40]. Reused with permission. 
 
 From Xiong et al.’s experiment, the sham group showed clear cellular structures and 
distinct membranes (Figure 4A and Figure 4F). After microwave exposure, the hippocampal 
neurons showed degeneration, enlarged pericellular space and dark staining (Figure 4B-C). 
However, the cells began to demonstrate signs of recovery following 14 days post-exposure 
(Figure 4D-E). To quantify the how microwave exposure effected the NMDAR signaling 
pathways, Western blotting was used to track the expression NMDAR subunits: NR1, NR2A, 
NR2B, and CaMKlly (Figure 5). 
 



 
Figure 5. Protein expression of NMDAR receptor subunits and related signaling molecules in 
hippocampal tissues with Western blot images[40]. Reused with permission. 
 
 After 1 day exposure, there was increased expression of NR1, NR2A, NR2B and 
CaMklly (P = 0.034, 0.016. 0.028. and 0.035, Figure 5). The increased expression of the 
NMDAR subunits indicated over-activation and might be a cause of synaptic plasticity 
impairment due to microwave exposure [40]. However, aside from significant attenuation of p-
CREB (P=0.024) on the 7th day post-exposure, no other significant NMDAR effects were 
observed following the 7th day. The lack of NMDAR effects following 7 days post-exposure 
could indicate any histological damage (shown in Figure 4) does not affect the NMDAR 
receptors but could affect other cell microstructures. 

Xiong et al. did not perform any cognitive testing on the rats, so correlations cannot be 
drawn between the NMDAR effects and potential effects on the cognitive function from this 
experiment. However, since Xiong et al.’s experiment, there has been subsequent research 
investigating both the NMDAR receptor and cognitive function. 

When Liao et al. investigated the effect of average power density on performance in the 
Morris Water Maze on rats, they also observed the NDMAR subunits with Western blotting.  
The rats were radiated for 6 minutes at 2.856 GHz with a pulse width of 1µs and a repetition 
frequency of 250 Hz. The Western blot observed the expression levels of NR1, NR2A, NR2B, 
PSD-95, cortactin, BDNF, and TrkB. Hippocampal tissues were collected 6 hours, 1-, 3-, 7-days 
post-exposure. No significant change in the protein expression was observed between 0 mW/cm2 

and 10 mW/cm2 at any time point post-exposure. In the 30 mW/cm2 group, the expression of 
NR1, NR2A, NR2B, BDNF and TrkB increased following 1 day post-exposure and remained 
increased through the 7th day. However, the expressions of NR1, NR2A, NR2B, BDNF, and 
TrkB were decreased in the 50 mW/cm2 at all recorded time points [11]. These results are in 
alignment with the findings of Xiong et al. who also reported increased expression at 30 
mW/cm2 up until the 7th day post-exposure.  



The study by Liao et al. revealed that in the 30 mW/cm2 group, the expression of BDNF 
is increased and since BDNF binds to TrkB receptor on the cell membrane and it activates the 
signal transduction pathway, thus increasing the concentrations of NR1, NR2A and NR2B, 
subsequently activating NMDAR. The decrease in concentrations at the 50 mW/cm2 group are 
hypothesized to downregulate the synaptic plasticity, and thus cause the cognitive dysfunction 
they observed in the rats during the Morris Water Maze test. Liao et al. did not address if the 
over expression of these proteins could have caused the poor performance observed in the 30 
mW/cm2 group during the same maze test [11]. 

 Between Xiong et al. and Liao et al., increased expression of the NMDAR receptors was 
reported following 7 days post-exposure with a pulsed microwave and an average power density 
of 30 mW/cm2. A thorough search and relevant literature did not yield any further literature 
studying the NMDAR receptors with cognitive functioning. Future research could observe maze 
performance in rats and NMDAR receptor expression across pulsed and continuous wave, and 
different average power density levels.  

 
The Effects on Amino Acid Neurotransmitter Release 
 
 Amino acid neurotransmitters, like the NMDAR receptors, are the most widely 
distributed neurotransmitters in the central nervous system. There are two types of amino acid 
neurotransmitters: inhibitory and excitatory. These neurotransmitters regulate learning and 
memory by controlling the efficiency of signal transmission at the neuronal synapse. The 
changes in neurotransmitter levels are closely associated neurodegenerative diseases [11], [41].  
 In addition to studying the effects on the NMDAR receptor, Liao et al. also observed the 
effects of average power density on the excitatory neurotransmitters: glutamic acid (Glu) and 
aspartic acid (Asp), and inhibitory neurotransmitters: gamma-aminobutyric acid (GABA) and 
glycine (Gly) (Figure 6). Liao et al. observed an increase in the Asp levels following day 3 in the 
10 mW/cm2 and 30 mW/cm2 groups, but Asp levels returned to normal on day 7. However, in the 
50 mW/cm2 group, Asp decreased on day 3 and remained low through day 7. For Gly, there were 
no differences in amino acid release across the different power levels. For all power levels, Gly 
decreased following 6 hours and 3 days exposure, but returned to normal on day 7.  
 There were significant differences in the Glu and GABA levels across the different power 
levels. Liao et al. observed an increase in the Glu levels and fluctuations in the GABA levels in 
the 10 mW/cm2 and 30 mW/cm2 groups. Li et al. also reported increased in Glu and GABA at 10 
and 30 mW/cm2 when they irradiated rats at 2.856 GHz for 6 minutes, three times a week for six 
weeks. However, Li et al. also reported an increase in the Asp levels in their 10 mW/cm2 group, 
however the data was recorded 14 days post-exposure, which may indicate more longitudinal 
effects [42]. Liao et al. also observed increases in the Glu and GABA levels in the 50 mW/cm2 

group. These results suggest there might be excitatory changes following 10 mW/cm2 or 30 
mW/cm2 exposure, but inhibitory changes after 50 mW/cm2 exposure [11].  
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The levels of amino acid neurotransmitters after microwave exposure (A-D) [11]. 
Reused with permission. 
 
 Liao et al. is supported by earlier studies by Wang and Lai between 1987-2000. Wang 
and Lai conducted series of experiments and exposed rats to pulsed, 2.45 GHz microwave (pulse 
width = 2µm, pulse repetition frequency = 500 Hz) with an average power density of 2 mW/cm2. 
It was found acute microwave exposure decreased cholinergic activity in the frontal cortex and 
hippocampus and these neurotransmitter systems were involved in the spatial learning deficit [2], 
[6], [22], [36].  In 2015, Wang et al. observed the long-term effects of microwave exposure on 
rats. Wang et al. reported a decrease in the ratio of Glu:GABA after 50 mW/cm2 exposure at 2.86 
GHz., indicating the signal transmission may be more inhibitory. The ratio remained low 
following 18 months post-exposure [34], and supports the increase in inhibitory behavior 
reported by Liao et al. [11].  
 However, these results are contradicted by Zhao et al.. At the 10 mW/cm2 power level, 
Zhao et al. reported a decrease both in the Glu and GABA neurotransmitters and saw an increase 
in excitatory activity. It was hypothesized the consumption of neurotransmitters after exposure 
may outweigh production, or the excitability of the neuron is actively inhibited as an endogenous 
protection mechanism. Zhao et al. also tested 2.5 and 5 mW/cm2 and saw an increase in the 
concentrations of Glu, Gly and GABA. Zhao et al. stated the changes in neurotransmitters may 
lead to excitotoxic neuronal death due to an accumulation of excitatory proteins, or modulation 
of the neuronal excitability due to increase inhibitory proteins [43]. While Zhao et al. 
contradicted the reported literature, Zhao et al. did not disclose the operating frequency, radiation 
distance, or if a continuous or pulsed wave was used. Gouthaman et al. also reported decreased 
GABA neurotransmitters after radiating rats at 900 MHz for 2hours/day for 28 days, but did not 
specific the average power density[44]. 
 
 



 
 
The Effects on Intracellular Signaling Cascades 
 

The concentration of specific ions, and more commonly the concentration of Ca2+, is used 
to assess damage to the cellular membrane [31]. The voltage-gated calcium channels (VGCC) 
are one of the major transmembrane pathways for Ca2+ to enter the cell. The VGCC are activated 
by membrane depolarization, since they are equipped with a voltage sensor which detects 
changes in the membrane potential [45]. The VGCC are expressed in excitable cells and are 
essential for maintaining Ca2+ concentrations, and help regulate intracellular signaling cascades 
[45], [46], [46]–[50].  Abnormal ion concentrations indicate damage to the cell membrane 
because the membrane-imbedded ion channels are no longer able to regulate ion flux. Ion 
concentrations are typically measured with patch-clamp methods and fluorescence spectroscopy 
[31]. In some cases, the electroporation of the intracellular membrane structures is intentional 
with applications in drug delivery, but unregulated systems need to be studied further to 
understand any adverse effects. 

Semenov et al. recognized the need to study the effects of pulse duration on membrane 
structure. In their paper, Semenov et al. varied electrical pulse duration and tested durations of 
10-, 60-, and 300ns on Chinese hamster ovarian (CHO) cells. Semenov et al. tracked Ca2+ entry 
from outside of the cell, indicting poration along the cellular membrane, and Ca2+ efflux from the 
endoplasmic reticulum, indicating poration from inside of the cell. The pulses were delivered to 
the cells with a pair of tungsten rod electrodes, and calcium concentrations were tracked with 
fluorescence spectroscopy. The 300ns pulses were delivered with amplitudes up to 450V, the 
60ns pulses had amplitudes up to 800V, and the 10ns pulses were up to 20kV. Semenov et al. 
reported the 10ns pulses were much more efficient at recruiting Ca2+ inside of the cell, which 
could be indicative of damage within the ion channels or membrane degradation. The 300ns 
pulses did not recruit any Ca2+ inside of the cell, but did show some evidence of eliciting Ca2+ 

from the endoplasmic reticulum  [51]. The work conducted by Semenov et al. was later built 
upon by Hristov et al..  

Hristov et al. exposed Human embryonic kidney 293 (HEK293) cells to 300ns electrical 
pulses. The HEK293 cells were chosen because they do not naturally express VGCC. The 
HEK293 cells were divided into two groups: one group was unaltered (VGCC- group) and the 
other group was transfected with VGCC (VGCC+ group). The effect of varying electric fields on 
the VGCC in the HEK293 cells was observed with patch clamp or depolarization with KCl 
(results shown in Figure 7).  



 
Figure 7. The effects of a 300ns pulse at 0 kV/cm, 1.4-, 1.8-, and 2.3 kV/cm on whole HEK293 
currents in VGCC+ and VGCC- groups[48]. Reused with permission. 
 
 After exposing the cells, the ns-pulsed electric fields at intensities above 1.8 caused an 
increase in the inward current at the most negative potentials in the VGCC- and VGCC+ groups. 
There were no significant changes in the outward current at any of the intensities. The dip 
observed at about -20mV in Figure 7, suggests an inhibition of the VGCC currents by the 
electrical pulses. Hristov et al. measured the current afterwards for about 80 seconds and saw no 
signs of recovery, potentially indicating long term effects with field strengths at or above 1.8 
kV/cm [48]. While these studies by Semenov et al. and Hristov et al. did not use radiofrequency 
pulses, they provide insight to how a microwave-induced electric field may impact the 
intracellular signaling cascades.  
 A computational model developed by Schneider and Pekker illustrates such action 
potential effects from microwave induced electric fields. Schneider and Pekker based their model 
on the work of Hodgkin and Huxley. In their model, Schneider and Pekker detail how a 
microwave can electrically couple to the negative, surface charges along the axon membrane. 
When the wave acts on the membrane, the charge shifts along its surface, and causes a forces 
vibration which propagates down the axon. The forced vibrations create acoustic pressure, and 
the pressure could lead to the redistribution of the protein transmembrane channels, which would 



change the threshold of the action potential excitation. Schneider and Pekker predicted if 
microwaves were applied with an average power density of 1 W/m2, and the axon was 50µm in 
length, the axon would elongate by 0.9µm. Schneider and Pekker did not further specify how the 
action potential excitation thresholds could be affected, nor did they acknowledge if microwave 
frequency and if frequency would affect the electromagnetic coupling [49].  
 
Cell Apoptosis 
 

The final way microwave radiation can interact with neuronal tissue is by causing cell 
death. In a study by Karimi et al., similar in design to Kumar et al [38], Karimi et al. exposed 
Sprague Dawley rats to 2.45 GHz continuous wave, with an average power density of 0.016 
mW/cm2 for 2hours/day for 40 days. The rats’ brains were dissected and cut coronally at 10 µm 
intervals through the dorsal CA1 region of the hippocampus. The results showed a decrease in 
the number of CA1 pyramidal neurons following microwave exposure, but maze performance 
tests did not demonstrate an effect on the short-term synaptic plasticity [3]. Shanin et al. also 
reported cellular apoptosis in their groups exposed at the 2hr/day at the 30 and 60 day periods 
[37].  

In a more recent study by Sharma and Shukla, rats were exposed to 900MHz frequencies 
for 1-, 2-, and 4 hours for 90 days. The groups exposed for longer durations had poorer maze 
performance, induced oxidative stress through brain redox reactions, depletion of the 
acetylcholinesterase (Ache) levels causing altered neurotransmission, and higher cellular 
degeneration (Figure 8).  

 
Figure 8. Hippocampal cellular degeneration following microwave exposure[1].  Reused with 
permission. 
 
 Karimi et al., Shanin et al., and Sharma and Shukla all exposed rats for long time 
durations over extended periods of time and at low average power density levels. Thorough 
review of the literature did not reveal reports of cellular death at exposure periods shorter than 30 
days at such low power levels, but cellular apoptosis was reported by Hao et al., who exposed 
rats at 30 mW/cm2 for 15min/day every other day, for a total of three exposures[13]. Hao et al. 
did not report the irradiation frequency, but measurements from the rats were recorded at 6 
hours, 7 days, 14 days, 1 month, 2 months and 3 months following exposure. Hao et al. tracked 
EEG recordings, maze performance, western blotting, and transmission electron microscopy 
(TEM, see Figure 9) and other immunofluorescence spectroscopy techniques.  
 



 

 
Figure 9. Autophagy ultrastructure and related markers in rat hippocampus after microwave 
exposure. At 7days, 14 days, 1 month and 3 months following exposure, ultrastructure was 
observed with TEM. The yellow arrows indicate autophagic vacuoles. The blue boxes indicate 
the typical structures where synaptic vesicles should be encapsulated by autophagosomes, and 
these are enlarged and shown below [13]. Reused with permission. 
 
Hao et al. contributed the degradation of the autophagic vacuoles to the degradation of synaptic 
plasticity and the continuation the autophagic effects suggests long-term damage to neuronal 
structures, especially 3 months post-exposure[13] [43]. While the exposure period was much 
shorter than other published results, Hao et al. still observed significant damage at higher average 
power density levels.  
 
Conclusions 
 
 In conclusion, microwave irradiation can lead to synaptic plasticity damage which can be 
controlled by the microwave exposure conditions. Further research is required to bring new 
insight to the research field of how microwave exposure conditions can cause each level of 
neuronal injury.  
   
 



Citations  
 

[1] S. Sharma and S. Shukla, “Effect of electromagnetic radiation on redox status, 
acetylcholine esterase activity and cellular damage contributing to the diminution of the 
brain working memory in rats,” J. Chem. Neuroanat., vol. 106, p. 101784, Jul. 2020, doi: 
10.1016/j.jchemneu.2020.101784. 

[2] H. Lai, A. Horita, and A. W. Guy, “Microwave irradiation affects radial-arm maze 
performance in the rat,” Bioelectromagnetics, vol. 15, no. 2, pp. 95–104, 1994, doi: 
10.1002/bem.2250150202. 

[3] N. Karimi, M. Bayat, M. Haghani, H. F. Saadi, and G. R. Ghazipour, “2.45 GHz microwave 
radiation impairs learning, memory, and hippocampal synaptic plasticity in the rat,” 
Toxicol. Ind. Health, vol. 34, no. 12, pp. 873–883, Dec. 2018, doi: 
10.1177/0748233718798976. 

[4] J.-C. Cassel, B. Cosquer, R. Galani, and N. Kuster, “Whole-body exposure to 2.45 GHz 
electromagnetic fields does not alter radial-maze performance in rats,” Behav. Brain Res., 
vol. 155, no. 1, pp. 37–43, Nov. 2004, doi: 10.1016/j.bbr.2004.03.031. 

[5] C.-K. Chou, K.-C. Yee, and A. W. Guy, “Auditory response in rats exposed to 2,450 MHz 
electromagnetic fields in a circularly polarized waveguide,” Bioelectromagnetics, vol. 6, no. 
3, pp. 323–326, 1985, doi: 10.1002/bem.2250060312. 

[6] B. Wang and H. Lai, “Acute exposure to pulsed 2450-MHz microwaves affects water-maze 
performance of rats,” Bioelectromagnetics, vol. 21, no. 1, pp. 52–56, 2000, doi: 
10.1002/(SICI)1521-186X(200001)21:1<52::AID-BEM8>3.0.CO;2-6. 

[7] H. Wang et al., “iTRAQ quantitatively proteomic analysis of the hippocampus in a rat 
model of accumulative microwave-induced cognitive impairment,” Environ. Sci. Pollut. 
Res., vol. 26, no. 17, pp. 17248–17260, Jun. 2019, doi: 10.1007/s11356-019-04873-0. 

[8] S. Shahin, S. Banerjee, V. Swarup, S. P. Singh, and C. M. Chaturvedi, “From the Cover: 2.45-
GHz Microwave Radiation Impairs Hippocampal Learning and Spatial Memory: 
Involvement of Local Stress Mechanism-Induced Suppression of iGluR/ERK/CREB 
Signaling,” Toxicol. Sci., vol. 161, no. 2, pp. 349–374, Feb. 2018, doi: 
10.1093/toxsci/kfx221. 

[9] “Ten gigahertz microwave radiation impairs spatial memory, enzymes activity, and 
histopathology of developing mice brain | SpringerLink.” 
https://link.springer.com/article/10.1007/s11010-017-3051-8 (accessed Mar. 24, 2022). 

[10] Z. Sienkiewicz and E. van Rongen, “Can Low-Level Exposure to Radiofrequency Fields Effect 
Cognitive Behaviour in Laboratory Animals? A Systematic Review of the Literature Related 
to Spatial Learning and Place Memory,” Int. J. Environ. Res. Public. Health, vol. 16, no. 9, 
Art. no. 9, Jan. 2019, doi: 10.3390/ijerph16091607. 

[11] S. Liao et al., “The Role of NMDAR and BDNF in Cognitive Dysfunction Induced by Different 
Microwave Radiation Conditions in Rats,” Radiation, vol. 1, no. 4, Art. no. 4, Dec. 2021, 
doi: 10.3390/radiation1040023. 

[12] “No Significant Effects of Cellphone Electromagnetic Radiation on Mice Memory or 
Anxiety: Some Mixed Effects on Traumatic Brain Injured Mice | Neurotrauma Reports.” 
https://www.liebertpub.com/doi/full/10.1089/neur.2021.0009 (accessed Mar. 24, 2022). 



[13] Y.-H. Hao et al., “HIF-1α regulates COXIV subunits, a potential mechanism of self-
protective response to microwave induced mitochondrial damages in neurons,” Sci. Rep., 
vol. 8, no. 1, Art. no. 1, Jul. 2018, doi: 10.1038/s41598-018-28427-5. 

[14] A. I. Yurekli et al., “GSM Base Station Electromagnetic Radiation and Oxidative Stress in 
Rats,” Electromagn. Biol. Med., vol. 25, no. 3, pp. 177–188, Jan. 2006, doi: 
10.1080/15368370600875042. 

[15] L.-F. Wang et al., “Identification of a Novel Rat NR2B Subunit Gene Promoter Region 
Variant and Its Association with Microwave-Induced Neuron Impairment,” Mol. 
Neurobiol., vol. 53, no. 4, pp. 2100–2111, May 2016, doi: 10.1007/s12035-015-9169-3. 

[16] H. Zuo et al., “Neural Cell Apoptosis Induced by Microwave Exposure Through 
Mitochondria-dependent Caspase-3 Pathway,” Int. J. Med. Sci., vol. 11, no. 5, pp. 426–435, 
Mar. 2014, doi: 10.7150/ijms.6540. 

[17] H. Wang et al., “Protective Role of NMDAR for Microwave-Induced Synaptic Plasticity 
Injuries in Primary Hippocampal Neurons,” Cell. Physiol. Biochem., vol. 51, no. 1, pp. 97–
112, 2018, doi: 10.1159/000495167. 

[18] H. LAI, “Single-and double-strand DNA breaks in rat brain cells after acute exposure to 
radiofrequency electromagnetic radiation,” Int. J. Radiat. Biol., vol. 69, no. 4, pp. 513–521, 
Jan. 1996, doi: 10.1080/095530096145814. 

[19] X. Zhao, G. Dong, and C. Wang, “The non-thermal biological effects and mechanisms of 
microwave exposure,” vol. 19, no. 3, p. 14, 2021. 

[20] J. A. D’Andrea, B. L. Cobb, and J. Knepton, “Behavioral Effects of High Peak Power 
Microwave Pulses: Head Exposure at 1.3 GHz,” NAVAL MEDICAL RESEARCH AND 
DEVELOPMENT COMMAND BETHESDA MD, Aug. 1992. Accessed: Jun. 30, 2021. [Online]. 
Available: https://apps.dtic.mil/sti/citations/ADA258136 

[21] T. Fu, W. C. Lineaweaver, F. Zhang, and J. Zhang, “Role of shortwave and microwave 
diathermy in peripheral neuropathy,” J. Int. Med. Res., vol. 47, no. 8, pp. 3569–3579, Aug. 
2019, doi: 10.1177/0300060519854905. 

[22] H. Lai, M. A. Carino, A. Horita, and A. W. Guy, “Low-level microwave irradiation and central 
cholinergic systems,” Pharmacol. Biochem. Behav., vol. 33, no. 1, pp. 131–138, May 1989, 
doi: 10.1016/0091-3057(89)90442-5. 

[23] D. H. Wilson, P. Jagadeesh, P. P. Newman, and D. G. Harriman, “The effects of pulsed 
electromagnetic energy on peripheral nerve regeneration,” Ann. N. Y. Acad. Sci., vol. 238, 
pp. 575–585, 1974, doi: 10.1111/j.1749-6632.1974.tb26823.x. 

[24] D. H. Wilson and P. Jagadeesh, “Experimental regeneration in peripheral nerves and the 
spinal cord in laboratory animals exposed to a pulsed electromagnetic field,” Spinal Cord, 
vol. 14, no. 1, pp. 12–20, May 1976, doi: 10.1038/sc.1976.2. 

[25] C.-K. Chou, A. W. Guy, and R. B. Johnson, “SAR in rats exposed in 2,450-MHz circularly 
polarized waveguides,” Bioelectromagnetics, vol. 5, no. 4, pp. 389–398, 1984, doi: 
10.1002/bem.2250050404. 

[26] X.-F. Ding, Y. Wu, W.-R. Qu, M. Fan, and Y.-Q. Zhao, “Quinacrine pretreatment reduces 
microwave-induced neuronal damage by stabilizing the cell membrane,” Neural Regen. 
Res., vol. 13, no. 3, pp. 449–455, Mar. 2018, doi: 10.4103/1673-5374.228727. 



[27] S. Tan et al., “Study on dose-dependent, frequency-dependent, and accumulative effects 
of 1.5 GHz and 2.856 GHz microwave on cognitive functions in Wistar rats,” Sci. Rep., vol. 
7, no. 1, p. 10781, Dec. 2017, doi: 10.1038/s41598-017-11420-9. 

[28] R. Zhu et al., “Effects of 1.5 and 4.3 GHz microwave radiation on cognitive function and 
hippocampal tissue structure in Wistar rats,” Sci. Rep., vol. 11, no. 1, p. 10061, Dec. 2021, 
doi: 10.1038/s41598-021-89348-4. 

[29] M. Bayat et al., “Chronic exposure to 2.45 GHz microwave radiation improves cognition 
and synaptic plasticity impairment in vascular dementia model,” Int. J. Neurosci., vol. 0, 
no. 0, pp. 1–12, Feb. 2021, doi: 10.1080/00207454.2021.1896502. 

[30] Ç. Gökçek-Saraç, G. Akçay, S. Karakurt, K. Ateş, Ş. Özen, and N. Derin, “Possible effects of 
different doses of 2.1 GHz electromagnetic radiation on learning, and hippocampal levels 
of cholinergic biomarkers in Wistar rats,” Electromagn. Biol. Med., vol. 40, no. 1, pp. 179–
190, Jan. 2021, doi: 10.1080/15368378.2020.1851251. 

[31] Y.-F. Lai, H.-Y. Wang, and R.-Y. Peng, “Establishment of injury models in studies of 
biological effects induced by microwave radiation,” Mil. Med. Res., vol. 8, no. 1, p. 12, Feb. 
2021, doi: 10.1186/s40779-021-00303-w. 

[32] H. Wang et al., “Impairment of long-term potentiation induction is essential for the 
disruption of spatial memory after microwave exposure,” Int. J. Radiat. Biol., vol. 89, no. 
12, pp. 1100–1107, Dec. 2013, doi: 10.3109/09553002.2013.817701. 

[33] Y.-B. Jin, H.-J. Lee, J. Seon lee, J.-K. Pack, N. Kim, and Y. Lee, “One-year, simultaneous 
combined exposure of CDMA and WCDMA radiofrequency electromagnetic fields to rats,” 
Int. J. Radiat. Biol., vol. 87, no. 4, pp. 416–423, Apr. 2011, doi: 
10.3109/09553002.2010.537428. 

[34] H. Wang et al., “The relationship between NMDA receptors and microwave-induced 
learning and memory impairment: A long-term observation on Wistar rats,” Int. J. Radiat. 
Biol., vol. 91, no. 3, pp. 262–269, Mar. 2015, doi: 10.3109/09553002.2014.988893. 

[35] K. Megha, P. S. Deshmukh, A. K. Ravi, A. K. Tripathi, M. P. Abegaonkar, and B. D. Banerjee, 
“Effect of Low-Intensity Microwave Radiation on Monoamine Neurotransmitters and Their 
Key Regulating Enzymes in Rat Brain,” Cell Biochem. Biophys., vol. 73, no. 1, pp. 93–100, 
Sep. 2015, doi: 10.1007/s12013-015-0576-x. 

[36] H. Lai, A. Horita, C. K. Chou, and A. W. Guy, “Effects of low-level microwave irradiation on 
hippocampal and frontal cortical choline uptake are classically conditionable,” Pharmacol. 
Biochem. Behav., vol. 27, no. 4, pp. 635–639, Aug. 1987, doi: 10.1016/0091-
3057(87)90186-9. 

[37] S. Shahin, S. Banerjee, S. P. Singh, and C. M. Chaturvedi, “2.45 GHz Microwave Radiation 
Impairs Learning and Spatial Memory via Oxidative/Nitrosative Stress Induced p53-
Dependent/Independent Hippocampal Apoptosis: Molecular Basis and Underlying 
Mechanism,” Toxicol. Sci. Off. J. Soc. Toxicol., vol. 148, no. 2, pp. 380–399, Dec. 2015, doi: 
10.1093/toxsci/kfv205. 

[38] S. Kumar, K. K. Kesari, and J. Behari, “The therapeutic effect of a pulsed electromagnetic 
field on the reproductive patterns of male Wistar rats exposed to a 2.45-GHz microwave 
field,” Clinics, vol. 66, no. 7, pp. 1237–1245, 2011, doi: 10.1590/S1807-
59322011000700020. 



[39] D. Lodge, J. C. Watkins, Z. A. Bortolotto, D. E. Jane, and A. Volianskis, “The 1980s: d-AP5, 
LTP and a Decade of NMDA Receptor Discoveries,” Neurochem. Res., vol. 44, no. 3, pp. 
516–530, Mar. 2019, doi: 10.1007/s11064-018-2640-6. 

[40] L. Xiong et al., “Microwave Exposure Impairs Synaptic Plasticity in the Rat Hippocampus 
and PC12 Cells through Over-activation of the NMDA Receptor Signaling Pathway,” 
Biomed. Environ. Sci., vol. 28, no. 1, pp. 13–24, Jan. 2015, doi: 10.3967/bes2015.002. 

[41] S. Magi, S. Piccirillo, and S. Amoroso, “The dual face of glutamate: from a neurotoxin to a 
potential survival factor—metabolic implications in health and disease,” Cell. Mol. Life Sci., 
vol. 76, no. 8, pp. 1473–1488, Apr. 2019, doi: 10.1007/s00018-018-3002-x. 

[42] H.-J. Li et al., “Alterations of cognitive function and 5-HT system in rats after long term 
microwave exposure,” Physiol. Behav., vol. 140, pp. 236–246, Mar. 2015, doi: 
10.1016/j.physbeh.2014.12.039. 

[43] L. Zhao et al., “Relationship between Cognition Function and Hippocampus Structure after 
Long-term Microwave Exposure,” Biomed. Environ. Sci., vol. 25, no. 2, pp. 182–188, Apr. 
2012, doi: 10.3967/0895-3988.2012.02.009. 

[44] P. Gouthaman, S. Vijayalakshmi, R. Vijayaraghavan, and S. Senthilkumar, “Effect of 
Loranthus longiflorus ethanolic Extract on Neuronal Damage Induced by Electromagnetic 
Radiation in Wistar Rats,” Indian J. Anim. Res., no. Of, Jan. 2021, doi: 10.18805/IJAR.B-
4314. 

[45] B. Hille, “Ionic channels in excitable membranes. Current problems and biophysical 
approaches,” Biophys. J., vol. 22, no. 2, pp. 283–294, May 1978, doi: 10.1016/S0006-
3495(78)85489-7. 

[46] F. Varghese, J. U. Neuber, F. Xie, J. M. Philpott, A. G. Pakhomov, and C. W. Zemlin, “Low-
energy defibrillation with nanosecond electric shocks,” Cardiovasc. Res., vol. 113, no. 14, 
pp. 1789–1797, Dec. 2017, doi: 10.1093/cvr/cvx172. 

[47] V. Nesin, A. M. Bowman, S. Xiao, and A. G. Pakhomov, “Cell permeabilization and 
inhibition of voltage-gated Ca2+ and Na+ channel currents by nanosecond pulsed electric 
field,” Bioelectromagnetics, vol. 33, no. 5, pp. 394–404, Jul. 2012, doi: 
10.1002/bem.21696. 

[48] K. Hristov, U. Mangalanathan, M. Casciola, O. Pakhomova, and A. Pakhomova, “Expression 
of voltage-gated calcium channels augments cell susceptibility to membrane disruption by 
nanosecond pulsed electric field,” Nov. 2018. (accessed Nov. 15, 2021). 

[49] M. N. Shneider and M. Pekker, “Initiation and blocking of the action potential in an axon in 
weak ultrasonic or microwave fields,” Phys. Rev. E, vol. 89, no. 5, p. 052713, May 2014, 
doi: 10.1103/PhysRevE.89.052713. 

[50] M. L. Pall, “Scientific evidence contradicts findings and assumptions of Canadian Safety 
Panel 6: microwaves act through voltage-gated calcium channel activation to induce 
biological impacts at non-thermal levels, supporting a paradigm shift for microwave/lower 
frequency electromagnetic field action,” Rev. Environ. Health, vol. 30, no. 2, pp. 99–116, 
May 2015, doi: 10.1515/reveh-2015-0001. 

[51] I. Semenov, S. Xiao, O. Pakhomova, and A. Pakhomova, “Recruitment of the intracellular 
Ca2+ by ultrashort electric stimuli: The impact of pulse duration | Elsevier Enhanced 
Reader,” 2013. 
https://reader.elsevier.com/reader/sd/pii/S0143416013000833?token=8E9CD384389E23



5A4652473180AEFE1D41CB78F4B7FE3ACA0607B677542208C5EBBFF4A226DAF3D930D32
305FF4193D4&originRegion=us-east-1&originCreation=20211115144653 (accessed Nov. 
15, 2021). 

 
 


