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Abstract
Introduction: In everyday life, electrical devices are the primary sources of extremely low-frequency 
electromagnetic fields (ELF-EMF), and the human body may be a great conductor of these fields. We 
chose alpha band power, especially at 10 Hz frequency, due to its prior beneficial role in memory. 
The purpose was to clarify whether there is a relationship between ELF-EMF exposure and cognitive 
deficits in rats, clinical signs, behavioral analysis, and the impact of ELF-EMF during different times 
of exposure on neuroplasticity via the expression of BDNF. 
Methods: Forty adult male rats were selected randomly. The rats were exposed to ELF-EMF (10 Hz, 
4 mT) for 7 days and 30 days, one hour daily. The expression of BDNF proteins in the hippocampus 
was evaluated after sacrificing animals to assess learning and memory function. The body weight of 
rats in the long-term exposed group differed significantly (P < 0.05). The level of BDNF mRNA in the 
hippocampus was found by the RT-PCR method. 
Results: Our findings indicate that exposure to ELF-EMF affects spatial learning and memory and 
can improve memory, especially with long-term exposure. In addition, we discovered a significant 
difference in the long-term exposed group (P < 0.05), where radiation for 30 days resulted in a 
substantial rise in BDNF levels. 
Conclusion: After prolonged exposure, male rats spent more time and traveled a greater percentage 
of their distance in the target quadrant, demonstrating that long-term exposure improves spatial 
memory and that 10 Hz might be safe.
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Introduction
Electrical gadgets and infrastructure, as well as wireless 
communication, are all defining characteristics of 
contemporary living.1 When electrical equipment is 
turned on or power lines transmit, an electromagnetic field 
(EMF) is generated.2-4 There are several debates about the 
safety of extremely low-frequency electromagnetic fields 
(ELF-EMF) on human health and cognitive function.2 
A variety of studies have been conducted to determine 
how EMF affects people and animal models biologically, 
physiologically, and behaviorally.5 Due to the generation 
of EMF and the resultant electromagnetic radiation, 
modern technology has become a source of ubiquitous 
electromagnetic pollution.6 However, the current is 
considered harmless to the human body since it cannot 
break bonds or heat biological tissues.3 For example, 
it does not cause direct damage to DNA.7 Even though 

ELF-EMF is non-ionizing and has no thermal impact on 
cells and tissues, increasing scientific interest in this topic 
has resulted in the World Health Organization (WHO) 
Report (2007) and the WHO Environmental Health 
Criteria (EHC) Report. According to the WHO’s 10-
year follow-up research, ELF-EMF had no detrimental 
effect on the human body.8 There is, however, substantial 
controversy about the safety of ELF-EMF due to varied 
exposure circumstances, such as length and intensity of 
exposure.3 Inconsistent and incomparable results of ELF-
EMF biological effect tests are the most obvious problems 
caused by various experimental parameters (frequency, 
flow density, and duration of ELF-EMF exposure) and 
individuals (cell lines, species, strains, sex, and age),9 
and they also have a variable impact on the behavior of 
experimental animals.2 However, a few consider research 
that suggests ELF-EMF may influence nerve cells.3 ELF-
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EMF has a significant impact on fundamental brain 
processes and synaptic plasticity.10 It would be suggested 
that the impact may heavily depend on exposure factors, 
including frequency and intensity.11 Others showed 
that a 28-day high-dose ELF-EMF (50 Hz, 8 mT) might 
impair the memory of hippocampal rats by elevating 
neurotransmitters such as glutamate and gamma-
aminobutyric acid.12

The ELF-EMF is available from several sources, such 
as power lines, transmission systems, and household 
appliances, in a frequency range of 1 to 300 Hz.10,13 In 
this context, the effects of EMF on critical biological 
mechanisms, including cell proliferation, ion exchanges 
across the biodiversity membranes, bone repair, nerve 
repair, free radical production, hormonal changes, 
modulation of enzyme activity, and changes in membrane 
and intracellular proteins, were investigated.5 Hence, 
ELFs have been shown in extensive studies on human and 
animal models to influence the activity of brain neurons 
and therefore interfere with brain waves.5 Preclinical 
studies, especially in rodent models, have played and will 
continue to play an essential role in clarifying the genetic 
and environmental parameters that affect normal and 
pathological activities related to neurodevelopmental 
failures.14 The primary oscillations in the human brain are 
alpha-band oscillations, which have a mean frequency of 
around 10 Hz in the ELF range.15 The frequency of alpha 
waves can range between 8 and 13 Hz.16 Event-related 
desynchronization (ERD) is defined as a power decline 
in the signal power in the EEG.17 Several studies have 
found an association between ERD of alpha oscillations 
in this range and memory performance.18,19 As part of 
molecular studies, short-term synaptic capacities and 
activity-dependent synaptic plasticity include long-term 
potentiation control by the brain-derived neurotrophic 
factor (BDNF)20 that plays an essential part in memory 
and learning.21 However, neuroplasticity and synaptic 
transmission are maintained by BDNF in the mature 
brain. It entails enhancing long-term potentiation as well 
as encouraging and regulating neuronal development. 
Tropomyosin receptor kinase B (TrkB) and its shortened 
isoform, p75 NTR, have an extremely high affinity for 
BDNF. The neurotrophin activates TrkB, initiating 
a cascade of signaling pathways that culminate in 
neurogenesis, neuroplasticity, cell survival, and stress 
tolerance.22 In this study, we hypothesized that exposure 
to pulsed ELF-EMF at 10 Hz would increase the BDNF 
mRNA expression. On the other hand, we selected the 
alpha band, particularly at 10 Hz, due to its involvement 
in focus modulation, sensory inhibition and working 
memory.23

Hence, the endogenous expression of BDNF can be 
associated with learning and increases in function.24 
The up-regulation of BDNF, which is involved in 
controlling high-frequency synaptic transmission and 

long-term potentiation in the hippocampus, may help 
alleviate cognitive impairments and learning problems 
in Alzheimer’s disease (AD).25 The hippocampus is an 
important part of the brain when it comes to learning 
and memory, especially spatial memory and flexible 
recollection of earlier experiences.26 Some benefits of 
ELF-EMF are illustrated in Figure 1.

The Morris water maze (MWM) is a frequently used 
paradigm in behavioral cognitive function to investigate 
the cognitive functions and neural mechanisms 
underlying spatial learning and memory,32,33 and it is 
broadly utilized for the investigation of hippocampal-
dependent memory.33 The MWM is composed of 
multiple components; the hidden platform test and 
probing trial are the most specific tests of spatial learning 
and memory respectively.32 Rats are needed to identify 
a submerged platform in an opaque circular pool in 
this behavioral experiment. The benefit of this test is 
that it is rapid without pre-learning or confinement of 
nourishment and water.14 The MWM plays a critical 
part in the approval of rat models for neurocognitive 
illnesses such as AD.34 AD is characterized by persistent 
and progressive neurodegeneration results in progressive 
cognitive impairment and patient mortality.35 García 
et al conducted a review of epidemiological research, 
suggesting a relationship between ELF-EMF and AD 
occupational exposures, but certain restrictions affect the 
accuracy of the study.36 Spatial memory is considered a 
type of short-term memory. Hence, MWM is suggested 
as an optimal model for studying rodent spatial memory, 
leading to forming learning and memory. On the other 
hand, some modern techniques use zebrafish to detect 
cognitive function instead of rodents.37 The purpose of 
the current study was to assess the effects of an extremely 
low-frequency magnetic field on learning and memory, 
utilizing a Morris water maze. Also, we tried to examine 
the effect of short-term and long-term ELFs on BDNF 
levels in the hippocampus of male rats.

Materials and Methods
Animals and Groups
A total of 40 Wistar rats, aged 5–6 weeks with an average 
weight of 180 –250 g, were randomly assigned to the 
ELF-EMF exposure groups or the sham exposure group 
at the Experimental Animal Center of Iran University 
of Medical Sciences. We performed animal experiments 
following the UK Animals (Scientific Procedures) Act 
1986 and its associated guidelines and the National 
Institutes of Health guide for the care and use of 
laboratory animals (NIH Publications No. 8023, revised 
1978). For the experiment, four groups were considered 
for the MWM using the ELF-EMF exposure: the long-
term sham group, the long-term exposure group, the 
short-term sham group, and the short-term exposure 
group, with ten rats for each group. Both sham groups 
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were affected by the waves in similar conditions. The only 
difference was that they did not affect the waves. All the 
equipment was switched on for this reason, and the rats 
could hear the fan and machine activities. The animals 
were housed in a 12:12 hour dark/light cycle at room 
temperature (24°C ± 2°C) and provided with sufficient 
food and water. Every attempt has been made to reduce 
the pain.

ELF Exposure Procedure
The computer software attached to the power amplifier 
that converted the audio to the electric current on the 
antenna to produce the ELF-EMF generated an audio 
signal. The microwave output of a horn antenna with a 
power range of 1-200 W was used. The electromagnetic 
radiation device includes a power amplifier (ZHL-
16W-43 + , USA) to amplify the signal generated and a 
signal generator (the Agilent HP 83732B, USA), which 
can generate signals in the frequency bandwidth range 
of 10 MHz to 20 GHz. A horn antenna (model LB-OH-
320-10-C-NF) with dimensions of 257 × 124 × 164 mm, 
which can operate at a frequency of 10 Hz, a power 
meter, a radiation box (20 × 30 cm), and a power density 
measuring device were used. Electromagnetic waves 
(pulsed modulation) with a frequency of 10 Hz, a density 
of 4 mW/cm3, and a pulse width of 5 ms were irradiated 
from above on the surface of the radiation cage. The 
spacing between the horn antenna and the tested animals 
was 25 cm. As a result, the parameters of the ELF-EMF 
exposure in our investigation were 10 Hz and 4 mT, and 
it was set for 7 and 30 days as short-term and long-term 
exposures respectively. The sham (control) group was 
subjected to the same circumstances as the experimental 
group but without applying ELF-EMF.

Morris Water Maze 
According to the selected procedure (four days of 

training started on day 3 in the water tank followed by 
the seventh day of the experiment as the last day), the 
MWM started on the third day for the short-term sham 
group. The maze comprises a circular pool (width of 140 
cm, height of 50 cm) filled to a depth of 30 cm with warm 
water (22–25°C) and set in a gloomy room with minimal 
lighting. The pool was filled with water, and the wall of 
the pool was covered with dark glass. For the long-term 
group, the tests started on days 26 and 30, and a probe 
trial was conducted. The tank was separated into four 
quadrants, and an invisible platform (diameter 10 cm) 
was placed in the center of one of the quadrants of the 
tank that extended 1 cm below the water surface. The 
rats learned to identify the fixed platform using spatial 
indicators. Each rat was free to swim for 90 seconds 
during training days and 60 seconds during the probe 
trial until it came across and climbed onto the platform, 
where it remained for fifteen seconds to recall the cue 
signs on the walls. Data on latency (the time the rat was 
placed on the platform when the platform was identified) 
and swimming distance were extracted from the video 
using a behavioral analysis system (Panlab, Barcelona, 
Spain). A recall or probe trial was conducted after the 
last training session on days 7 and 30 to measure the time 
spent in the target quadrant where the platform had been 
located during training. The number of times the animal 
crossed the platform area and the amount of time spent in 
the target quadrant were recorded and evaluated in order 
to determine the animal’s spatial memory. The rats were 
taken out of the water, patted dry with a terrycloth towel, 
and then placed in a warming cage (containing a heating 
pad set to a low setting beneath a standard shoebox cage) 
for at least 5 minutes before returning to their home 
cage. Twenty-four hours following the previous training 
session, a probe trial was carried out to assess spatial 
reference memory by removing the platform. Then the 
rats were permitted to swim without restriction in the 

Figure 1. Some alterations exposed by ELF-EMF (adapted from papers by27-31)
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pool for 60 seconds.
During the retention test (60 seconds), the platform 

was removed, and the animal was permitted to look for 
it. In case rats might not discover the platform inside 60 
seconds (for training days only 90 seconds), they were 
guided to the platform by hand and permitted to stay 
there for 15 seconds to learn cue signs on the walls to 
remember the situation of the platform, and then their 
escape latency was acknowledged as 60 seconds. In the 
retention tests, we assessed four different measures 
of platform memory: time spent (%) in the platform 
quadrant, mean distance (cm) to the previous position 
of the platform, latency (s) to the primary crossing over 
the prior platform situation, and the number of crossings 
over the former platform position. As a result, escape 
latency was utilized to examine the learning and memory 
abilities of the rats.

BDNF Enzyme Immunoassay
BDNF mRNA levels in brain tissues were measured using 
RT-PCR. The levels of BDNF were determined using an 
enzyme immunoassay (EIA) as previously described by 
Nawa et al.38 The internal control was β-actin mRNA, 
which was co-amplified with BDNF mRNA. The 
following primers were used as mentioned in Table 1.

In an early experiment, the number of PCR cycles 
and denaturation temperature were tested to identify a 
linear working range for all PCR products. According 
to the protocol by Mizuno et al,20 the experimental 
amplification protocol is comprised of the first round at 
94°C for 5 minutes, followed by 27 cycles of denaturation 
for 1 minute at 94°C, annealing for 1 minute at 58°C, and 
extension for 2 minutes at 72°C (PCR Thermal Cycler; 
Takara, Shiga, Japan).

Statistical Analysis
All results are presented as the mean ± standard deviation 
(SD). All statistical analysis was performed using 
GraphPad Prism® 8.1 software for Windows (GraphPad 
Software, San Diego, CA, USA). The data were analyzed 
using a two-way repeated measures ANOVA with sham 
groups and exposed groups as two between-subject 
factors, followed by Sidak’s test to compare the groups 
and time exposure (short-term and long-term). A one-
way ANOVA was performed using Dunnett’s test to 
compare groups in the learning phase with the first day 
of the MWM test. To compare groups and time, as well as 

their interactions, a two-way ANOVA was used, followed 
by the Bonferroni post hoc test. Also, a student’s t test 
was used when necessary. We used a one-way ANOVA 
using Dunnett’s test to compare exposed groups to their 
sham groups in the training days in the MWM test. The 
swim paths were assessed utilizing a computerized video-
tracking system (EthoVision 3.1; Noldus Information 
Technology, Wageningen, the Netherlands). It was 
considered statistically significant only when the P value 
was less than 0.05, 0.01, 0.001, and 0.0001. The test rejects 
the hypothesis of normality when the P value is less than 
or equal to 0.05.

Results
The MWM test was created to evaluate spatial learning and 
memory. The MWM task required the animal to locate a 
concealed platform to escape from floating in a pool of 
water. The animal used visual input from extra-maze 
cues in the testing room to create a “spatial orientation 
map” in the brain to perform this task. Figure 2 depicts 
the experimental design and schedule for the MWM test.

Evaluation of Clinical Signs 
In all the one-week and four-week studies, all groups 
showed no signs of death.

Weight, Water and Food Intake Profiles
Figure 3 depicts several patterns of body weight, water, 
and food intake. The body weight in exposed groups, 
including short-term and long-term groups, was 
comparable with that of their sham groups at the end 
of the study. Only the long-term group’s body weight 
rate increased significantly from week 0 to week 4 
(P = 0.0364), as shown in Figures 3A and D. In contrast, 
the short-term exposure group showed no significant 
difference. In Figure 3D, both the long-term exposed 
group and its sham group rose slightly from day 0 to day 
20 and reached the plateau. For analysis in Figures 3B 
and E, animals in the sham groups consumed high water 
intakes on the first day, and then all four groups showed 
a fluctuating trend. Only the short-term exposed group 
exhibited a significant difference at the end of the study 
(P < 0.05). Similarly, there was a significant difference 
compared with the short-term sham group in terms of 
food consumption (P < 0.001, Figure 3C). We noticed 
that the long-term exposed group exhibited a straight line 
(horizontal) from day 0 to day 30 (Figure 3F). The food 
intake did not differ between the two groups (P > 0.05).

Behavioral analysis
The behavioral study of the sham short-term and long-
term groups showed the same passive mode (25% and 
20% respectively), which was lower than the exposed 
groups. In this study, however, the sham groups followed 

Table 1. The Primary Sequences of the Selected Genes

Gene Sequence

β-actin Forward: 5′-TCCTCCTGAGCGCAAGTAC-3′

Reverse: 5′-CCTGCTTGCTGATCCACATCT-3′

BDNF Forward: 5′-CGTGATCGAGGAGCTGTTGG-3′

Reverse: 5′-CTGCTTCAGTTGGCCTTTCG-3′
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the same trend. However, we noticed increased activity in 
the rats in both exposed groups (Figure 4).

Effects of ELF-EMF on Rats in MWM Test
Following training, the amount of time that passes until 
the animal steps onto the platform to leave the water 
(escape latency) and the proportion of time or path length 
spent in the quadrant, including the platform, are used 
to determine whether to learn (the target quadrant). The 
daily data comparison graphs revealed that each group had 
successfully completed the four-day training. The height 
of the chart would be reduced if the training was done 
correctly, as was plainly shown in each group. Figures 4A 
and 4B show that the accumulative distance traveled and 

the escape latency decreased in all groups from the third to 
the sixth day of training. Our research showed that long-
term exposure to ELF-EMF was more beneficial than 
short-term exposure. However, no significant difference 
was found (P > 0.05). For the short-term groups, the 
mean swimming velocity fluctuated during the training 
days (Figure 5C), except on the 5th day, when it showed a 
significant difference compared to the 3rd day (P < 0.05). 
Rests remained constant during training. The decline 
in latency in Figures 4B and 4E, in the learning phase 
in the short-term and long-term groups, was similar 
(P > 0.05) based on a one-way ANOVA using Dunnett’s 
test compared to day 3. In MWM, all groups showed 
decreased mean latency, particularly in the long-term 

Figure 2. Experimental Design and Schedule for the Morris Water Maze Test

Figure 3. Effects of ELF-EMF on Body Weight, Food Intake and Water Intake. (A, D) body weight, (B, E) water intake, and (C, F) water intake. Sham S: short-
term sham group, Exp S: short-term exposed group, Sham L: long-term sham group, Exp L: long-term exposed group; all data are presented as mean ± SD 
(n = 10 per group); the statistical difference in data obtained from the tested groups was performed using a t test. ns = no significant, * P < 0.05, *** P < 0.001, 
compared with its sham group at the end of the study.
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exposed group. These results showed that the long-term 
exposed group discovered the hidden platform faster than 
the long-term sham group. The mean escape latency was 
3.4 s versus 3.9 s respectively (Figure 5E): at the end of the 
learning phase, their latency period stopped, indicating 
that it had reached its minimum. Although no significant 
improvements in learning were seen throughout the four 
days, the escape latency plot indicates that the rats could 
still recall the hidden platform by decreasing the time 

between days 3 and 6. However, during training sessions, 
ELF-EMF did not affect rats’ spatial memory in the short-
term or long-term groups (Figure 5).

The results of the probe trial are illustrated in Figure 6. 
In Figure 6A, the time required to cross the platform area 
was determined. The results showed that the rats in 
the long-term exposed group remembered and swam 
across the platform area seventeen times on average, 
which was comparable to the sham ELF-EMF exposed 

Figure 4. Effects of ELF-EMF on Temperament in Rats

Figure 5. Effects of ELF Field Exposure on Spatial Learning and Memory During the Training Days in the Morris Water Maze in Different Groups. (A, D) 
accumulated distance during the learning phase (days) in short-term and long-term groups respectively. In long-term exposure (D), day 5 had a shorter 
swimming distance prior to escaping onto the hidden platform; (B, E) escape latency during the training phase in short-term and long-term groups respectively. 
The escape latency was calculated from the data collected from day 2 through day 5 of the learning phase. Both groups showed similar latency to escape onto 
the platform (P > 0.05) using one-way ANOVA and Dunnett’s test compared with the 3rd day; (C, F) mean velocity in training days in short-term and long-term 
groups respectively. The decreasing trend in latency (P > 0.05) could not be explained by changes in swim speed; Sham S: short-term sham group, Exp S: 
short-term exposed group, Sham L: long-term sham group, Exp L: long-term exposed group; all data are presented as mean ± SD (n = 10 per group), (* P < 0.05).

25%

12%

63%

Sham S Exp S

62%

24%

12%

Passive
Skittish
Aggressive

67%

13% 20%

Sham L

70%

20%

Exp L

10%

 

 

 

 

3 4 5 6
0

100

200

300

Accumulative distance

Learning phase (day)

Sw
im

m
in

g
di

st
an

ce
(c

m
) Sham S

Exp S

A
(p = 0.6572)
(p = 0.3222)

3 4 5 6
-5

0

5

10

15

Escape latency

Learning phase (day)

Es
ca

pe
la

te
nc

y
(s

)

Sham S
Exp S

B
(p = 0.8797)
(p = 0.8285)

3 4 5 6
0

5

10

15

20

Mean velocity

Learning phase (day)
M

ea
n

ve
lo

ci
ty

(c
m

/s
)

Sham S

Exp S

C

*

(p = 0.8366)

(p = 0.0357)

26 27 28 29
0

100

200

300

400

Accumulative distance

Learning phase (day)

Sw
im

m
in

g
di

st
an

ce
(c

m
)

Sham L
Exp L

D
(p = 0.1508)
(p = 0.5281)

26 27 28 29
-5

0

5

10

15

20

25

Escape latency

Learning phase (day)

Es
ca

pe
la

te
nc

y
(s

)

Sham L
Exp L

E

(p = 0.2948)
(p = 0.3423)

26 27 28 29
0

5

10

15

20

25

Mean velocity

Learning phase (day)

M
ea

n
ve

lo
ci

ty
(c

m
/s

)

Sham L
Exp L

F
(p = 0.9058)
(p = 0.1420)

Sh
or

t-t
er

m
Lo

ng
-te

rm

 

 

 

 

 

 

 



Journal of Lasers in Medical Sciences  Volume 13, 2022 7

A 10 Hz Electromagnetic Field Improves Spatial Memory

rats. However, no significant difference was found 
between the long-term exposure and the long-term 
sham groups (P > 0.05). A two-way ANOVA revealed 
that the duration of exposure (time exposure) showed 
a significant difference (F (1, 28) = 6.95; P = 0.0135). Also, 
there was a significant difference between the groups 
(sham and exposed groups) (F (1, 28) = 9.759; P = 0.0041). 
Hence, the interaction between time exposure and groups 
was considered extremely significant (F (1, 28) = 26.77; 
P < 0.0001; Figure 6A). Moreover, the accumulative 
distance traveled in the probe trial revealed that the short-
term and long-term ELF-EMF exposure groups were not 
significantly different from their sham groups (P > 0.05). 
Based on a one-way ANOVA using Tukey’s post hoc test, 
the short-term exposed group was significantly different 
(P < 0.05) from the long-term sham group. A two-way 

ANOVA revealed a significant difference between the 
sham and exposed groups (F (1, 14) = 6.963; P = 0.0194); 
however, different time exposures and interactions 
between groups and time exposure showed no significant 
difference (P > 0.05, Figure 6B). Additionally, the impacts 
of ELF-EMF on spatial memory were assessed using the 
percentage of residence time spent in the target quadrant, 
which indicated a significant difference (P < 0.05) 
between the long-term group and its sham group. Also, 
there was a significant difference between the two groups, 
the short-term exposed group and the long-term exposed 
group (P < 0.05). We performed a two-way ANOVA 
using Bonferroni’s test for velocity measurement. 
However, although there was a significant difference in 
the interaction between groups and time exposure (F (1, 

14) = 16.69; P = 0.0011), the ELF-EMF alone at various 

Figure 6. On training day 6, a probe trial was performed to test spatial memory in relation to the following: (A) the number of crossing the platform area in 
the probe trial; (B) the accumulative distance travelled in the probe trial; (C) the percentage of residence time in the probe trial; (D) time spent in the target 
quadrant in the probe trial; (E) mean velocity in the probe trial. On day 6, the probe trial was conducted without the platform, and the total distance travelled, 
time spent traversing the platform area and time spent in the target quadrant, percentage of platform cumulation, and mean velocity were all recorded, * 
P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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times and groups did not show a significant difference 
(P > 0.05, Figure 6C). 

The long-term exposed groups in terms of time spent 
(s) in the target quadrant showed a significant difference 
compared with their sham group (P = 0.0197). Only the 
long-term exposed group differed significantly from 
the sham-exposed group at P < 0.05. According to the 
two-way ANOVA, there was a significant difference in 
the interaction between groups and time exposure (F (1, 

14) = 16.09; P = 0.0013), and no significant difference in 
groups and time exposure was found (P > 0.05, Figure 6D). 
The mean swimming velocity in the probe trial changed 
significantly in the long-term exposed group compared 
with its sham group and exposed short-term group 
(P < 0.05), suggesting overt problems with swimming 
ability may have happened in this group (Figure 6E). 
Also, we found a significant difference in interaction 
(groups vs. time exposure) (F (1, 14) = 6.405; P = 0.0240) 
and time exposure alone (F (1, 14) = 4.717; P = 0.0475). Heat 
maps showing the swim paths (during the 60s swims) of 
both short-term and long-term groups exposed to ELF-
EMF are depicted in Figure 7A. During the probe trial 
day, the rats from the four groups showed representative 
swimming traces (Figure 7B). Taken together, these 
findings indicate that exposure to ELF-EMF has a positive 
effect on spatial learning and memory, especially after 
long-term radiation. 

Effects of ELF-EMF in Alterations in BDNF mRNA 
Expression
BDNF mRNA in the entire hippocampus was measured by 
RT-PCR (data not shown). However, Figure 8 represents the 
alterations in BDNF mRNA expression in the hippocampus 
of the rats linked to spatial memory formation.

A one-way ANOVA using Tukey’s test revealed no 
significant difference in BDNF mRNA in the short-term 
exposed group compared to its sham group (P > 0.05). 
However, we found a significant difference in the long-
term exposed group (P < 0.05) in which radiation for 30 
days showed an increase in BDNF level significantly. There 
was a significant difference in BDNF mRNA levels between 
the long-term exposed group and the short-term exposed 
group, and also between the long-term exposed group and 
the short-term sham group, at a significant P < 0.0001, 
respectively. A two-way ANOVA with Bonferroni’s test 
was performed on the results of exposed groups and 
sham groups versus time and showed a significant effect 
of various groups (F (1,14) = 5.971; P = 0.0284), exposure 
(F (1,14) = 71.43; P < 0.0001), and groups by exposure time 
interaction (F (1,14) = 6.179; P = 0.0262). Based on our 
results, short-term exposure to 10 Hz did not change the 
BDNF level in the hippocampus at this time.

Figure 7. Effect of ELF-EMF on Locomotor Activity in Rats During the Morris Water Maze Test. (A) Swim paths density plots (heat maps) during the probe 
trial for ELF-EMF exposure during short-term and long-term studies. The heat maps are based on the tracking data from EthoVision where the rat’s position is 
given by an x, y coordinate for each time point. The heat maps were generated as described in the “Materials and Methods” section. Red color indicates that 
more time was spent in that area while the blue color indicates less time; (B) Representative swimming traces of the four groups of rats were observed on the 
probe trial day.

Figure 8. Alterations in BDNF mRNA Expression in the hippocampus 
of rats are linked to the development of spatial memory. The amount of 
BDNF mRNA was compared to the level of β-action mRNA. Each value 
represents the mean ± SD. ns = not significant, * P < 0.05, **** P < 0.0001.
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Discussion
Morris initially described the MWM in 1984,39 and 
it quickly became one of the most commonly used 
laboratory techniques in cognitive neuroscience.3 In order 
to reach a hidden escape platform,7 rats were required 
to navigate the perimeter of an open swimming arena 
utilizing cues. This test was used to evaluate the impact of 
this task on the rats’ spatial learning and memory.32,40 In 
general, our study showed that the male rats during long-
term exposure had an increased number of targets in each 
quadrant and the percentage of their distance traveled 
in the target quadrant, which indicates a long-term 
improvement in spatial memory latency, one of the first 
dependent measures of performance on learning trials 
in the MWM. However, cumulative distance has been 
recommended as a superior measure of spatial learning 
capacity.7 The selected EMF microwave radiation for the 
long-term study has helped form better spatial memory 
in the hippocampus. However, the short-term exposure 
group did not improve the residence time or distance 
traveled in the target quadrant. Hence, the number 
of crossing platforms was reduced to enter the target 
quadrant. Gao et al showed that ELF-EMF significantly 
enhanced the learning capacity and memory of cerebral 
ischemia rats. In hippocampus rats, the average latency 
and distance traveled to the concealed platform were 
considerably reduced by ELF-EMF (50 Hz, 1 mT), 
and the entry to the target quadrant was enhanced.13 
However, Lai et al mentioned that exposure to ELF-EMF 
did not impact brain morphology and histology during 24 
weeks.3 In the current study, we discovered a reduction in 
escape latency in the exposed long-term group; however, 
the mean swimming speed of the groups did not change 
significantly. This result is similar to that reported by 
He et al32 as we concluded that this difference was not 
attributed to sensory-motor development. During long-
term ELF-EMF exposure, the probe trial revealed longer 
duration spent in the target quadrant and a greater 
frequency of annulus crossings. These results show that 
exposure to ELF-EMF considerably improves the long-
term retention of spatial memory while having no effect 
on short-term memory.

In vivo research on the effects of ELF-EMF on AD 
is currently lacking, and only a few scientists have 
conducted relevant experiments on neuroblastoma 
cell lines, demonstrating that such AD-related cells 
are not exposed to ELF-EMF.7 Liu et al discovered that 
prolonged exposure to ELF-EMF (50-Hz magnetic field 
of 2 mT) decreased the latency required to locate the 
hidden platform and enhanced long-term memory for 
the previous position of the platform without impairing 
short-term memory or motor activity. For the first 
time, their data shows that prolonged exposure to ELF-
EMF is beneficial for developing and preserving spatial 
memory.41 Another study discovered that exposure 

to ELF-EMFs slowed weight gain in rats and reduced 
cognitive and clinicopathologic symptoms in animals 
with AD.9 Furthermore, Szemerszky et al demonstrated 
that exposure to 500 mT ELF-EMF for 4–6 weeks had 
no impact on anxiety-like behavior. They found that 
the hormonal stress response was comparable in control 
and short-term exposed rats, whereas long-term ELF-
EMF exposure resulted in a substantial increase in 
proopiomelanocortin and depressive-like behavior.42 
Rezaei-Tavirani et al previously discovered that increased 
ELF-EMF severity resulted in behavioral changes such 
as movement deformities and significantly reduced 
memory. Further, adjustment timing at the molecular 
scale was associated with the down-regulation of vital 
hippocampus protein expression, the majority of which 
is involved in cytoskeletal mechanisms in brain injury.43 
Both hippocampal atrophy and low BNDF levels were 
associated with memory loss.44 Cirulli et al. discovered that 
intrahippocampal infusions of BDNF improved spatial 
memory performance and had long-term impacts on 
emotional behavior.45 Pelleymounter et al discovered that 
rats lost weight following central BDNF infusions.46 We 
observed decreased food consumption in the long-term 
exposed group, which was confirmed by our findings of 
increased BDNF gene expression. On the basis of our data 
and those in Pelleymounter and collegues’ study, BDNF 
could reduce appetite and induce weight loss. In another 
study by Li et al, their findings imply that BDNF/TrkB 
signal transduction pathways may play a role in improving 
learning and memory after multiple chronic stressors47; 
the present study confirmed their results. Therefore, 
reduced levels of BDNF could lead to neurite atrophy 
and synaptic loss seen in AD patients’ brains, while the 
up-regulation of BDNF could slow the progression of AD 
and cognitive impairment.25 Our findings show that the 
development of spatial memory is linked to an increase 
in BDNF mRNA in the hippocampus, a brain region 
implicated in spatial learning and memory in the Morris 
Water Maze test. This result is similar to that of Olton et 
al48 working on the radial arm maze test.

The average swimming velocity was between 10 and 
20 cm per second, which was similar to other studies in 
mice.49,50 For example, we found similar results by Woods 
et al49 for the mean swimming velocity in the range of 
10–20 cm/s. They gave no explanation in detail of the 
meaning of the swimming velocity and latency results. 
Our results confirmed Yuan’s findings regarding that 
the training video revealed that the movement speed 
was lower than the typical speed din the training film 
and the animals spent more time floating on occasion, 
but the direction of the movement virtually matched 
the ideal path.33 These findings suggest that the effects 
of the magnetic field should be linked to the timing of 
the exposure. From the findings of this study, it can be 
concluded that non-ionizing magnetic fields in the range 
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of ELF-EMF can increase the development of spatial 
memory formation in long-term exposure and help 
improve memory. Therefore, more research is required 
to fully understand the impact of ELF-EMF on human 
and animal behavior in the future.

Conclusion
In conclusion, our research found that the male rats 
spent more time in the target quadrant and traveled 
a more significant proportion of their distance in the 
target quadrant after long-term exposure, suggesting a 
long-term exposure gain in spatial memory, which was 
previously stated by other researchers that exposure to 
an ELF-EMF range of 8-12 Hz could enhance memory 
due to its nonthermal effects on the permeability of the 
membrane and channels. These effects could interfere 
with the interaction between neurons and cause 
neuroplasticity. However, this frequency did not increase 
the time or distance traveled in the target quadrant in the 
short-term exposure group, although it did decrease the 
number of platforms crossed to reach the target quadrant. 
On the basis of our molecular research and findings, we 
conclude that long-term exposure to ELF-EMF at 10 Hz 
may induce neuroplasticity and the process of memory 
function.
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