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ABSTRACT

Background: The possibility of exposure to a considerable amount of electromagnetic waves exists all
around us. The hippocampus is involved in spatial memory and learning processes which could be
compromised by exposure to cell phone emitted radiofrequency (RF)-electromagnetic field (EMF .(

Objective: To explore the effect of exposure to EMF on hippocampal function and to throw more attention
on the mechanisms of interaction in the form of hippocampal acetylcholine (ACh), glutamate,
malondialdehyde (MDA) and hippocampal cellular responses mediated by autophagy (Atg7 gene expression)
and mitochondrial repair mechanism (SIRT1(

Subjects and Methods: This study was performed on 39 young apparently healthy male Wistar albino rats,
initially weighing 70-90 grams. They were randomly divided into three equal groups: control group (group 1),
cell phone-EMF exposed group (group I1), which was exposed to cell phone, 2 hours/day, 6 days/week for 12
weeks, and alpha lipoic acid-treated cell phone-exposed group (group Il1) which was exposed to EMF as
group 2 and received i.p injection of alpha lipoic acid in a dose of 50 mg/kg for the last 3 weeks of cell phone
exposure. Twelve weeks later, all rats were subjected to cognitive function test for learning and spatial
memory using Morris water maze. Body weight changes and liver function tests (ALT and AST) were
evaluated, then hippocampal levels of glutamate, ACh, MDA, gene expression of Atg7 and SIRT1 were
measured.

Results: Compared to the control rats, cell phone exposure in group Il did not alter the cognitive function test
and the hippocampal glutamate level, but it caused significant rise in hippocampal MDA and acetylcholine
levels, though there was a higher non- significant increased expression of SIRT1 and Atg7. Lipoic acid
treatment concomitant with EMF exposure induced increase in the time spent in target quadrant with
shortened time to reach the platform on fifth day of training compared to the controls. Also, lipoic acid-
treated cell phone exposed rats exhibited significantly enhanced hippocampal glutamate level accompanied
by significantly reduced hippocampal MDA and acetylcholine levels compared to control rats and preserved
higher but non-significant levels of SIRT1 and Atg7 expression.

Conclusion: Increased hippocampal ACh and expression of SIRT1 and Atg7 could be the early protective
response against the higher MDA with exposure, thereby preventing the negative impact of EMF exposure on
learning and spatial memory. Lipoic acid treatment improved cognition by increasing glutamate necessary for
long term potentiation and decreasing hippocampal MDA.
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INTRODUCTION

The cell phone industry has undergone
rapid growth. Cell phones are operating at
frequencies between 450 and 2700 MHz.
This range is included in radiofrequency
field of non-ionizing radiation in which
other devices such as Wi-Fi systems,
satellite communication systems and TV
stations work (Consales et al., 2012 and
Kim et al., 2019). Because RF-EMF can
penetrate the body cells causing vibration
of charged or polar molecules in addition
to both thermal and non-thermal stress,
thus EMF exposure is critical to human
health and safety. (D’Silva et al., 2017 and
Kim et al., 2019).

Previous studies have reported several
hazardous effects of cell phone radiation
on different body organs such as male
reproductive system (Kesari et al., 2011),
thyroid gland (Baby et al., 2017),
cardiovascular system (Huang et al.,
2015), kidney (Deniz et al., 2017), mental
health (Thomée et al., 2011) and cognition
(Gupta et al., 2018).

Many controversies regarding RF-EMF
exposure on the cognitive function exist.
Exposure to 900 MHz caused reduction of
synapses and decreased the postsynaptic
density of neuron in the hippocampus
CA1 region, resulting to spatial learning
and reference memory deficits in rats (Li
et al., 2012). Later studies demonstrated
that EMF caused cognitive impairments
due to reduced levels of neurotransmitters
(Narayanan et al., 2015). Meanwhile, the
frequency of 2450 MHz exhibited
cognitive dysfunction with hippocampal
mitochondrial ~ dysfunction, amyloid
genesis and higher MDA (Gupta et al.,
2018).

On the other hand, it was found that
electromagnetic radiations did not alter
memory of rat in spatial and non-spatial
tasks (Choi & Choi, 2016 and Son et al.,
2016). EMF was suggested to be novel
therapeutic approach in regenerative
medicine as it increases spatial learning
and memory in rats injected neurotoxic
drugs (Sakhaie et al., 2017). Transgenic
Alzheimer’s mice with long-term RF-
EMF exposure for more than 8 months
were reported to show improvement in
cognitive abilities (Arendash et al., 2010
and Son et al., 2018).

Alpha lipoic acid (LA), also known as
thioctic acid, contains two oxidized or
reduced thiol groups, and it has both fat-
soluble and water-soluble properties (Liu
et al., 2018) The oxidized/reduced redox
couple seems to be able to regenerate
other antioxidants, thereby maintaining
cellular antioxidant status, and thus it is
called antioxidant of  antioxidants
(Goraca et al., 2011).

LA could improve the cognitive
dysfunction significantly by its strong
antioxidant effects and decreasing the
oxidative stress (Mehrotra et al., 2015 and
Zhang et al., 2017). Therefore, it was
reported to have an  important
neuroprotective effect.

Sirtuin-1 (SIRT-1), NAD+-dependent
protein deacetylase, is an important
metabolic nuclear sensor. According to
the cellular metabolic and energy status, it
regulates the chromatin structure and gene
expression through transcription factors,
and transcription co-factors (Li, 2013).

Low-energy status, resulting from
mitochondrial function disturbance was
found to enhance the cellular NAD+
levels and stimulate SIRT1 activity.
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SIRT1 could restore mitochondrial mass,
and could activate the genes transcription
that regulate mitochondrial biogenesis to
maintain energy and metabolic
homeostasis (Li, 2013 and Dusabimana et
al., 2019).

Autophagy is a protective cellular
response to stresses to remove aged or
dysfunctional macromolecules and
organelles for  maintaining  cellular
homeostasis. It occurs normally at low
levels but is accelerated by many cellular
stressors, such as DNA damage and
organelle damage (Mizushima & Levine,
2010 and Frudd et al., 2018). This entire
process is controlled by group of genes
called the autophagy-specific gene such as
Atg 7 (Kroemer and J??ttel?, 2005).

The present study was designed to
probe the effects of EMF exposure on
the learning and spatial memory
outcomes in young rats with more
evaluation to new possible mechanisms
of interaction such as levels of
neurotransmitters and gene expression
of SITR1 and Atg 7. The role of lipoic
acid treatment on cognition and how it
can alter these hippocampal genes were
also going to be evaluated.

SUBJECTS AND METHODS

This study was performed on 39
apparently healthy young male Wistar
rats, initially weighing 70-90 grams,
purchased from Animal Farm (El-Zyad
import office of experimental animals for
colleges and research centers), Giza. They
were maintained in the Medical Ain
Shams Research Institute (MASRI),
Faculty of Medicine, Ain  Shams
University, under standard conditions of
boarding at room temperature 22-25°C,

normal light/dark cycle, and free access to
food and water- ad libitum- throughout the
whole period of the study. Standard rat
diet was introduced daily at fixed time to
the rats. All animal experiments were
performed according to the National
Institutes of Health guide for the care and
use of Laboratory animals (NIH
Publications No. 8023, revised 1978).
Further, the Ain Shams Faculty of
Medicine Ethical Committee approval was
obtained.

Chemicals and Drugs: Alpha lipoic acid
(ALA) was purchased from Sigma
Aldrich Chemicals; USA and supplied as
powder and kept at room temperature.

Experimental Protocol:

Rats were randomly divided into three
equal groups:

Control group: received intraperitoneal
(i.p.) injection of normal saline solution
(0.9% NaCl) in an equivalent dose to
alpha lipoic acid.

Cell phone-emitted Electromagnetic
Field group: Rats of this group were
exposed to electromagnetic field of a
single cell phone, 2 hours/day, 6
days/week for 12 weeks (Kim et al.,
2017).

Alpha lipoic acid-treated Cell phone-
emitted Electromagnetic Field group:
Rats of this group were exposed to
electromagnetic field as group 2, and
received i.p injection of alpha lipoic acid
in a dose of 50 mg/kg for the last 3 weeks
of cell phone exposure (modified from
Zhao et al., 2015).
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Technique of
Electromagnetic Field:

EXxposure to

Second and Third groups were exposed
to a radiofrequency (RF) field emitted by
900-1800 MHz frequency band (Global
System for Mobile Communication
(GSM) mobile phone, LG B220) at fixed
time daily. The GSM cell phones operate
with microwave carrier frequencies in the
GHz range (850-1900 MHz) (Peter et al.,
2007).

The exposure was done in special
plastic cages (20 x 31 x 13.5 cm.),
3rats/cage, the cell phone being placed
under the cage by distance 0.5 cm (Aksen
et al., 2004 and Dasdag et al., 2004), and
was kept in ringing position in silent mode
during the time of exposure 2 hrs./ day, 5
days/week for 12 weeks.

The intensity of electromagnetic field
radiated from cell phone was 2.2
milliGauss (10 -7 Tesla) at the center of
the exposure cage, as measured by
Gauss/Teslameter, 4048, USA (Courtesy
of Faculty of Science, Ain Shams
University).

At the end of experimental period (12
weeks), all rats were subjected to
behavioral test (cognitive function test).

Morris Water Maze training

The behavioral training and testing
were conducted in a water maze. The
water maze was a brown circular pool
(180 cm in  diameter and 50 cm high)
filled to a 25 cm depth with 22+2 oC
water (Vorhees and Williams, 2006).
Atlantis platform (diameter 10 cm) was
placed at the center of one quadrant
(North-East quadrant) of the maze and
submerged 3 cm below the surface of the
water. Water was rendered opaque by the

addition of powdered milk, and the maze
was in a room containing a number of
constant, salient visual cues (posters,
objects, and equipment). A video camera
was mounted on the ceiling directly above
the pool to record the swim path of each
rat.

In spatial training procedure, rats
received four trials in the Morris water-
maze on each of 5 days of training
(Anisman and Mcintyre, 2002). On each
trial, the rats were placed into the water at
one of the four cardinal points of the
compass, which varied from trial to trial in
a quasi-random order. The rat had to swim
until it climbed onto the escape platform.
The latency was recorded till the rat
reached the platform and remained on it
for 10 sec. If the rat did not reach the
platform within 120 sec, the trial was
terminated, and the rat was placed on the
platform for 10 sec. Thereafter, rats were
transferred to a dry holding cage where
they remained for 60 sec until the next
trial. After training, rats were returned to
their home cages.

On day 6, rats were returned to the
water maze for a retention test. The rats
were given a 60s probe trial during which
the platform was removed. The
parameters measured from probe test were
the time spent (%) in each quadrant of the
task.

After performing Morris water maze
test, the overnight fasted rats were
weighed and anesthetized by i.p. injection
of Pentobarbitone, in a dose of 40 mg/kg
B.W. When the stage of surgical
anesthesia had been reached, judged by
loss of withdrawal reflexes, a midline
abdominal incision was made, and the
separated plasma was used for later
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determination of liver function tests to
exclude liver failure-induced rise of
glutamate in the brain tissues.

Rat skull was opened, and the brain
was dissected out and washed by saline.
The hippocampus was reached from the
medial side after division of the brain at
the mid sagittal plane into right and left
hemispheres, followed by removal of the
whole brain stem and cerebellum
(Scudamore, 2014). The right hippocampi
from all studied groups were stored at -
80°C for later determination of glutamate
and acetyl choline as neurotransmitter,
oxidative stress marker (MDA) and
mitochondrial function.

Determination of the glutamate
neurotransmitter was performed by ultra-
pressure liquid chromatography (UPLC),
while acetyl choline was assayed in the
hippocampus by Choline Competitive-
ELISA Method using Kkits supplied by
MyBioSource, USA.

Right hippocampal tissue MDA was
measured by  colorimetric  method
according to Satoh (1978) and Ohkawa et
al. (1979), using kits supplied by Bio-
diagnostic, Egypt.

Determination of plasma Aspartate
Aminotransferase (AST) and Alanine
Aminotransferase (ALT) activities were
performed by U.V. Kinetic method
according to the International Federation
of Clinical Chemistry (IFCC), using the
kit supplied by Spectrum, Egypt.

RNA isolation from hippocampal
tissue and qRT-PCR:

Equally  weighed  frozen  right
hippocampal tissues were homogenized
and total RNA was extracted using TRIzol
reagent (Invitrogen) (Fischer Scientific cat

no 15596026), then the concentration and
purity of RNA were determined by
NanoDrop 1000 spectrophotometer. One
png of RNA was reverse transcribed for
cDNA synthesis with  QuantiTect®
Reverse Transcription kit (QIAGEN,
Germany) (Cat no. 205311). Quantitative
Real-time PCR  (QRT-PCR)  was
performed for SIRT1 and Atg7 genes
using Fast SYBR Green master mix
(Qiagen Germany) (Cat no. 204141 ), and
5 plex rotor gene ™ system (Qiagen)
according to manufacturer's instructions.

The primers for Sirtulin was designed and
purchased from Macrogen, (Seoul, Rep. of
Korea) (accession number).

The primers sequence of this gene (F:
TGTAGATGAGGCAGAGGTTCCC and
R: ATCAGGTAGTTCCTCGGTGTCC),
while Atg7 (SG quantiTect primer; cat no.
249900; Assay ID: QT0008974) (Qiagen
Germany) and B-actin gene, the reference
gene (HS_ACTB_1 quantiTect primer; cat
no. 249900; Assay ID: QTO000954 31
Qiagen Germany). The expression of the
target genes was defined based on the
cycle threshold (Ct), their expression
levels were calculated as 2—AA Ct after
normalization to relative expression of B-
actin gene (Livak and Schmittgen, 2001).

Statistical Analysis:

All results in the present study were
expressed as mean + SE of the mean.
Latency to reach target quadrant in the 5
days, Percentage of change of latency
between day 1 and day 5 of training and
% of time spent in target quadrant in Day
6 were calculated by two way ANOVA
using GraphPad prism, software program,
version 5.0 (2007) (GRAPHPAD Inc.,
CA, USA). While other biochemical
parameters were calculated by one-way
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ANOVA using Statistical Package for the
Social Sciences (SPSS, Inc., Chicago, IL,
USA) program, version 20.0. Differences
were considered significant when P <
0.05.

Correlations and Lines of Regression
were calculated by linear regression
analysis using the Least Square Method.
A probability of (P<0.05; 2tailed) was
considered statistically significant.

RESULTS

Behavioral Tests (Morris Water
Maze): Exposure to EMF caused
insignificant change in latency to reach
the platform between control and cell
phone-exposed in the 5 days of the test
(table 1).

By measuring the percentage of change
in latency to reach platform in water maze
between day 5 and day 1, among the
different studied groups, there was non-
significant change between exposed and
control rats (- 48.51 + 14.4 % in exposed
versus -37.9+ 12.6 % in control ) .On
lipoic acid treatment, the % of change in
time to reach the platform between first
and fifth day of training reduced though
non- significant compared to exposed non
treated (-80.19 + 4.95 in treated versus -
4851 + 144 % in exposed) and
significantly reduced compared to control
(-80.19 + 4.95 in treated versus -37.9+
12.6 % in control P<0.01).

Compared to the controls, cell phone-
exposed group exhibited insignificantly
change percent of time spent in target
quadrant (in absence of platform) in day 6.
However, lipoic acid supplementation
caused significant increase in the percent
of time spent in target quadrant compared
to that in cell phone-exposed group
(30.82£1.33 in lipoic versus 23.09+0.513
in exposed P< 0.01), and non-significant
change compared to normal control (table
2).

Although hippocampal glutamate level
insignificantly changed in cell phone-

exposed group compared to the control
group, lipoic acid supplementation caused
a significant rise in  hippocampal
glutamate level in the treated group
compared to the respective untreated
group. On the other hand , hippocampal
acetyl choline level significantly elevated
in cell phone-exposed group compared to
normal  control, but lipoic acid
supplementation  caused  significantly
lowered hippocampal acetyl choline in the
treated group compared to the respective
untreated group, and was insignificantly
changed when compared to the control
ones (table 3).

In addition, hippocampal MDA level
was significantly increased in cell phone-
exposed group compared to the control
group. Lipoic acid treatment is associated
with significantly reduced hippocampal
MDA level compared to that in cell phone
exposed group  without treatment.
Hippocampal MDA level in treated group
was insignificantly  changed  when
compared to the control rats (table 3).

Regarding hippocampal gene
expression changes, there were
upregulated hippocampal SIRT1 and Atg
7 genes expressions in cell phone exposed
group compared to control. However, in
the lipoic acid-treated group, hippocampal
Atg 7 gene expression significantly
upregulated compared to untreated group
as well as compared to the control group.
SIRT1 expression significantly increased
with lipoic treatment compared to control
despite  being insignificantly changed
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compared to that in cell phone exposed
(table 3).

Plasma ALT and AST levels
insignificantly ~ changed among  the
different studied groups. Similarly, initial
and final body weights insignificantly
changed among the different studied
groups (table 4).

Correlations: Correlations studies in the
three experimental rat groups revealed

significant negative correlations between
% of time spent in target quadrant in day
6 with hippocampal acetyl choline(r= -
0.468, P< 0.01 , n= 30 )and significant
negative correlation with MDA levels(( r=
-0.429 , P < 0.05, n= 27). Also, a
significant positive correlation between
glutamate and the % of change in latency
to reach platform between day 1 and day 5
(r=0.414, P< 0.03, n=27).

Table (1): Changes in Morris Water Maze (latency to reach target quadrant in the 5
days (sec)) in the different studied groups

Control Cell phone- Lipoic acid-
Groups group emitted treated Cell
Electromagneti phone-emitted
Days c Field group Electromagnetic
Field group
(Day 1)
Mean+SEM 68.6+9.28 71.1+10.28 83.42+10.43
(Day 2) 47.48+7.97 43.31+10.81 44.73+6.82
Mean+zSEM
(Day 3) 32.58+8.87 28.69+3.27
Mean+SEM 42.15+8.66
(Day 4) 32.71+6.57 16.56+4.75
Mean+SEM 39.29+8.29
(Day 5) 29.948.02
Mean+SEM 29.92+6.69 14.23+2.55

There were no significant difference among the three groups.
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Table (2): Changes in Morris Water Maze (percentage of change of latency between
day 1 and day 5 of training and % of time spent in target quadrant in Day
6 in the studied groups.

Groups Control Cell phone- Lipoic acid-
group emitted treated Cell
Paramete Electromagnetic phone-emitted
Field group Electromagnetic
Field group
Percentage of Change of
Latency in Day 5
Mean -37.88 -48.51 -80.19
+SEM +12.63 +14.39 +4.95
p* NS 0.0171
P1 NS
% of Time Spent in
Target Quadrant Day 6
Mean 29.36 23.09 30.82
+SEM +1.52 +0.513 +1.33
p* NS NS
P1 0.0147

P*: Significance from the control group by LSD, at P<0.05.

P1: Significance from cell phone-exposed single source group by LSD, at P<0.05.

NS: Not significant.
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Table
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(3): Hippocampal neurotransmitters and MDA, and the selected gene
expressions in the studied groups.
Groups
Control Cell phone- Lipoic acid-
group emitted treated Cell
Parameters Electromagnetic phone-emitted
Field group Electromagnetic
Field group
Hippocampal
Glutamate Level
(nmole/ml) 496.26 651.19 863.21
Mean +50.49 +52.18 +73.7
+SEM NS <0.001
p* <0.02
P1
Hippocampal Acetyl
Choline level (ng /mg
protien) 2.12 5.92 2.78
Mean 0.2 +0.46 +0.18
+SEM <0.001 NS
p* <0.001
P1
Hippocampal
Malondialdehyde
(MDA) level (nmol / 141.74 213.79 124.9
gram tissue) +18.5 +33.36 +11.66
Mean <0.05 NS
+SEM <0.01
P*
P1
SIRT1 gene
expression (copy)
Mean 1.08 2.15 2.88
+SEM +0.06 0.4 +0.11
p* NS <0.005
P1 NS
Atg 7 gene expression
(copy) 1.06 1.46 4.45
Mean +0.07 +0.15 +0.64
+SEM NS <0.001
p* <0.001
P1

P*: Significance from the control group by LSD, at P<0.05.
P1: Significance from cell phone-exposed single source group by LSD, at P<0.05.
NS: Not significant.
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Table (4): Changes in plasma levels of AST and ALT, and body weight (initial body
weights and final body weights) in the studied groups.

Groups
Control Cell phone- Lipoic acid-treated
Parameter group emitted Cell phone-emitted
Electromagnetic Electromagnetic
Field group Field group
Plasma AST Level (U/L)
Mean 59.1 62.66 60.76
+SEM +4.86 +6.67 +5.17
Plasma ALT Level (U/L)
Mean 26.98 26.86 22.87
+SEM +3.84 15.67 +2.14
Initial Body Weight (g)
Mean 75.85 74.38 76.92
+SEM +1.62 +1.22 +1.61
Final Body Weight (g)
Mean 200 204.23 200.31
+SEM +11.44 +8.29 +8.38

There is no significant difference among the three groups.

DISCUSSION

Effects of exposure to cell phone
emitted EMF on biological systems have
been the subject of debate over past few
decades. This study aimed to probe the
effects of cell phone-emitted EMF on the
cognitive functions specially the memory
and learning. The hippocampus, a curved
paired structure located in the temporal
lobes near the amygdala, is mainly
involved in new memories and spatial
navigation and is also associated with
learning and emotions (Deng et al., 2010
and Eichenbaum & Cohen, 2014). EMF
exposure might induce various
neurological changes, but there is very
limited information on what biological
mechanisms influence neuronal cells of
the brain in response to RF-EMF. In this
study, we targeted the hippocampal
structure and its content of glutamate and
acetylcholine, as well as oxidative stress
marker  (hippocampal MDA)  and

hippocampal  cellular ~ responses by
autophagy (Atg7 gene expression) and
mitochondrial repair mechanism (SIRT1
gene expression) in a trial to explore the
interactive mechanisms. Lipoic acid, the
antioxidant of antioxidants, was reported
to have neuro-protective effects in rats’
cerebral cortex (Yang et al., 2015). The
interactive mechanisms rather than its
antioxidant characters were studied. The
performance of rats in Morris water maze
was used in this study as it was described
to be a key technique in the investigation
of hippocampal circuitry and spatial
learning and memory (Vorhees and
Williams, 2006).

In this study, non-significant changes
in weight gain were observed in the three
studied groups. This finding was
inconsistent with other studies in which
EMF decreased weight gain which was
attributed to stress (Usikalu et al., 2012
and Liu et al., 2015). This may be
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attributed to variation between handling
and habituation of the rats from this study
to other studies. Also, non-significant
changes were observed in liver function
tests, namely ALT, AST, between the
studied groups which were measured to
exclude the effect of EMF on liver and, in
turn, on glutamate level. Other studies
showed non-obvious changes in liver AST
and ALT with exposure of rats to 900
MHz cell phone radiation (Sani et al.,
2018), while other studies showed
significant increase with 6 months of
exposure (El-Bediwi et al., 2011). The
difference in duration of exposure may
explain this discrepancy between the
results.

In this study, the result of Morris water
maze experiment, a test for learning
ability and spatial memory in rodents, all
rats in all groups showed a decrease in
latency of escape to the platform
throughout the five days of training
indicating success of training.

EMF-exposed group exhibited non-
significant change in time of latency to
reach to the platform compared to control
rats and on reaching the fifth day of
training, which indicated no change in
learning ability on exposure.

In addition, the probe test in 6th day of
training examining the spatial memory
showed non-significant change in the % of
time spent in the target quadrant, in
absence of platform, between the exposed
group and the control rats indicating, also,
no impairment in consolidation of
memory.

In this study, the non -significant
differences in cognitive function of
exposed group either during acquisition
(learning) or during probe test (memory
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retention) was observed previously.
Similarly, there was no effect of exposure
to 900 MHZ or 950 MHz of cell phone on
acquisition or consolidation of spatial
navigation of rats in radial radial-arm
maze (Ammari et al., 2008), or by the
water maze (Jadidi et al., 2009). Also,
cell phone electromagnetic field has no
effect on human brain bioelectric activity
(Kaneta et al., 2017).

Cell phone-exposed animals had
significantly (~3 times) higher mean
latency to reach the target quadrant and
spent significantly (~2 times) less time in
the target quadrant than matched together
with morphological changes in
hippocampus (Narayanan et al., 2009 and
Narayanan et al., 2015), and pyramidal
neuronal loss in rats occurring with 60
days exposure to 900 MHZ (Kerimoglu et
al., 2016). EMF of 916 MHz in?uenced
learning and memory in rats to some
extent in a period during exposure, and the
rats were adapted to long-term EMF
exposure (Hao et al., 2013) impaired
cognitive function with EMF- 2450 MHZ
(Gupta et al., 2018). However, the
intensity and /or the duration of exposure
were different. Moreover, other studies
showed that long-term exposure to RF-
EMF might exert beneficial effects on
Alzheimer's disease in mice (Son et al.,
2018).

Also, the non-impairment of learning
and memory with exposure contradicted
with the significantly higher hippocampal
MDA level, an indicator of oxidative
stress. Increased MDA with EMF
exposure were found in many other
studies (Kerman & Senol, 2012 and
Kerimoglu et al., 2016). The nearly
normal  cognitive function in the cell
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phone exposed rats, herein, compared to
the controls, could be referred to the
possible associated increased adaptation
and body response which  could be
suggested to overcome the deleterious
effects of ROS. This assumption could be
supported by the manifested increased
though non-significant SIRT-1 protein
activity compared to control. The activity
of SIRT-1 protein (Silent information
regulator) which is an important metabolic
nuclear sensor showed to increase with
mitochondrial function disturbance due to
oxidative stress as the level of NAD+
increased. This protein activates the

transcription  genes  that  regulate
mitochondrial biogenesis to maintain
energy and metabolic  homeostasis

(Dusabimana et al., 2019). Evidence from
in vivo and in vitro studies revealed that
SIRT1 regulates axon elongation,
dendritic branching, synaptic plasticity
was implicated in protection of neurons
from  degeneration in  models of
neurological diseases, such as traumatic
brain injury and Alzheimer’s disease
(Fujita and Yamashita, 2018). The
increased expression of gene Atg7
compared to control rats tough non-
significant. Atg7 is a gene required for
conventional autophagy, a process that is
accelerated by many cellular stressors, and
aims to remove aged or dysfunctional
macromolecules and organelles  for
maintaining cellular homeostasis (Frudd
et al., 2018).

The assumption of body adaptation to
stress of EMF exposure was reported
another study in which electric activity of
brain was recorded in the same time of
performing  cognitive  function  test.
Signi?cant differences in behavioral test
were reported in rats during the middle

period of the exposure rather than the
beginning and end periods. Thus, neural
reorganization was suggested to occur
during recovery to the extent that different
strategies and even brain areas could be
able to compensate for what had been a
de?cit induced by EMF (Hao et al., 2013).

Increased hippocampal acetylcholine
with EMF in the exposed group, herein,
could be attributed to the effects of
training in first 5 days where hippocampal
ACh release was reported to be increased
during performance of a learned spatial
task (Ragozzino et al., 1999). The
increased ACh level could be related to
the EMF exposure itself. Although the
significant increased ACh with EMF
exposure was unable to alter learning or
spatial memory positively or negatively
except for slightly observed better
learning on day 3 and 4 of training. It
could be suggested from the results of our
study that this high level may be one of
the early responses which was just enough
to prevent the impairment rather than to
increase cognition.

On the other hand, lipoic acid
treatment enhanced both the learning
ability and spatial memory as manifested
in the significant shorter latency of escape
as indicated by in higher % of decrease in
time of training compared to first day and
significant higher % of spent in target
quadrant respectively. Also, lipoic acid
treatment caused a significant increase in
hippocampal  glutamate level, and
significant decrease in ACh level when
compared to the exposed untreated group.

The increased glutamate with lipoic
acid treatment might explain the
significant better spatial memory. In
normal healthy individuals, glutamatergic
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neurotransmission acts via both NMDA
and AMPA receptors to produce long-
term synaptic potentiation and learning
via (LTP) strengthening of synapses
through repeated use which is central to
the processes of learning and memory
(Tai & Leung , 2012). Released glutamate
was reported to bind with its AMPA and
NMDA  receptors at  postsynaptic
membrane causing membrane
depolarization and calcium influx which
in turn activates calcium / calmodulin
dependent kinases inducing transcription
for the gene of brain derived neurotrophic
factor which is essential for neural
survival, plasticity and long term
potentiation (Marosi & Mattson, 2014).
Also, the role of glutamate in explaining
better learning with lipoic treatment could
be deduced from the positive significant
correlation between glutamate and the
shorter latency on the fifth day of training
(r= 0.414 , p< 0.03 , n= 27). Alpha-lipoic
acid was reported to protect against
glutamate-induced cytotoxicity in C6
glioma cells (Park et al., 2019).

The significant decrease in ACh could
be also attributed to glutamate effect for
the benefit of consolidation of memory. A
significant  negative  correlation  was
observed between ACh hippocampal level
and % of time spent in target quadrant
Cholinergic neurons that innervate the
neocortex and hippocampus are located in
the basal forebrain, the activity of these
cholinergic neurons is likely to be
regulated by glutamatergic inputs from
regions such as the amygdala, the
brainstem  reticular ~ formation,  the
hippocampus and the cerebral cortex
(Carnes et al., 1990).
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Glutamate was proposed to regulate
ACh release through a direct and an
indirect via a g-aminobutyric acid
inhibitory interneuron pathway (lhalainen
etal., 2011).

In  addition, increased cognitive
function with lipoic acid-treated EMF-
exposed rats could be attributed to its
effect in reducing hippocampal MDA
level significantly compared to the
exposed group. This could be supported
by the significant negative correlation
between MDA and % of time spent at
target quadrant. Lipoic acid has been used
as a drug to improve age -associated
cognitive  deficits and  degenerative
process in neurons (Bilska & WIlodek,
2005 and Shay et al., 2009), and it
improves the cognitive dysfunction by
reducing hippocampal MDA (Zhang et
al., 2017).

Lipoic acid treated group exhibited the
same high level in gene expressions of
SIRT1 and Atg7 nearly as the exposed
group, but higher than that of control
ones. This could be suggested as another
supportive mechanism for the improved
cognition. Similarly, lipoic acid showed to
protect the mouse brain against ischemic
damage, which was suggested to be
through up-regulation of SIRT1 (Fu et al.,
2014). SIRT1 gene expression here
exhibited negative significant correlation
with MDA and thus, it could be
considered as one of the defense
mechanisms against MDA (Zhang et al.,
2017).

CONCLUSION

Exposure to mobile phone emitted
EMF did not alter the cognitive function
by increasing hippocampal ACh and both
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SIRTI & ATG7 expression in face of

higher  hippocampal MDA. Lipoic
treatment  improved learning and spatial
memory via increasing hippocampal
glutamate and reducing ACh for

consolidation of memory in the presence
of higher SIRT1 and ATG7.
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