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Abstract

Background: Exposure to different frequencies would have a profound effect on the brain tissue extract supernatant’s optical den-
sity and hexakis-2-methoxyisobutylisonitrile (**™Tc-MIBI) build-up.

Objectives: This study aimed to investigate the blood-brain barrier permeability after electromagnetic field irradiation.

Methods: In this study, 150 male albino rats were randomly divided into 25 groups. They had an intraperitoneal injection of Evans
blue 24 hours before experiments. Before 15 or 30-min Electromagnetic Field (EMF) irradiation (900, 1700, and 1900 MHz), 500 pCi
(18.5 MBQq) of **™Tc -MIBI was injected via the caudal vein. The rats decapitated 15, 30, 45, or 60 min after radiotracer injection to
evaluate the brain-specific activity and brain tissue extract supernatant’s optical density.

Results: No significant difference was found between the groups in 60-min post-injection activity after 15-min EMF radiation at
900,1700, and 1900 MHz. The brain-specific activity with 30-min EMF radiation showed a significant increase in the 900 MHz group
compared to others. Brain/whole body-specific activity in all experimental groups after 15-min EMF radiation showed no significant
differences. On the other hand, the brain/whole body-specific activity ratio with 30-min EMF radiation showed a significant increase
in the 900 MHz group compared to other groups. A comparison between the brain tissue extract supernatant’s optical density in
the experimental groups after 15 and 30-min EMF radiation showed no significant difference in Evans blue accumulations in brains.
Conclusions: It may be concluded that mobile phone electromagnetic field radiation may increase the blood-brain barrier perme-
ability. As most humans use mobile phones for daily communications, all users around the world need to be advised of the effects

of modern call devices.
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1. Background

Mobile phones were introduced into the market in the
1970s. The popular average mobile phone call expected to
sixminutes as a safe time with no increase in brain temper-
ature (1). Although the dependence on mobile phones is
growing at an alarming rate, the biological effects of expo-
sure to Electromagnetic Field (EMF) have become a global
issue. Non-ionizing radiation of mobile phones can lead
to the movement of electric charges and the conversion of
energy into heat in the environment. The amount of en-
ergy absorbed by the brain depends on many factors such
as the time of conversation, the location of calls, the num-
ber of calls, the frequency band, and the type of mobile de-
vice (2). The EMF of mobile phones can cause headaches,
changes in sleep patterns, modifications in the electroen-

cephalogram, and increases in the activities of nitric oxide,
malondialdehyde, xanthine oxidase, and adenosine deam-
inase (3).

One of the biological effects of EMF is the permeability
change in the Blood-Brain Barrier (BBB), which was discov-
ered by E.E. Goldman in 1919. The BBB is crucial for main-
taining the homeostasis of the brain in the human. The key
functioning site is the tight junction that eliminates nearly
all exogenous materials from the brain for its regular func-
tion (4). Several studies have explored the effect of EMF
on the permeability of BBB. In some studies, researchers
found increased BBB permeability to albumin in the brain
with exposure to the 900 MHz band (5-7). Several studies
have used Evans blue as a low molecular mass indicator to
evaluate BBB permeability following EMF exposure (8-12),
as its leakage into the brain parenchyma indicates BBB dis-
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99MTc Hexakis 2-Methoxyisobutyl Isonitrile (%™Tc-
MIBI) was developed as an agent for myocardial perfusion
studies. According to bio-distribution studies, *°™Tc-MIBI
also can accumulate in negative plasma membrane tis-
sues through high mitochondrial contents, including the
heart, liver, kidney, and skeletal muscle tissue (13). MIBI
uptake in brain tumors affected by the defect of the BBB
(14). but it was not absorbed in the normal brain due to
the presence of BBB (15).

2. Objectives

In this study, we examined the role of EMF radiation
(frequency bands of 900, 1700, and 1900 MHz) on the
blood-brain barrier permeability with two methods of
99mMTc.MIBI radiotracer and Evans blue injection.

3. Methods

3.1. Subjects and Radiopharmaceutical Preparation

In this study, 150 male Wistar Albino rats (200 - 250 g,
10 -12-weeks-old) were selected and kept inside an animal
room at 22 + 2°C with a12-h light: 12-h dark cycle. Food and
water were available ad libitum until the administration
of 99mTc-MIBI. The animals were divided into four non-
exposed (control) groups and 21 EMF-exposed groups (Ta-
ble 1) and were housed six per cage randomly. All rats had
an intraperitoneal injection (2 mL of Evans blue 1%, Merck)
24 hours before radiotracer administration. A freeze-dried
kit (MIBI, Pars Isotope, Iran) was used to prepare *°™Tc-MIBI
byadding 2 ml of sterile Pertechnetate-Tc solution (150 mCi
=5.55GBq). The tracer was heated at100°C for 10 min. Based
on the rat’s weight, about 500 pCi (18.5 MBq) of *™Tc-MIBI
was injected through the caudal vein (16). As the best time
of quantitative analysis of the left ventricular uptake after
tail vein injection of MIBI is 10 to 60 min post-injection (17),
the animal brain activity quantitative analysis was done
15, 30, 45, and 60 min after the radiotracer injection. To
confirm radiotracer activity, a dose calibrator (RAMS 88,
Iran, sensitivity 0.01 4Ci) was used in all parts of the exper-
iments.

3.2. Electromagnetic Field Radiation

After injections, rats were transferred to a Plexiglas
cage for whole-body exposure. The cage was placed directly
above a mobile phone (Nokia X, China, Human SAR EU: 1.14
W/kg-head, 0.90 W/kg-body), and rats were exposed to ei-
ther 15 or 30 min of mobile phone radiation (Figure 1). To
ensure a stable call mode, a piece of definite music trans-
mitted from another terminal was played by the Nokia X

Table 1. The Time of EMF Radiation and Rat Brain Activity Evaluation in four Control
(Non-Exposed) Groups and 21 EMF-Exposed Groups

EMF Frequency (MHz)
Group/Brain Activity (Post Tc-MIBI Injection)

900 1700 1900

Non-exposed

15 min
30 min
45 min
60 min
EMF (15 min)
15 min * * *
30 min * * *
45 min * * *
60 min * * *
EMF (30 min)
30 min * * *
45 min * * *
60 min * * *

mobile phone so that the mobile phone device was con-
tinuously active for the period of emitting. The strength
of the electric field (E) in the middle of the exposure cage
was assessed by an Electrosmog meter (TES-92, Taiwan) in
the mode of X, Y, and Z-axis. The background strength of
the electric field was 18.7 £ 1.95 mV/m that increased to
477.1 £139.7 mV/m through the call mode. Consistent with
available networks, three up-link mobile phone frequen-
cies of 900, 1700, and 1900 MHz were used with chang-
ing SIM card input handsets. For the non-exposed groups,
the mobile phone was left in the position but switched off.
The animals were allowed to move freely in the cage dur-
ing the exposure. Rats were anesthetized with ether 15,
30, 45, and 60 min after radiotracer injection, and then
decapitated. The skull bones were removed carefully, and
the complete brain was ablated from the rat skull. Each
brain was weighed and kept in a plastic bag to prevent
the radiotracer contamination of the dose calibrator. The
Research Ethics Committee of Semnan University of Medi-
cal Sciences approved that all procedures (IR.SEMUMS.RES:
93/529095) were under the National Institutes of Health
(NIH) guidelines for the care and use of laboratory animals
(NIH Publications No. 8023, Revised Edition, 1978).

3.3. Data Acquisition

Brain activity with the plastic cover and the whole body
activity (after blood extraction) were evaluated by a dose
calibrator. The brain-specific activity and brain-to-whole
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Figure 1. The position of mobile phone under the Plexiglas cage for whole-body ex-
posure of rats.

body-specific activity were defined by Equations (1) (1) and
(2).

(1) Brain-specific activity = Brain activity (uCi)/Brain
weight (g)

(2) Brain/Whole body-specific activity = Brain-specific
activity/Whole body-specific activity

One brain in each group was fully inspected, and any
Evans blue extravasation was evaluated microscopically.
The weight of each brain was used for the quantitative mea-
surement of EB extravasation. Then, samples were homog-
enized in 2.5 mL of phosphate-buffered saline and mixed
with a vortex for 2 min after the addition of 2.5 mL of 60%
Trichloroacetic acid to precipitate proteins. Samples were
later cooled for 30 min and centrifuged for 30 min at 3,500
rpm. The supernatant was measured at 610 nm for ab-
sorbance of EB using a spectrophotometer (18). The Evans
blue dye was assessed by a standard curve and expressed as
mg % brain tissue (19).

3.4. Statistical Analysis

The Tukey test was used to evaluate the normal dis-
tribution of data. The statistical differences between the
groups were examined using one-way ANOVA (organ radia-
tion activity) and Kruskal-Wallis (Evans blue OD level) tests
with SPSS16.0 software. Statistical differences were consid-
ered significantatthe P< 0.05level. The data are expressed
as means =+ SD.

4. Results

The microscopic inspection of samples showed no sign
of Evans blue extravasation in brain tissues (Figure 2). As
shown in Figure 3A, the brain uptake decreased in the
non-exposed group with the values of 0.156 £ 0.01 uCifg
and 0.128 % 0.03 uCifg at 15 and 60 min, respectively; but
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there was no significant difference between the times of
sampling (P > 0.05). Meanwhile, similar to the radio-
tracer accumulation in the non-exposed group, after 15
min of EMF radiation at 900, 1700, and 1900 MHz, there
were no significant differences between the groups in 60-
min post-injection activity (P > 0.05). As shown in Figure
3B, the brain-specific activity with 30-min EMF irradiation
showed a significant increase in the 900 MHz group (0.523
=+ 0.05 pCi/g) compared to other groups (P=0.02). In both
groups of 1700 and 1900 MHz, brain-specificactivity had no
change during 60 min post-injection compared to the non-
exposed group (P> 0.05).

A comparison between the brain/whole body-specific
activity in all experimental groups after 15 min of EMF ra-
diation showed no significant differences between 15, 30,
45, and 60-min *°™Tc-MIBI activity (P > 0.05) (Figure 4A).
On the other hand, as shown in Figure 4B, the brain/whole
body-specific activity with 30-min EMF irradiation showed
a significant increase in the 900 MHz group (0.3 £ 0.03)
compared to others (P = 0.01). In both groups of 1700
and 1900 MHz, brain/whole body-specific activity had no
change during 60 min post-injection compared to the non-
exposed group (P> 0.05).

As shown in Figure 5A, similar to Optical Density (OD)
of brain tissue extract supernatants in the non-exposed
group, there were no significant differences between 15,30,
45,and 60-min Evans blue accumulation in the brainin the
900, 1700, and 1900 MHz trial groups after 15-min EMF ra-
diation (P> 0.05). A comparison between the OD of brain
tissue extract supernatants in all experiment groups after
30-min EMF radiation showed no significant differences in
Evans blue accumulation in brains (P> 0.05), with a non-
significant increase in the 900 MHz group at the 30-min
post-irradiation time (Figure 5B).

5. Discussion

This study aimed to inspect the distribution of *™Tc-
MIBI in the brain to examine the effect of 900, 1700, and
1900 MHz EMF radiation on the brain **™Tc-MIBI build-up.
The results showed that 30-min irradiation at 900 MHz in-
creased the penetration of *™Tc-MIBI into the brain. *°™Tc-
MIBI can accumulate in tissues such as the heart, liver, kid-
ney, and skeletal muscle tissue (13), but it is not absorbed in
the normal brain due to the presence of BBB (15). The pres-
ence of BBB is crucial for homeostasis of the brain.

Nearly all endogenous materials are excluded from the
brain by endothelial cell’s tight junction (4). The experi-
mental evidence of non-thermal EMF exposure shows in-
creases in the permeability of the erythrocyte membrane,
effects on the BBB, and increases in calcium ion efflux (20).
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Figure 2. Microscopic inspection of samples showing no sign of Evans blue extravasation in brain tissues; brain parenchyma (A), hippocampus (B) (Magnification X 40).

The *°™Tc-MIBI uptake consists of radiotracer passive dis-
tribution across plasma and mitochondrial membranes
(21, 22). On the other hand, the uptake of **™Tc-MIBI also
changes with the intracellular concentration of Na*, indi-
cating that °°™Tc-MIBI behaves like Na* during its uptake
(23). Moreover, increases in K" begin to fall in the %°™Tc-
MIBI uptake. The cellular radioactivity of *™Tc-MIBI is not
dependent on the medium albumin concentration, possi-
bly reproducing a lack in binding of ™ Tc-MIBI to albumin
(24).

A comparison between the optical density of brain tis-
sue extract supernatants in experimental groups after 15
and 30 min of EMF radiation showed no significant differ-
ence between Evans blue accumulations in the samples.
These findings show a discrepancy between our results and
many of the tests with exposure to the 900 MHz band in
which researchers found the increased albumin perme-
ability of BBB(5, 6) and significantly impaired spatial mem-
ory (11). The results showed that 20-min exposure to 900
MHz and 1700 MHz radiations surged the permeability of
BBB in male rats, but the radiation at 900 MHz could af-
fect females. This result may be due to the physiological
differences between female and male animals (12). Eber-
hardt et al. investigated the effects of 900 MHz EMF on the
permeability of the BBB and signs of neuronal damage in
rats. Albumin extravasation and its approval into neurons
increased after two weeks (7). These results are consistent
with the increased penetration of **™Tc-MIBI into the brain

after 30 min of 900 MHz radiation in the present study, but
this change was not observed with Evans blue injections in
any experimental groups.

In other explorations using EMF irradiation, in agree-
mentwith ourresults, no evidence of improved permeabil-
ity of the BBB was shown. In the De-Gannes study, no ef-
fectwas found on albumin extravasation or other neurode-
generative markers in the brain after rats were exposed to
900 MHz EMF radiation (25). On the other hand, in young
male Wistar rats exposed to the same EMF, no degenerative
change and leakage of the BBB were detected (9). Similarly,
EMF at1439 MHz did notinduce noticeable variations in the
permeability of the BBB and cell morphology in the cere-
bellum of rats (26-29). Franke et al. also found no change
in the permeability of the BBB in an in vitro study with
1966 MHz EMF (30). It is also notable that 2450 MHz expo-
sure did not lead to the extravasation of the Evans blue-
albumin compound, confirming the lack of BBB perme-
ability changes in irradiated rats (8). In addition, no ad-
verse impact in terms of BBB leakage or rat brain neuron
degeneration was observed after single exposures to 1800
and 1950 MHz EMF (31). The time between the last irra-
diation and sacrificing animals is the significance of the
discovery of drug leakage since the rapid diffusion of ex-
travasated albumin Similarly, the initial albumin leakage
into the brain tissue may, along with the delay in BBB open-
ingeven 8 weeks after the exposure (6). The results attained
in the Mausset-Bonnefont study showed that acute expo-
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Figure 3. Brain-specific activity during 60 min post-injection of **™Tc-MIBI after EMF irradiation (900, 1700, and 1900 MHz). After 15 min of EMF radiation (A), there were no
significant differences between non-exposed and EMF groups (P> 0.05). After 30 min of EMF radiation (B), there was a significant permanent increase in brain-specific activity

of the 900 MHz group. The data represent the mean = SD. (*P < 0.05).

sure to 900MHz EMF induced changes in the rat brain at
both molecular and cellular levels (32).

Ithas been found that EMF can induce changes in nerve
cells, the function of the nerve myelin, and ion channels;
additionally, EMF can act as a stress source (33). There is
a construction between EMF and neurodegenerative dis-
eases such as headaches, seizures, nausea, and chronic
pain (34). The EMF of mobile phones can cause changes

Middle East ] Rehabil Health Stud. 2020; 7(3):e103714.

in sleep patterns, modifications in the electroencephalo-
gram, and increases in the activities of nitric oxide, malon-
dialdehyde, xanthine oxidase, and adenosine deaminase
(3). The human brain is the closest organ to the mobile
phone during the call mode. Despite biological, physio-
logical, epidemiological, and toxicological studies to as-
sess the adverse outcomes, the potential effects of mobile
phone EMF exposure on the BBB, and the possible involved
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Figure 4. Brain/whole body-specific activity during 60 min post-injection of **™Tc-MIBI after EMF irradiation (900, 1700, and 1900 MHz). After 15 min of EMF radiation (A),
there were no significant differences between non-exposed and EMF groups (P> 0.05). After 30 min of EMF radiation (B), there was a significant permanent increase in the
ratio of the 900 MHz group. The data represent the mean =+ SD. (*P < 0.05).

biochemical pathways are still controversial. Likewise, ex-  5.1. Study Limitations
perimental conditions (time of exposure, frequency, inten-
sity, and type of the field) and tissue parameters are critical

factors. As most humans use mobile phones for daily com- One of the most important limitations of this study
munications, all users around the world need tobeadvised  was associated with its methodology. The present study
of the effects of modern call devices. used 15 or 30 min single exposures to EMF radiation and

found only measurable changes in the 900MHz band. In
contrast, chronic long-term irradiation may cause greater
BBB permeability at other mobile phone EMF frequencies.

6 Middle East ] Rehabil Health Stud. 2020; 7(3):e103714.
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Figure 5. The brain tissue extract supernatants optical density after 15 min (A) and 30 min (B) of EMF irradiation (900, 1700, and 1900 MHz). There were no significant differ-
ences between non-exposed and EMF groups (P> 0.05). The data represent the mean =+ SD.

5.2. Conclusion performed to explain the mechanism of this consequence.

The irradiation with a mobile phone at 900 MHz EMF
could affect *™Tc-MIBI brain extravasation in theratbrain, ~ Acknowledgments
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