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Abstract

Health concerns have been a raised after the enormous increase in the use of mobile phones and related base
stations throughout the world. In spite of extensive increase in the studies of biological effects of mobile
phone radiations with in last decades, little is known about the effect of long term exposure. In this present
report, we summarized a review of the literature on the effects of radio-frequency radiation exposure on the
permeability of blood-brain barrier. Gazi University Biophysics group have earlier shown that the
electromagnetic radiation emitted by mobile phones — also called radio-frequency radiation - alters the
permeability of the blood—brain barrier, GSM like modulated fields were found to be more effective than
continuous-wave fields. This paper will review some evidence that demonstrates the existence of non-thermal
effects and the exposure complexities that must be considered and understood to provide appropriate, more
thorough evaluation and guidance for future studies and for assessment of potential health consequences
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Introduction

For many years there has been a discussion among the
general public regarding the biological effects of
radio-frequency radiation (RFR) on the human
organism. The mobile phone induced effects on the
permeability of blood-brain barrier (BBB) is one of
the main topics of importance for the whole society
today. Electromagnetic spectrum (Figure 1) covers a
broad frequency range; static electric and magnetic
fields, low-frequency electric and magnetic fields and
high-frequency electromagnetic fields that is also
called radio-frequency radiation, infrared radiation
(IR), visible light, ultraviolet radiation (UV), X-rays
and Gamma Rays which includes 1022 Hz
frequencies. The upper radiofrequency range (GHz
range- tens/hundreds of 109 Hz) includes microwaves.
RFR does not have sufficient energy to produce
ionization. It is universally accepted that RFR can
cause tissue heating (thermal effects) and extremely
low-frequency (ELF) fields, e.g., 50 and 60 Hz, can
cause electrical current flows that shock and even
damage or destroy tissues (12). These factors alone
are the underlying bases for present electromagnetic
field exposure standards. The article reviews current
research on biological effects of RFR on the
permeability of blood-brain barrier..

Overview

Today more than half of the world’s population owns
mobile phones. For 2017, the number of mobile phone
users is forecast to reach 4.77 billion. Lifelong
exposure to the radio frequency radiations (RFR) from
mobile phones, with start already at a young age, is
becoming increasingly among the new generations of
mobile phone users. The mobile phones are held in
close proximity to the head, or with in a meter of the
head when hands-free kits are used. The emitted
radio-frequency radiation have been shown to have
many effects upon the brain; e.g. alterations of
cognitive functions (1), gene expression alterations in
cerebellum (2), cortex and hippocampus (3), changes
of neurotransmitter levels such as decrease of
cholinergic activity (4), and effect on brain waves as
determined by electroencephalography - EEG (5).
Epidemiological studies also indicate that long term
exposure increases the risk of not only acoustic
neuroma (6), but also malignant glioblastoma
multiform (7) for mobile phone use longer than 10
years. The WHO (World Health Organization) /
International Agency for Research on Cancer (IARC)
has classified RFR as possibly carcinogenic to humans
(2B) based on the increased risk for glioma, a
malignant type of brain cancer associated with
wireless phone use (8).
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Figure 1. Electromagnetic Spectrum

IARC working group discussed one study of past
mobile phone use (up to the year 2004), this study
showed a 40 % increased risk of gliomas in the
highest category of heavy mobile phone users
(Reported average: 30 minutes per day over a 10 year
period).

It has been shown that RFR leads to increase in the
permeability of the blood—brain barrier (BBB) (Figure
2) (9-10).

The BBB is a hydrophobic barrier, formed by vascular
endothelial cells of the capillaries in the brain, with
tight junctions between these endothelial cells (11). It
protects the mammalian brain from potentially
harmful compounds in the blood. Perivascular
structures such as astrocytes and pericytes as well as a
bi-layered basal membrane also help maintaining the
BBB. In the functioning BBB, the membrane
properties control the bidirectional exchange between
the general circulation and the central nervous system
- CNS. Water, most lipid-soluble molecules, oxygen
and carbon dioxide can diffuse from the blood to the
nerve cells. The barrier is slightly permeable to ions
such as sodium, potassium and chloride, but large
molecules, such as proteins and most water-soluble
chemicals pass poorly. However, when this barrier is
damaged, in conditions such as tumors or infections,
the normally excluded molecules can pass through,
possibly bringing toxic molecules out into the brain
tissue.
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The selective permeability is disrupted temporally in
cases of epileptic seizures (10). The result of this can
be cerebral edema, increased intracranial pressure and
irreversible brain damage. Also, toxic substances from
the blood circulation now reach out to the neurons.
Even transient openings of the BBB can lead to
permanent tissue damage (11).

Many national and international exposure standards
for RFR exposure from the use of mobile phone,
related base stations, radars, other wireless devices,
Wi-Fi systems etc. are ultimately based on the
production of heat particularly in regions of the head,
that is, thermal effects. The recent recommendations
for limits of exposure to the general public for RFR
(12) are set in order to avoid thermal effects upon the
brain parenchyma. There are some reports that discuss
the existence of non-thermal effects, and include
provisions for reduced maximum-allowable limits
should certain radiation characteristics occur during
the exposure.

In the previous 1970s, when the radiation from radars
and microwave ovens were considered to be possible
health threats, the first studies on the microwave
(MW) (in the GHz regions of RFR spectrum) effects
upon the BBB were reported. Increased leakage of
fluorescein after 30 min of pulsed and CW exposure
(13) and passage of '“C-mannitol, inulin and dextran
at very low energy levels (14) were reported.
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Figure 2: General structure of blood-brain barrier

The permeation of mannitol was found to be a definite
function of exposure parameters such as power
density, pulse width, and the number of pulses per
second. Also, the BBB permeability depended on the
time between RFR exposure and the sacrifice of the
animals, with more pronounced effects seen in the
animals sacrificed earlier after the RFR exposure.
However, these results were not found in some
replication studies (15). No induced BBB effects, was
reported by Ward et al. (16) after exposure of rats to
CWs at 2450 MHz; Ward and Ali (17) investigated
the permeability of blood-brain barrier to high and low
molecular weight compounds under CW and pulsed-
RFR. They exposed RFR on animals at 0.1 W/kg SAR
values and they found no change in uptake of either
sucrose or inulin as compared with those of sham
exposed animals. Gruenau et al. (18) exposed animals
to pulsed or CW waves at 1.8 GHz (including totally
31 rats) and found no effect about these exposures. On
the other hand, Albert and Kerns (19) observed RFR
induced BBB permeability after exposure at 2450
MHz CWs, with an increase in the number of
pinocytotic vesicles among the irradiated animals.
However, after a recovery time of 1-2 h, the
permeation was not detectable anymore.

In our previous studies we have seen that non-thermal
RF fields cause significantly increased leakage
through the BBB of exposed rats sacrificed
immediately after the RFR exposure, as compared to
sham exposed animals (20-22). We have used 900
MHz and 1800 MHz, continuous wave and global
system for mobile communications (GSM) modulated
RFR and found increased permeability of blood-brain
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barrier of both female and male rats in non-thermal
levels. Eberhardt et al (2008) have shown that two
hours of exposure to the radiation from a GSM phone
at 915 MHz, at non-thermal specific absorption rates
(SAR) values of 0.12 mW/kg, 12 mW/kg and 120
mW/kg, gives rise to focal albumin extravasation and
albumin uptake into neurons also 14 days after
exposure (23). Significant neuronal damage is present
28 days and 50 days after exposure (24), but not after
14 days. BBB permeability is also increased in
connection to mobile phone exposure in experiments
from other laboratories (25-26). The effects of
exposure to MRI related fields upon the BBB
permeability were also investigated. MRI includes an
exposure to a high-intensity static field, a RF field and
a time-varying magnetic field. Shivers et al. (27)
observed that the EMF exposure of MRI procedure
resulted in a temporarily increased BBB permeability
in the brains of rats. A vesicle-mediated transport of
horseradish peroxidase (HRP) took place through
transendothelial channels. Replications of the initial
findings by Shivers et al. (27) were made by Garber et
al. (28), whereas Adzamli et al. (29) and Preston et al.
(30) could not confirm the findings. In 1990,
quantitative support of the findings by Shivers et al.
(20) was presented by the same group.

The BBB permeability to DTPA
(diethylenetriameninepentaacetic acid) increased in
rats exposed to the MRI. A suggested mechanism
explaining the increased permeability was a
stimulation of endocytosis, made possible through the
time-varying magnetic fields. Salford’s studies
repeated the findings of the Shiver & Prato group;
BBB permeability to albumin was increased after
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exposure to MRI radiation. The most significant effect
was observed after exposure to the RF part of the
MRI. There are also studies which demonstrated no
BBB alterations under mobile phone exposure or MRI
exposure (31-32).

Salford et al. found an increased BBB permeability
immediately after 2 h of mobile phone exposure (33),
and also after 14 days and 50 days. Repetitions of
their findings of increased BBB permeability after
mobile phone exposure have been made (34). Four
hours of 900 MHz exposure at brain (0.3 to 7.5 W/kg)
resulted in  significantly increased albumin
extravasation both at the SAR-value of 7.5 W/kg,
which is a thermal effect, but extravasation was seen
also at 0.3 W/kg and 1.3 W/kg (35). Albumin
extravasation was also seen in rats exposed for 2 h to
GSM liked modulated 900 MHz at non-thermal SAR-
values of 0.12, 0.5 and 2 W/kg using fluorescein-
labelled proteins. A marked BBB permeabilization
was observed at SAR of 2 W/kg, permeabilization was
also present around intracranial blood vessels at the
lower SAR-value of 0.5 W/kg. However, the
extravasation at 0.5 W/kg was seen at a lesser extent
as compared to that seen at 2 W/kg. Finnie et al. (36)
exposed mice for 1 h daily to RFR with SAR value of
4 W/kg, which is above the ICNIRP limit (12).

In a further study by Finnie et al. (37) 207 mice were
exposed for 104 weeks at SAR-values of 0.25-4
W/kg. In both Finnie’s studies, there was no effect on
the BBB permeability. The same group also reported
that the immature BBB was insensitive to mobile
phone exposure, seen after GSM- 900 radiation
exposure of pregnant mice from day 1 to day 19 of
gestation (SAR of 4 W/kg, exposure for 60 min daily).
No increased albumin extravasation was seen in the
new-born mice immediately after parturition. Kumlin
et al. (38) confirmed that 900 MHz radiation have no
effect on the BBB permeability of young rats. In vitro
models have been increasingly applied to investigate
the BBB in last years; in one of these, it was shown
that 1.8 GHz exposure increase the permeability to
sucrose (39). After modifications of the BBB model to
one with higher tightness, however, the same group
could not replicate their initial findings (40). They
concluded that their in vitro BBB model also did not
alter its tightness or transport behavior under the
exposure of RFR emitted like 3G mobile phones (41).

There are also some reports that investigated the
neuronal damage in connection to mobile phone
exposure. Eberhardt et al. have evaluated the
occurrence of neuronal damage in animals surviving a
longer period after the exposure. This neuronal
damage is seen as condensed dark neurons. Dark
neurons have been proposed to have three main
characteristics (42): (a) irregular cellular outlines, (b)
increased chromatin density in the nucleus and
cytoplasm and (c) intensely and homogenously stained
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nucleus. The neuronal damage was significantly
increased in the exposed rats as compared to the sham
exposed controls twenty-eight days after 2 h of mobile
phone exposure (23). There was also an increased
occurrence of neuronal damage 50 days after the same
kind of mobile phone exposure. In these studies,
normal neurons have been shown to have increased
uptake of albumin. In previous studies of this group,
damaged neurons were seen in all locations,
intermingled with normal neurons especially in the
cortex, hippocampus and basal ganglia. The damaged
neurons were often shrunken and dark staining,
homogenized with loss of discernable internal cell
structures. Dark neurons are reported in clinical and
experimental neuropathology from living tissues, but
not in autopsy material unless the post-mortem period
is short.

This could indicate that the formation of dark neurons
is an active process that requires living neurons and
that these cells must be reasonably intact (43). Dark
neurons occur not only after GSM exposure but also
in connection to experimental ischemia, hypoglycemia
(44) and epilepsy (45). A pharmacologic origin, such
as depolarization related to tissue glutamate release in
injury, could explain the pathogenetic mechanism for
dark neurons in these cases, rather than the pressure-
derived mechanical origin. The formation of dark
neurons can be prevented using pharmacologic forms
of glutamate antagonism (42). Ilhan et al. have also
reported dark neurons in connection to RFR exposure
of rats for 7 days, 1 h daily (46). An increase of
oxidative damage was also seen in the exposed rats as
a significant increase in malondialdehyde (MDA) (an
index for lipid peroxidation), nitric oxide (NO) levels,
brain xanthine oxidase (XO) and adenosine deaminase
(ADA) activities, as compared to the controls. The
RFR induced increments of XO, ADA, MDA and NO
were prevented with treatment of the anti-oxidant
Gingko biloba. The anti-oxidant activity of Gingko
biloba is attributed to its flavinoid glycosides, which
are the active compounds in the leaves. The action of
these flavinoids is to destroy free radicals, such as NO
and lipid peroxide radicals. Also the formation of dark
neurons was reported to be prevented when the rats
had been treated with Gingko biloba.

It has been suggested that BBB leakage is the major
reason for nerve cell injury, such as dark neurons in
stroke-prone spontaneously hypertensive rats (47).
Albumin leaks into the brain and neuronal
degeneration is seen in areas with BBB disruption in
several circumstances: after intra-carotid infusion of
hyperosmolar solutions in rats; in the stroke prone
hypertensive rat (48). The linkage between albumin
extravasation over the BBB and neural damage might
be a potentiating effect of albumin upon the
glutamate-mediated neurotoxicity (11). Indeed, both
albumin and glutamate induced lesions have the same
histopathological appearance with invasion of
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macrophages and absence of neuronal cell bodies and
axons in the lesion areas (49). The glutamate itself can
also increase the BBB opening (50), leading to further
albumin extravasation out into the brain parenchyma.

Conclusion

Scientific literature on the effects of RFR on blood-
brain barrier is reviewed. The controversy about
potential health hazards associated with the exposure
to RFR has been recently stimulated by the increasing
use of mobile phones and related RFR sources.
Attention has focused here on non-thermal effects of
low-level RFR, which does not lead to a heating of
tissue. At the present level of knowledge, there is no
final comment that can be drawn from the available
data concerning potential health hazards. Although
there seem to be some biological effects, these cannot
provide pure evidence for any adverse health
consequences. However, further research is needed for
a better understanding of the interaction between RFR
and biological effects. In contrast to low-frequency
fields, exposure to high-frequency non-ionizing
radiation i.e. RFR can lead to significant absorption of
energy and temperature increases, depending on the
radiation intensity. Safety guidelines recommend
upper intensity limits to prevent significant
temperature rises. There is increasing evidence that
weak RFR, at intensities well below those necessary
to cause any significant heating, can also induce
biological effects. Attention is now focused on these
direct non-thermal effects of low-intensity RFR not
mediated by heating of tissue. This holds particularly
for the controversy regarding health consequences of
the new communication technologies. Although there
are an increasing number of reports about biological
effects induced by weak RFR, there is still a great lack
of available data, especially related with human
beings. An important drawback is that the
fundamental mechanisms of the interaction with
biological systems are not yet understood in detail.
Finally, efforts have to be made to elucidate the
fundamental mechanisms underlying the interaction of
RFR and the central nervous system on the neuronal
level. Whereas the effects of high levels of RFR
leading to tissue heating are basically understood,
there is still a great lack of knowledge regarding the
non-thermal effects of low intensity radiation.

Positive findings must be replicated by independent
research groups, and interpretation of results must not
be distorted due to potential conflicts of interests,
because of funding administered by the
communication industry or influences of specific
interest groups. On the other hand, although negative
findings do not necessarily confirm the absence of a
potential biological effect, an accumulation of well-
performed studies producing negative results will
provide increasing confidence regarding the safe use
of mobile phones.
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