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INTRODUCTION

All life on the Earth has adapted to survive in an environment of weak natural
electromagnetic fields (EMF) which came from two main sources: sun and thunder-
storm activity. But in the last hundred years this natural EMF background has been
altered by man-made energy sources. The man-made energy sources generate elec-
tromagnetic waves, which can be characterized by their wavelength, frequency or
intensity and power. Electromagnetic waves at high frequencies are called electro-
magnetic radiation (EMR) or radio-frequency radiation (RFR). Radiofrequency
fields (RFF) at high frequencies in the GHz range are microwaves. The main sources
of RFR are e.g. radio, television, radar, cellular telephones antennas and microwave
ovens. This scale of frequencies physically belongs to “non-ionizing”™ radiation
range. Thus, exposure of living organisms to the EMR is not a new phenomenon but
during the last hundred years environmental exposure to man-made EMF has been
steadily increased and in the modern era everyone is exposed to a complex mix of
EMF at much higher intensities than whenever before.

Concerns about a possible health effect of RFR energy go back to the Second
World War and before, and reports of health effects appeared in the Soviet and
Eastern European literature in the 1950s and 1960s (13). The possible risk of
microwave radiation, in GHz range, for the nervous system has been regularly pub-
lished for at least 40 years, when radar and microwave cookers posed a possible
health problem, i.e. before the beginning of the mobile phones expansion (7, 8).

This review is focused on neuro-morphological methods and results achieved on
various animals in defined laboratory conditions, mimicking the environment pol-
luted by RFR energy rather than the related physical data of experiments.

BIOLOGICAL EFFECTS OF RFR

The term “biological effect’” is used to refer changes of a physiological, biochemical
or behavioral nature, which are induced in an organism, tissue or cell, in response to
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external stimulation. A “biological effect” only becomes a safety hazard when it caus-
es a detectable impairment of an individual’s health or health of her or his offspring. A
“health effect” is a biological effect, which may endanger the normal working of an
organism to this stimulation in that it goes beyond the framework of the physiological
responses to the action of the external factor. It is known that the absorbed RFR is con-
verted into heat. Tissue heating or “thermal” effect can occur in tissue as a result of
EMEF absorption in the dissipative tissue media. The absorbed RF energy in tissue is
quantified by using the specific absorption rate — SAR (W/kg), which is the primary
parameter used when discussing the health risk due to the EMF power absorption in
the body, or using the maximum permissible exposure value, which is the upper limit
of RFR power density (W/m?) exposure for biological tissues (for details about SAR
calculation see 27). Thermal effects have been studied extensively in cells and animals,
and it has been known for many years that exposure to very high levels of RFR can be
harmful due to the ability of RF energy rapidly heat biological tissue. Consequently,
biological systems alter their functions as a result of change in temperature (23). On the
other hand “non-thermal” effects are not caused by heat, but by direct interaction of the
RFF with molecules and tissue components and till now are not very well understood.

Speculations that the biological responses of animal and human bodies to RFR are
actually stress responses, i.e. that the RFR is a stressor, started Lai in 1987 (21). The
same author a few years later, put some evidence on similar effects of the RFR and
stress reaction and in this light the RFR started to be considered a potential health haz-
ard (24, 25, 22). It was shown that RFR activates the stress hormone, corticotropin
releasing factor, and affects benzodiazepine receptors in the brain, i.e. the mediators
known to change when an animal is stressed (for review of the stress related disorders
see 35). That is why the EMR is sometimes referred as an agent of electrostress.

RFR EFFECTS ON NERVOUS TISSUE

Biophysical relations of the RFR on nervous tissue can be consistently and clear-
ly expressed by Weinberger and Richter’s (44) article title: “*Cellular telephones and
effects on the brain: The head as an antenna and brain tissue as a radio receiver”. The
effect of RFF on extraordinarily complex nervous system is widely discussed in sci-
entific papers, popular journals and on internet. WHO Regional Office for Europe
introduced that approximately 25,000 articles have been published in the area of bio-
logical effects and medical applications of non-ionizing radiation till 1996. In com-
parison to the huge number of wide range of literary data and reviews of them, the
literary reviews dealing only with the microwave effects on the nervous systems are
much more less.

Recently a couple of comprehensive reviews about the effects of RMR appeared:
the epidemiological review of D’Andrea er al.. (9), review of Hossmann and
Hermann (15) about multidisciplinary experimental studies and mini-review of
Westerman and Hocking (45) on case reports of RFR effects on the peripheral ner-
vous system. The latest review article of Karger (19), on raised public concern about
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the possibility of associated adverse health effects of mobile phone technology.
shows that there is currently some evidence for its biological effects but further high-
quality research is still necessary.

It should be pointed out that although the research in this field spans the disci-
plines of physics and engineering, biophysics, molecular genetics, clinical and eco-
logical studies, the voluntary exposure of the human brain to microwaves from
hand-held mobile phones by approximately one-fourth of the world population can
be called “the largest human biological experiment ever”. Without any doubt EMF,
due to the mobile phones, which are on the best way to become “cigarettes of this
century”, appeared as a new serious public health issue. One of the key points, on
the way of establishing potential health hazard of EMR, represents laboratory stud-
ies on animals and among them systematic neuro-morphological studies represent a
basis for all other scientific fields.

MORPHOLOGICAL STUDIES ON EXPERIMENTAL ANIMALS
AFTER RFR

Our review of the literary data about EMR experiments on animals shows that rat
is the most often used animal in such experiments and the blood-brain barrier (BBB)
is one of the first and the most studied morpho-functional unit of nervous tissue in
this field (Table I).

The BBB changes

Since in 1977, Oscar and Hawkins (33) demonstrated temporary changes in the
permeability for small molecular weight saccharides in the BBB system of rats for
the first time, leakage of many other tracers was published in connection with EMR
in experimental animals (29, 2, 6, etc.).

At the same time some contradictory results have been published. Preston et al.
(34) and Lin and Lin (26) demonstrated absence of the BBB increased permeability
for “C—manitol and/or sodium fluorescein in animals exposed to the EMR. Gruenau
et al. (14), and later Ward and Ali (43), by using of '*C-sucrose, as well as *H-inulin,
after microwave irradiation of rats, showed no leakage of the tracers, regardless of
the microwaves power density level. They concluded that there is no damage of
BBB after such intervention.

Heating/cooling effects on BBB permeability

The thermal controls, i.e. samples subjected to direct heating, have been studied
beside the microwave exposure from the beginning of the experimental studies on
animals. Merritt et al. (29). to replicate the initial investigations on BBB (of the
above mentioned Oscar and Hawkins, 33), studied brain uptake of parenterally
administered fluorescein and '"*C-manitol isotope after similar exposure of rats.
Increased fluorescein uptake was seen only when the rats were made hyperthermic
in a warm-air environment. The attempts to alter permeability of BBB for manitol-
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Table 1. - Studies on BBB permeability after microwave exposure: a chronological view of selected

papers.

Authors

Experimental conditions

Results

Oscar and Hawkins 1977

Merritt et al. 1979

Albert and Kerns 1981

Arber et al. 1986

Neilly and Lin 1986

Salford er al. 1992; 1993;
1994

Ikeda et al. 1994

Fritze et al. 1997

Salford er al. 2003

Single 20 min exposure
to 1.3 GHz;

pulsed or continuous waves.

D-mannitol
Rats

Replicated Oscar and
Hawkins’s (1977) study in
combination with direct
heating;

Fluorescein and '"*C-manitol

Low-level microwaves
HRP
Chinese hamster

Single 60 min exposure
to 2450 MHz;
Helix aspersa

15 min exposure to 3.15
GHz combined with ethanol
administration; Evans blue;
Rats

Subthermal power density
(pulse modulated and
continuous);

Rats

8 MHz;
Evans blue;
Dogs

4 h exposure to the SAR
of 7.5 W/kg;
Rats

2 h exposure to the SAR
of 2, 20, and 200 mW/kg
and 50 days survival;
Rats

Nonuniform leakage, in medulla,
cerebellum,hypothalamus,

hippocampus and cerebral cortex observed
immediately and 4 h after exposure,

but not later.

Increased fluorescein uptake only in
a warm-air environment. The brain
must be “made hyperthermic™ to
occur changes induced by microwave
radiation.

Reversible increasing of BBB permeability
and lesions in random brain areas.

EM changes in the Golgi complex
and swelling of endplasmic reticulum in
neurons of subesophageal ganglia.

Ethanol inhibits microwave-induced
permeation of the BBB by reduced
heating of the brain. Increased ethanol
quantity decreased degree of brain
tissue staining.

Albumine leakage from capillaries
and its accumulation in the brain
neurons and glial cells was
proved in series of 1600 rats.

BBB breakdown and histological changes
of neurons and myelinated fibres at 43 °C.

Only in this experimental group
very modest reversible extravasation.

Cresyl violet and albumin antibody
showed neuronal damage in the cortex,
hippocampus and basal ganglia.

C'" or fluorescein only with EMR were unsuccessful. These studies indicated that
the brain must be made hyperthermic to occur changes in permeability of the BBB
induced by microwave radiation (29).

There are some studies demonstrating that the model of BBB can be utilized also
for demonstration of the microwaves heating effects. Neilly and Lin (30) published
combined effect of ethanol and microwaves on BBB penetration for Evans blue in
anesthetized rats. The results showed that as the quantity of ethanol was increased,
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the degree of brain tissue staining was decreased or eliminated. This study indicates
that ethanol inhibits microwave-induced permeation of the BBB through reduced
heating of the brain.

Ikeda et al. (16) demonstrated the BBB breakdown for Evans blue and histologi-
cal changes of neurons and myelinated fibres as a thermal effect of RFR in dog brain
at 43 °C. In agreement with these results, Ohmoto er al. (31) observed significant
histological changes and cerebral blood flow increase in the brain cortex. heated
between 41 °C and 43 °C.

On the other hand, different morphological findings in “heat controls™ used in
RFR paradigm (18, 40, 10) were taken into account of the RFR non-thermal effects.
However, Lai (23) disagree with such interpretation because it is difficult to repro-
duce the pattern of RFR internal heating by an external heating, as it is known that
a conventional oven cooks food in a different way than a microwave oven. Thus, the
results that “heat control do not produce the same effect of RFR”, does not really
support the existence of non-thermal effects (23).

Histological findings beside the BBB changes

Albert and Kerns published in 1981 (21) a reversible increase of BBB permeabil-
ity to horseradish peroxidase (HRP) after low-level microwave exposure of Chinese
hamster. Beside these changes they demonstrated also lesions in random areas of the
brain immediately following exposure. The lesions were not as common following
I hr recovery period, and were absent after 2 hrs recovery period.

Among the morphological observations after animal exposure to the EMR are
electron microscopical findings very rare but the submicroscopical observations
started very early. Arber er al. (6) demonstrated minor changes in Golgi complexes
and slight swelling of endoplasmic reticulum of snail neurons.

The observations of Salford’s research team started a new era of EMR experi-
mental work — the mobile phone era. His team in series of more than 1600 rats, has
proven that subthermal power density from both pulse-modulated and continuous
RFF including those from GSM (Global System for Mobile Communications)
mobile phones have the potency to significantly open the BBB such that the animal’s
own albumin (but not fibrinogen) passes out of the blood stream into the brain tis-
sue and accumulates in the neurons and glial cells surrounding the capillaries (36,
57989

Fritze et al. (12) described a very modest reversible extravasation of albumin after
microwave exposure without any histological injury observed in rat brain tissues.

Recently, Salford er al. (39) has taken a different approach to focus on the possibil-
ity that microwave exposures causing BBB damage could cause damage to the brain
itself. In this study 12-26 weeks old rats were chosen because their developmental age
is comparable to that of human teenagers, notably the most frequent users of mobile
phones. Paraffin sections were stained for RNA/DNA with cresyl violet to show
“dark™ neurons and albumin antibody to reveal albumin. A highly significant (p <
0.002) evidence for neuronal damage, i.e. presence of “dark” neurons, in the cortex,
hippocampus, and basal ganglia, in the brains of exposed rats was found. Some of
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these “dark’ neurons were also albumin positive. In spite of the results, the authors
opinion is that this kind of neuronal damage may not have immediately demonstrable
consequences, even if repeated but in the long run it may result in reduced brain
reserve capacity, that might be unveiled by other later neuronal disease or aging.

Histopathological findings

Albert and DeSantis in 1975 (1) published that microwave irradiation of Chinese
hamsters consistently selectively alters some areas of the CNS (Table II). At the
microscopic level, neuronal somata in the hypothalamus and subthalamus displayed
vacuolisation and chromatolysis. The Fink-Heimer technique has provided some
tentative evidence that microwave irradiation may produce axonal degeneration.
Electron microscopy revealed a decrease in the protein synthesis apparatus, i.e.
scarcity of rough endoplasmic reticulum and polyribosomes, and presence of
swollen membranous structures in hypothalamic neuropil dendrites.

A couple of articles appeared on effect of non-ionizing radiation on cerebellum.
Pregnant squirrel monkeys, exposed to RFR from the beginning of pregnancy till the
offspring’s first 9.5 months, showed no significant differences between control and
experimental animals in the number of Purkinje cells (3). Another study of these
authors was done on rats (4) exposed to microwaves at various ages as well as dur-
ing pregnancy. Quantitative studies of Purkinje cells showed a significant and irre-
versible decrease in rats irradiated during fetal or fetal and early postnatal life. In
animals exposed postnatally, and euthanized immediately after irradiation, signifi-
cant decrease in the relative number of Purkinje cells was apparent.

Light and electron microscopical study of neonatal rats cerebella (5) revealed the
presence of small deeply stained cells with hyperchromatic pycnotic nuclei within

Table 2. - Morphological findings after microwave exposure: a chronological view of selected papers.
8 i ! 8 ! pay

Authors

Methods and animals

Results

Albert and DeSantis 1975

Albert et al. 1981

Albert and Sheriff 1988

Mausset et al. 2001

Takahashi er al. 2002

Fink-Heimer
degeneration technique:
Electron microscopy:
Chinese hamster

Quantitative study:
Squirrel monkey

Light and electron
microscopy:
Neonatal rats

Semiquantitative GABA
immunohistochemistry;
Rats

Histopathology:
Ki-67;
Big blue mice

Vacuolisation and chromatolysis in
neurons of hypo- and subthalamus.
Axonal degeneration. Scarcity of rough
endoplasmic reticulum and
polyribosomes.

Irreversible decrease of Purkinje cells
immediately after irradiation.

Pycnotic nuclei in external granular layer
of the cerebellum, clumped chromatin,
membrane disintegration.

Decrease in optical density in the all
three layers of cerebellum immediately
after exposure.

Negative results about gliosis,
degenerative lesions and apoptosis.
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the external granular layer. The number of these cells in the exposed rats was near-
ly twice that in the controls. The Nissl bodies in Purkinje cells were finely dispersed
and in some experimental animals mononuclear cellular infiltration was visible.
Under electron microscope the deeply stained pycnotic small cells presented elec-
tron dense nuclei with clumped chromatin, extrusion or disintegration of the nucle-
us, ruptured nuclear membrane, and vacuolization of the cytoplasm. Most of the
Purkinje cells of experimental animals showed small, disorderly arrays of rough
endoplasmic reticulum instead of typical orderly stacks of parallel arrays. The
authors suggest that microwave radiation may interfere with early genesis of cere-
bellar neurons and alter the metabolic status of Purkinje cells.

Immunohistochemical and histochemical findings

Semiquatitative immunohistochemical analysis was used to investigate the effects
of RFR on cerebellar neurotransmitter GABA content (28) in rats. Selective diminu-
tion of the stained processes area in the Purkinje cell layer after exposure to pulse
RFR and, in addition, a decrease in optical density in the all three cell layers after
exposure to continuous RF waves were demonstrated.

The possible mutagenic potential of EMR was investigated in locally exposed Big
blue mice brain (42). No gliosis or degenerative lesions were histopathologically
noted in the brain tissues, and no obvious differences in Ki-67 labeling and apop-
totic increases of glial cell were evident.

Contemporary morphological findings

In this chronological setting of literary data it is interesting to mention the latest
results from studies testing the effects of the EMF on experimental animals pub-
lished in 2005 (Table III). The BBB is still an object of research interest however, at
the level of genes related to the alteration of this structure (20). After local, head
exposure of immature (4 weeks old) rats, equivalent in age to the time when the
BBB development is completed, and young adult rats, respectively, there were no
pathological changes of vascular permeability, monitored with reference to the
transfer of FITC-dextran and FC20.

An associated study of acute effects of pulsed microwaves and 3-nitropropionic
acid on neuronal ultrastructure in the rat caudate-putamen showed that the
microwave exposure changed neuronal ultrastructure in ways that depends on
microwave SAR and neuron metabolic status (41).

Finnie (11) studied the effect of acute exposure to GSM on immediate early gene,
c-fos expression in mice brain. Using a purpose-designed exposure system, mice
were given a single whole body exposure. Control mice were sham-exposed or
freely mobile in cage without further restrain. The c-fos protein expression was
detected immunohistochemically in perfusion-fixed brains. Activation of ¢c-fos in the
exposed and sham-exposed brains was comparable, but was greatly increased in
comparison to the freely moving controls. These results suggest that the majority of
acute genomic response detected by c-fos expression was due to immobilization
rather than irradiation.
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Table 3. - Neuro-morphological studies of EMR published in 2005.

Authors

Methods and animals

Results

Kuribayashi er al. 2005

Seaman and Phelix 2005
Finnie 2005

mals

Inouye er al. 2005

Orendacova et al. 2005

Genes related to the
BBB alteration;
Immature and young
adult rats

EM quantitative study:
Rats

¢-fos immunohistochemistry;

Mice

Quantitative analysis;
Golgi-Cox impregnation;
Rats

Fluoro Jade-B and
NADPHAd histochem.;

No pathological relevant differences
for FITC and FD20 tracer after local
head exposure in immature and young
adult animals.

Ultrastructural changes in neurons are
dependent on metabolic status of neurons
and microwave SAR.

Activation of c¢-fos in the irradiated ani-
is rather due to their immobilization than
due to the applied irradiation.

Intrauterine and early postnatal
irradiation of animals does not
influence brain development.

Neurogenetic regions of aged animals
are more sensitive to the EMR than

HSP immunohistoch.;
Rats

the regions of adult animals.

In a developmental study of male Sprague-Dawley rats (17) exposure of animals
started from prenatal period (in utero exposure) till day 40 postpartum. The histologi-
cal parameters examined included the brain cortex architecture, germinal layer along
the lateral ventricles and the myelination of corpus callosum. Quantitative measure-
ment of neurons, the spine density of the pyramidal cells in layer III of the somatosen-
sory cortex and the density of basal dendritic trees of the pyramidal cells in layer V
were measured in Golgi-Cox impregnated specimens. The density of Purkinje cells
was measured in the thionin stained specimens. The published data from this study, in
spite of their impact on various brain structures and age of animals, also failed to
demonstrate that there is a significant effect on the rat brain development due to
microwave exposure during the embryonic, fetal and postnatal period.

The microwave effect on neurogenetic region related to the olfactory system in
young adult and aged rats (32) was evaluated. The animals were irradiated with a
pulsed-wave RFF for 8 hrs. After 24 hrs and 4 weeks survival NADPH-diaphorase
and Fluoro Jade-B histochemistry and HSP immunohistochemistry were performed.
The results indicate that the rostral migratory stream and subventricular zone in the
aged rats is more sensitive for the RFF than in the young adult animals. This com-
parative study deals with evaluation of cell proliferation and migration changes due
to the known neurodegenerating agent — alcohol, and potentially neurodegenerating
agent — the EMR.
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CONCLUSION

This review shows that despite of many studies, the evidence for microwave
health hazard remains controversial. The morphological findings in experimental
animals put some evidence on nervous tissue structural damage after RFR exposure,
but the results are ambiguous and very often vague. In our opinion, disclosing
changes in nervous tissue due to the RFR needs standard well defined laboratory
conditions, mimicking environment polluted by RFR energy, and using a vide range
of contemporary neuromorphological methods. Collaboration between engineers,
biologists and medical professionals is highly expected.

SUMMARY

The possible risk of electromagnetic radiation (EMR) for nervous system is reg-
ularly published from the middle of 20th century. Numbers of neurobiological stud-
ies demonstrate that various EMR frequencies induce changes in nervous tissue of
experimental animals but the evidence for health effect of EMR to the nervous sys-
tem remains uncertain. To solve the fundamental questions about possible health
hazard of modern technologies, the main producers of EMR, further intensive exper-
imental studies on animals are needed.

This review, focused on morphological findings achieved in various experimental
animals, demonstrates that blood-brain barrier is the most studied morpho-functional
unit of CNS in experiments with EMR. The morphological findings in experimental
animals, in many cases controversial, put some evidence on nervous tissue structural
damage after the EMR exposure. In spite of numerous literary data a wide range of con-
temporary neuro-morphological methods waits to be utilized in the EMR experimental
paradigm. Using these methods could play an important role in answering the question
about possible adverse effects of microwaves on nervous system.
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