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bstract

Microwaves were for the first time produced by humans in 1886 when radio waves were broadcasted and received. Until then microwaves
ad only existed as a part of the cosmic background radiation since the birth of universe. By the following utilization of microwaves in
elegraph communication, radars, television and above all, in the modern mobile phone technology, mankind is today exposed to microwaves
t a level up to 1020 times the original background radiation since the birth of universe.

Our group has earlier shown that the electromagnetic radiation emitted by mobile phones alters the permeability of the blood–brain barrier
BBB), resulting in albumin extravasation immediately and 14 days after 2 h of exposure.

In the background section of this report, we present a thorough review of the literature on the demonstrated effects (or lack of effects) of
icrowave exposure upon the BBB.
Furthermore, we have continued our own studies by investigating the effects of GSM mobile phone radiation upon the blood–brain barrier

ermeability of rats 7 days after one occasion of 2 h of exposure. Forty-eight rats were exposed in TEM-cells for 2 h at non-thermal specific
bsorption rates (SARs) of 0 mW/kg, 0.12 mW/kg, 1.2 mW/kg, 12 mW/kg and 120 mW/kg. Albumin extravasation over the BBB, neuronal
lbumin uptake and neuronal damage were assessed.

Albumin extravasation was enhanced in the mobile phone exposed rats as compared to sham controls after this 7-day recovery period
Fisher’s exact probability test, p = 0.04 and Kruskal–Wallis, p = 0.012), at the SAR-value of 12 mW/kg (Mann–Whitney, p = 0.007) and with
trend of increased albumin extravasation also at the SAR-values of 0.12 mW/kg and 120 mW/kg. There was a low, but significant correlation
etween the exposure level (SAR-value) and occurrence of focal albumin extravasation (r = 0.33; p = 0.04).
s

The present findings are in agreement with our earlier studies where we have seen increased BBB permeability immediately and 14 days
fter exposure. We here discuss the present findings as well as the previous results of altered BBB permeability from our and other laboratories.

2009 Elsevier Ireland Ltd. All rights reserved.

eywords: Albumin; Blood–brain barrier; Mobile phone; Rat
Abbreviations: BBB, blood–brain barrier; CNS, central nervous system;
W, continuous wave; EMF, electromagnetic field; GSM, global system for
obile communication; ICNIRP, International Commission of Non-ionizing
adiation Protection; MRI, magnetic resonance imaging; RF, radio fre-
uency; SAR, specific absorption rate; TEM-cell, transverse electromagnetic
ransmission line chamber.
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. Introduction: radiofrequency radiation and the
lood–brain barrier

Today about half of the world’s population owns the
icrowave-producing mobile phones. An even larger num-
er is exposed to the radiation emitted from these devices
hrough “passive mobile phoning” [1]. Life-long exposure
o the microwaves (MWs) from mobile phones, with start
lready at a young age, is becoming increasingly common

mailto:henrietta.nittby@med.lu.se
dx.doi.org/10.1016/j.pathophys.2009.01.001
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mong the new generations of mobile phone users. The ques-
ion is: to what extent are living organisms affected by these
adio frequency (RF) fields?

The mobile phones are held in close proximity to the
ead, or within a metre of the head when hands-free sets
re used. The emitted microwaves have been shown to have
any effects upon the mammalian brain; e.g. alterations of

ognitive functions [2,3], changes of neurotransmitter levels
uch as decrease of cholinergic activity [4], gene expression
lterations in cerebellum [5], cortex and hippocampus [6],
nd impact upon the brain EEG activity [7]. Also, the human
rain EEG beta rhythms energies were increased by exposure
o 450 MHz MWs modulated at different low frequencies [8].
ecent epidemiological studies also indicate that long-term
xposure increases the risk of not only for benign vestibu-
ar schwannoma (previously named acoustic neurinoma) [9],
ut also malignant glioblastoma multiforme [10] for mobile
hone use longer than 10 years and with cumulative exposure
rom mobile phones exceeding 2000 h.

It has been shown that electromagnetic fields (EMFs)
ncrease the permeability of the blood–brain barrier (BBB)
for reference see [11]). The BBB is a hydrophobic barrier,
ormed by vascular endothelial cells of the capillaries in the
rain, with tight junctions between these endothelial cells. It
rotects the mammalian brain from potentially harmful com-
ounds in the blood. Also, perivascular structures such as
strocytes and pericytes as well as a bi-layered basal mem-
rane help maintaining the BBB.

The current recommendations for limits of exposure to the
eneral public for EMF radiation [12] are set in order to avoid
hermal effects upon the brain parenchyma.

In our previous studies we have seen that non-thermal RF
elds cause significantly increased leakage of the rats’ own
lbumin through the BBB of exposed rats sacrificed immedi-
tely after the exposure, as compared to sham exposed control
nimals [11,13–18]. Two hours of exposure to the radiation
rom a global system for mobile communications (GSM)
hone at 915 MHz, at non-thermal specific absorption rates
SAR) values of 0.12 mW/kg, 12 mW/kg and 120 mW/kg,
ives rise to focal albumin extravasation and albumin uptake
nto neurons also 14 days after exposure, but not after 28 days
19]. Significant neuronal damage is present 28 days [19] and
0 days after exposure [20], but not after 14 days [19]. Also,
n experiments from other laboratories, BBB permeability is
ncreased in connection to mobile phone exposure [21–23]
nd other kinds of EMF such as magnetic resonance imaging
MRI) exposure [24–26]. In other studies, no such BBB alter-
tions have been demonstrated in connection to mobile phone
xposure [27–29] or other kinds of EMF exposure [30,31].

.1. The blood–brain barrier
An intact BBB is necessary for the protection of the mam-
alian brain from potentially harmful substances circulating

n the blood. In the normal brain, the passage of compounds
ver the BBB is highly restricted and homeostasis within
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he sensitive environment of the brain parenchyma can be
aintained.
The BBB is formed by the vascular endothelial cells

f the capillaries of the brain and the glial cells wrapped
round them. The tight junctions, that seal the endothelial
ells together, limit paracellular leakage of molecules. A
i-layered basal membrane supports the ablumenal side of
he endothelial cells. The glial astrocytes, surrounding the
urface of the basal membrane cells, are important for the
aintenance, functional regulation and repair of the BBB.
he protrusions of the astrocytes, called end feet, cover the
asal membrane on the outer endothelial surface and thus
orm a second barrier to hydrophilic molecules and con-
ect the endothelium to the neurons. Twenty-five per cent of
he ablumenal membrane of the capillary surface is covered
y pericytes [32], which are a type of macrophages. Seem-
ngly, they are in the position to significantly contribute to the
entral nervous system (CNS) immune mechanisms [33].

The physiological properties of the CNS microvasculature
re different from those of peripheral organs. The numbers
f pinocytotic vesicles for nutrient transport through the
ndothelial cytoplasm are low and there are no fenestrations.
lso, there is a fivefold higher number of mitochondria in the
BB endothelial cells as compared to muscular endothelial
ells [34].

In a functioning BBB, the membrane properties control
he bidirectional exchange between the general circulation
nd the CNS. Water, most lipid-soluble molecules, oxygen
nd carbon dioxide can diffuse from the blood to the nerve
ells. The barrier is slightly permeable to ions such as sodium,
otassium and chloride, but large molecules, such as proteins
nd most water-soluble chemicals only pass poorly. However,
hen this barrier is damaged, in conditions such as tumours,

nfarcts or infections, also the normally excluded molecules
an pass through, possibly bringing toxic molecules out into
he brain tissue. The selective permeability is disrupted tem-
orally in cases of epileptic seizures [35,36] and severe
ypertension [37]. The result of this can be cerebral oedema,
ncreased intracranial pressure and irreversible brain damage.
lso, toxic substances from the blood circulation now reach
ut to the neurons. Even transient openings of the BBB can
ead to permanent tissue damage [37].

.2. The earliest studies on the effects of microwave
xposure

The first studies on the MW effects upon the BBB were
eported in the 1970s, when the radiation from radars and

W ovens were considered to be possible health threats.
ncreased leakage of fluorescein after 30 min of pulsed and
W exposure [38] and passage of 14C-mannitol, inulin and
extran at very low energy levels [39] were reported. The

ermeation of mannitol was found to be a definite function of
xposure parameters such as power density, pulse width, and
he number of pulses per second. Also, the BBB permeability
epended on the time between the EMF exposure and the
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acrifice of the animals, with more pronounced effects seen
n the animals sacrificed earlier after the EMF exposure. In
ttempts to replicate the findings of Oscar and Hawkins [39],
owever, these results were not found [40,41]. Similar lack of
W induced BBB effects, was reported by Ward et al. [42]

fter exposure of rats to CWs at 2450 MHz; Ward and Ali
43] after exposure at 1.7 GHz; and Gruenau et al. [44] after
xposure to pulsed or CW waves at 1.8 GHz (including totally
1 rats). On the other hand, Albert and Kerns [45] observed
MF-induced BBB permeability after exposure at 2450 MHz
Ws, with an increase in the number of pinocytotic vesicles
mong the irradiated animals, but after a recovery time of
–2 h, the permeation was hardly detectable anymore. For
etails concerning the EMF exposure parameters in these
tudies, see [11].

.3. MRI exposure

MRI entails a concurrent exposure to a high-intensity
tatic field, a RF field and a time-varying magnetic field.
n connection to the introduction of the MRI technique, the
ffects of exposure to these kinds of fields upon the BBB
ermeability were investigated.

As mentioned above, Shivers et al. [24] observed that
he EMF exposure of the type emitted during a MRI pro-
edure resulted in a temporarily increased BBB permeability
n the brains of rats. Through transendothelial channels, a
esicle-mediated transport of horseradish peroxidase (HRP)
ook place. Replications of the initial findings by Shivers et
l. [24] were made by Garber et al. [46], whereas Adzamli et
l. [30] and Preston et al. [31] could not repeat the findings.

After some years, quantitative support of the findings
y Shivers et al. [24] was presented by the same group
25,26]. In rats exposed to the MRI, the BBB permeability to
TPA (diethylenetriameninepentaacetic acid) increased. A

uggested mechanism explaining the increased permeability
as a stimulation of endocytosis, made possible through the

ime-varying magnetic fields.
Also our studies supported the findings of the Shiver–Prato

roup; seeing that BBB permeability to albumin was
ncreased after exposure to MRI radiation [13]. The most
ignificant effect was observed after exposure to the RF part
f the MRI.

.4. Studies on mobile phone exposure

The mobile phone induced effects upon the BBB perme-
bility is a topic of importance for the whole society today.
e have previously found an increased BBB permeability

mmediately after 2 h of mobile phone exposure [14], and
lso after 14 days [19] and 50 days [20].

Repetitions of our findings of increased BBB permeabil-

ty after mobile phone exposure have been made [47,21,22].
our hours of GSM-900 MHz exposure at brain power den-
ities ranging from 0.3 to 7.5 W/kg resulted in significantly
ncreased albumin extravasation both at the SAR-value of
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.5 W/kg, which is a thermal effect, but also at 0.3 W/kg and

.3 W/kg [47] (statistical evaluations discussed by Salford et
l. [1]). Albumin extravasation was also seen in rats exposed
or 2 h to GSM-900 MHz at non-thermal SAR-values of 0.12,
.5 and 2 W/kg using fluorescein-labelled proteins [21,22].
t SAR of 2 W/kg a marked BBB permeabilization was
bserved, but also at the lower SAR-value of 0.5 W/kg, per-
eabilization was present around intracranial blood vessels.
owever, the extravasation at 0.5 W/kg was seen at a lesser

xtent as compared to that seen at 2 W/kg. Subgroups of the
ats included in these studies were sympathectomised, which
eans that they were in a chronic inflammation-prone state
ith increased BBB opening due to changes in the structures
f the blood vessels. Interestingly, the sympathectomised rats
xposed to GSM radiation had a remarkable increase of the
BB leakage as compared to their sympathectomised sham
ontrols. From these findings it seems likely that an already
isrupted BBB is more sensitive to the RF fields than an intact
BB.

In another study, the uptake of rhodamine–ferritin com-
lex through the BBB was investigated [23]. In this study,
ncreased BBB permeability was clearly seen at exposure
evels of 2 W/kg and durations of 30–120 min. When the
ats were pre-treated with colchicine, the EMF-induced
hodamine–ferritin uptake was however blocked. Colchicine
s well-known for its inhibition of microtubular function.
t was concluded that the microtubules seemed to play an
mportant role for the BBB opening.

Lack of EMF-induced BBB alterations has also been
eported [27–29,48]. In a small study including only 12 EMF
xposed animals, no albumin extravasation was seen, nei-
her after 2 nor 4 weeks of 1 h of daily exposure (average
hole-body exposure at 0.25 W/kg) [27]. In a study includ-

ng 40 animals, Kuribayashi et al. [28] concluded no BBB
lterations was seen after 90 min of daily EMF exposure
or 1–2 weeks at SAR-values of 2 or 6 W/kg. Finnie et al.
29] exposed mice for 1 h daily. However, only the SAR-
alue of 4 W/kg, which is above the ICNIRP limit [12], was
ncluded. In a further study by Finnie et al. [48] 207 mice
ere exposed for 104 weeks at SAR-values of 0.25–4 W/kg,
owever without any observable effects upon the BBB perme-
bility. The same group also reported that the immature BBB
as insensitive to mobile phone exposure, seen after GSM-
00 radiation exposure of pregnant mice from day 1 to day
9 of gestation (SAR of 4 W/kg, exposure for 60 min daily).
o increased albumin extravasation was seen in the new-born
ice immediately after parturition [49] and the same lack of
SM-900 radiation effects upon the BBB permeability was

eported for young rats by Kumlin et al. [50], however, in
his case only 12 out of totally 48 exposed rats were analyzed
istopathologically. The remaining rats were subject to mem-
ry tests, where an improved learning and memory was seen

n the EMF exposed rats as compared to the sham controls.
otably, in all these studies, the SAR-values for exposure are

elatively high; never including the low SAR-values below
00 mW/kg.
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Fig. 2. Shrunken homogenized dark neurons with brownish discoloration
due to uptake of albumin, interspersed among normal neurons in the
hippocampal pyramidal cell row. Albumin: cresyl violet, ×20. (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Fig. 3. Two dark neurons in the hippocampal pyramidal cell row. Albumin:
cresyl violet, ×20.
ig. 1. Albumin neuronal uptake and early neuronopathy in the hippocampal
yramidal cell row among normal neurons. Albumin: cresyl violet, ×20.

In more recent years, in vitro models have been increas-
ngly applied to investigate the BBB; in one of these, it was
hown that EMFs at 1.8 GHz increase the permeability to
ucrose [51]. After modifications of the BBB model to one
ith higher tightness, however, the same group could not

eplicate their initial findings [52]. With application of the
MF of the kind emitted from 3G mobile phones, the same
roup further concluded that their in vitro BBB model also
id not alter its tightness or transport behaviour in connection
o this type of exposure [53].

.5. Neuronal damage in connection to mobile phone
xposure

In our previous studies of animals surviving a longer
eriod after the exposure, we have evaluated the occurrence of
euronal damage extensively [19,20]. This neuronal damage
s seen as condensed dark neurons. Dark neurons have been
roposed to have three main characteristics [54]: (i) irregu-
ar cellular outlines, (ii) increased chromatin density in the
ucleus and cytoplasm and (iii) intensely and homogenously
tained nucleus. Twenty-eight days after 2 h of mobile phone
xposure, the neuronal damage was significantly increased in
he exposed rats as compared to the sham exposed controls
19]. Also 50 days after the same kind of mobile phone expo-
ure, there was an increased occurrence of neuronal damage
20].

In our studies, normal neurons have been shown to have
ncreased uptake of albumin [19] (Fig. 1). Also, in dark neu-
ons this neuronal albumin uptake can be seen (Fig. 2). In our
revious studies, damaged neurons were seen in all locations,
ntermingled with normal neurons especially in the cortex,
ippocampus and basal ganglia. The damaged neurons were
ften shrunken and dark staining, homogenized with loss of
iscernable internal cell structures (Fig. 3). Some damaged

eurons showed microvacuoles in the cytoplasm (Fig. 4).
hese vacuoles are a sign of severe neuronopathy, indicat-

ng an active pathological process. There was no evidence of
aemorrhages or glial reaction.

Fig. 4. Dark neuron in the hippocampal pyramidal cell row, with homoge-
nized nucleus and cytoplasm with a vacuole. Higher magnification of part
of the figure. Albumin: cresyl violet, ×40.



hysiolo

t
m
i
c
r
fi
c
w

b
g
b
h
e
fi
o
a
s
a
r
t
r
t
m
o
i

e
s
d
i
n
a
c
t
w
a
c
d
A
v
a
p
w
t
a
a
n

s
s
b
d
s
p

t
e
p
n
i
w
b
i
f
F
a
[
m
o
l
a
c
B
t
e
a
p
S
i
s

2

t
w
2
1
a
a
i
d

t
h

3

3

v
p
c
c

H. Nittby et al. / Pathop

Dark neurons are reported in clinical and experimen-
al neuropathology from living tissues, but not in autopsy

aterial unless the post-mortem period is short. This could
ndicate that the formation of dark neurons is an active pro-
ess that requires living neurons and that these cells must be
easonably intact [55]. This could be in accordance with our
ndings from the 50-days survival animals, where apoptosis
ould not be detected in any of the RF EMF exposed brains
ith application of Caspase-3 [56].
Dark neurons occur not only after GSM exposure [19,20]

ut also in connection to experimental ischemia [57], hypo-
lycemia [58] and epilepsy [59]. Possibly, dark neurons could
e artefacts, having a pressure-derived mechanical origin, as
as been shown for cortical biopsies (this is less likely consid-
ring the atraumatic method of dissection used here including
xation before handling and in view of the deep location
f the dark neurons). However, dark neurons also appear
s a result of other, and not fully clarified, mechanisms, as
een in the case of GSM exposure, ischemia, hypoglycemia
nd epilepsy. A pharmacologic origin, such as depolarization
elated to tissue glutamate release in injury, could explain
he pathogenetic mechanism for dark neurons in these cases,
ather than the pressure-derived mechanical origin. Indeed,
he formation of dark neurons can be prevented using phar-

acologic forms of glutamate antagonism [55]. In the case
f our studies, our technique for the resection of the rat brains
s chosen to avoid mechanical pressure.

Findings of dark neurons in connection to mobile phone
xposure have been reported by Ihan et al. [60] (GSM expo-
ure of rats for 7 days, 1 h daily). Also, an increase of oxidative
amage was seen in the exposed rats as a significant increase
n malondialdehyde (MDA) (an index for lipid peroxidation),
itric oxide (NO) levels, brain xanthine oxidase (XO) and
denosine deaminase (ADA) activities, as compared to the
ontrols. With treatment of the anti-oxidant Gingko biloba,
he EMF induced increments of XO, ADA, MDA and NO
ere prevented. The anti-oxidant activity of G. biloba is

ttributed to its flavinoid glycosides, which are the active
ompounds in the leaves. The action of these flavinoids is to
estroy free radicals, such as NO and lipid peroxide radicals.
lso the formation of dark neurons was reported to be pre-
ented when the rats had been treated with G. biloba. Other
ttempts to repeat our findings of dark neurons after mobile
hone exposure have been performed in a collaborative effort
ith Bernard Veyret’s group in Bordeaux [61]. In this study,

he situation 14 days and 50 days after 2 h of GSM-900 radi-
tion exposure at average brain SAR-values of 0.14 W/kg
nd 2.0 W/kg was evaluated. No increased amount of dark
eurons was reported.

It has been suggested that BBB leakage is the major rea-
on for nerve cell injury, such as dark neurons in stroke-prone
pontaneously hypertensive rats [62]. Albumin leaks into the

rain and neuronal degeneration is seen in areas with BBB
isruption in several circumstances: after intracarotid infu-
ion of hyperosmolar solutions in rats [63]; in the stroke
rone hypertensive rat [65]; in acute hypertension by aor-
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ic compression in rats [37]. The linkage between albumin
xtravasation over the BBB and neural damage might be a
otentiating effect of albumin upon the glutamate-mediated
eurotoxicity [64]. Indeed, both albumin- and glutamate-
nduced lesions have the same histopathological appearance
ith invasion of macrophages and absence of neuronal cell
odies and axons in the lesion areas [65]. The glutamate
tself can also increase the BBB opening [66], leading to
urther albumin extravasation out into the brain parenchyma.
rom our previous findings of albumin extravasation 14 days
fter exposure [19] and dark neurons not until after 28 days
19] and 50 days [20], it could be hypothesized that albu-
in extravasation into the brain parenchyma, is the first

bservable effect of the mobile phone exposure. The albumin
eakage precedes and possibly could be the cause of, the dam-
ge to the neurons seen as the dark neurons later on. In this
onnection, the findings of [37] that transient openings of the
BB can result in permanent tissue damage, can also be men-

ioned. Hypertensive opening of the BBB resulted in albumin
xtravasation after 2 h, but the effects remained, although to
lesser extent, also after 7 days. Many neurons with cyto-

lasmatic immunoreactivity for albumin appeared shrunken.
even days after the BBB opening, there was a neuronal loss

n these areas and a vigorous glial reaction, indicating that
ome neurons were irreversibly damaged [37].

. Aims of the present study

In the present study we have continued to investigate
he effects of EMFs upon the rat brain, now with focus on
hat happens 7 days after GSM exposure at 915 MHz for
h at non-thermal energy levels of 0.12 mW/kg, 1.2 mW/kg,
2 mW/kg and 120 mW/kg. The main questions to be
nswered were: whether the same increase of the BBB perme-
bility is seen 7 days after exposure as that showed previously
mmediately after exposure and after 14 days, and whether
ifferent exposure levels result in a different response.

In order to compare to our previous findings, we have used
he same exposure system, GSM signal, animal model and
istopathological methods as in our previous studies.

. Materials and methods

.1. GSM exposure

The animals were exposed to RF EMFs in the same trans-
erse electromagnetic transmission line cell (TEM-cells) as
reviously described and used by [1,2,5,13–19]. The TEM-
ells were designed by dimensional scaling from previously
onstructed cells at the National Bureau of Standards [67].

EM-cells are known to generate uniform EMFs for standard
easurements.
A genuine GSM mobile phone, operating at the 900 MHz

requency band, with programmable power output, was con-
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ected via a coaxial cable to the TEM-cells. Through a
ower splitter, the power was divided into equal parts fed
nto the four TEM-cells used (TEM-cell A, B, C and D). No
oice modulation was applied. Each of the four TEM-cells
s connected to a 50 � dummy load, into which the output
s terminated. By using these TEM-cells, the pulse mod-
lated exposure fields can be accurately generated without
he distortion that is typically introduced when conventional
ntennas are used to establish impulse test fields. Thus, a
elatively homogeneous exposure of the animals is allowed
68].

The TEM-cell is enclosed in a wooden box (inner dimen-
ions of 15 cm × 15 cm × 15 cm) that supports the outer
onductor, made of brass net, and central conducting plate.
he central plate separates the top and bottom of the outer
onductor symmetrically. Eighteen holes (diameter 18 mm)
n the sidewalls and top of the wooden box make ventilation
ossible. Air is circulated through the holes of the TEM-
ells using four fans, each placed next to the outer walls of its
espective TEM-cell. The holes are also used for examination
f the interior during exposure. For a further description of
he TEM-cell, see [68].

The rats were placed in plastic trays (14 cm × 14 cm ×
cm) to avoid contact with the central plate and outer con-
uctor. The bottom of the tray was covered with absorbing
aper to collect urine and faeces. Each TEM-cell contained
wo plastic trays, one above and one below the centre septum.
hus two rats could be kept in each TEM-cell simultane-
usly. All the animals could move and turn around within the
EM-cells.

For the actual experimental situation with one rat in each
ompartment of the TEM-cell, the conversion factor K for
AR per unit of input power could be fitted to the data as

= (1.39 ± 0.17) − (0.85 ± 0.22)w (1)

ith w the sum of weights in kilograms of the 2 rats in the
ell and the variance given as SEM. For a more detailed
escription, see [2].

Whole-body SAR and brain SAR vary with orientation.
n our present set-up, the average of SAR for the brain grey
atter was 1.06 times the average whole-body SAR, with a

tandard deviation of 56% around the average value for the
ifferent orientations, as estimated by us previously [19].

.2. Animals

All animal procedures were performed according to the
ractices of the Swedish Board of Animal Research and
ere approved by the Animal Ethics Committee, Lund-
almö.
Forty-eight inbred male and female Fischer 344 rats (the
ats were supplied by Scanbur AB, Stockholm, Sweden)
ere 2–3 months of age at the initiation of the EMF expo-

ure. Male and female rats weighed 225 g ± 56 g (standard
eviation) and 233 g ± 60 g (standard deviation) respectively.

w

q
1

gy 16 (2009) 103–112

he rats were housed in rat hutches, two in each cage,
nder standard conditions of 22 ◦C room temperature, arti-
cial daylight illumination and rodent chow and tap water
d libitum.

The 48 rats were divided into four exposure groups, each
roup consisting of 8 rats, and one sham exposed group with
6 animals.

The peak power output from the GSM mobile phone
ed into the TEM-cells was 1 mW, 10 mW, 100 mW and
000 mW per cell respectively for a period of 2 h. This
esulted in average whole-body SAR of 0.12 mW/kg,
.2 mW/kg, 12 mW/kg and 120 mW/kg for the four different
xposure groups.

All animals were kept in the animal facilities for a recovery
eriod of 7 days after exposure. At the end of this period they
ere anaesthetized and sacrificed by perfusion-fixation with
% formaldehyde.

.3. Histopathology and methods

The brains were fixed in situ through saline perfusion
hrough the ascending aorta for 3 min followed by 4%
ormaldehyde for 10 min and immersion in 4% formalde-
yde for 24 h. They were then removed from the skulls
y a non-traumatic technique (resection of bone structures
t the skull base, followed by a midline incision from the
oramen magnum to the nose) and immersion fixed in 4%
ormaldehyde for more than 24 h. Whole coronal sections of
he brains were dehydrated and embedded in paraffin, sec-
ioned at 5 �m with a microtome and stained for RNA/DNA
ith cresyl violet to visualize damaged neurons. Albumin
as demonstrated with the IgG fraction of rabbit anti-rat

lbumin (Dakopatts, Helsingborg, Sweden) diluted 1:8,000.
his reveals albumin as brownish spotty or more diffuse dis-
olorations. Biotinylated swine anti-rabbit IgG was used as a
econdary antibody. Then avidin, peroxidase conjugated, was
oupled to the biotin and visualized with DAB (diaminoben-
idine).

All brains were examined histopathologically by our
europathologist (A.B.). All microscopic analyses were per-
ormed blind to the test situation.

Regarding albumin extravasation, the number of
mmunopositive extravasates (foci) were recorded under

microscope. None or occasional minor leakage was
ated as normal, whereas one larger or several leakages
ere regarded as pathological. Immunopositive sites were,
owever, disregarded when localized in the hypothalamus,
bove the median eminence and laterally including the
ateral hypothalamic nuclei, in the immediate vicinity of the
hird ventricle and just beneath the pial membrane. These
tructures are well known for their insufficient BBB. Also
as judged semi-quantitatively.
Regarding neuronal damage, this were judged semi-

uantitatively as no or occasional (score 0), moderate (score
) or abundant occurrence (score 2) of dark neurons.
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.4. Statistics

As an initial discriminative test, the occurrence of an effect
f exposure (score 1 or higher for albumin foci; score 0.5 or
igher for neuronal albumin uptake and dark neurons) was
ested against sham exposed controls using Fisher’s exact
robability test.

The Kruskal–Wallis one-way analysis of variance by
anks was used for a simultaneous statistical test of the
core distributions for the five conditions of sham or EMF
xposure. When the null hypothesis could be rejected, the
on-parametric Mann–Whitney U-test for independent sam-
les was used to compare each of the groups of GSM exposed
nd sham exposed animals.

The occurrence of covariates such as gender, the position
f the rat in the TEM-cell (upper/lower compartment) and
he TEM-cell used (TEM-cell A, B, C or D) was evaluated
sing linear regression analysis.

Spearman’s non-parametric correlation analysis was used
or evaluation of correlation between exposure level, albumin
oci, neuronal albumin and dark neurons.

. Results

In exposed animals there were albumin positive foci
round capillaries in the white and grey matter (Fig. 5).
he albumin had diffused into the neuropil between the cell
odies, surrounding the neurons, which either contained no
lbumin or contained albumin in some foci. Scattered neu-
ons were albumin positive. Regarding the dark neurons,
resyl violet staining showed that these were scattered and
ometimes grouped within the brain parenchyma.
The occurrence of albumin outside brain vessels was char-
cterized as albumin foci around vessels. After the 7 days
ecovery time, albumin foci were found significantly more
ften among exposed rats (25%) than among sham exposed

ig. 5. Focal leakage of albumin shown in brown in the cortex. Albumin:
resyl violet, ×10. GSM-900 EMF exposure at 12 mW/kg. (For interpreta-
ion of the references to color in this figure legend, the reader is referred to
he web version of the article.)
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ats (0%) (Fisher’s exact probability test, p = 0.04). There was
low, but significant correlation between the exposure level

SAR-value) and the occurrence of albumin foci (Spearman
nalysis, rs = 0.33; p = 0.04). Taking the level of exposure
nd quantification of neuropathological effects into account
t could be concluded from a simultaneous non-parametric
omparison of all 5 exposure levels with the Kruskal–Wallis
est, that the distribution of albumin foci differed significantly
Kruskal–Wallis, p = 0.012).

Pair-wise comparisons between the different exposure
evels and sham exposed animals revealed statistically sig-
ificant differences for SAR of 12 mW/kg (Mann–Whitney,
= 0.007), whereas a trend of increased albumin extravasa-

ion could be seen for 0.12 mW/kg (Mann–Whitney, p = 0.1)
nd 120 mW/kg (Mann–Whitney, p = 0.1).

Also, the occurrence of neuronal albumin was evaluated.
simultaneous analysis for all exposure levels revealed a sig-

ificant difference between the five groups (Kruskal–Wallis,
= 0.03, however Fisher’s exact probability, p = ns). A pair-
ise comparison revealed that albumin uptake occurred
ore frequently at 1.2 mW/kg as compared to sham exposed

Mann–Whitney, p = 0.02). No difference was found for
he occurrence of neuronal damage (Kruskal–Wallis, p = ns;
isher’s exact probability test, p = ns).

Linear regression analysis did not reveal any influence of
ender, position of the animals in the TEM-cell (upper/lower
ompartment) or the TEM-cell used (TEM-cell A, B, C or
) on the frequency of albumin foci, neuronal albumin or
ccurrence of dark neurons.

. Discussion

The present study provides evidence that GSM exposure
esults in disruption of the BBB permeability, with remaining,
bservable effects 7 days after the exposure occasion. Only
on-thermal SAR-levels, below the limits of allowed expo-
ure for humans [12] are considered. This finding of increased
lbumin extravasation after 7 days (Kruskal–Wallis, p = 0.012
ith all animals included in the analysis, which is also in

greement with the Fisher’s exact probability test, p = 0.04)
s in line with our earlier findings of albumin leakage both
mmediately following 2 h of GSM exposure [16] and 14 days
19] after 2 h of GSM exposure. Also, the increased occur-
ence of neuronal albumin 7 days after the exposure is in line
ith the findings 14 days after exposure [19].
In our previous study, where the animals have been sac-

ificed immediately after the EMF exposure, we have seen
lbumin extravasation only at the most in 50% of the iden-
ically exposed animals, although all animals are inbred
ischer 344 rats [16]. Among the rats exposed to the pulse
odulated EMFs at 915 MHz, 35% showed albumin extrava-
ation. Also in the sham exposed animals, albumin leakage
as present (in 17% of the animals). When the animals have

urvived 7 days after the EMF exposure, albumin extrava-
ation is seen in a lesser proportion (25% of the exposed
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nimals) and in none of the sham controls. This could be
ue to a rapid diffusion of extravasated albumin down to, and
eyond concentrations possible to demonstrate immunohis-
ochemically. Numerous routes of clearance of extravasated

olecules out from the brain tissue are present in the living
rain and compounds can also become sequestered intracel-
ularly, become protein bound or metabolized. After 14 days,
lbumin extravasation is seen in a somewhat larger proportion
f the EMF exposed animals (29% of the exposed animals)
nd none of the sham controls. Thus, a secondary BBB open-
ng might have started at some time point after the initial
pening, leading to a vicious circle of albumin leakage.

The mechanism for the passage of albumin over the BBB
s not clear. Extravasation might occur through paracellular
outes, including alterations of tight junctions between the
ascular endothelial cells, or transcellular routes with induc-
ion of pinocytosis or transcytosis, formation of transendothe-
ial channels or disruption of the endothelial cell membrane.
n connection to EMF exposure, amplified vesicle-mediated
ransport across the microvessel endothelium occurs, includ-
ng also transendothelial channels, but no passage through
isrupted inter-endothelial tight junctions [24].

One remarkable observation is that exposure at very low
hole-body average power densities gives rise to a pro-
ounced albumin leakage. In the present study, significant
ffects could be seen already at 12 mW/kg, although the dif-
erent animal groups included a relatively small number of
nimals. Most certainly, the trends seen for exposure levels
f 0.12 mW/kg and 120 mW/kg would have reached statis-
ical significance if more animals had been included in the
ifferent exposure groups.

The phenomenon with increased BBB permeability
lready at very low energy levels might represent a U-curve
esponse. In our other studies, we have seen that the rats
n several of the groups with different SAR-levels of EMF
xposure have a significant BBB opening [16,19]. The U-
esponse curve occurs also in connection with other kinds of

W exposure, where cerebral vessel permeability after an
nitial rise decreased with increasing MW power [39].

Further investigation of BBB permeability in connection
o EMF exposure is important not only in order to reduce the
otentially harmful effects, but also to use possible beneficial
ffects [69]. The transport of drugs over the BBB might be
egulated, so that targets within the brain can be reached. For
xample, steering of BBB passage of the antiretroviral agent
aquinavir has been accomplished in an in vitro model of
he human BBB, where a frequency of 915 MHz generated
he highest BBB permeability [69]. This could be extremely
mportant in order to reduce the HIV replication in the brain
f HIV-infected individuals.
. In conclusion

The time between EMF exposure and sacrifice of the ani-
als is of great importance for the detection of albumin foci.
gy 16 (2009) 103–112

even days after 2 h of GSM mobile phone exposure, there
s still an increased permeability of the BBB of exposed
ats. This is in concordance with earlier findings of albumin
xtravasation out into the brain parenchyma immediately and
4 days after 2 h of mobile phone exposure.

. General conclusion

Taken together, it can be concluded that in a number of
tudies MW effects upon the BBB permeability have been
bserved. Increased permeability can be seen both immedi-
tely after exposure, but also 7 days after the exposure, as
eported in this primary report, and after 14 days. It seems
hat the effects of the MW radiation might result in persistent
hanges, such as those seen in our own studies with neu-
onal damage both 28 and 50 days after 2 h of mobile phone
xposure. In a future perspective, with increasing number of
ctive mobile phone users, passive mobile phoning, radiation
mitted from base stations and also MWs emitted from other
ommunication sources, effects of low non-thermal levels of
xposure must be considered further. The effects seen in the
at studies give some clues about what might possibly happen
n the human brain, with a BBB very similar to that of rats.

hile awaiting latency periods long enough for adequate epi-
emiological interpretations, further studies on both animals
nd cells are of utmost importance.
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