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Blood-brain barrier permeability in rats exposed to electromagnetic
fields used in wireless communication

Bertil R.R. Persson *, Leif G. Salford and Arne Brun
Lund University, $-221 85 Lund, Sweden

Biological effects of radio frequency electromagnetic fields (EMF) on the blood-brain barrier (BBB) have been studied in Fischer 344
rats of both sexes. The rats were not anaesthetised during the exposure. All animals were sacrificed by perfusion—fixation of the brains
under chloralhydrate anaesthesia after the exposure. The brains were perfused with saline for 3—4 minutes, and thereafter perfusion fixed
with 4% formaldehyde for 5-6 minutes. Whole coronal sections of the brains were dehydrated and embedded in paraffin and sectioned
at 5 pm. Albumin and fibrinogen were demonstrated immunohistochemically and classified as normal versus pathological leakage. In
the present investigation we exposed male and female Fischer 344 rats in a Transverse Electromagnetic Transmission line chamber to
microwaves of 915 MHz as continuous wave (CW) and pulse-modulated with different pulse power and at various time intervals. The
CW-pulse power varied from 0.001 W to 10 W and the exposure time from 2 min to 960 min. In each experiment we exposed 46
rats with 2-4 controls randomly placed in excited and non-excited TEM-cells respectively. We have in total investigated 630 exposed
rats at various modulation frequencies and 372 controls. The frequency of pathological rats is significantly increased (p < 0.0001) from
62/372 (ratio: 0.17 4 0.02) for control rats to 244 /630 (ratio: 0.39 £ 0.03) in all exposed rats. Grouping the exposed animals according
to the level of specific absorbed energy (J/kg) give significant difference in all levels above 1.5 J/kg. The exposure was 915 MHz
microwaves either pulse modulated (PW) at 217 Hz with 0.57 ms pulse width, at 50 Hz with 6.6 ms pulse width or continuous wave
(CW). The frequency of pathological rats (0.17) among controls in the various groups is not significantly different. The frequency of
pathological rats was 170/481 (0.35+0.03) among rats exposed to pulse modulated (PW) and 74/149 (0.50 % 0.07) among rats exposed
to continuous wave exposure (CW). These results are both highly significantly different to their corresponding controls (p < 0.0001)
and the frequency of pathological rats after exposure to pulsed radiation (PW) is significantly less (p < 0.002) than after exposure to

continuous radiation (CW).

1. Introduction

The mammalian brain is protected from potentially
harmful compounds in the blood by the so called blood-
brain barrier (BBB). It is a selectively permeable, hy-
drophobic barrier that is readily crossed by small, lipid-
soluble molecules [19,24]. Certain lipid-insoluble mole-
cules such as glucose also readily crosses the cell layers
constituting the barrier through carrier proteins that have a
high affinity with specific molecules.

Although knowledge of the barrier’s adaptive role is far
from complete, there is a growing consensus that it serves
not only to restrict entry of toxic polar molecules into the
brain. It also serves as a regulatory system that stabilises
and optimises the fluid environment of the brain’s intracel-
lular compartment [19,24].

The intact BBB protects the brain from damage, whereas
a dysfunctioning BBB, as induced by epileptic seizures or
extreme hypertension, allows influx of normally excluded
hydrophilic molecules into the brain tissue. This might lead
to cerebral oedema, increased intracranial pressure and in
the worst case, irreversible brain damage.

The normal selective permeability of the blood-brain
barrier (BBB) can be altered in several neuropathological
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conditions and experimental situations. The BBB opens
during an acute hypertensive episode [30], in epileptic sei-
zures [15,31], and during therapeutic X-ray irradiation [16].

Several authors have reported that electromagnetic expo-
sure alters BBB permeability [1-4,7,8,10-12,17,20,21,32,
33]. Other authors have reported difficulties in confirm-
ing these findings [11,14,22,23,35-38]. The lack of agree-
ment among investigators might be due to lack of an assay
of BBB permeability that combines sensitivity and speci-
ficity.

Shivers et al. [29] observed during exposure to clinical
magnetic resonance imaging (MRI) procedures an ampli-
fied vesicle-mediated transport of horseradish peroxidase
across the endothelium to the extracellular compartment
of the brain parenchyma of the rat. They did not, how-
ever, report on effects of the exclusive field components.
The mechanism involved, however, points strongly to fa-
cilitation of pinocyosis-like transport of albumin through
BBB [18].

In the present investigation we have studied the perme-
ability of BBB to endogenous albumin and fibrinogen dur-
ing exposure to microwaves. We exposed rats to 915 MHz
microwaves as continuous wave (CW) and pulse-modulated
at the various repetition rates (4217 s~!). Preliminary re-
sults are previously reported by Salford et al. [25-28].

Our model does not make use of radioactive tracers and
does not supply foreign substances or anaesthetics to the
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rat during exposure. Instead it uses the animals own albu-
min, that does not penetrate the intact BBB. The passage
of even minute amounts of albumin from the capillaries
through an opened BBB into the surrounding brain tissue
is revealed by our histopathological technique. This also al-
lows for the identification of exactly in which constituents
(neurones, glial cells, extracellular space) of the surround-
ing brain, where the albumin is situated. The perfusion—
fixation method washes out all blood and its albumin con-
tent from the brain vessels including the capillaries. This
facilitates the identification of albumin that has leaked out
through the opened BBB into the brain.

2. Material and methods
2.1. Exposure in a TEM-cell

A Transverse Electromagnetic transmission line cell
(TEM-cell) used for the RF exposure of rats was designed
by dimensional scaling from previously constructed cells at
the National Bureau of Standards (Crawford, 1974). TEM-
cells are known to generate uniform TEM-fields for stan-
dard measurements.

The cell is enclosed in a wooden box that supports the
outer conductor and central plate. The outer conductor is
made of brass-net and is attached to the inner walls of the
box. The centre plate, or septum, is constructed of alu-
minium and is held up by teflon braces which are screwed
at the inner side walls.

To allow access to the inside of the cell both ends can
be removed. The inside of the cell is ventilated through
18 holes (diam. 18 mm) in the side walls and top of the
box and the brass-net of 50 mesh allows air to circulate.
These holes are also used for examination of the interior
during exposure. Probes for monitoring temperature inside
the cell or of test object are inserted through these holes.

The rats are placed in plastic trays to avoid contact with
the central plate and outer conducter. The bottom of the tray
is covered with absorbing paper to collect urine and faeces.

The rats were exposed to 915 MHz electromagnetic ra-
diation continuous wave and pulse-modulated with differ-
ent repetition rates. The modulated RF-radiation consists of
square wave shaped pulses with durations of 0.57, 4 or 6 ms
and intensities (in Watts) during the presence of the pulse.
Transmitted and absorbed power was measured at continu-
ous wave exposure with and without rats in the TEM-cell.
From these measurements the average SAR in the whole
rat was calculated to be 1.2 4+ 0.4 W/kg per watt of input
power. This value was in good agreement with the theo-
retical estimate of 1.6 W/Kg per watt of input power that
was used in the evaluation of the experiment [5,9,13,34].

2.2. Albumin and fibrinogen immunohistochemistry

Fischer 344 rats of both sexes, weighing 119-555 g (me-
dian: 202 g; 25% quartiles: 175 g; 75% quartiles: 273 g)
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were used in these experiments (own breeding). The rats
were not anaesthetised, during the exposure.

Both controls and exposed animals were sacrificed by
perfusion—fixation of the brains under chloralhydrate anaes-
thesia between 20 minutes and 2 hours after the exposure.
The brains were perfused with saline for 3—4 minutes, there-
after fixed in 4% formaldehyde for 5-6 minutes and im-
mersion fixed in 4% formaldehyde for more than 24 hours.
Whole coronal sections of the brains (3, 7 and 11 mm from
the tip of the frontal pole) were dehydrated and embedded in
paraffin and sectioned at 5 m. The chloralhydrate anaesthe-
sia is necessary to avoid stress and blood pressure rise dur-
ing perfusion—fixation procedure. Also for ethical reason no
animals were sacrificed without chloralhydrate anaesthesia.

Albumin was demonstrated with the IgG fraction of rab-
bit anti-rat albumin (Cappel Research Products, Organon
Teknika, Vistra Frolunda, Sweden) diluted 1:16,000. Fib-
rinogen was demonstrated with rabbit anti-human fibrino-
gen (Dacopatts AB, Higersten, Sweden), diluted 1:500. In-
cubation time for both was over night at 4°C.

Biotinylated swine anti-rabbit IgG was used as a sec-
ondary antibody. Then avidin, peroxidase conjugated, was
coupled to the biotin and visualised with DAB (diaminoben-
zidine), counterstained with Meyer-HTX [6]. Standard con-
trol procedures were used for both albumin and fibrinogen.

The numbers of immunopositive extravasates were
recorded under a microscope. None or occasional minor
leakage was rated as normal, whereas one larger or several
leakages were regarded as pathological. Immunopositive
sites were, however, disregarded when localised in the hy-
pothalamus, basally from the median eminence and laterally
including the nucleus lateralis hypothalami, in the immedi-
ate vicinity of the third ventricles. These structures are well
known for their insufficient blood-brain barrier and within
any part of of the choroid plexus of the ventricles consi-
tently shows immunopositivities, mostly of a diffuse type,
in the strain used in the present experiments.

2.3. Statistics

The frequency of occurrence of albumin extravasation
in exposed and control animals were compared with chi-
square or Fisher’s exact probability test.

3. Results and discussions

Example of pathological leakage around small vessels
is demonstrated in figure 1. The number of pathological
rat brains among all control rats is 62 out of 372 (ratio:
0.174+0.02). These findings are occasional and rare and are
probably due to normal minor disturbances. The frequency
of pathological rats among controls in the various groups
is not significantly different (p < 0.4).

In the present investigation we exposed male and fe-
male Fischer 344 rats in a TEM-chamber to microwaves of
915 MHz as continuous wave (CW) and pulse-modulated
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(b)

Figure 1. Example of pathological leakage around small vessels demonstrated through immunostaining against albumin. Hematoxylin eosin staining.
(a) Section through frontal lobe with cortex and white matter, magnification X 5. (b) Part of (a) with vessel, magnification x 10.

with different pulse power and at various time intervals.
The CW-pulse power varied from 0.001 W to 10 W and
the exposure time from 2 min to 960 min. In each exper-
iment we exposed 4 rats with 4 controls randomly placed
in excited and non-excited TEM-cells, respectively.

We have in total investigated 630 exposed rats at various
modulation frequencies and 372 controls. The frequency
of pathological rats is significantly increased (p < 0.0001)
from 62/372 (ratio: 0.17£0.02) for control rats to 244 /630
(ratio: 0.39 £ 0.03) in all exposed rats. Grouping the an-
imals according to the level of specific absorbed energy
(J/kg) that is normally referred to as “Specific Absorption”
(SA), give significant difference (p < 0.0001) in all levels
of absorbed energy above 1.5 J/kg compared to controls.
(see table 1).

The exposure was 915 MHz microwaves either pulse
modulated (PW) at 217 Hz with 0.57 ms pulse width,
at 50 Hz with 6.6 ms pulse width or continuous wave
(CW). The frequency of pathological rats (< 0.2) among
controls in the various groups is not significantly differ-
ent (p < 0.4). The frequency of pathological rats was
170/481 (0.35 4+ 0.03) among rats exposed to pulse modu-
lated (PW) and 74/149 (0.50 £ 0.07) among rats exposed
to continuous wave exposure (CW). These results are both

highly significantly different to their corresponding con-
trols (p < 0.0001) and the frequency of pathological rats
after exposure to pulsed radiation (PW) is significantly less
(p < 0.002) than after exposure to continuos radiation (CW)
(table 2). The degree of pathological leakage in exposed
animals is more severe and more frequent per animal com-
pared to the controls.

The results of BBB-permeability of albumin in rats ex-
posed to 915 MHz microwaves with different modulation
frequencies for groups exposed to similar SAR values are
displayed in figures 2-5. In figure 2 are displayed the re-
sults at SAR values 4 x 107%-8 x 103 W/kg. Although the
SAR values are very low, around | mW/kg, this group indi-
cates the highest fraction of pathological findings recorded
in the entire investigation. There seems to be a maximum
effect around 8-50 Hz modulation frequency. In figure 3
is given the results at SAR values (2-8) x 102 Wikg. In
this group the effect of CW and 50 Hz modulation is the
same but the effect of 16 Hz and 8.3 & 217 Hz GSM mod-
ulation is very low and not significant. The overall effect
of pulse modulated exposure is, however, significant. Fig-
ure 4 shows the results at SAR values 0.11-0.95 W/kg.
The effect of CW exposure is about the same as in previ-
ous group but the effect of 217 Hz pulse modulation shows
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Table 1
BBB-permeability of rat brain after 915 MHz RF-exposure at various intervals
of specific absorption SA (J/kg).

Group of Normal Pathological ~ Ratio £ SD  Chi-square
specific absorption  score < 1 score > 1  Pathological/all # Contr. p
(/kg)
Controls SA =0 310 62 0.17 £ 0.02
1.5<SAI0 32 34 0.52+0.11 < 0.00005
10 £ SA < 100 30 20 0.40+£0.11 < 0.0002
100 < SA < 1000 116 61 0.34 £0.05 < 0.00005
1000 < SA < 10000 122 78 0.39+£0.05 < 0.00005
10000 < SA < 48000 90 52 0.37 £0.01 < 0.00005
All exposed (630) 386 244 0.39+£0.03 < 0.00005
Table 2
BBB-permeability of rat brain after exposure to 915 MHz microwaves either Pulsed (PW) or Continuous Wave (CW).
Group Number of rats  Number of rats  Ratio + SD P P
with normal  with pathological No. score  Chi-square exposed Chi-square PW
score < | score > 1 2 1to all versus controls versus CW
Controls pulsed (259) 219 40 0.15£0.03 0.68 0.34
Controls CW (113) 91 22 0.19 £ 0.05 0.49
All controls (372) 310 62 0.17 £ 0.02
All exposed pulsed (481) 3 170 0.35+0.03 < 0.00005 0.002
< 0.
All exposed CW (149) 75 74 0.50 £ 0.07 < 0.00005
All exposed (630) 386 244 0.39 £ 0.03 < 0.00005
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Figure 2. Blood-brain barrier permeability of albumin in rats exposed

to 915 MHz microwaves with different modulation frequencies at SAR

values 4 x 1074-8 x 10~% W/kg. The average fraction of pathological
leakage in 372 controls was 0.17 & 0.02.

a significant effect compared to controls. The effect of 8.3
and 16 Hz modulation is however not significantly different
from the controls. Figure 5 displays the results at SAR val-
ues 1.7-8.3 Wrkg. In this group the SAR levels approach
the threshold for thermal effects and the effect of CW ex-
posure is very pronounced with a fraction of pathological
rats of 55%. Surprisingly the effect of pulse modulated
exposure is not significant at this high SAR level.

The frequency of pathological rats was 170/481 (0.35 +
0.03) among rats exposed to pulse modulated (PW) and
74/149 (0.50 £+ 0.07) among rats exposed to continu-

Modulation Frequency / Hz

Figure 3. Blood-brain barrier permeability of albumin in rats exposed

to 915 MHz microwaves with different modulation frequencies at SAR

values (2-8)x10~2 W/kg. The average fraction of pathological leakage
in 372 controls was 0.17 £ 0.02.

ous wave exposure (CW). These results are both highly
significantly different from their corresponding controls
(p < 0.0001) and the frequency of pathological rats af-
ter exposure to pulsed radiation (PW) is significantly less
(p < 0.002) than after exposure to continuous radiation
(CW) (table 2). This is a highly interesting observation as
the current opinion is that pulse modulated electromagnetic
fields are more potent in causing biological effects.

We have demonstrated that microwave exposure pro-
duces an unequivocal effect on the BBB in our rats. The
clinical importance of this finding, however, is disputable.
Our method for detection of albumin is extremely sensi-
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Figure 4. Blood-brain barrier permeability of albumin in rats exposed

to 915 MHz microwaves with different modulation frequencies at SAR

values 0.11-0.95 W/kg. The average fraction of pathological leakage in
372 controls was 0.17 £ 0.02.
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Figure 5. Blood-brain barrier permeability of albumin in rats exposed

to 915 MHz microwaves with different modulation frequencies at SAR

values 1.7-8.3 W/kg. The average fraction of pathological leakage in 372
controls was 0.17 £ 0.02.

tive and reveals even minute amounts of albumin leaking
through the BBB, so small that they may be harmless to the
brain. However, the potential health hazards of the open-
ing the BBB during exposure to wireless communication
demands further investigation.
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