
Abstract. The biological effects of exposing the developing
brain to radiofrequency electromagnetic fields (RF) are still
unclear. Our experiments investigated whether three
inflammation-related, microcirculatory parameters in juvenile
and young adult rats were modified during local cortex
exposure to RF under non-thermal conditions. The cortex tissue
was locally exposed to 1457 MHz RF at an averaged specific
absorption rate of 2.0 W/kg in the target area for 50 min and
variations of pial venule parameter were measured directly in
vivo. There was no significant difference in hemodynamics,
plasma velocity or vessel diameter, between exposed and sham-
exposed groups for either rat development stage. No increase
related to RF exposure was found in leukocyte adhesion to
endothelial cells in any microvessels observed. These findings
suggest that RF is unlikely to initiate inflammatory responses,
at least under these exposure conditions.

In toxicological science, it is important to evaluate the adverse
effects of physical and chemical factors on children's health

during their development. Sensitivity to certain factors is
considered to be greater during the developmental stage than
in adults. Many studies using experimental animals have
suggested this tendency. For example, among physical factors,
rat brains are known to exhibit age-dependent sensitivity to
cellular injury caused by irradiation (1). Among chemical
factors, ethanol has been reported to affect synaptic activity in
the hippocampus, more severely, in developing rats than adults
(2, 3). However, science and technology are constantly
producing new physical and chemical factors with unknown
toxicities. Therefore, toxicological evaluations during the
developmental stage are recommended and several guidelines
for developmental neurotoxicity testing are available (4, 5).

One physical factor recently considered likely to have an
impact on health in the developmental stage is radiofrequency
electromagnetic fields (RF). The intensity of RF is controlled
under guidelines established by the International Commission
on Non-Ionizing Radiation Protection to provide protection
from known adverse health effects (6). The guidelines specify
the basic restriction values in terms of specific absorption rates
(SAR; W/kg). The restriction values for exposure of the
general public to local and whole-body RF (100 kHz-10 GHz)
are 2 and 0.08 W/kg, respectively. Nevertheless, recent use in
various applications, such as magnetic resonance imaging and
WiFi communications, has caused concern about possible
adverse effects. In particular, widespread use of smartphones
among the younger generation has accentuated this concern,
leading to a requirement for early investigation into adverse
effects at developmental stages (7).
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Several research groups have evaluated the biological
effects of RF exposure in rodents during the developmental
stage (8-12), but the findings have not conclusively
demonstrated adverse effects of RF under these conditions. In
terms of the positive effects of RF, Paulraj and Behari found
an increase in brain glial cell populations in rats at the
developmental stage (35 to 70 days old) following chronic
whole-body RF exposure at 0.11 W/kg (11). Kumlin et al. also
reported that learning and memory in the water maze test were
improved in developing rats after whole-body RF exposure for
5 weeks (9). In contrast, Klose et al. found that daily RF
exposure of the rat head region had no harmful impact on
learning skills or behavior, even in juveniles (8). Kuribayashi
et al. also failed to find any adverse effects on the blood–brain
barrier (BBB) of immature and young rats after local brain
exposure to RF (10). Like these, the issue of the effects of RF
during the developmental stage remains controversial.

If the brain were affected by RF exposure at the
developmental stage, some possible effects might be observed
as acute inflammatory responses. In pro-inflammatory and
inflammatory situations in the brain, significant variations are
known to occur in cerebral microcirculatory parameters,
including vessel diameter, blood flow, leukocyte behavior, and
permeability of the BBB (13-15). Previous experiments did
not detect any acute effects of RF exposure on BBB
permeability in developing rats (16), but no other parameters
have been evaluated as far as we are aware of. 

The aim of the present study was to investigate whether
dynamic variations in hemodynamics and leukocyte behavior
were observed in brains of juvenile and young adult rats
during local cortex exposure to RF. Our group had already
examined changes in these microcirculatory parameters in
adult rats in vivo following RF exposure, but not in rats at
developmental stages or during exposure. 

Materials and Methods

Animals. Male Sprague-Dawley rats of two different ages, 4-week-
old juvenile rats (n=31, 128±4 g) and 8-week-old young adult rats
(n=36, 327±5 g), (Japan SLC, Inc., Shizuoka, Japan) were used for
this experiment. They were fed a standard pellet diet and given water
ad libitum in an animal room with a 12-h light/dark cycle at a
temperature of 23.0±1˚C and a relative humidity of 50±10%. All
experimental procedures were conducted in accordance with the
ethical guidelines for animal experiments at the National Institute of
Public Health, Japan.

Preparation of closed cranial window. The closed cranial window
setup (CCW) was implanted into the parietal region of each rat at
least one week before the observation. The CCW was previously
developed to observe dynamic changes in pial microcirculatory
parameters, such as BBB function and plasma velocity under RF
exposure conditions (17-19). In brief, the rats were anesthetized with
an intramuscular injection of ketamine (100 mg/kg) and xylazine (10
mg/kg). After removal of skin, connective tissues and a 7.5-mm

circular patch of skull from the parietal region, the CCW (circular
cover-glass 7.0 mm in diameter) was inserted into the hole in the skull
and fixed with acrylic glue.

Definition of target area and local RF exposure. The target cortex
tissue was locally exposed to a 1457 MHz RF (signal type; Personal
Digital Cellular signal) at several averaged SAR for the target cortex,
using a figure-8 loop antenna positioned 5 mm above the CCW (20,
21) (Figure 1A).

The target area was defined as a diskoid area of rat parietal cortex
tissue, located just under the CCW, centered 1.5 mm posterior of the
bregma and 1.5 mm lateral (left) of the midline. The area included
the pia mater (7.5 mm diameter, 0.5 mm depth), in which
physiological responses were evaluated during local RF exposure
(Figure 1B). 

RF exposure intensities were estimated and set at 2.0 W/kg SAR in
the target area (TASAR) for rats of both age groups. For juvenile rats,
the relative values of brain- and whole body-averaged SARs for the
TASAR of 2.0 W/kg were 0.59 and 0.057 W/kg, respectively. For
young adult rats, these averaged SARs were 0.54 and 0.03 W/kg,
respectively. Exposure at 2.0 W/kg continued for 50 min in order to
record changes in microcirculatory parameters. The sham-exposed
rats were also prepared using the same system, but without RF
exposure (0 W/kg).

Real-time measurement of microcirculatory parameters. Three
microcirculatory parameters were measured before, during, and
immediately after RF exposure (Figure 1C), using an intravital
fluorescence microscopy system built for previous experiments (21).
In brief, rats were anesthetized with an intramuscular injection of
ketamine (100 mg/kg) and xylazine (10 mg/kg) and a subcutaneous
injection of pentobarbital (12.5 mg/kg). Each rat was placed on a
heating pad circulating warmed water (42˚C) during exposure.

Monitoring was carried-out through the CCW using intravital
fluorescence microscopy. The system used for observing the two
hemodynamic parameters consisted of a binocular fluorescence
microscope (SZX12; Olympus Optical Co. Ltd., Tokyo, Japan), an EB-
CCD camera (C7190-23; Hamamatsu Photonics K.K., Hamamatsu,
Japan), and high-speed camera (FASTCAM-NET; Photron Ltd.,
Tokyo, Japan), combined with an image-intensifier (VS4-1845;
International Ltd., Dulles, VA, USA). The other parameter, leukocyte
behavior, was monitored using a binocular fluorescence microscope
(MVX10; Olympus Optical Co. Ltd.) and the EB-CCD camera. Two
fluorescence dyes, fluorescein isothiocyanate (FITC)-dextran for
hemodynamics (70 kDa, 25 mg/kg; Sigma-Aldrich Co., St. Louis,
MO, USA) and Rhodamine 6G (100 μg/kg; Sigma-Aldrich Co.) were
intravenously injected to visualize the plasma and leukocytes,
respectively, in pial venules. The fluorescence images of the pial
microvascular bed were captured on a video recorder (WV-DR7; Sony,
Tokyo, Japan) equipped with a timer (VTG-33; FOR.A Co. Ltd.,
Tokyo, Japan). All images were later analyzed off-line.

Observation of hemodynamics. To evaluate the hemodynamics in the
pial venule, its diameter and blood flow velocity were measured using
the method reported previously (17, 21). In brief, venule diameter was
measured on the fluorescence images every 10 min after the FITC-
dextran injection. In each animal, 7-12 pial venules (8 ≤ d ≤ 50 μm)
were selected and the ratio of the venule diameter to the initial
diameter at 10 min before exposure was recorded. Blood flow
velocity was measured using the dual-slit method developed by our
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team (22). The fluorescence motion images of blood flow in the pial
venule were recorded using a high-speed camera (500 frames/s) every
10 min after the intravenous FITC-dextran injection. Blood flow
velocity was calculated using the time interval obtained from dual-
slit intensity and the distance between the two slits. We selected 4-12
pial venules (8 ≤ d ≤ 50 μm) in each animal and recorded the ratio
of the velocity to the initial velocity at 10 min before exposure.
Variations in diameter and velocity were averaged for each animal to
obtain the average change within the target area for the animal and
then compared between sham- and RF-exposed groups (n=6-14
animals per each group).

Observation of leukocyte behavior. Changes in leukocyte behavior
were evaluated using the number of leukocytes that interacted with
the endothelium of the pial venules (18). In brief, the interactions
were classified into one of two states as 'rolling' or 'sticking'. Rolling
leukocytes were defined as cells that interacted weakly with the
endothelium and exhibited a rolling behavior along its surface.
Sticking leukocytes were defined as cells that attached to the
endothelium for at least 30 s with strong interactions. Leukocytes
were visualized with Rhodamine 6G and measured on the
fluorescence images for 30 s per venule. The number of leukocytes
in each state was counted on a 100-μm length of the pial venules.

Positive control. To confirm that the observation methods were valid,
a phototoxic injury model (23) of rat cerebral microcirculation was
prepared as a positive control. A juvenile rat, which had been
observed for evaluating leukocyte behavior under sham exposure
conditions, was reused for this purpose. The pial microvascular bed
was exposed to a maximum intensity light source (488 nm) through
the CCW for 90 s after intravenous injection of FITC-dextran. Venular
diameter and leukocyte behavior were observed using fluorescence
microscopy, as described above.

Data analysis. Two-way repeated ANOVA and the Mann–Whitney U-
test were used for statistical analysis to evaluate the differences
between the sham- and RF-exposed groups. A value of p<0.05 was
considered statistically significant.

Results
Temperature conditions. Details of temperature conditions for
this experiment were described in our companion article (16).
The temperature information is, therefore, repeated briefly here
for reference: Basal temperatures in the target area and rectum
at the beginning of exposure were stabilized, without any
significant difference between sham- and RF-treated groups
(n=3 animals per group). In juvenile rats, the average
temperatures in the target area in sham- and RF-treated groups
were 34.6±1.1˚C and 35.1±0.8˚C, respectively. The average
rectal temperatures were 35.4±0.3˚C and 36.1±0.7˚C,
respectively. Similar results were obtained in young adult rats,
with average target area temperatures of 34.7±0.3˚C and
35.0±0.1˚C, and rectal temperatures of 36.2±0.3˚C and
36.2±0.1˚C, respectively. There were no significant differences
in either basal temperature between the two exposed groups. In
addition, these data confirmed that local 50-min RF exposure at
2.0 W/kg did not cause any increase in temperature.

Hemodynamic variations. To determine whether cerebral
hemodynamics were modified under local RF exposure, vessel
diameter and blood flow velocity in the pial venules were
measured as hemodynamic parameters during local RF
exposure at 2.0 W/kg TASAR.

In juvenile rats, a slight dilation of the pial venules was
observed during exposure (Figure 2A). However, there was
no significant difference in this parameter between sham-
(124 venules in 11 animals) and RF- (113 venules in 10
animals) treated groups throughout the experiment. Similar
results were obtained in young adult rats (Figure 2B). No
significant difference in venule diameter was found
between sham- (129 venules in 11 animals) and RF- (166
venules in 14 animals) treated groups. These results
revealed that no change in venule diameter was caused by
local RF exposure at 2.0 W/kg TASAR, even in animals in
the developmental stage.

Blood flow velocity in the pial venules of juvenile rats
increased during exposure (Figure 3A). However, there was
no significant difference in this parameter between sham- (86
venules in eight animals) and RF- (55 venules in six animals)
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Figure 1. Experimental design. A: Set up for radiofrequency
electromagnetic field (RF) exposure and observation. A closed cranial
window was implanted over the target area through the open skull. The
antenna was placed over the parietal region using a manipulator. Rat pial
microcirculation was observed in real-time through holes in the antenna,
using intravital microscopy. B: Overview of the pial microvessels under a
fluorescence microscope. The vessels were visualized using fluorescein
isothiocyanate-dextran (FITC-dextran). a: Arteriole, v: venule. Bar: 
100 μm. C: Experimental procedure. Two fluorescence dyes, FITC-dextran
and Rhodamine 6G (Rho. 6G), were used to observe hemodynamics and
leukocyte behavior, respectively. Each dye was injected via the rat tail vein
before the real-time measurements.



treated groups throughout the experiment. An increase in
blood flow velocity was also observed in young adult rats
(Figure 3B), during exposure. However, there was no
significant difference in the velocity change between sham-
(65 venules in six animals) and RF-treated (68 venules in six
animals) groups throughout the experiment. Results revealed
that local RF exposure at 2.0 W/kg did not cause any change
in blood flow velocity in the pial venules, even in animals in
the developmental stage.

Leukocyte behavior. To evaluate leukocyte behavior in the
cerebral target area during local RF exposure at 2.0 W/kg
TASAR, we measured the number of leukocytes interacting
with the endothelium in pial venules (Figure 4). In juvenile
rats, no significant adhesion of leukocytes was observed in pial
venules during RF exposure. Both rolling and sticking
leukocytes were counted in 30 venules in five animals of each
group. However, there was no significant difference in
adhesive behavior between sham- and RF-treated groups
throughout the experiment. Similar results were obtained in
young adult rats. These results revealed that local RF exposure
at 2.0 W/kg TASAR caused no change in adhesive behavior
of leukocytes even at developmental stages.

Discussion

This in vivo study using real-time observation in juvenile and
young adult rats produced two main findings under non-
thermal exposure conditions. Firstly, the local RF exposure
used for a target cortex area at 2.0 W/kg TASAR did not affect
hemodynamics of pial venules in the target area throughout
the experiment in rats of either age. Secondly, no increase in
leukocyte adhesiveness to venular endothelial cells occurred
during the exposure in any targets we observed.

We firstly focused on hemodynamics as an inflammation-
related microcirculatory parameter. Under pro-inflammatory
or inflammatory conditions in the brain, microvascular blood
flow and diameter, which are key elements of hemodynamics,
are known to change. Using the rat stroke model, for example,
Ritter et al. found that the mean velocity of leukocytes flowing
in cerebral venules was reduced through the reperfusion period
(15). For microvascular diameter, several inflammatory
mediators such as lipopolysaccharide (13, 24), vascular
endothelial growth factor (25) and histamine (26), were found
to modify microvascular tone after their administration. Our
observation method using intravital microscopy confirmed pial
venular dilation in the cerebral microvascular bed under
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Figure 2. Effects of radiofrequency electromagnetic field (RF) exposure
on pial venular diameter. The diameter of the pial venules (8 ≤ d < 50
μm) within the target area was measured before, during, and just after
RF exposure. There were no significant differences between the sham- and
RF-exposed groups of juvenile rats (A) or young adult rats (B). Values
are the mean±SEM.

Figure 3. Effects of radiofrequency electromagnetic field (RF) exposure
on plasma velocity in pial venules. Plasma velocity was measured in the
pial venules (8 ≤ d < 50 μm) in the target area before, during, and just
after RF exposure. There were no significant differences between the
sham- and RF-exposed groups of juvenile rats (A) or young adult rats (B).
Values are the mean±SEM.



inflammatory conditions induced by phototoxic injury  (Figure
5A and B). Therefore, if inflammatory responses were caused
by RF exposure, these hemodynamic changes would be
detected in the brain during RF exposure. However, dynamic
changes related to RF occurred, neither in blood flow velocity
nor in diameter in pial venules throughout our experiments,
including the exposure period of 50 min. In addition, no
dynamic changes in these parameters were found in target
areas of rats of either age group. Our previous study confirmed
similar results in 14-week-old adult rats under the same
exposure conditions (21). Therefore, these findings suggest
that there was no difference between juvenile and adult rats in

terms of the effects of RF exposure on microvascular
hemodynamics in the brain.

The second inflammation-related parameter we focused was
leukocyte behavior. Leukocyte behavior is a good indicator for
evaluating the phase of pro-inflammatory or inflammatory
responses in cerebral tissues (15, 27). Inflammation is known to
increase adhesiveness between leukocytes and cerebrovascular
endothelial cells, resulting in leukocytes rolling and sticking
behavior (28, 29). An increase in rolling behavior is initiated by
pro-inflammatory conditions. Exacerbation of inflammatory
conditions increases the number of rolling leukocytes, as well as
initiating sticking behavior, which affects endothelial and other
cells, such as neuronal/glial cells, located around microvessels
(28). Indeed, an increase in the number of rolling and sticking
leukocytes was observed in brain treated with several
inflammatory mediators (30-32). Our observations confirmed an
increase in leukocyte adhesiveness in the phototoxic brain model
(Figure 5C, D). Previous experiments using adult rats already
found that no modification in leukocyte adhesiveness was
observed after either a 10-min exposure at 4.8 W/kg of brain
averaged SAR (BASAR) (18) or a 4-week exposure at 2.4 W/kg
of BASAR (19). However, it was still unclear whether dynamic
variations in leukocyte behavior occurred during RF exposure,
which was likely to appear only as a transient phenomenon. This
experiment was designed to reveal dynamic changes in leukocyte
adhesiveness to venular endothelial cells in real-time during RF
exposure, localized in target cortex tissue. However, leukocyte
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Figure 4. Effects of radiofrequency electromagnetic field (RF) exposure
on leukocyte behaviors in pial venules. A: Representative fluorescence
images of the pial microvascular bed in the target area during each time
period. Rhodamine 6G was intravenously injected into the rats before
each observation to visualize leukocytes (white cells). Bar: 100 μm. B:
The number of rolling and sticking leukocytes (per 100 μm in length) in
the pial venules (8≤d<50 μm) within the target area was counted before,
during, and just after RF exposure. There were no significant differences
in either type of leukocyte behavior between the sham- and RF-exposed
groups of juvenile or young adult rats. Values are the mean±SEM. 

Figure 5. Positive control for intravital microscopic evaluation. A positive
control for venular diameter (A, B) and leukocyte adhesiveness (C, D) was
obtained using a juvenile rat phototoxic injury model with a high intensity
light source. Pial venules, visualized with fluorescein isothiocyanate-
dextran, had dilated after 90 s light exposure (B, d=68 μm), compared to
the same venules before exposure (A, d=49 μm). Adhesiveness of
leukocytes, visualized with Rhodamine 6G, increased in the venular lumens
100 s after light exposure (D), compared with the venular lumens just after
exposure (C). Bar: 50 μm.



behavior did not indicate any inflammatory reactions during or
after 50-min RF exposure in either juvenile or young adult rats.
These findings suggested that RF exposure below the local limit
(2 W/kg) was unlikely to cause pro-inflammatory/inflammatory
responses in rat brain of either age.

One of the most cited effects of brain exposure to RF is
BBB disruption. While a few research groups found albumin
leakage sites in rodent brains following RF exposure (33, 34),
many other groups have failed to confirm this phenomenon
under controlled experimental conditions (35-40). Furthermore,
recent histological studies also revealed that no BBB disruption
occurred following RF exposure, even in animals in the
developmental stage (10, 41). The findings reported here
strongly support the results showing no effect on the BBB, as
permeability changes in the BBB are considered to be closely
related to microvascular hemodynamics and leukocyte
adhesiveness to venular endothelial cells under inflammatory
conditions. For example, under inflammatory conditions
induced by administering lipopolysaccharide, rat brain pial
venules were observed to dilate prior to an increase in BBB
permeability (13). In addition, many studies have reported that
BBB disruption frequently occurs simultaneously with or after
an increase in leukocyte adhesiveness (27, 42). Indeed, in the
positive control brain subjected to phototoxic inflammation,
extravasation of FITC-dextran was finally observed after both
venular dilation and an increase in leukocyte adhesiveness (data
not shown). Therefore, if BBB permeability increases due to
RF exposure, changes in hemodynamics or leukocyte behaviors
should be observed prior to the BBB disruption. However, no
modification of these microcirculatory parameters was detected
in this study. In fact, under the same experimental conditions
described herein, no change in BBB permeability was
confirmed in our companion study (16). All findings
considered, these results may provide evidence to support the
absence of any effect of RF exposure on BBB permeability.
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