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Introduction

The question of whether electromagnetic fields
(EMF) in the radiofrequency (RF) range consti-
tute a health hazard in exposed individuals has
gained broad public interest because of the wide-
spread applications of RF-radiation-based tech-
nology®™. RF radiation is a portion of the elec-
tromagnetic spectrum below frequencies of vis-
ible light and above those of extremely low-
frequency fields. RF radiation is produced by
many man-made sources, including mobile phones
and base stations, television and radio broadcast-
ing facilities, radar, medical equipment, micro-
wave ovens and radiofrequency heaters as well as
a diverse assortment of other electronic devices
within our living and working environments'®.
RF is categorized into three groups according to
its frequency: extreme low frequency (ELF) (<
300 Hz), intermediate frequency (IF) (300 Hz —10
MHz) and high frequency (HF) (>10 MHz)"®.

Sufficiently intense RF radiation can cause
heating of materials with finite conductivity, in-
cluding biological tissues. A number of well-
established biological effects and adverse health
effects from acute exposure to intense RF radia-
tion in a range of HF have been documented™®.
It has been reported that chronic exposure to RF
in a range of ELF may also act as a stressor.
Marino et al.™ exposed rats to RF at 60 Hz for

1 month and attributed the reduced body weights
to stress. Bruyn ef al.' also suggested that RF
acted as a chronic stressor in adult male mice.
Besides the interest in health hazards, clinical
trials of ELF in a variety of fields have been
carried out®™® '"#!  Several lines of evidence

[9,24,25]

resulting from both preclinical and clinical

211121 studies support the notion that repetitive
transcranical magnetic stimulation (rTMS) may
have antidepressant properties. Czeh et al.””
showed that chronic psychosocial stress resulted
in a significant increase in stress hormones and
that treatment with rTMS at 20 Hz normalized
the stress-induced elevation of stress hormones.
Frederiks et al." reported that pulsed ELF treat-
ment could accelerate callus formation and bone
healing after tibial osteotomy in rabbits in a
dose-dependent manner. Furthermore, Food and
Drug Administration (FDA) has endorsed the use
of pulsed ELF for therapeutic purposes. How-
ever, there is still a profound lack of knowledge
concerning the putative effects at molecular and
cellular levels underlying the observed biological
effects. Furthermore, biological effects of RF
radiation in the range of IF are unknown.
Recently, we reported that RF radiation at 40
kHz induced hepatic injury in LEC rats, an ani-
mal model for human Wilson disease®.

It has been reported that stress including
restraint stress results in a significant increase in
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stress hormones and immune suppression®. In
the present study, we examined the effects of
exposure to RF with IF range at 40 kHz on
immune response using a stress-induced immune
suppression method® and on serum concentra-
tions of corticosterone in mice.

Materials and Methods

Mice: Specific pathogen-free male Balb/cCr Slc
mice at 11-13 weeks of age were obtained from
Japan SLC Inc., Japan. All research protocols
were approved by the Animal Research Commit-
tee of Rakuno Gakuen University. The mice
were housed at a temperature of 25 = 2°C and
exposed to a daily cycle of 14-hr light and 10-hr
darkness. A solid diet (MF-Food, Oriental Yeast
Co. Ltd., Tokyo, Japan) and water were provided
ad libitum.

Treatments: Anti-sheep red blood cells (SRBC)
antibody-forming cell assay was carried out
according to the method of Jerne and Nordin™*.
Fifteen mice were intraperitoneally (i.p.) injected
with 2x10® SRBC that were obtained from Nippon
Biotest Lab., Japan and the mice were divided
into 3 groups. Mice in the control group were
not restrained and were not exposed to RF. Two
groups of mice were kept under restraint for 20
min twice per day for 5 days. Mice in one of
those groups were exposed to RF at 40 kHz
during restraint (RE mice) and mice in the other
group were not exposed to RF (RS mice). We
used a restraint apparatus (Natsume Seisakusho
Inc., Japan) that was made from a clear acrylic
tube (inside diameter of 25 mm) with the parallel
electrodes (widths of 25 mm). Mice were
exposed to 40 kHz of RF radiation at 6 kV DC
and 100 mV AC using an EMF apparatus (Serumi
Co. Ltd., Japan).

Antibody-forming cell (AFC) assay: AFC assay
was performed according to the method of Jerne
and Nordin™. Briefly, spleens were obtained
from mice at 6 days post-immunization with
SRBC. Each spleen was excised and splenocytes
were isolated with filtration using 50 xm nylon
mesh. The cells were washed three times with
RPMI-1640 medium (Sigma-Aldrich, Japan Co.)
containing 109 fetal calf serum and 0.5%

penicillin-streptomycin. After 100 xl suspension
of splenocytes (1x10° cells) had been mixed with
100 u1 suspension of 179 SRBC, 1 ml of 2 x MEM
medium (Life Technologies Japan Ltd.) and 1 ml
of 0.8% (w/v) agar (Sigma-Aldrich, Japan Co.),
the mixture was incubated at 37°C for 1 hr under
a 5% CO, atmosphere. After incubation, the
complement of guinea pig (Nippon Biotest Lab.,
Japan) was added to the plates and the plates
were incubated at 37°C for 30 min. The number
of plaques was counted.

Measurement of concentrations of serum corticos-
terone: After mice had been kept under restraint
for 30, 60 and 120 min with or without exposure to
RF, blood samples were obtained from the mice.
The samples were incubated at 4C for 16 hr and
centrifuged at 2,000 rpm for 5 min at 4C. Con-
centrations of serum corticosterone were mea-
sured using an AssayMax Corticosterone ELISA
Kit (Assaypro Co., Japan).

Statistical analysis: All data were expressed as
means * standard deviation. Differences
between means were analyzed statistically by
Student’s #-tests. Values of p <0.05 were consid-
ered significant.

Results and Discussion

Since the AFC assay is a sensitive method for
evaluating immune response, we examined the
effects of RF radiation at 40 kHz on immune
response in mice using this assay. The number
of plaques formed by splenocytes from RS mice
(125.0 £ 44.6) significantly decreased compared to
those formed by splenocytes from control mice
(197.0 £ 46.3) (Fig.1). The result showed that
restraint stress induced suppression of immune
response in mice. This result is in good agree-
ment with the report by Boranic et @/.”. The
number of plaques (258.3 & 134.9) formed by
splenocytes from RE mice showed a marginally
significant increase compared to those from RS
mice (p = 0.06). There was no difference in the
number of plaques between control and RE mice
(p = 0.37) (Fig.1). These results showed that
exposure to RF at 40 kHz induced improvement
of immune suppression in the restrained mice.

It has been reported that a variety of stresses
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Fig. 1 Effects of RF radiation on number of plaques
in AFC assay.

Numbers of plaques were counted using splenocytes from
control, RS and RE mice. Each bar represents the average of
five mice with standard deviation. *represents significant
difference at p <0.05 when compared with control.

including restraint stress result in a significant
increase in stress hormone™. The concentration
of corticosterone in serum of RS mice (32.0 £ 7.4
ng/ml) was significantly increased compared to
that in control mice (3.8 £ 3.3 ng/ml) (» <0.001) at
30 min post-restraint (Fig. 2). The concentration
increased in a restrained time-dependent manner
(48.2 £ 3.5 ng/ml at 60 min and 54.0 £+ 19.0 ng/ml
at 120 min). These results showed that restraint
induced an increase in stress hormone (corticos-
terone) in serum of mice. The concentrations of
corticosterone in serum of RE mice significantly
increased compared to those of control mice
(Fig. 2). The concentrations were 40.3 = 7.4, 44.5
=+ 8.6 and 56.1 = 6.8 ng/ml at 30, 60 and 120 min
of restraint time, respectively. There were no
significant differences in concentrations of serum
corticosterone between RS and RE mice (Fig. 2).
These results showed that exposure to RF at 40
kHz did not affect the concentrations of serum
corticosterone induced by restraint stress in mice.

Cook and Persinger'® suggested that the effect
of RF on immune response was dependent on
frequency. House et al." reported that T cell
function increased after exposure of mice to ELF.
Although exposure of rodents to RF in a range of
ELF could affect the immune response, effects of
RF radiation in a range of IF on immune response
are unknown. The present study showed that

70
60
50
40

30

corticosterone (ng/ml)

20

Concentration of serum

0 1 1 1 1 ]
30 60 90 120

Time under restraint (min)

Fig.2 Effects of RF radiation on concentrations of
serum corticosterone.

Concentrations of corticosterone were measured in serum of
mice that were kept under restraint from 30 to 120 min with ()
or without (@) exposure to RF at 40 kHz. Each point repre-
sents the average of 3 to 4 mice with standard deviation.
*represents significant difference at p»<0.05 when compared
with control.

exposure to RF at 40 kHz induced improvement
of immune suppression in restrained mice. It has
been reported that exposure of rats to RF radia-
tion at 20 Hz normalized the stress-induced eleva-
tion of stress hormones™. However, RF radia-
tion of rats at 60 Hz did not change the concentra-
tions of serum corticosterone®?. Thus, the
effects of RF radiation on concentrations of
serum corticosterone might be dependent on the
frequencies of RF. In the present study, no sig-
nificant differences were found in concentrations
of serum corticosterone between RS and RE mice.
Therefore, the improvement of immune suppres-
sion by RF radiation at 40 kHz in restrained mice
seemed not to be directly associated with changes
in concentrations of serum corticosterone.

The present study is the first study showing
that RF radiation in the range of IF affected
immune response in mice, although the mecha-
nisms by which RF radiation interacts with the
immune system of mice remain unknown.
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Abstract

In the present study, we examined the effects of
exposure to radiofrequency (RF) with intermedi-

ate frequency (IF) range at 40 kHz on immune
response using a stress-induced immune suppres-
sion method and on concentrations of serum cor-
ticosterone in mice. We used antibody-forming
cell (AFC) assay to evaluate the effects of RF
radiation at 40 kHz on immune response in mice.
The number of plaques formed by splenocytes
from RS mice that were restrained and were not
exposed to RF significantly decreased compared
to those formed by splenocytes from control mice
that were not restrained and were not exposed to
RF. Thus, restraint stress induced suppression
of immune response in mice. The number of
plaques formed by splenocytes from RE mice that
were restrained and were exposed to RF at 40
kHz increased compared to those from by
splenocytes from RS mice. There was no differ-
ence in number of plaques between control and
RE mice. These results showed that exposure to
RF at 40 kHz improved immune suppression in
restrained mice.

It is well known that a variety of stresses
including restraint stress result in a significant
increase in stress hormones. Concentrations of
corticosterone in serum of RS mice significantly
increased in a restrained time-dependent manner
compared to those of control mice. The concen-
trations of corticosterone in serum of RE mice
also significantly increased in a restrained time-
dependent manner compared to those of control
mice. There were no significant differences in
concentrations of serum corticosterone between
RS and RE mice. These results showed that
exposure to RF at 40 kHz did not affect concen-
trations of serum corticosterone induced by
restraint stress in mice. Therefore, the improve-
ment of immune suppression in restrained mice by
RF radiation seemed not to be directly associated
with concentrations of serum corticosterone.
This is the first report showing that RF radiation
in a range of IF affected immune response in
mice.
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ARFZETIE P RIS TH 5 40 kHz 7 ¥ 4% (RF) o~ 21 BT 25 2 F v 2ic & A58k dim L 72
IERG & MG INVF 2 2T 0 BEICHT 582 ad L7z, YU (AFC) 7 v A 130E Kt % 5F
flid 2 EEDENHETH BN T, HItlz<7 2DHIEFUGICHT % 40 kHz RF ORHR 2 BT 5 72612 AFC
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T A BM@HLZ. WKL, RFIEREHO-T7 2 (LT RS) 25 0lMIEIc & - TREE 77— 7%iF
JEHIIR, FERBHEOXI <7 Z ORI & ik L CHEICED L 72, ZOBRCiE 2 M v 213 =7 2125098 MG
DT EAEZ Lz, WH L, 40kHz RF £2HBHEN~-7 2 (LT RE) » 6 oMl L 577 — 7 ¥t
RSEE & Hls L Chshnl, sBREEAESIRLN T 572, TN DKFIF 40 kHz RF TORBI =7 2128
WTHHEZ PV 22 L > THERSN 0B 2865 T 22 & 2R 72,

WRZZORER LT APV ZEZA PV ZARNVECORELBEMEZRI T2 EPHEEN TS, RS?7RICB
T HMEINTF 32T 0 BEEIRR e 22K L C, BB RIS L CREIREIL 72, RE =7 212 B W
TLMFEINF 22T o BERNE~7 2B L ¢, WREERICKASE L THEICHNL, RS =7 ZDEE &
FAEBEZTIR N o7, TNHDFEREE=T7RICBITFAMEA ML Ak bMiEaNLFaxTa  BENE
Jimzxt LT 40 kHz RF B0 2 5.2 e L 2R L7z, L7ch > T, =7 212 BT 5 0BG BT 5
RFZZICLDUEELMEINTF I AT O LAOVFEBERGEL TWie w2 EATRBE I N7z, AIFSERESR 13 d [
W RF @D~ 7 2B 5B RIGICHET 5 2 L 2R L 2D TORETH 5,



