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ABSTRACT
We recently suggested that an increase in the plasma glucocorticoid (GC) level in immobilized
mice is suppressed by a 50-Hz electric field (EF) in an EF strength-dependent manner. The
present study aimed to assess the anti-stress effect of EFs in 3 scenarios: exposure to an EF of
either 50 or 60 Hz, which are the standard power frequencies in most regions; varying levels of
environmental brightness during EF exposure; complete or partial shielding of the mouse from
the EF. We compared the GC levels and blood parameters among control, EF-alone,
immobilization-alone, and co-treatment groups. There was no difference between EFs of 50
and 60 Hz in terms of the suppression of the immobilization-induced increase in GC, i.e., the
anti-stress effect upon EF exposure. Examination of the effects of three environmental
illuminance levels, 0, 200, and 490 lux, revealed that the effect of the EF was influenced by
environmental illuminance. Shielding of the mice from the EF by wrapping the animals with an
electrically conductive sheet inhibited the EF effect, which showed a negative correlation with
the area shielded. Hence, environmental illuminance and the body area exposed to the EF
might influence the effects of an EF on stress-induced increases in plasma GC levels in mice.
Because stress plays an important role in the onset and progression of various diseases, these
findings may have broad implications for understanding the efficacy of EFs in health.
Keywords: stress; endocrine response; power-line frequency, brightness; shield
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INTRODUCTION
Biological studies on extremely-low-frequency (ELF) electromagnetic fields generally have
two perspectives: health risk and clinical application. The widespread use of electricity in
domestic and industrial settings highlights the importance of investigating the biological
effects of ELF electric fields (EFs), particularly at the 50- and 60-Hz power-line frequencies
[Akpinar et al., 2012; Gok et al., 2014, 2016; Hjeresen et al., 1980; Jaffe et al., 1980; Marino et
al., 1980; WHO, 2008; Tiwari et al., 2015; Zhang et al., 2016]. However, ELF EFs have been
applied in clinical treatment and health maintenance, including in medical facilities and homes,
for at least half a century in Japan [Hara, 1961; Harakawa et al., 2014; Ito, 2000; Mitani et al.,
2015; Shinba et al., 2012]. In other countries, some studies have reported that EFs may also
have therapeutic effects, e.g., to treat bone diseases, to stimulate bone growth, or to heal
wounds [Aaron et al., 2006; Bassett et al., 1981; Takano-Yamamoto et al., 1992; Zhao, 2009].
Indeed, in 1979, the United States Food and Drug Administration (FDA) approved devices to
apply EFs to the skin surface, thereby inducing electric currents that mediate the desired
therapeutic effects [FDA, 2006]. Electric current induced in the body and the perception of EFs
on the skin surface can trigger cellular and humoral responses in certain organisms [Kato et al.,
1989; Romo et al., 1998, 2000, 2002; Weigel et al., 1987; Weigel and Lundstrom, 1987].
However, their biological effects are unclear. Furthermore, it is essential to understand the
biological effects of EFs, which can be used for maintaining and improving health; thus,
potential effects constitute an important topic for future studies. In contrast, owing to the

3

relatively facile shielding from an EF, the effects of exposure to ELF magnetic fields may be
particularly important in humans. However, there is insufficient data to determine whether
ELF EFs are hazardous.

Elucidating the precise biological effects of power line-frequency EFs requires experimental
methods for quantitative and qualitative assessment. We previously established an
experimental system to evaluate the efficacy of power line-frequency, at least at 50 Hz, EF in
the stress response induced by immobilization in rodents [Harakawa et al., 2004, 2005, 2017;
Hori et al., 2015, 2017]. With the experimental system, we have attempted to further the
understanding of the effects of ELF EF exposure.

Corticosterone is the main glucocorticoid (GC) produced by the adrenal cortex; it regulates
the expression of corticotropin-releasing factor or proopiomelanocortin [Imaki et al., 1991].
Increased corticosterone levels in mice generally reflect a physiological state of stress. We
have previously foundreported that EF exposure reduced the immobilization-induced elevation
in plasma adrenocorticotropic hormone (ACTH) levels in Wistar rats [Harakawa et al., 2004].
In contrast, when mice were exposed to a 50-Hz EF at 10 kV/m, serum corticosterone levels
were higher than those in controls [de Bruyn and de Jager, 1994]. De Bruyn and de Jager
reported that exposure to an EF induces stress. However, a previous study reported contrasting
findings, i.e., a reduction in blood GC levels in rats exposed to a 60-Hz, 15-kV/m EF compared
to that in controls [Marino et al., 1977]. Hackman and Graves reported that exposure to an EF
of 60 Hz and 50 kV/m resulted in reduced plasma GC concentration, but only at the beginning
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of the exposure period [Hackman and Graves, 1981]. Further complexities arose when other
studies reported no change in GC levels in adult male rats exposed to an EF for 30–120 days
[Free et al., 1981]. Although Craviso previously reported that a 60-Hz magnetic field might
induce catecholamine secretion from the adrenal grand, the effect of EFs on hormone release or
secretion remains controversial [Craviso et al., 2002, 2003].
Recently, we found that in male BALB/c mice, the immobilization-induced increase in
serum GC was reduced by exposure to an EF of 50 Hz when the voltage was applied via the
upper electrode of a parallel plate electrode system. This effect was dependent on both
intensity (kV/m) and exposure time [Hori et al., 2015]. Furthermore, the effect was remarkably
observed at 20 min after the initiation of immobilization [Harakawa et al., 2017] and possibly
depends on the intensity distribution of the EF on the body surface, even when the EF strength
remains unchanged [Hori et al., 2017].

The present study aimed to investigate the anti-stress effect of EF in 3 scenarios: the use of
either 50 or 60 Hz, which are the standard power frequency in most regions; different
environmental brightness levels during EF exposure; complete or partial shielding of the
mouse from the EF.

MATERIALS AND METHODS
Animals
Eight-week-old male BALB/c mice were purchased from Charles River (Kanagawa, Japan)
and were maintained in a specific pathogen-free environment at 24 ± 1 °C, with 50 ± 10%
5

humidity and daily artificial illumination (12:12-h light/dark cycle with lights on from 7:00 to
19:00). The animals had ad libitum access to standard laboratory chow (CE-2; CLEA, Tokyo,
Japan) and water, except during EF exposure and immobilization.

All animal experiments were conducted in accordance with the Guiding Principles for the
Care and Use of Research Animals promulgated by Obihiro University of Agriculture and
Veterinary Medicine, Japan. The protocol was approved by the Committee on the Ethics of
Animal Experiments of the Obihiro University of Agriculture and Veterinary Medicine (Permit
numbers 28 – 86 and 28 – 152).

EF exposure system
The EF exposure system (Fig. 1) consisted of three major components: a high-voltage
transformer unit (maximum output voltage, 30 kV; Hakuju, Tokyo, Japan), a constant-voltage
unit (CVFT1-200H; Tokyo Seiden, Tokyo, Japan) to prevent unexpected interference from
electrical noise originating from the commercial power supply, and a parallel plate electrode
system [Harakawa et al., 2004; Hori et al., 2017]. The parallel plate electrode system
comprised a cylindrical plastic cage (diameter, 200 mm; height, 100 mm) and two
stainless-steel electrodes (1,000 × 600 mm) placed over and under the cylindrical cage (Fig. 1B
and Fig. 2A). The cylindrical cage had slits (length, 100 mm; width, 5 mm) all around at 5-mm
intervals (Fig. 2A) to prevent smudges (from feces or saliva) from disturbing the formation of a
stable EF. To generate the EF of 10 kV/m in the cage, an EF of 50 Hz and 1 kV was applied to
the upper electrode, whereas the counterpart electrode was grounded. A separate cage and tube
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were used for each animal. The cages and tubes were reused after they were washed with a
neutral detergent and completely dried. To measure the field intensity and verify the
operativeness of the system, an optical fiber voltmeter, which measures EF intensity on the
basis of the Pockels effect, an electro-optic voltage sensor attached with a two-cored Bi12SiO20
fiber (FOVM 03; Sumitomo Electric, Osaka, Japan), and a digital multimeter (Fluke 87; Fluke,
Everett, WA) were used. EF intensity was measured at 273 arbitrary points (21 × 13) on each
cage floor. The EF intensity of 10 kV/m applied to the cage in which the mouse was kept had ±
1% margin of error.
To measure magnetic field intensity in the area where the mouse was exposed to the EF, a
portable alternating current magnetic field meter (TMM-I, Electric Power Engineering
Systems, Kanagawa, Japan) was used. The magnetic field intensity was approximately 0.12 ±
0.04 mG when a 50-Hz, 10 kV/m EF was generated in the space.

The temperature within the cylindrical cage did not change during the EF- or sham-exposure
period. The humidity was maintained between 45% and 55%. Mice in the EF+ groups were
exposed to an EF of 10 kV/m for 60 min. The temperature inside the cage was 25 °C ± 3 °C
during EF or sham exposure.

Immobilization
Stress was induced by immobilizing each mouse separately within a 50-mL centrifuge
(polypropylene) tube that was placed on the lower electrode (Fig. 2B) [Harakawa et al., 2004,
2017; Hori et al., 2015, 2017]. Immobilization stress was applied during the latter half (30 min)
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of the 60-min EF test period. All mice spent 60 min in the EF exposure cage. EF intensity
within the restriction device after immobilization was maintained at ≥95% of that at the start of
immobilization.

Test 1: Effect of EF frequency on the suppressive effect of EF on the stress-induced
increase in plasma GC in mice
To investigate the influence of EF frequency on the effect of EF exposure with or without
immobilization stress on the plasma GC level, the mice were divided into six groups (n = 6 per
treatment group): a control group [Stress(–)/EF(–)], two EF-alone groups [Stress(–)/EF(50 Hz
or 60 Hz, 10 kV/m)], immobilization-alone group [Stress(+)/EF(−)], and two co-treatment
groups [Stress(+)/EF(50 Hz or 60 Hz, 10 kV/m)] (Test 1 in Fig. 3). Mice in the EF-treatment
groups were continuously exposed to EF for 60 min, and those in the co-treatment groups were
immobilized in the second half (30 min) of the EF exposure period. Mice in the control group
were handled in a similar manner, except that the EF condition was 0 V/m, i.e., they were
housed within the EF cage for 60 min.

Based on the results of preliminary experiments, GC elevation, as a stress response, occurred
immediately after animal immobilization and peaked approximately 30 min later. If
immobilization was continued after peaking of the GC levels, the GC levels decreased
gradually at longer periods. Therefore, to consider changes in GC levels as an indicator of
stress, we reasoned that the GC data should be obtained 30 min after initiation of the stress
treatment.
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Test 2: Effect of environmental brightness on EF effects
To investigate the influence of environmental brightness on the effect of EF exposure with
or without immobilization stress on the plasma GC level, male mice were divided into the
following four groups (n = 6 per treatment group): a control group [Stress(–)/EF(–)], EF-alone
group [Stress(–)/EF(+)], immobilization-alone group [Stress(+)/EF(−)], and co-treatment
group [Stress(+)/EF(+)] (Test 2 in Fig. 3). Mice in the EF-treatment groups were exposed to the
same EF (50 Hz, 10 kV/m for 60 min), and those in the co-treatment groups were immobilized
during the second half (30 min) of the EF exposure period. Mice in the control group were
housed in the EF cage for 60 min without exposure to an EF (i.e., 0 V/m). In addition, three
levels of illuminance, i.e., 0, 200, and 490 lux, were established for each of the 4
aforementioned groups. To obtain 0 lux, a blackout curtain was used and room lighting was off.
For 200 lux, a blackout curtain was used and room lightning was on. For 490 lux, a blackout
curtain was used, room lightning was on, and a desk lamp of 24 watt (Panasonic, Osaka, Japan)
was used for additional lighting. Illuminance in the space where a mouse was placed during EF
exposure or immobilization was measured using a lux meter (LX1000, Custom, Tokyo, Japan).

Test 3: Effect of complete or partial shielding from the EF
To investigate the influence of shielding on the effect of EF exposure, with or without
immobilization stress, on the plasma GC level, male mice were divided into eight groups (n = 8
per treatment group): control [Stress(–)/EF(–)], EF-only [Stress(–)/EF(+)],
immobilization-only [Stress(+)/EF(−)], co-treatment [Stress(+)/EF(+)], and co-treatment with
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shielding [Stress(+)/EF(+)/shielded (sheet width: 5, 20, 80 mm for partial shielding, or 200 mm
for complete shielding)] (Test 3 in Fig. 3). Mice in the EF-treatment groups were exposed to
the same EF (50 Hz, 10 kV/m for 60 min), and those in the co-treatment groups were
immobilized during the second half (30 min) of the EF exposure period. Mice in the control
group were housed in the EF cage for 60 min without exposure to an EF (i.e., 0 V/m). In the
co-treated but shielded group, animals were wrapped with an EF shield consisting of a
polytetrafluoroethylene sheet (0.1 mm thick, 5–200 mm width) containing carbon 0.05%
(w/w) (MS-100; Taiyo Nissan, Tokyo, Japan) (Fig. 4).

Plasma GC and blood parameter measurements
Immediately after EF treatment (between 10:00 and 12:30), 800 µL of blood was collected
from each mouse under 3% isoflurane anesthesia (Mylan, Tokyo, Japan). Immediately
afterward, 10 µL of each blood sample was used to analyze blood properties—including white
blood cell (WBC) and red blood cell (RBC) counts, hemoglobin (HGB) level, and hematocrit
(HCT) level—using a Cell-Tak system (Nihon Kohden, Tokyo, Japan). The remainder of the
sample was centrifuged at 1,500 ×g for 10 min at 4 °C, and the plasma was collected and stored
at −80 °C until use.

To derivatize GC, the plasma (200 μL) was mixed with 900 µL of isooctane
(2,2,4-trimethylpentane; Wako, Osaka, Japan), followed by vortexing and centrifugation at
380 ×g for 5 min at 25 °C. The upper layer was discarded and 900 µL of chloroform (Wako)
was added to the lower layer. The sample was vortex-mixed and centrifuged at 380 ×g for 5
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min at 25 °C. The upper and white membranous layers were removed and 800 µL of the lower
layer was transferred to a new tube and mixed with 320 µL of a solution containing 65%
concentrated sulfuric acid and 35% ethanol (both from Wako), followed by vortex-mixing. The
solution was incubated in the dark for 3.5 h, and the fluorescence intensity of the sample was
measured spectrophotometrically (RF-5300PC; Shimadzu, Kyoto, Japan) at 519 nm with
excitation at 475 nm. A previously reported method based on the sulfuric acid-induced
fluorescence of glucocorticoids was used to measure total glucocorticoid levels [Silber et al.,
1958; Zenker and Bernstein, 1958].

Statistical analysis
In test 1, to assess the effects of EF exposure with immobilization-induced changes in
plasma GC levels, two-way analysis of variance (ANOVA) was used, followed by
Bonferroni’s multiple comparison test for post-hoc analysis. In tests 2 and 3, to assess the
interaction effects between treatments and illuminance levels or shielding on the plasma GC
level, two-way ANOVA was used, followed by Bonferroni’s multiple comparison test.
Correlations were analyzed using Pearson’s correlation analysis and slope regression analysis
was conducted. Significance was defined as P < 0.05. All statistical analyses were conducted
using Prism Version 7 (GraphPad Software, La Jolla, CA).

RESULTS
Test 1: Effect of EF frequency on the suppressive effect of the EF on the stress-induced
increase in plasma GC in mice
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There was no significant difference in the plasma GC level between mice in the EF-only
groups (50 or 60 Hz, 10 kV/m, 60 min) and the control group (Fig. 5).

However, plasma GC levels in mice exposed to stress alone [Stress(+)/EF (–)] were
significantly higher than those in control mice [Stress(–)/EF(–)] (P < 0.0001; Fig. 5). GC levels
in the co-treatment groups [Stress(+)/EF(50 Hz or 60 Hz)] were also significantly higher than
those in control mice [Stress(–)/EF(–)] and lower (P < 0.05, respectively) than those in the
immobilization-alone group [Stress(+)/EF(–)] (Fig. 5).

There was no difference in WBC count among groups (Fig. 6). However, RBC count (P <
0.0001), HGB level (P < 0.0001), and HCT level (P < 0.0001) were significantly lower in the
control group than in the treatment groups. There was no significant difference in any of the
blood parameters among the immobilization-alone group and the two co-treatment groups (Fig.
6).

Test 2: Effect of environmental brightness on EF effects
The measured values were 0 lux, 204 ± 3.2 lux, and 487 ± 15.8 lux, respectively (Fig. 7). For
every treatment, there was no correlation between plasma GC level and illuminance level. In
all illuminance conditions, there were no significant differences in plasma GC between the
EF-alone group [Stress(–)/EF(+)] and the control group [Stress(–)/EF(–)], and GC levels in the
stress-alone group [Stress(+)/EF (–)] were significantly higher than those in the control group
[Stress(–)/EF(–)] (P < 0.0001 by Bonferroni’s test). Only at 200 lux, the GC level in the
co-treatment group [Stress(+)/EF(+)] was lower than that in the stress-alone group
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[Stress(+)/EF(–)] (P = 0.07 at 0 lux, P < 0.005 at 200 lux, P = 0.71 at 490 lux) (Fig. 8).

There was no correlation between blood parameters and illuminance level; however, WBC
count in the EF alone group [Stress(–)/EF(+)] displayed a negative correlation with
illuminance (Fig. 9). In all illuminance conditions, WBC (P < 0.005 at 0 lux, P < 0.0006 at 200
lux, P < 0.005 at 490 lux), RBC (P < 0.0005 at 0 lux, P < 0.0001 at 200 lux, P < 0.001 at 490
lux), HGB (P < 0.0005 at 0 lux, P < 0.0001 at 200 lux, P < 0.002 at 490 lux), and HCT (P <
0.0001 at 0 lux, P < 0.0002 at 200 lux, P < 0.002 at 490 lux) in the stress alone group
[Stress(+)/EF(–)] were higher than those in the control group [Stress(–)/EF(–)]. There were no
differences in blood parameters between immobilized mice [Stress(+)/EF(–)] and the
co-treated mice [Stress(+)/EF(+)].

Test 3: Effect of complete or partial shielding from the EF
ANOVA revealed significant differences in plasma GC among the different treatment
groups (P < 0.0001, one-way ANOVA). There was no significant difference in plasma GC
between the EF-alone group [Stress(–)/EF(+)] and the control group [Stress(–)/EF(–)] (Fig. 10).
However, plasma GC levels in mice in the stress-alone group [Stress(+)/EF(–)] were
significantly higher than those in the control group [Stress(–)/EF(–)] (P < 0.0001; Fig. 10). GC
levels in the co-treatment groups [Stress(+)/EF(+)] were also significantly higher than those in
the control group [Stress(–)/EF(–)]; however, they were lower than those in the stress-alone
group [Stress(+)/EF(–)] (P < 0.01; Fig. 10). GC levels in the co-treated but shielded animals
[Stress(+)/EF(+)/shielded (5, 20, 80, or 200 mm)] were higher than those in the control mice
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[Stress(–)/EF(–)] (P < 0.0001). In the [Stress(+)/EF(+)/shielded (5 or 20 mm)] groups, the
levels were lower than those in the stress-alone group [Stress(+)/EF(–)] (P < 0.01 for 5 mm, P <
0.05 for 20 mm), while the 80-mm- or 200-mm-shield groups had GC levels that were similar
to those in the immobilization-alone group.
On analyzing reciprocal plots of GC levels (Fig. 10), a significant negative correlation was
observed by Pearson’s correlation analysis (P < 0.005), and the slope was significantly
non-zero as indicated by linear regression analysis (P < 0.005, Y = −0.0016*X + 1.4).

ANOVA of the measured blood parameters (WBC, RBC, HGB, and HCT) revealed that all
parameters displayed significant differences between groups (P < 0.0001 for all parameters
except for WBC (P < 0.005)) (Fig. 11). Bonferroni’s test indicated that RBC, HGB, and HCT
in mice in the stress-alone group [Stress(+)/EF(–)] were significantly higher than those in mice
in the control group [Stress(–)/EF(–)] (P < 0.0001; Fig. 11). However, these parameters did not
show a significant difference between the co-treatment groups [Stress(+)/EF(+)] and either the
stress-alone group [Stress(+)/EF(–)] or the groups with shielding
[Stress(+)/EF(+)/shielding(+)].

DISCUSSION
In the present study, the following three experiments were conducted to characterize the
biological effects of ELF EF: 1) comparison of the effect of exposure to either 50 Hz or 60 Hz,
which are the standard power frequencies in most regions, 2) evaluation of the effect of
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environmental brightness on the EF effect, and 3) evaluation of the effect of complete or partial
shielding of the mouse from the EF.

In all tests, plasma GC levels in immobilized mice, i.e., the Stress(+)/EF(–) group, were
approximately 2 to 4.5 times those in the control group, i.e., the Stress(–)/EF(–) group (Fig. 6,
8, 10), suggesting that the immobilization procedure affected the
hypothalamic-pituitary-adrenal axis of the endocrine system and the
sympathetic-adrenomedullary system, which manifested as stress [Kvetnansky et al., 1979;
Selye, 1946].

However, because there was no difference in plasma GC between the EF-alone group and
the control group (Figs. 6, 8, 10), we concluded that EF exposure of at least 50 Hz (or 60 Hz in
test 1), 10 kV/m for 60 min did not activate the pituitary-adrenocortical axis or the
sympathetic-adrenomedullary system in mice. In contrast, de Bruyn and de Jager (1994)
reported that plasma corticosterone levels (41.9 ± 22.8 ng/mL) in 6-month-old male mice
increased by ~3.26-fold after exposure to an EF of 10 kV/m for 22 h [de Bruyn and de Jager,
1994].
Another noteworthy observation is that the plasma GC level displayed a circadian variation
from 9:00 to 15:00, seen as a gradual increase [Harakawa et al., 2017]. The current study was
conducted between 9:00 and 12:00; however, because the circadian changes in the GC level
between 9:00 and 12:00 were relatively small compared to the differences in GC between the
control and immobilization-alone groups or between the immobilization-alone and
15

co-treatment groups, we concluded that the circadian variation in GC could be neglected
[Harakawa et al., 2017].

In all the experiments, we selected an EF intensity of 10 kV/m on the basis of data obtained
in a previous study wherein EF intensities ranging from 2.5–200 kV/m were assessed and 10
kV/m was observed to be optimal for the anti-stress effect of an EF at 50 Hz [Hori et al., 2015].
An additional reason for selecting an EF intensity of 10 kV/m for 60 min was that EFs with an
intensity greater than 50 kV/m generated vibration and/or noise; in our previous study, we
noted that such effects were difficult to distinguish from those of the EF [Hori et al., 2015],
thereby deterring the exclusion of a possible artifact at these higher intensities. This issue needs
to be resolved so that higher EF intensities can be further investigated.

In test 1, the finding that not only an EF of 50 Hz, but also an EF of 60 Hz, suppressed the
increase in the GC level in immobilized mice (Fig. 6) is consistent with our previous findings
that exposure to a 50-Hz EF at 17.5 kV/m suppressed increases in immobilization-induced
stress hormones in rats [Harakawa et al., 2004] and that a 50-Hz EF at 10 kV/m suppressed the
immobilization-induced GC increase in mice, at a relatively early phase during the
immobilization-induced stress response [Harakawa et al., 2017; Hori et al., 2017]. Therefore,
one conclusion of this study is that the anti-stress effect of a 60-Hz 10 kV/m EF should be
similar to that of a 50-Hz EF. Moreover, our findings provided fundamental knowledge about
the biological effects of exposure to EFs at the frequencies commonly used as power frequency,
although these results are limited to endocrine changes in mice with acute stress.
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The approach in test 2 was inspired by the medical application of ELF EF. Because the
anti-stress effect was attenuated when we used a heavy-weight electrode to avoid noise
generated by the vibration of the electrode in our preliminary test, we estimated that the
heavy-weight electrode reduced environmental illuminance during EF exposure (about 50 %
compared to the normal condition), thus attenuating the EF anti-stress effects. The anti-stress
efficacy of an EF of 50 Hz, 10 kV/m was confirmed for illuminance at 200 lux (Fig. 8), which
is a condition similar to that used in our previous study [Hori et al., 2015] and in tests 1 and 3 in
this study; however, at 0 or 490 lux, no EF effect was observed. Because a correlation between
illuminance and GC level was not detected in either the control or the immobilization-alone
group, we considered that the lack of differences in the GC level between the immobilization
and co-treatment groups was dependent on illuminance. The suppressive effect of the EF on
stress response, as observed in this study, promises to be a potential candidate for preventing or
treating stress-related disorders, and thus, has great social significance. However, regardless of
the stress response function as a survival mechanism, including immunoprotection from acute
stress [Dhabhar, 2009], it should be considered that EFs might have negative effects on stress
response. Further, to not only completely characterize the illuminance-dependence of the
anti-stress effects of EF, but also determine whether this is the optimal illuminance condition, a
broader range of conditions should be investigated in future studies.

Next, we aimed to characterize the relationship between the effect of EF exposure and the
animal’s body surface area exposed to the EF. GC levels in the co-treatment but shielded
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groups [Stress(+)/EF(+)/shield (5 or 20 mm)] were lower than those in the
immobilization-alone group, but not lower than those in the groups [Stress(+)/EF(+)/shielding
(80 or 200 mm)]. Therefore, the effect of the EF on plasma GC was observed found when the
body surface area exposed to the EF was relatively smalllarge, whereas the EF effect was
diminished when the body surface area exposed to the EF was relatively largesmall. In addition,
a reciprocal plot of plasma GC (as an index of the effect of the EF) against body surface area
shielded from the EF revealed a negative correlation (P < 0.005, Y = −0.0016*X + 1.4). We
conclude that shielding from the EF inhibits its suppressive effect on stress-induced increases
in GC in immobilized mice; furthermore, the suppressive effect of EF exposure depends on the
body surface area exposed to the EF in mice. Considering either the clinical applications or
health risks of EF, the insight regarding the relationship between the exposed area to EF and
EF-induced biological effects might have widespread implications. However, more detailed
measurements, including estimation of EF distribution on the mouse surface, will be necessary
to confirm and strengthen this hypothesis. Furthermore, we will need to understand the
relationship between different body areas exposed to or hidden from the EF and the
stress-reducing effect of the EF.

Potential mechanisms underlying the decrease in GC level induced by an EF include the
suppression of GC release from the adrenal cortex or enhanced degradation of GC in the liver.
Our latest study suggested that the effect can be attributed to the suppression of GC secretion
[Harakawa et al., 2017]. In this scenario, GC release from the adrenal cortex may be
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suppressed directly or indirectly via suppression of the upstream stress response. Previous
studies suggested that high-intensity and chronic exposure to ELF-MF increases corticosterone
secretion, along with depression- and/or anxiety-like behavior, without enhancement of the
hypothalamic-pituitary-adrenal axis [Kitaoka et al., 2013, 2016]. However, because ELF EFs
seem to have a certain effect on ACTH secretion in the pituitary [Harakawa et al., 2004], the
hypothalamic-pituitary-adrenal axis would participate in the ELF EF-induced suppressive
effects on GC levels in immobilized mice. Furthermore, GC receptor gene transcript levels
after EF, stress, or co-treatment should be investigated as a downstream biological effect of EF
exposure.
Whether the stress response is normal in mice exposed to an ELF EF should be considered
carefully. Considering the fact that the lack of a life-saving physiological response to a harmful
level of stress would expectedly lead to some type of disease, the ELF EF used in this study can
be considered to have been beneficial.

In test 1, under stress in 50- or 60-Hz conditions, RBC, HGB, and HCT, but not WBC, were
increased in the immobilized mice, and in test 2, under stress and at all illuminance levels,
WBC, RBC, HGB, and HCT were higher in immobilized mice than in control mice, suggesting
an association of blood parameters with the elevated GC level under stress. Correlations
between GC level and illuminance level with respect to blood parameters were not detected. In
test 3, RBC, HGB, and HCT also were all increased in the immobilized mice, suggesting an
association of blood parameters with the elevated GC levels under stress. We speculated that
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the elevation in these blood parameters can be mainly attributed to either water deprivation due
to stress-induced vasoconstriction or release of erythrocytes stored in the spleen or liver,
although this hypothesis remains to be tested. However, no difference in blood parameters was
observed between the stress-alone and co-treatment groups. These results suggested that EFs
have an effect on acute stress-related changes in the hypothalamic-pituitary-adrenocortical
system; however, it may not have a substantial effect on blood parameters in the
sympathetic-adrenal-medullary axis.
One important consideration is that the handling of the mice during blood sampling may
probably have induced stress, and may therefore, have artifactually altered the GC levels. In
future studies, we intend to use a better design incorporating cannulated animals.

The present study confirmed that an EF of 50–60 Hz can exert an anti-stress effect.
Furthermore, we believe that the experimental approach adopted here, with respect to both
technical and experimental design, can be applied in other studies aimed at investigating the
biological effects of EFs in different organisms, although further development of the method
will be required to allow for extrapolation to humans.
In conclusion, although there are some limitations to our study, e.g., only one species was
tested, our findings corroborated that exposure to an ELF EF at both 50 and 60 Hz suppresses
immobilization-induced changes in the endocrine system, at least with respect to acute
immobilization stress in mice. Owing to the limitations of this study and the lack of knowledge
on the long-term effects of EF exposure, further studies are needed to investigate the effects of
20

EF exposure for days or weeks on the endocrine system to determine its safety. Our findings
further suggested that the suppressive effect is influenced by environmental illuminance.
Furthermore, the suppressive effect of EF exposure depends on the body surface area exposed
to the EF in mice. Our findings could potentially be extended to other species, including
humans, upon incorporating further developments in study methodology.
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FIGURE LEGENDS
Fig. 1. Electric field (EF) exposure system. A: Voltage generator and electrodes. B: Summary
of EF exposure space.

Fig. 2. A: EF exposure cage. B: Mouse restrained in a 50-mL centrifuge tube.

Fig 3. Experimental design for tests 1, 2, and 3 to investigate the suppression of
immobilization-induced increases in the plasma GC level on EF exposure in mice. Mice were
divided into the following groups (n = 6 per group): control; EF-only; immobilization-only;
and co-treatment. All mice spent 60 min in the EF exposure cage. Mice in the stress groups
were immobilized for the second half (30 min) of the 60-min test period.

Fig. 4. EF shielding using polytetrafluoroethylene sheets (5 mm, 20 mm, 80 mm, or 200 mm).

Fig. 5. Effect of immobilization on plasma GC level and effects of EF exposure on the
immobilization-induced increase in the plasma GC level.

Fig. 6. Effect of immobilization and the EF on the immobilization-induced increase in plasma
blood parameters. WBC, white blood cell; RBC, red blood cell; HGB, hemoglobin; HCT,
hematocrit. There was no difference in WBC count among groups. RBC count (P < 0.0001),
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HGB level (P < 0.0001), and HCT level (P < 0.0001) were significantly lower in the control
group than in the treatment groups. There was no significant difference in any of the blood
parameters among the immobilization-alone group and the two co-treatment groups.

Fig. 7. Illuminance in the space where mouse were constrained during EF exposure or the
immobilization period. Illuminance applied to the cage in which the mouse was housed to be
stable, 0 lux, 204 ± 3.2 lux, and 487 ± 15.8 lux, respectively.

Fig. 8. Effect of immobilization on the plasma GC level and effect of the EF on the
immobilization-induced increase in the plasma GC level.

Fig. 9. Effect of immobilization and the EF on the immobilization-induced increase in plasma
blood parameters. WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; HCT,
hematocrit.

Fig. 10. Effect of immobilization and EF exposure on the immobilization-induced increase in
the plasma GC level. Correlation between shield width and the reciprocal of plasma GC levels.

Fig. 11. Effect of immobilization and EF on the immobilization-induced increase in plasma
blood parameters. WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; HCT,
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hematocrit. ANOVA of the measured blood parameters revealed that all parameters displayed
significant differences between groups (P < 0.0001 for all parameters except for WBC (P <
0.005)). Bonferroni’s test indicated that RBC, HGB, and HCT in mice in the stress-alone group
[Stress(+)/EF(–)] were significantly higher than those in mice in the control group
[Stress(–)/EF(–)] (P < 0.0001). These parameters did not show a significant difference between
the co-treatment groups [Stress(+)/EF(+)] and either the stress-alone group [Stress(+)/EF(–)]
or the groups with shielding [Stress(+)/EF(+)/shielding(+)].
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