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Acute Effects of Low-frequency Electromagnetic Fields
on Leukocyte-endothelial Interactions In Vivo
AKIRA USHIYAMA and CHIYOJI OHKUBO
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Abstract. Background: To clarify the effect of extremely low
frequency electromagnetic field (ELF-EMF) on the
microcirculatory system, acute effects on leukocyteendothelium interactions resulting from ELF-EMF exposure
were examined with conscious BALB/c mice by means of a
dorsal skinfold chamber. Materials and Methods: The
fluorescent dye, rhodamine 6G, was injected into the caudal
vein to visualize leukocytes in vivo and to analyze leukocyteendothelium interactions. Mice were exposed in vivo to 50 Hz
linear sinusoidal wave EMF at magnetic flux densities of 3,
10 or 30 mT, for 30 minutes. Results: The mean velocity of
free flowing leukocytes in the center stream of venules
revealed no distinct changes following exposure. However, at
a flux density of 30 mT, the number of adherent leukocytes,
defined as the total number of rolling and endotheliumadhering leukocytes, increased significantly following ELFEMF exposure (p<0.05); no significant differences in
adherent cell numbers were found in the 3 mT and 10 mT
exposure groups or sham controls comparing pre- and postexposure periods. Conclusion: These results demonstrated
that high magnetic flux densities of ELF-EMF had an effect
on leukocyte-endothelium interactions and indicated that a
threshold level for this phenomenon exists in the range of 1030 mT under these experimental conditions.
Exposure to extremely low frequency electromagnetic fields
(ELF-EMF) is widespread in urban societies, but how
electromagnetic fields (EMF) may effect health remains
ambiguous. Several epidemiological reports on adults (1)
and children (2, 3) have suggested EMF are associated with
increased health risks, particularly cancer. However, the
potential adverse effects of EMF are still controversial
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because few reports have been able to correlate such
epidemiological data with pathophysiological findings.
Furthermore, the elevations in relative risk reported
previously have generally been minor. Thus, more
conclusive research is warranted for a better understanding
of the relative health risks posed by ELF-EMF.
Numerous in vitro and in vivo experimental studies
elucidating the biological effects induced by ELF-EMF are
reported. For example, it is known that in vitro exposure to
ELF-EMF influences some biological processes: the
enzymatic activity of ornithine decarboxylase (4), the signal
transduction relating protein kinase C (5) and the expression
of several genes such as heat-shock proteins (6, 7).
Although ELF-EMF are believed to affect biological
immune systems, thereby increasing the likelihood or
promotion of tumors and other disease, direct evidence
supporting this hypothesis is still insufficient. Since the
immune system plays an essential role in the
pathophysiology and development of disease, it is important
to clearly determine how immunological functions can be
influenced by ELF-EMF exposure. Studying immune
response to 50 Hz ELF-EMF exposure in vitro by assaying
cytokines produced by human peripheral blood
mononuclear cells (PBMCs) showed that some cytokine
levels changed in response to exposure(8). Specifically, a
significant decrease in tumor necrosis factor · (TNF-·) and
a significant increase in interleukin 1‚ (IL-1‚) levels were
observed. It is well established that changes in cytokine
production induce specific cellular and molecular responses
in target cells. In the case of leukocytes, some cytokines (IL1‚, TNF- ·) can stimulate the up-regulation of E-selectin
and L-selectin ligands, which mediate subsequent leukocyte
rolling (9). In addition, TNF-·, IL-1‚ and interferon Á
(IFN-Á) enhance the expression of ICAM-1 and VCAM-1
in endothelial cells, which mediate leukocyte adhesion to
the endothelium (10-12).
Taking these findings into consideration, we have
hypothesized that if cytokine production is influenced by in
vivo exposure to ELF-EMF, then quantitative changes in
leukocyte-endothelium interactions should be observable by
intravital microscopy. To evaluate our hypothesis, we
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Materials and Methods
Animal models. The dorsal skinfold chamber (DSC) model for the
mouse was originally designed by Algire and Legallais (14) and
modified chambers have since been applied to various
experimental animal models (15). The most commonly used DSC is
made of titanium. In the present study, we utilized a newly
developed non-metal chamber to prevent heat production. The
chamber frame used was made of Duraconì resin, a non-metallic
material that is not affected by magnetic fields and which we
specifically designed for this purpose. As shown in Figure 1, DSCs
were implanted in 8-week-old male BALB/c mice (obtained from
Tokyo Zikken Doubutsu Co., Tokyo, Japan). The surgical
procedure was essentially identical to that previously described
(16). Briefly, mice were anesthetized by i.m. injection of a cocktail
of ketamine hydrochloride (90 mg/kg body weight, Sigma Chemical
Co. St. Louis, MO, USA) and xylazine hydrochloride (10 mg/ kg
body weight, Sigma Chemical Co.). Then the chamber frames were
implanted so as to sandwich the extended double layer of the
dorsal skin. Using an operating microscope and microsurgical
instruments, one layer of skin was removed in a circular area of 15
mm in diameter and the remaining layer was covered with a
coverslip incorporated into one of the chamber frames. The
operation was performed at least 5 days before EMF exposure to
allow for recovery from surgery and any related inflammation.
All animals were fed a standard pellet diet and given water ad
libitum. They were maintained in individual cages with a 12-h
light/dark cycle and at a temperature of 23.0±1.0ÆC. All
procedures were conducted in accordance with the guidelines for
animal experiments at the National Institute of Public Health.

Figure 1. Overview of mouse dorsal skinfold chamber. (A) Whole body
image of a mouse bearing a DSC 10 days after implantation (bar indicates
1 cm). (B) Intravital microscopic image of subcutaneous vessels using a
DSC (bar indicates 1mm).

employed a dorsal skinfold chamber (DSC), to visually
monitor the vascular system and blood circulation of mice
in vivo, using a modified experimental method described
earlier (13). Combining the use of a uniquely designed DSC
and intravital fluorescence microscopy, we examined the
effects of ELF-EMF on the mouse microcirculatory system
and observed that leukocyte-endothelium interactions are
specifically affected by 30 mT EMF.
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Intravital fluorescence microscopy. Intravital fluorescence microscopy
was used to evaluate leukocyte-endothelium interactions with the
mouse DSC model. Observation of subcutaneous microcirculation
was carried out by fluoromicroscopy (Optiphot XF-EFD2, Nikon,
Tokyo, Japan) equipped with a 20 x long-working distance objective
lens (Fluor 20, Nikon). Microscopic images were televised by CCD
camera (WV-KS152, Matsushita Electric Industrial Co., Ltd. Osaka,
Japan) and recorded on videotape using a video recorder (VC-BS50,
Sharp Co., Osaka, Japan) for subsequent off-line analysis. To
evaluate dynamic video images, the time code generator signal
(VTG33: For.A Co., Tokyo, Japan) was superimposed on video
screen. Images were observed on a video monitor (AV-MT21, Victor
JVC, Yokohama, Japan). Venular segments were chosen for
examination because they are considered the major site of interaction
between leukocytes and endothelium in response to noxious stimuli.
To visualize leukocytes in vivo the fluorescent marker
rhodamine 6G (Wako Pure Chemicals Industries, Ltd., Osaka,
Japan) was used (17, 18). Rhodamine 6G was dissolved in
physiological saline. Each solution was freshly prepared on the day
of experiment and filtered through a 0.22 Ìm membrane filter
(Syringe-driven filter unit Millex-GN, Millipore Co., Billerica, MA,
USA) before each experiment. The prepared solution was injected
into the caudal vein as a bolus of 0.3 mg/kg body weight 5 min
before image recording. A Nikon G-filter block (excitation: 545
nm, emission: >590 nm) was employed to view stained leukocytes.
For microscopic observation during ELF-EMF exposure, animals
were placed in an acrylic resin tube of 26 mm in inner diameter.
The tube was fixed to an acrylic resin plate that was then set on a
non-metallic microscope stage.
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Figure 2. Schematic diagrams of electromagnet and magnetic field density distribution at the center of the C-shaped magnet. Diagrams illustrate front
(A) and side (C) views. Gray sections depict the four blocks of coils and M represents the position of the mouse during exposure and observation.
Distribution of magnetic field densities from front and side views are shown in graphs B and D. Density was measured along the center line of each axis
with an output power set to 30 mT.

ELF-EMF exposure. The 50 Hz ELF-EMF was generated by an
electromagnet (AMG1500A, Takano Giken Co., Kanagawa, Japan)
shown in Figure 2 and an electricity supply (SMP-120MBA,
Takano Giken Co.), as described previously (19). Briefly, the
electromagnet comprised a C-shaped steel bar with four blocks of
exposure coils. These coils were directly connected to the electricity
supply. The electromagnet was made of a silica-iron laminated
alloy to prevent heat transfer from the coils (dimensions: 120 mm
in width, 30 mm in depth and 40 mm in height) and provided
sufficient exposure area to cover the entire body of the mouse. The
electromagnet was movable on a small railway connected to the
acrylic stage of the microscope on which the mouse was set.
Animals were subjected to magnetic flux densities of 3, 10 or 30
milliTesla (mT), controlled from the center of the electromagnet,
or unexposed (sham, control group). Figure 2 also shows the
distribution of magnet flux density along x and y axes when the
output intensity was set to 30 mT. The distribution of magnetic
intensity was measured by a Tesla meter (F.W. Bell Model 4048,
Sypris Test & Measurement, Orlando, FL, USA).

Experimental procedures. We prepared 10 to 11 animals per
exposure or sham group. DSC implanted mice were fixed onto the
microscope stage and then placed within the C-shaped
electromagnet. Rhodamine 6G was injected and leukocyte behavior
was recorded in the pre-exposure state. As shown in Figure 3,
leukocytes flowing inside venules were detected as red fluorescent
cells under a G excitation lamp. Next, the mice were exposed to
ELF-EMF for 30 min at each magnetic flux density applied and
leukocyte behavior was recorded in the post-exposure state. The
control experiment was also performed according to the same time
course without exposure.
Analysis of leukocyte-endothelium interactions (leukocyte
rolling or adhesion) was made in venules (inner diameter of 70120 Ìm) during stable resting blood flow. For imaging analysis
three parameters were measured: leukocyte-endothelium
interaction, velocity of free flowing leukocytes and vessel
diameter. Leukocyte- endothelium interactions were determined
by counting the numbers of rolling or adhering leukocytes during
a period of 10 sec within the defined area (20 x 20 Ìm) of a

127

in vivo 18: 125-132 (2004)

Figure 3. Video image of intramicrovascular leukocytes
in vivo. Leukocytes (arrows) were stained with
rhodamine 6G and observed by intravital fluorescence
microscopy. Some cells showed slow flow compared to
blood flow resulting from weak endothelial interactions
or adhesion to vessel walls due to robust interaction.
Scale bar indicates 100 Ìm.

Figure 4. Changes in mean blood velocity of venules observed by DSC following acute exposure (30 min) to 50 Hz ELF-EMF at magnetic densities of
0, 3, 10 and 30 mT. The two connected closed circles in each graph show changes in the same animal before and after exposure to ELF-EMF. Each pair
of closed circles represents the mean velocity of 10 free flowing cells. Mean blood velocity in the 3 mT group showed a significant difference between
pre- and post-exposure *(p<0.05). The number of animals in each sample group is represented by n.
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Figure 5. Changes in rolling and adherent leukocyte numbers in venules observed by DSC following acute exposure (30 min) to 50 Hz ELF-EMF with
magnetic densities of 0, 3, 10 and 30 mT. The two connected closed circles in each graph show variations in the same animal before and after exposure
to ELF-EMF. Each pair of closed circles represents the mean of 10 repeated observations. Adherent leukocytes in the 30 mT group showed a significant
difference between pre- and post-exposure cell counts *(p<0.05). The number of animals in each sample group is represented by n.

venule. A rolling or adhering leukocyte was identified when its
velocity was less than 150 Ìm/sec, calculated by frame-by-frame
analysis. The velocity of free flowing leukocytes in the center
stream of venules was determined on a monitoring screen by
measuring the distance a single leukocyte traveled per unit time.
Ten cells were measured in each image, the fastest measurement
being considered to be the velocity of free flowing leukocytes.
The vessel diameter was measured with calipers in standstill
frames of the video-recorded images.
Statistical analysis. Within group comparisons were performed
using the Wilcoxon signed-rank test for paired analysis. Statistical
significance was set at p<0.05. Unless stated otherwise, n
represents the number of sample group animals.

Results
Animal model and intravital fluorescence microscopy. For this
study we used a mouse DSC made of Duraconì resin,
which is not affected by electromagnetic fields (e.g., EMF
may produce thermal effects on commonly used metal
frame chambers). Recent studies in our laboratory have
shown that mice tolerate this dorsal skinfold chamber well
and exhibit no adverse physiological effects (unpublished
data). Experiments were conducted on mice at least 5 days
after DSC implantation. Any animals showing signs of
impaired microvascular blood flow or inflammation were
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excluded from the experiments. Fluoromicroscopy with the
leukocyte-specific fluorescent dye rhodamine 6G provided
good resolution for detecting flowing and rolling leukocytes,
as depicted in the magnified image in Figure 3.
Leukocyte velocity. The velocity of leukocytes flowing in the
center streams of venules was determined in each animal. As
shown in Figure 4, leukocyte velocities did not change markedly
between pre- and post-exposure measurements. While velocity
flow showed a significant difference in the 3 mT exposure
group, it was only slightly faster in 7 out of 10 animals. Mice
exposed to 30 mT ELF-EMF demonstrated accelerated
velocities in 6 cases and decelerated velocities in 4 cases, among
a total of 11 animals. The range of velocity change between preand post-exposure measurements in the 30 mT group was
greater compared to the other groups, but it was not significant.
Consequently, ELF-EMF exposure at the flux densities
examined had negligible effects on leukocyte velocity.
Leukocyte endothelium interaction. Rolling and endotheliumadherent leukocyte numbers were determined by off-line
image analysis. Cell counts were repeated 10 times for each
animal at each exposure and non-exposure period. Data
points shown in Figure 5 indicate mean values of total
observed counts. The results varied slightly among mice,
probably due to inherent individual behavioral differences.
The control group revealed the highest number of preexposure adherent cells, 21.5±3.4 (mean±S.D. of 10
repeated counts), while the lowest number observed was
3.2±0.63 in the 10 mT exposure group. The average number
of pre-exposure adherent cells, among a total of 41 test
animals, was 9.9±4.7. After continuous exposure for 30
minutes, adherent cell numbers were recounted, showing
that cell numbers increased in some mice. When the
average cell number for the pre-exposure state was assumed
to be 1, the largest increase was 1.34 (detected in the 10 mT
group) and the largest decrease was 0.70 (detected in the 3
mT group). Comparisons of pre- and post-exposure results
did not show any significant differences in the 3 mT or 10
mT EMF exposure groups, as was the case with the sham
group. However, adherent cell numbers in the 30 mT group
significantly increased following EMF exposure. This result
indicated that whole body ELF-EMF exposure induced
leukocyte adhesion at magnetic densities that are extremely
high relative to normal urban environmental levels and that
a threshold for this effect lay in the range of 10 mT to 30
mT under this set of experimental conditions.

Discussion
Epidemiological data indicate a relationship between
extremely low frequency electromagnetic field (ELF-EMF)
exposure and increased incidence of leukemia (20, 21).
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While detailed mechanisms are still not well understood,
these studies indicate that EMF-ELF probably alter host
immune response. To date, numerous in vivo and in vitro
investigations have been conducted, however, the association
between ELF-EMF exposure and immune response remains
ambiguous. In vivo studies by House et al. demonstrated the
suppression of natural killer (NK) cell activity in mice after
subchronic and chronic exposure to 60 Hz magnetic fields at
1.0 mT (22, 23). Tremblay et al. reported that in vivo
exposure of rats to 60 Hz EMF for 6 weeks induced
immunological perturbation such as decreased numbers of
CD5+, CD4+ and CD8+ cell populations and increased NK
cell activity (24), although the specific mechanisms related
to these phenomena were unclear. Moreover, it is uncertain
whether the same effects occur under normal physiological
conditions. To better understand EMF interactions with in
vivo systems, we investigated the pathophysiological effects
of ELF-EMF exposure in mice. By adopting the dorsal
skinfold chamber (DSC), we were able to clearly visualize
subcutaneous microcirculation in mice by intravital
microscopy, a technique widely applied to experiments with
mice, rats and hamsters (15). Also, methodologies in
fluorescence microscopy are well established for observing
several physiological parameters (25). In this study, we
focused on free flowing leukocytes in venules, to investigate
the effects of short ELF-EMF exposure periods on the
interaction between leukocytes and endothelium. Leukocyteendothelium interactions mainly occur under conditions of
inflammation, in regions where leukocytes secrete the
cytokines IL-1 and TNF, which induce expression of the cell
adhesion molecules ICAM-1 and VCAM-1 on endothelial
cell surfaces. Under inflammatory conditions this process
permits leukocytes to adhere to tissues (11).
Several in vivo investigations into the effects of ELF-EMF
exposure on cytokine production have been published.
Cossarizza et al. (26)demonstrated that the exposure of human
peripheral blood mononuclear cells (PBMCs) to extremely
low frequency pulsed electromagnetic fields (PEMFs)
increased both spontaneous and phytohemaggutinin (PHA)
and 12-O-tetradecanoyl-phorbol-13-acetate (TPA) induced
production of interleukin-1‚ (IL-1‚) and IL-6. Jonai et al. (8)
reported decreases in the spontaneous production of TNF-·
in the intensity range of 1 mT to 30 mT, and in that of
Interferon Á (IFN-Á) at 10 mT in human PBMCs. Petrini et al.
(27) reported that sinusoidal 50 Hz EMF at 1 mT suppressed
TNF-· production in human PBMCs. In contrast, Ikeda et al.
(28) reported no effects from 50 and 60 Hz EMF exposure
either in cytotoxic activity or cytokine production in human
PBMCs. Taken together, this body of research findings led us
to hypothesize that EMFs potentially modulate leukocyteendothelium interactions in microcirculatory systems, with the
basic assumption that the effects of EMF on in vitro and in
vivo systems are essentially the same.
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It is well established that leukocyte-endothelium
interactions are affected by blood velocity in the
microvasculature (29), therefore we undertook to measure
mean blood velocities in venule segments of mice subjected
to whole body EMF exposure. Our results found no
discernable differences in mean blood velocity following
EMF exposure. Xu et al. (19), on the other hand, reported
that mice exposed to 50 Hz EMF at 1 mT for 10 min exhibit
significantly increased peak blood velocity and that 1 mT
was a threshold level for this effect. Although they used the
same electromagnet that we did, they measured peak blood
velocity of muscle capillaries in anesthetized mice, while our
experiment measured mean blood velocity in venules of
conscious animals. Further, our experimental exposure
period of 30 min differed from their exposure times. Any of
these factors, individually or in combination, may explain
why we found only negligible differences in EMF effects on
blood velocity.
A significant increase in endothelium-adhering and
rolling leukocytes was detected in venules following EMF
exposure (Figure 5). Under intravital microscopy these
vessels showed no abnormal pathophysiology or
inflammation. Since the velocities of free flowing leukocytes
were unchanged, as determined by mean blood velocity
results, the increased leukocyte-endothelium interaction
observed may be attributed to EMF exposure, subsequently
indicating that electromagnetic fields trigger the modulation
of endothelial cell adhesion. Additionally, this result was
found only in the 30 mT exposure group, suggesting that a
threshold level for this effect exists between a flux density
of 10 mT and 30 mT.
This study examined acute ELF-EMF effects on
subcutaneous microcirculation using a DSC and a C-shaped
electromagnet for exposure. The electromagnet was suitable
for whole body exposure of the mouse. However, the spatial
area ensuring uniform magnet intensity was limited and the
mouse had to be fixed to the center of the electromagnet
during exposure. Therefore, an exposure time of 30 min was
applied in order to reduce stress caused by long restriction
periods. To better characterize the differential effects in
cases of chronic and subchronic EMF exposure, more study
is needed for the design of better chronic exposure models.
Microcirculatory vessels can be observed up to 4 weeks
using this dorsal skin chamber, under optimal conditions,
however, for several weeks of continuous ELF-EMF
exposure, we are currently investigating an experimental
exposure model employing Helmholtz coils.
The present experimental data showed that the
continuous and whole body exposure of 50 Hz EMF at 30
mT for 30 min significantly influenced cell to cell interaction
between venular endothelial cells and leukocytes in the
mouse subcutaneous microvasculature although 3mT or 10
mT exposure did not affect leukocyte adhesiveness. While

only negligible differences in blood velocity were
determined following EMF exposure, the increased
leukocyte adhesion observed at 30 mT is in agreement with
earlier reports showing that EMF modulates endothelium
cell adhesion and increases leukocyte-endothelium
interactions. Moreover, this acute EMF effect was shown
only at a high flux density of 30 mT, indicating that a
threshold level exists between 10 mT and 30 mT. The
increased leukocyte-endothelium interactions seen with 30
mT exposure appears to result from altered immunological
responses and subsequently confirm that ELF-EMF at very
high flux densities evoke pathophysiological effects on
biological systems in vivo.
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