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ORIGINAL ARTICLE

Acute effects of 60-Hz electromagnetic fields on ex
vivo murine lymphocyte and macrophage functions,
and in vitro tumor cell growth

Jessica S. Jacobi-Elizondo,*** Ricardo Gomez-Flores,** Reyes Tamez-Guerra,**
Cristina Rodriguez-Padilla** & J. Antonio Heredia-Rojas*

ABSTRACT. Electromagnetic fields (EMFs) have been associated
with impairing health. There are data that associate EM Fs exposure to
incidence of cancer, but there are conflicting results between epide-
miological and laboratory studies. Similarly studies on the effect of
EMF on the immune system have produced variable results. In the
present study, we evaluated the acute effects of 60 Hz EMFs expo-
sure at 1.0 mT, on proliferation of murine thymic lymphocytes, pro-
duction of nitric oxide and phagocytosis of Candida albicans by
peritoneal murine macrophages, as well as the effect of 8 h/day of
EMF exposure during 6 days on proliferation of murine lymphoma
L5178Y-R cell growth. We observed that exposure to EMF did not
alter lymphocyte and macrophage functions, and did not affect in
vitro cell growth of the murine lymphoma cell line L5178Y -R.

Key words: Lymphocyte and macrophage function, electromagnetic
field tumor cell growth.

INTRODUCTION

Our civilization is continuously exposed to extremely
low frequency (i.e. 50 or 60 Hz) electromagnetic fields
(EMFs) produced by high-voltage transmission lines, vi-
deo display terminals, electric blankets, or clinical nuclear
magneti c resonance-imaging procedures. However, thereis
not convincing evidence to link EMFs to harmful effects
on human health.®

A number of epidemiologica studies have suggested an
increased risk for cancer development, particularly leuke-
miaand brain and breast cancers, due to residential or occu-
pational exposure to EMFs.22021 EMFs might act as tumor
promoters and interfere with DNA repair.'® On the contrary,
the majority of laboratory studies have indicated that non-
ionizing radiation has no mutagenic effects.’>7 In addi-
tion, recent studies have demonstrated that EMFs and mag-
netic fields (MFs) can influence immune function. In this
regard, it was reported an overall in vivo immunopotentia-
tion of humoral and cell-mediated immune responsesin rats
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RESUMEN. Los campos electromagnéticos (CEM) se han asociado
con efectos para la salud. Existen datos que relacionan la exposicién
a CEM con incidencia de cancer, sin embargo hay controversia entre
los estudios epidemiol 6gicos y aquellos de laboratorio. Por otra par-
te, investigaciones recientes muestran el efecto de CEM sobre €l siste-
ma inmune, con resultados variables. En el presente trabajo se evalud
el efecto de CEM de 60 Hz de frecuencia, a una exposicién aguda
(72 h), con unaintensidad de 1.0 mT sobre la proliferacion de linfo-
citos de timo, la produccion de éxido nitrico y fagocitosis de Candi-
da albicans por macréfagos peritoneales murinos, asi como también
el efecto sobre la proliferacion de células de linfoma murino L5178Y -
R expuestas 8 h diarias por un periodo de 6 dias. Se observé que la
exposicion a CEM no alter6 las funciones ex vivo de los linfocitos y
macréfagos, y no afecto la proliferacion de células tumorales in vitro.

Palabras clave: Macréfagos, linfocitos, campo electromagnético,
crecimiento celular tumoral.

exposed to static MFs.®° In addition, it was demonstrated
that EMFs and MF caused lymphocyte suppression,1819.22
or increase in lymphocyte proliferation.>’

In the present study, we evaluated the acute effects of
60-Hz EMF on ex vivo immune functions, and against in
vitro lymphoma L5178Y -R growth. We found that EMFs
did not alter ex vivo functions of lymphocytes and ma-
crophages, and did not affect in vitro tumor cell growth.

MATERIAL AND METHODS

Reagents, culture media, and cell line: Penicillin-strep-
tomycin solution, L-glutamine, and RPMI 1640 and AIM-V
media were obtained from Life Technologies (Grand Island,
NY). Lipolysaccharide (LPS) from Escherichia coli seroty-
pe 0128:B12, fetal bovine serum (FBS), methanol, phos-
phate buffer saline (PBS), 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), concanavalin A (Con
A), sodium dodecy! sulfate (SDS), dimetilformamide (DMF),
and Giemsa stain were purchased from Sigma Chemical Co.
(St. Louis, MO). The murine lymphoma cell line L5178Y-R
was obtained from The American Type Culture Collection
(ATCC) (Rockville, MD) and maintained in RPMI 1640 me-
dium supplemented with 10% FBS, 1% L-glutamine, and
0.5% penicillin-streptomycin solution (complete RPMI
1640 medium).
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Animals. Six- to eight-week old Balb/c male mice
(Harlan Sprague Dawley Inc., Indianapolis, IN) were
used. They were kept in a pathogen- and stress-free envi-
ronment at 24 + 2°C, under a light-dark cycle (light pha-
se, 09:00-21:00), and given water and food ad libitum.

Exposureto EMF. The exposure system consisted of
a selenoid with 552 turns of enamel insulated copper
wire caliber 14, coil on a plastic matrix of a diameter of
27 cm and alength of 71 cm. This selenoid was fed by a
60-Hz alternate electric current which was connected to
a variable autotransformer (STACO Inc. model 500B,
Dayton, Ohio) with an entrance of 120 volts and 8 am-
pers and an exit of 120 volts and 12 ampers. The auto-
transformer was passed by a step-down transformer that
allowed delivering of the required amperage to produce
the magnetic intensity utilized in this study (1.0 mT,
T=Tesla, isthe density of magnetic flux unit). To assure
the geometry of exposure, a separator with polyvinyl
chloride (PVC) tube and acrylic was assembled to allow
the animals or cell cultures to be located at the same
position inside the selenoid. This is relevant conside-
ring that EMFs biological effects are directly associated
with the induced electric field on the samples, and this
electric field depends on the radium of the selenoid.'* A
gausimeter Bell model FW 6010 was used to measure
the applied EMFs. This was coupled to an oscilloscope
(model 2120 BK-precision, Miami, FL) to verify the ge-
neration of a 60-Hz alternate magnetic field. In addi-
tion, during the experiments, the EMFs were monitored
with a probe coil calibrated with the gausimeter (1.7 mV
of alternate current detected in the probe coil corres-
ponded to 1.001 mT of magnetic flux density). As a
control, we used a sham selenoid similar to the one uti-
lized for the treatments, but not connected to the elec-
tric current.

Cell preparation and culture. Mice werekilled by cer-
vical dislocation immediately after 72 h of EMF exposure.
Macrophages were obtained by peritoneal lavage with
cold RPMI 1640 medium; next, thymus was removed, and
single-cell suspensions were prepared by disrupting the or-
gan in the same culture medium. Macrophage and thymic
cell suspensions were washed two times with RPM1 1640
medium, suspended and adjusted to 2 x 108 and 1 x 107
cells/ml in AIM-V medium respectively. We changed the
culture medium at this step, because it was reported that
serum activates macrophages,® and AIM-V medium has
been demonstrated to support cell culture.’°

T cell proliferation assay. T cell proliferation was de-
termined by a colorimetric technique. Cell suspensions
(100 pl) were added to flat-bottomed 96-well plates
(COSTAR, Corning Inc, NY) containing triplicate cultu-
res (100 ul) of AIM-V medium (unstimulated control) or
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the mitogen Con A at submaximal and maximal concen-
trations of 0.6, 1.2, and 2.4 pg/ml. After incubation for
44 h at 37°C in an atmosphere of 5% CO,-95% air, 20 l
of MTT (0.5 mg/ml final concentration) were added to all
wells, and cultures were incubated for additional 4 h. Af-
ter the incubation period, plates were centrifuged. One
hundred microliters of supernatants were then removed
followed by addition of 100 pl of cell lysing buffer (20%
SDSin 50% of both DMF and water) to all wells, and cul-
tures were incubated for additional 16 h. Optical densi-
ties at 540 nm were then determined in a microplate rea-
der (BIO TEK InstrumentsInc.).

Nitrite determination. Accumulation of nitrite in the
supernatants of macrophage cultures was used as an indi-
cator of nitric oxide production by resident or activated
cells. Cell suspensions (100 pl) were added to flat-botto-
med 96-well plates (COSTAR, Corning Inc.) and incu-
bated for 2 h. Cell cultures were then washed once with
RPM1 1640 to remove non-adherent cells, and adherent
cellswere incubated in 200 pl AIM-V medium per well in
the presence or absence of LPS (20 ng/ml) for 72 h. After
incubation, supernatants were obtained, and nitrite levels
were determined with the Griess reagent as previously re-
ported,®® using NaNO, as standard. Optical densities at
540 nm were then determined in a microplate reader (BIO
TEK Instruments Inc.).

Phagocytosis assay. Macrophage suspensions at a
concentration of 2 x 10° cells/ml were plated on 24 x 60
mm glass coverslips (Fisher Scientific, Pittsburgh, PA)
placed inside 100 x 15 mm polystyrene Petri dishes (Fis-
her Scientific). After 2 h of incubation at 37°C, non-ad-
herent cells were removed, and adherent cells were incu-
bated whit a suspension of live Candida albicans, ATCC
strain 32354, at a yeast to macrophage ratio of 5to 2, in
AIM-V medium in afinal volume of 6 ml. After 1 h of in-
cubation at 37°C, yeast’s were removed, and macrophage
monolayers were extensively washed whit PBS and air-
dried. Cells were then fixed in methanol, and stained
with Giemsa stain.* The coverslips were removed and
mounted onto glass slides (Fisher Scientific). The percen-
tage of macrophages ingesting one o more yeasts were
determined by counting at least 100 cells under an oil-
immersion objective.

Tumor cell proliferation assay. To determine the in vi-
tro effect of EMF on tumor cell growth, L5178Y-R cellsat a
concentration of 5 x 10* cells/ml in complete RPMI 1640
medium, were exposed to EMFs (1.0 mT) for 8 h at day du-
ring 6 days. Cell suspensions were maintained at 37°C in an
atmosphere of 5% CO,-95% air for the remaining 16 h. One
hundred-microliter aliquots of tumor cell suspensions were
obtained at the beginning of the experiment and every 24 h
immediately after EMF exposure, during the 6 days of treat-
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ment. Tumor cells were then incubated in flat-bottomed 96-
well plateswith MTT (at afinal concentration of 0.5 mg/
ml) by additional 4 h. Next, 100 pl of cell lysing buffer were
added to all wells, and plates were incubated for additional
16 h. Optica densities at 540 nm were then determined in a
microplate reader (BIO TEK Instrumentsinc.).

Statistical analysis. The results were expressed as mean +
SEM of triplicate determinationsfor each treatment from 3 in-
dependent experiments. Statistical significance was determi-
ned by Student’ st-test (P < 0.05) and analysis of variance.

RESULTS

Acuteeffect of EMFson T cell proliferation: Sixty-Hz
EMF at 1.0 mT did not significantly alter T cell prolifera-
tion (Fig. 1).

Acute effect of EMFs on macrophage functions: As
shown in Fig. 2, 60-Hz EMF at 1.0 mT did not significant-
ly affect nitric oxide production, and did not influence
phagocytosis of Candida albicans by peritoneal macro-

phages (Fig. 3).
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Figure 1. Acute effect of EMFs on T cell proliferation. Mice were expo-
sedto 60-Hz EMFs during 72 h or sham-treated, after which thymuses
were removed and thymic cells were adjusted'to 1 x 107 cells/ml. The sus-
pensions were then incubated in the presence or absence of Con A for 44
hat 37°C. Cell proliferation was then determined by a colorimetric techni-
que using MTT, as described in the text. The results were expressed as
mean + SEM of triplicate determinations for each treatment from 3 inde-
pendent experiments. The proliferation index was calculated dividing the
optical density for cell proliferation induced by Con A between the optical
density of untreated control (0.295 + 0.114) for each experimental group.
There was not significant difference between EMF-treated animal thymic
cell responses and those of untreated control animal cells at all Con A
concentrations (P values equalto 0.94, 0.66,and 041 at 0.6, 1.2, and 2.4
mg/ml of Con A respectively). However, there was a significant difference
(P > 0.01) between responses of Con A-treated cells from control and
EMF-treated groups and those of cells not treated with Con A.
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Figure 2. Acute effect of EMFS on nitric oxide production by peritoneal
macrophages. Accumulation of nitrite in the supermatants of macrophage
cultures was used as an indicator of nitric oxide production. Were incu-
bated 2 x 10° macrophages/ml in the presence or absence of LPS for 72
h, as explained in the text. After incubation, supematants were obtained,
and nitrite levels were determined with the Griess reagent. Optical densi-
ties at 540 nm were then determined. The results were expressed as
mean + SEM of triplicate determinations for each treatment from 3 inde-
pendent experiments. There was not significant difference between the
response of untreated or LPS-treated macrophages from EMF-treated ani-
mals and that of control animal cells (P values equalto 0.710 and 0.44 for
untreated and LPS-treated cells respectively).

Effect of EMFson in vitro tumor cell growth: Expo-
sure of L5178Y-R cellsto 60-Hz EMF at 1.0 mT, did not
significantly alter its growth in vitro (Fig. 4).

DISCUSSION

Results from the present study indicated that 60-Hz
EMFs (1 mT) did not affect ex vivo lymphocyte and ma-
crophage functions, and in vitro L5178Y-R cell growth.
Our results are related to a previous study reporting that
static and sinusoidal magnetic fields of 1.0 to 100 mT did
not alter nitric oxide production by murine macropha-
ges.18 In addition, exposure of mice to 60-Hz EMFs at 0.1
mT during 1 to 10 days produced inconsistent results on
immune parameters including enhancing, suppressing and
absence of effects.’* We have recently reported that conti-
nuous exposure to 60-Hz EMF of 1.0, 1.5 and 2.0 mT, was
capable to increase in vitro phytohemaglutinin-induced
human lymphocyte cell proliferation, using an EMFs ex-
posure device similar to that used in the present study.’
The lack of effect of EMFs on ex vivo immune function
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Figure 3. Acute effect of EMIFs on the phagocytosis of Candida albicans
by peritoneal macrophages. Cultures of 2x10° macrophages/mi, fiom mice
treated or notwith 60-Hz EMFs at 1.0mT during 72 h, were incubated with a
suspension of C. albicans, as described in the text After 1 h of incubation at
37°C, yeasts were removed, and macrophages were then fixed in methanol
and stained with Giemsa stain. The percentage of macrophages ingesting
one o more yeastwas determined by courtting at least 100 cells under an oil-
immersion objective. The results were expressed as mean + SEM of trplica-
te determinations for each treatrment from 3 independent experiments. There
was not significance between the response of macrophages from EMFtrea-
ted animals and'that of untreated control animal cells (P=0.82).
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Figure 4. Effect of EMFs onin vitro tumor cell growth. L5178Y-R cells at
a concentration of 5x 10* cells/iml were exposed to EMFs (1.0mT) for 8
Waay during 6 days. One hundred-microliter aliquots of tumor cell suspen-
sions were obtained at the beginning of the experiment and every 24 him-
mediately after EMIF exposure, during the 6 days of magnetic treatment.
The cell suspension aliquotes were then incubated with MTT, and prolife-
ration was determined. The results were expressed as mean + SEM of tri-
plicate determinations for each treatment from 3 independent experiments.
There was not significant difference between EMF-treated tumor cell
growth and that of untreated control tumor cells during all days of treat-
ment(P>0.5).
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might be related to a limited (not continuous) exposure to
EMFs (cells were not exposed during the incubation time).
This may have contributed to the recovery of the cells af-
ter EMFs treatment.

On the other hand, our results on in vitro tumor cell
growth suggested an absence of effect by EMFs treatment.
Our data agreed with other laboratory studies that reported
no alterations on cancer growth following exposure to ex-
tremely-low frequency EMFs,315 put differed from epide-
miological studies showing a promoting effect of EMFs on
cancer development.® This may be attributable to the exis-
tence of multiples not recognized factors capable to inte-
ract with EMFs to promote cancer devel opment.

In general, EMFs have been reported to increase, decrea
se or have no effects on immune function®7:%1218.19.22 g;ch
differences might be related to a number of factors inclu-
ding: @) type of exposure device to produce EMFs, b) treat-
ment dose (exposure time, intensity and frequency of
EMFs), c) exposure area (whole body vs specific body re-
gion), and d) target cell type and source (lymphocytes, ma-
crophages, and tumor cells of murine, rat or human origins).

We have experiments underway to determinein vitro, ex
vivo and in vivo acute and chronic effects of EMFs at inten-
sities greater than 1.0 mT on immune functions and tumor
cell growth. The World Health Organization has an interna-
tional project to evaluate EMFs effects produced by electric
and electronic devices, and power lines on human health.?3
Despite the large number of published worksin recent years,
there is no conclusive evidence supporting that exposure to
EMFsis associated with human diseases.
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