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Abstract

The possibility that extremely low frequency (ELF) magnetic fields affect the genomic integrity of the cell is the objective of
this study. Human peripheral lymphocytes (HPLs) were exposed to different exposure conditions combining ac and static
magnetic fields. We used the micronuclei (MN) cytogenetic technique, because MN formation is considered as a marker of

chromosomal damage produced by genotoxic agents.

The first set of experiments were performed at 50 Hz, 150 uT rms and 32 Hz, 75 T and 150 pT rms magnetic fields with the
static geomagnetic field components nulled. No effects were detected using the MN test on HPL as an indicator for cellular
genomic damage when the static magnetic field was nulled. Moreover, such exposure to an ac magnetic field does not appear to
interfere with the action of a powerful genotoxic agent mytomicin-C (MMC), i.e. there was no synergistic effect.

The second set of experiments were conducted exposing cells to 32 Hz, 150 uT and 75 pT rms, parallel to a 42 pT dc
magnetic field. The 75 uT rms, 32 Hz exposure condition was chosen to maximize the resonance effect on Ca?™ according to
parametric resonance theory. We found a statistically significant increase of MN for both exposure conditions. This experiment
provides evidence for the genotoxic effects of resonant ELF magnetic fields in human lymphocytes.
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1. Introduction

A number of epidemiological studies suggest a rise
in the incidence of some tumoral pathologies (leukemia
and central nervous system neoplasm) in healthy sub-
jects exposed to extremely low frequency (ELF) mag-
netic fields or living close to power lines [1,2]. Experi-
mental studies performed under controlled ELF expo-
sure conditions are needed to evaluate biological ef-
fects correlated with the mechanism of oncogenesis.
Effects on the cellular function, the synthesis of mela-
tonin and calcium efflux have been found [3]. However,
available biological data on the oncogenic potential of
ELF electromagnetic fields are unable to provide a
cause—effect relationship between exposure conditions
and induction of tumoral pathology. In this context, the
question of possible genotoxic effects is particularly
relevant.

We have used the micronuclei (MN) cytogenetic
technique first proposed by Fenech and Morley [4].
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This technique evaluates the frequency of occurrence
of MN (small round bodies deriving from chromosome
fragments or from whole chromosomes whose cen-
tromeres have lost their affinity for the mitotic spindle)
in human peripheral lymphocyte (HPL) cells, where
cytokinesis has previously been blocked by cytocha-
lasin-B. The MN are in evidence as secondary nuclei in
one of the cells generated from a progenitrix cell.

We choose this mutagenesis test not only for its
sensitivity, but also because MN formation can be
correlated with some effects induced by ELF fields. In
particular, chromosomal breaks and changes in direc-
tion, formation and functionality of the mitotic spindle
have been reported [5,6]. The above-mentioned changes
may prevent correct chromosomal segregation [7,8]. A
consequence of this last effect could be the production
of aneuploid cells, an effect that seems correlated with
genetic pathologies and unhealthy conditions like
leukemia [9-11].

An important issue receiving attention concerns
which exposure parameters may be crucial to the in-
duction of biological effects [12]. We exposed HPL
cells to 50 Hz and 32 Hz sinusoidal magnetic fields B,
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and also controlled the amplitude and orientation of
the static magnetic field B,.. We controlled the static
geomagnetic field because, when combined with the
ELF magnetic field, it has been alleged to affect the
movement of ions through membrane channels.

Liboff [13], Blackman et al. [14] and Polk [15] have
suggested that cyclotron resonance may play a role in
the ELF bioeffects that have been established experi-
mentally. The motivation for this suggestion was the
pattern of frequency dependence in calcium ion efflux
experiments reported by Blackman et al. [14].

Although the cyclotron theory gives partial explana-
tion of the influence of frequency on induction of
effects, it cannot explain the influence of the intensity
of variable fields on the effects themselves. Lednev [16]
proposed an explanation for the role played by the
intensity using quantum-mechanical physics as the ba-
sis for his parametric resonance model. Yost and
Liburdy [17] found an effect on calcium efflux in lym-
phocytes using exposure conditions derived from the
Lednev model. More recently, McLeod et al. [18] have
advanced an explanation for the ac field strength de-
pendence of resonance effect on ion efflux trough
channel membranes. Their explanation is based on the
constraints imposed by the shape of the wall channels.

The biological interest in the intra- and extracellular
variations of the calcium ion is due to the fundamental
role played by this ion in several cellular processes as a
neuromediator and a regulator of cellular proliferation
and growth. Moreover, the metabolism of cyclic nu-
cleotides and DNA synthesis are regulated by the
calcium ion [19].

Thus we have decided first to study the possible
effects of an ac magnetic field in the absence of a static
geomagnetic field, and secondly to study the possibility
of inducing the effect using cyclotron and parametric
exposure conditions for Ca®*.

2. Materials and methods
2.1. Cell preparation

Defibrinated whole blood (0.8 ml) taken from
healthy non-smoking donors (20-60 years old) was
added to 9.2 ml of medium (RPMI 1640) containing
15% fetal calf serum (FCS), 2 mM vL-glutamine and 10
pl ml~! of phytohemagglutinin (M form) to stimulate
cell division. Cells were cultured for 72 h at 37°C.

Cytochalasin B was added to the cultures 44 h after
initiation to give a final concentration of 3.0 pg ml~!
to block cell division and obtain binucleate cells. In
addition a small dose (0.033 pg ml~!) of a potent
genotoxic agent, mitomycin-C (MMC) was added to
some cultures and left throughout the whole culture
period. MMC is able to induce MN formation.

Four cultures were prepared: lymphocytes not ex-
posed to the field (control cultures); lymphocytes ex-
posed to the field (exposed cultures); lymphocytes
treated with MMC and not exposed to the field; lym-
phocytes treated with MMC and exposed to the field.

After 72 hours, each exposed and control culture
was washed twice in RPMI containing 2% FCS (wash
medium) and the cell pellets were resuspended and
kept for 15 min at room temperature in hypotonic
solution (one part of wash medium and four parts of
distilled water). The solution was gently shaken with an
agitator, and 0.3 ml of cell suspension was added to
each bucket of a cytocentrifuge (Cytospin, Shandon)
and spun down onto slides at a speed of 186 g for 7
min. Slides were removed, dried for several minutes,
fixed in 80% aqueous methanol solution for 10 min
and stained with a 10% Giemsa solution for 10 min.

Coded slides were scored blindly using an optical
microscope at 100 X magnification. MN were identi-
fied and their frequency was evaluated as the ratio of
the cells blocked in the first mitosis (binucleate cells)
presenting MN to the total number of binucleate cells:

number of MN

= X 100
% MN frequency number of binucleate cells

2.2. Exposure system

The exposure set-up is shown in Fig. 1. The two
pairs of Helmholtz coils were set perpendicularly to
each other with their axes lying in the same plane, i.e.
orthogonal to the ground and pointed towards the
magnetic north.

One pair of coils was dc powered only, while the
other pair was dc and ac powered. The dc powered

!
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Fig. 1. Experimental exposure set-up. The flasks containing human
peripheral lymphocytes are located between dc and dc + ac powered
pairs of coils.
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coils were used to control the parallel and perpendicu-
lar (with respect to B, ) components of the geomag-
netic field. The ac electric and magnetic field strengths
reported in this paper are all rms values.

In the first set of experiments, the B, components
were nulled and the B, field was set at 150 uT at a
frequency of 50 Hz, and at 75 and 150 uT at a
frequency of 32 Hz.

In the second set of experiments a dc component
was generated parallel to the B, field. The dc compo-
nent was set at 42 uT, the typical value of geomagnetic
field in our region, to give Ca’?™ resonance at a fre-
quency of 32 Hz; the 32 Hz B, field had an intensity
of either 150 pT or 75 pT. The 75 wT exposure
condition was to give an ac/dc intensity ratio of 1.8,
which maximizes the probability of inducing the effect
according to the Lednev parametric resonance model.

Measurements of dc and ac magnetic field were
made by means of a Hall probe gaussmeter (model
DG6, Laboratorio Elettrofisico, Nerviano), working in
the range dc to 5 kHz, connected to a uniaxial probe
with an active surface of 6.5 X 15.2 mm, a resolution of
0.001 pT, a minimum detectable value of 12 nT and a
measurement uncertainty of about +10%.

The electric field was measured using both a unidi-
rectional electromagnetic ELF field meter, (Holaday
model 3600-02) and an isotropic E field meter (Aeri-
talia 199RV1001-3); the minimum detectable values were
1Vm !and 3V m™!' respectively.

Continuous monitoring of the temperature by means
of an electromagnetically compatible fiber optic ther-
mometer allowed the biological samples to be main-
tained at a temperature of 37 + 0.5°C.

The flasks containing the cell cultures were placed
in two incubators, one containing the exposure system
which generates the ELF magnetic field and the other
serving as a control incubator.

The three series of experiments at 50 Hz and 32 Hz
in the absence of static magnetic fields were carried
out in 13 consecutive runs. Five runs were made at 150
wT and three runs were made at 75 pT. There were 14
donors at 50 Hz and 150 pT, 12 donors at 32 Hz and
150 T, and six donors at 32 Hz and 75 pT. The other
two experiments using resonance exposure conditions
(42 pT dc, and 150 uT and 75 pT at 32 Hz) were each
conducted in three consecutive runs (total of 10 donors,
five for each condition).

2.3. Statistical analysis

The Kolmogorov—Smirnov test was used to verify
the non-normality of the MN frequency of the control
population (26 donors) distribution. The statistical
analysis of results was performed by applying the non-
parametrical Wilcoxon test to the raw MN frequencies.

3. Results
3.1. Field measurement

The variation in the intensity of the magnetic field
generated by the coils inside the volume occupied by
the culture medium (10 cm X 10 cm X h 3 cm) was
+3% on average. The field uniformity was consistent
with that reported in the literature [20]. The electric
field within the powered coils was 5 V m~! measured
with the isotropic sensor. The static geomagnetic field
inside the control incubator was 23.5 wT (80° N), and
the background electric and magnetic ac fields were
less than 1 V. m ™! and 12 nT respectively along all axes
(3 V m~! when the E field was measured with the
isotropic sensor). The same background E and H
fields were found in the exposure incubator.

3.2. Statistical analysis

The results of the Kolmogorov—Smirnov test were
that for this population sample (20-60 years old,
healthy non-smokers) the MN frequency is not nor-
mally distributed but fits the log normal distribution
well. The results of the Wilcoxon test on MN frequen-
cies are reported below for each different experiment.

3.3. MN formation

Absence of a static magnetic field
Tables 1-3 report the MN frequency results ob-
tained from the experiments, arranged in four groups

Table 1

Percentage of spontaneous and MMC-induced MN frequency in
HPL exposed to 50 Hz, 150 T magnetic field in the absence of a
static geomagnetic field

Subject MN frequency /%

c’ E Cmmc Emmc
1 0.8 (1000) 0.9 (1000) 2.0 (1000) 2.1 (1000)
2 0.8 (1000) 0.7 (1000} 1.4 (1000) 1.5 (1000)
3 1.1 (1000) 1.5 (1000) 2.6 (1000) 2.4 (1000)
4 1.02 (980) 1.4 (1000) 2.1 (1000) 2.1 (1000)
5 1.592(942)  1.507(1593) 3.4 (1000) 3.6 (1000)
6 0.775 (1162)  2.315(1296) 1.8 (1056) 2.48 (1290)
7 0.71 (986) 2.13(940) 1.538 (910)  3.79 (950)
8 0.265(1131) 0.862 (1160)  4.22(1090)  1.69 (1125)
9 1.131(796)  1.01 (894) 2473 (1011) 1.4 (1000)
10 5.496 (655)  4.515(886)  12.14 (618) 5.44(827)
11 3.641(824)  1.678(715) 3.797(790)  3.91(870)
12 1.717 (932)  3.125 (960) 3.648(932) 3.6 (1000)
13 1.416 (1059)  0.67 (895) 2.2(1000) 0.84 (952)
14 1.154 (1040)  0.413 (968) 3.509(855)  3.2(1000)

? Numbers in parentheses refer to the total number of binucleate
cells scored.

® Statistical analysis: no statistically significant difference for C vs. E
and Cpyc vs. Eyyes difference significant at 95% for C vs. Cype
and E vs. Epygpe.
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Table 2

Percentage of spontaneous and MMC-induced MN frequency in
HPL exposed to 32 Hz, 150 pT magnetic field in the absence of a
static geomagnetic field

Table 4

Percentage of spontaneous and MMC-induced MN frequency in
HPL exposed to 32 Hz, 150 uT rms magnetic field parallel to a 42
wT static magnetic field

Subject MN frequency */%

Subject MN frequency * /%

ch E Cume Emmc c’ E Cumc Emmc

1 1.944 (926)  4.01 (798) 2.61(920) 4.49 (980) 1 0.298 (1342) 0.643(932)  1.88(1228)  2.353(1147)

2 0.5 (800) 4.22 (900) 1.413(920)  5.25(800) 2 0.48 (627) 0.721 (1386) 0.79(1278)  0.717 (1534)

3 2.6 (1384) 2.583(1200) 5.15(932) 3.8 (1000) 3 0.635 (944) 0.928 (1077)  1.242(1046)  1.431 (1048)

4 0.153 (1306) 0.165 (1216) 0.33(1212) 0.3 (1667) 4 0.07 (1519) 0.429 (1165) 0.916 (1419)  1.127 (1596)

5 1.258 (954) 1.671 (838) 2.524(951)  4.157(842) 5 0.205 (1461)  0.57 (1248) 0.635(1101)  0.81 (740)

2 8233 823)2) 32;7(232;7) %238(?(1]3)64) 526(21(2(1)32)4) ? Numbers in parentheses refer to the total number of binucleate

' ’ ’ ’ cells scored.

S ;3?3 ggg gggf ggg; 2,9/22(12;)3) igig 5222;8 ® Statistical analysis: statistically significant difference at 95% for C
10 1'293 (1083) 1'222 (982) 3.446 (1044) 3'734 (964) vs. E and C vs. Cype; no statistically significant difference for
1 0231(865) 0275(727)  1.667(720)  1.567(702) Cwmic v8- Enmc and Evs. Eyye:

12 1.176 (1020)  1.297 (1002) 2.344(896)  2.212(904)

* Numbers in parentheses refer to the total number of binucleate
cells scored.

® Statistical analysis: no statistically significant difference for C vs. E
and Cyyc vs. Eyyes difference significant at 95% for C vs. Cypme
and E vs. Epjpc-

as follows: (a) control cultures (C); (b) cultures exposed
to the field (E); (¢) cultures not exposed to the field
and treated with MMC (C\,0); (d) cultures exposed
to the field and treated with MMC (E ;). The corre-
sponding statistical results are also given in the tables.

Although a slight tendency toward an increase in
the MN frequency appeared for some ac field exposure
conditions, the results were not statistically significant
for the test used. The spontaneous MN frequency of
control groups was comparable with that reported by
other authors [4,21]. The MN frequency was signifi-
cantly elevated by the genotoxic action of the standard
mutagen mytomicin-C, which confirmed the validity of
the system.

Table 3

Percentage of spontaneous and MMC-induced MN frequency in
HPL exposed to 32 Hz, 75 pT magnetic in the absence of a static
geomagnetic field

Subject MN frequency * /%
ce E Cyme Emme

1 0.686 (1020) 0.602(997)  1.274(785)  1.128 (975)
2 0.217(1383)  0.693(866)  0.832(601)  1.337(972)
3 1.245(803)  1.223(736)  2.113(852)  2.001 (698)
4 0.889(900)  0.931(752)  1.631(1226) 1.161 (861)
5 1.264 (870)  1.534(1043) 2.137(655)  1.623 (859)
6 0.86 (938) 0.811(740)  1.383(940)  1.095 (639)

? Numbers in parentheses refer to the total number of binucleate
cells scored.

" Statistical analysis: no statistically significant difference for C vs. E
and Cyve V8. Eymes difference significant at 95% for C vs. Cpymce
and E vs. Epgpc-

Resonance condition exposure

Tables 4 and 5 report the MN frequency results
arranged in four groups as in the previous set of
experiments, but in the presence of a static magnetic
field. Table 4 refers to cyclotron resonance exposure
conditions with a B, /B,. ratio of 3.6, and Table 5
refers to the same conditions but with a B, /B, ratio
of 1.8.

The statistically significant difference between the C
and E groups in both exposure conditions shows that a
genotoxic effect is induced in HPL. The statistically
significant difference between the C e and Eyyc
groups shows a synergistic effect of MMC and ELF
magnetic fields when a 32 Hz, 75 uT ac magnetic field
parallel to a 42 pT static field was used.

The expected statistically significant difference be-
tween the C and Cp groups confirms that the MN
technique was correctly applied.

4. Conclusions

The aim of this study was to provide information on
the possible carcinogenicity of ELF magnetic fields.

Table 5

Percentage of spontaneous and MMC-induced MN frequency in
HPL exposed to 32 Hz, 75 pT rms magnetic field parallel to a 42 uT
static magnetic field

Subject MN frequency 2 /%

cP E Cmmc Emmc
1 0.3 (963) 0.755(795)  0.78 (902)  0.91 (769)
2 0.42(1423)  0.64 (1566) 1.25 (800) 1.42 (776)
3 1.15 (957 1.34 (970) 2.07(820)  2.26 (620)
4 0.97 (929) 1.22 (736) 2.49(722)  2.84 (668)
5 0.61 (821) 1.26 (1035) 1.46 (830) 1.5 (865)

% Numbers in parentheses refer to the total number of binucleate
cells scored.

® Statistical analysis: difference statistically significant at 95% for all
groups.
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We chose the MN test because MN formation may be
correlated with abnormal chromosomal segregation and
consequent possible genetic pathologies and conditions
such as leukaemia.

Our results suggest that an ELF magnetic field does
not produce any effect on MN formation unless it is
combined with a static magnetic field. When the static
magnetic field combined with the ac field in such a way
as to give cyclotron and parametric resonance condi-
tions for Ca’®*, an effect on MN formation is found.
Effects on the resonance exposure conditions for Ca%™
may be linked with the fact that the modulation of
calcium influx has the potential to influence cell func-
tions such as RNA, DNA and protein synthesis.

Since we used only two combinations of the B,./B,.
fields at only one frequency in our experiments, further
research employing a wider range of combination of
these parameters is required to validate our results.
Monitoring the Ca’?* influx during the experiment
would also be useful for the interpretation of the
results,

If replicated, the results found here could help in
confirming the possibility that ELF magnetic fields
induce cellular mutations.
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