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Abstract

In addition to its well-known applications in electroporation of cell membranes, the use of electrostimulation of cellular metabolisms
by weak electromagnetic or electric fields as a new tool for the non-invasive penetration of living systems in order to receive new signals
from disturbed processes is one of the most interesting topics in bioelectrochemistry. Examples of processes investigated include
proliferation, enzyme reactions, biopolymer syntheses and membrane transport. Their responses to direct, capacitive or inductive coupling
for stimulation or inhibition occur in regions of positive or negative ‘‘electric windows’’ for frequency, absorbed energy or treatment
time, which is illustrated using characteristic examples selected from the literature and from our own results. Of considerable interest is
the possibility to electrostimulate reactions — e.g. the phosphorylation of the myosin light chain — in a cell-free system. In this system
there is no membrane receiver for electromagnetic energy transformation and hence only a few models — e.g. free radical disturbance —
can explain these important results. Literature data obtained at extremely low fields near the thermal noise region sometimes show
discrepancies which must be clarified by careful observation of defined physical and biological parameters, e.g. the disturbance by
non-coherent electrical noise. Special medical and industrial applications can be developed. This introductory review presents several

hints and suggestions for further investigations including environmental ‘‘electrosmog’’.

Keywords. Electrostimulation; Proliferation changes; Cell-free synthesis; Enzyme activation; Biopolymer synthesis

1. Introduction

Since the First World Congress for Electricity and
Magnetism in Biology and Medicine, Orlando, FL, 1992
[1], the Second Congress of the European Bioelectromag-
netics Association, Bled, Slovenia, 1993 [2], the 16th
Annual Meeting of BEMS, Copenhagen, Denmark, 1994
[3), the Fourth International Symposium on Charge and
Field Effects in Biosystems, Richmond, VA, 1994, [4] and
the 12th International Symposium on Bioelectrochemistry
and Bioenergetics, Seville, Spain, 1994 [5] the effects of
low frequency (LF) weak alternating electric and electro-
magnetic fields on cell metabolism have been studied with
increasing interest, because electrostimulation has been
shown to have a fundamental influence on living systems
both in the laboratory and under environmental conditions.
Several hundred papers have been published describing
phenomena stimulated by direct currents for electric fields
E in the mV cm™' range or currents j in the wA cm
range induced by microtesla or millitesla magnetic fluxes
B. The targets are mainly syntheses, enzymes, second
messengers and proliferation processes. Table 1 shows the
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optimum conditions for electromagnetic stimulations com-
piled using data from selected papers [6—8). It can be seen
that those conditions generally occur within small regions
of f, B, E and j which are known as ‘‘electric windows’’.
Moreover, measurements at B < 0.8 mT may give unreli-
able results because of the effect of the geomagnetic field
(B=04 mD).

The aim of this review is to discuss the difficulties
involved and possible methods of improving reproducibil-
ity, and to describe particular applications of this non-inva-
sive bioelectrochemical tool in the biosciences.

2. Methods

Several types of fields, frequencies and waveforms have
been used in medicine and bioelectrochemistry, and three
main approaches can be distinguished.

(1) Direct or alternating currents are applied via inert
electrodes (platinum, stainless steel, etc.) inserted into cell
suspensions, tissues or single cells (microelectrodes): f<
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Table 1
Optimum conditions for electromagnetic stimulation

f/Hz B/mT E/mVem ' j/mAcm’

Synthesis
DNA 15-75  0.1-10 > 0.1 >0.25
RNA 60-72 0.1-4  >0.1 > 0.03
Proteins 15-150 0.1-2 > 0.1 > (.03

Enzyme activity
Dehydrogenases  50-60 4-10 > 1 >0.1
Protein kinase 50-60 0.1-8 — —

Alc. phosphatase > 30 1.8 > 0.006 —

Ornithine decarb- 50-72 > 0.1 1 —_—

oxylase

(Na, K)-ATPase 1000 — 20000 —
Transport

Ca? influx 3-75  0.1-22 >01 >0.016
Proliferation 50-75  0.1-40 >0.2 > 0.003

1000 Hz, E <25 Vem™ ' and j < 0.25 mA cm ™2, (Elec-
trolytic side-effects may be caused by this technique.)

(2) Capacitively coupled electromagnetic fields (e.g.
sine waves applied via dielectrically shielded electrode
plates) are applied to either side of the cell suspension:
f<100 Hz, E<100 mV ¢cm ™! and j <1 mA cm ™.

(3) Inductively coupled electromagnetic fields
(sinusoidal or other types of pulsating induced currents
(PEMIC)) are applied via Helmholtz coils or solenoids:
f<100Hz, E<10mVem !, j<1mAcm ? and B<
10 mT. These are sometimes combined with static mag-
netic fluxes (B > 20 mT) and compensation of the geo-
magnetic field.

Reproducible measurements must take into account all
parameters of ac and dc fields, particularly the electric and
magnetic components [9,10]. The experimental design de-
veloped by Walleczek et al. [11] (Fig. 1) is most suitable
because measurements on sample and control (sham expo-
sure) can be performed simultaneously under isothermal
control, thus avoiding technical failures. The other impor-
tant problem is ensuring the identical cultivation of cells
either before the fluorescence determination using the ap-
paratus shown in Fig. 1 (e.g. for calcium transport) or the
quantitative Northern Blot analysis used for activation of
transcription. In the latter case a very careful experimental
procedure using a double incubator is necessary because of
the extremely low magnetic flux (8 wT <B < 800 wuT)
required. The procedure has been described by Lacy-Hul-
bert et al. [12].

The water-jacketed incubator contains a mu-metal box
within which the temperature, CO, concentration, pH and
magnetic field parameters are recorded at 1 min intervals
on a computer logging and control system to achieve the
following stability: temperature, +0.05°C over 12 h; CO,,
5.0+ 0.05% over 12 h, pH of medium. 7.4 + 0.005 units

over 1 h; magnetic field, static<1 pT at any coil, no
detectable variation over 12 h; ac background < 5 nT rms.
Stock cell cultures are maintained in the log growth phase
between 3 X 10° and 1.5 X 10° cells ml™' in RPMI 1640
medium containing 10% fetal calf serum in humidified 5%
CO, + 95% air at 37°C. Cells are harvested by centrifuga-
tion and re-suspended in fresh complete culture medium
(0.8 X 10°=1.0 X 10° cell ml~ ') and [**CJ-uridine is added
to label cellular RNA. Samples are then placed in Petri
dishes located inside the Helmholtz coils in the exposure
incubator. The incubator is not opened thereafter until lysis
buffer has been added to the samples to terminate the
experiment. Cells are allowed to equilibrate in the expo-
sure incubator for either 8 or 12 h before any field
application. Three of the identical coil sets are then ener-
gized for 20 min by external switching (60 Hz sinusoidal
magnetic fields perpendicular to the base of the Petri dish,
1.0-100 wT). Control unexposed samples are located in
three identical coils within the same mu-metal box, shieided
from the energized coils by a mu-metal plate. Immediately
after exposure, medium is removed from the cells using a
gentle vacuum and lysis buffer is added via a separate tube
to each dish of cells. The door is then opened and RNA
prepared from the lysed cell suspension by standard SDS
+ phenol extraction, processed by Northern analysis and
the ["*Cl-labeled 28S and 18S RNA bands quantitated
using a Molecular Dynamics Phosphorimager 425. MYC
and GAPDH RNA are then quantitated using [**P] probes
and these data are normalized to the [**C]-labeled rRNA
bands. Another possibility is two-dimensional gel elec-
trophoresis in which, by casting long first dimension gels,
large format (18 X 22 cm) gels of [**S)-methionine-labeled
proteins are generated.
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Fig. 1. Dual-sample fluorescence spectroscopy magnetic field exposure:
CH, non-metallic thermostated cuvette holder; F, interference filters (340,
380 and 510 nm); MF, water-cooled bifilar Lee—Whiting magnetic field
exposure coil; OC, optical coupler; PMT, photomultiplier tube; SC,
shielding box (may consist of mu metal); SMF, identical to MF for sham
exposure. The broken lines show the light pathways. From Ref. [11].
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The following conditions should be satisfied when re-

sults obtained from different laboratories are compared
[10]:
the same batch of cells, free of virus and mycoplasma;
the same stage of cell cycle (synchronized culture);
identical sham-sham control;
the same wave form, height, etc.;
the same regulation of static field;
the same coil constructions;
the same reagents from the same supplier;
the same adjustment of temperature, humidity, etc.
using NSI-traceable instruments;
minimum number of steps between exposure and anal-
ysis.
If there are discrepancies between the results when the
above conditions have been satisfied the experiments
should be carried out by the different groups working in
the same establishment. In this respect, Selye [13] insists
that twin experiments are carried out by two groups work-
ing in parallel on different floors of his institute and that
the results are published only if they are identical!

The classical scientist expects Nature to give unambigu-
ous answers to clear simple questions, i.e. her reply should
not depend on a ‘‘little ripple of difference’ [14] in
circumstances.

3. Examples

The first essential task is to detect the positive or
negative electrical window of the response of the biologi-
cal system under consideration and to establish its standard
deviations. Secondly, it is necessary to determine the
influence of electrical and biological parameters on this
window. Thus the morphological and biochemical changes
must be analysed and a discrimination between models is
necessary. Future research into electrostimulation should
be based on these four steps.

We now consider examples of the etfect of electrostim-
ulation on proliferation changes, enzyme activities,
biopolymer syntheses and cell-free reactions, illustrating
some types of electrical windows and current problems.

3.1. Proliferation changes

Changes in cell concentration have been determined
turbidimetrically, by *H-TdR incorporation and by count-
ing. The following window types have been identified.

3.1.1. Dc-dependent window

The specific growth rate of Acetobacter suboxydans
batch culture [15] shows a ‘‘window dependence’ on dc
stimulation (Fig. 2) corresponding to the oxidation of
p-sorbitol with a maximum at 10 pA. There is a rapid
decrease to the control value at higher currents.

0 20 40 60 80 100
/A

Fig. 2. Growth rate dependence on current for A. suboxydans. From Ref.
{151

3.1.2. Frequency- and amplitude-dependent windows

The growth rate of Saccharomyces cerevisiae in batch
culture shows positive and negative windows depending
on the magnetic flux inside the Helmholtz coil (HC) (Fig.
3) [16]. The positive maximum was found around 0.5 mT
(50 Hz, HC). The maximum for human AMA cells is
reached for 0.08 mT (50 Hz, HC), comparable with fields
under transmission lines in Denmark [17].

3.1.3. Time-dependent window

Human AMA cells exposed to 0.08 mT (50 Hz, HC)
show a maximum in the proliferation rate after 30 min
[17]. In contrast to such a peak, the production of CO, by
yeast continues to increase with time on exposure to fluxes
of 0.2 mT [18] and 1.8 mT (80 Hz) [19]. Cultivation of
Escherichia coli cells exposed to a flux of 0.03 mT (9 Hz,
HC, 15 min) reaches proliferation maximum 120 min after
exposure [20], which seems to be a surprising observation.

3.1.4. No window effect
Exposure of Friend erythroleukemia cells to 0.2 mT (50
Hz, HC) has no effect on the growing curve, the induction
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Fig. 3. Dependence of the proliferation (relative growth rate) of S.
cerevisiae on the magnetic flux in the Helmholtz coils.
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of hemoglobin synthesis, or virus production and release
[21]. Neither has any effect been found for chromosomal
aberrations, micronuclei and proliferation indices in human
peripheral lymphocytes exposed to 0.03, 0.3 and 1 mT (50
Hz, HC) [22], in contrast with its treatment with the Ca®*
resonance of 32 Hz (HC), 0.075 mT parallel to 0.042 mT
dc field [23]! Moreover, higher exposition of B =2 mT
(50 Hz) on a synchronous culture of human fibroplasts was
also not successful [23(a)].

3.2. Enzyme activity

3.2.1. Frequency- and amplitude-dependent windows
Capacitative stimulation of (Na, K)ATPase activity in
the human erythrocyte transport of rubidium shows broad
windows (Fig. 4) [24]. However, the frequencies and am-
plitudes are higher than for the activation of ATP synthesis
[25]; the transmembrane voltage increases by 10 mV and
so the conformational coupling theory [24] can be verified.
This is not the case for inductive coupling because E < 1
mV cm'. Nevertheless ATP production in yeast can be
stimulated by 1.8 mT (80 Hz, HC) at 0.1 mV cm ™! [26].
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Fig. 4. (A) Experimental frequency and (B) potential dependence of Rb~
pumping activities of (Na, K)ATPase of human erythrocytes stimulated
by the optimum ac field of 20 Vcm™!. The solid curves show the
theoretical relation. The curve fitting showed that the low boundary f,,,,

of the frequency window is 100 Hz and the high boundary fy,., is 300
kHz. From Ref. [24].
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Fig. 5. Responsec of ODC activity in L929 fibroblasts to exposure to an
electromagnetic field. Cultures were exposed to a 60 Hz stimulating field
for 4 h with simultaneous application of a spatially coherent noise field of
root mean square (rms) amplitude ranging from O to 10 wT. Data are
expressed as the percentage enhancement of ODC activity achieved for
exposed samples in the presence of noise relative to matched exposed
cultures From Ref. [27].

The increase in the positive windows can reach a factor
1.1-2 compared with controls [1-8].

3.2.2. Time-dependent window

The activity of ornithine decarboxylase (ODC) in murine
fibroplasts can be doubled after 4 h exposure to 0.01 mT
(60 Hz, HC) inducing a field of 4 X 1075 mV cm™! [27].
However, if a random noise field in the range 0.0005-0.01
mT (30-90 Hz) is applied simultaneously via a vertically
oriented HC, the ODC activity is decreased or even elimi-
nated as shown in Fig. 5. The same effect has been found
for Daudi human lymphoma cells after treatment for 6 h
and for the development of chicken embryos [28].

The effect of incoherent noise [28] could provide an
explanation of the discrepancy in results between different
laboratories as will be shown later.

3.3. Biopolymer syntheses

The influence of electromagnetic fields on the funda-
mental genetic processes (replication, transcription, transla-
tion) is of enormous significance because of the possibili-
ties for gene manipulation and environmental effects on
mutations during evolution.

3.3.1. Frequency- and amplitude-dependent windows
DNA replication has been stimulated inductively (0.04—
2 mT) and capacitively (windows, 22 mV cm™! or 0.03
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mA cm %) in the range from 3 to 75 Hz [7). The most
extensive investigations of the stimulation of RNA tran-
scripts have been performed by Goodman and co-workers
[29] who have identified windows for transcript levels of
histone 2B, c-myc and hsp70 in HL60 cells, e.g. the
maximum is at 45 Hz (0.06 mV cm™!) after 20 min
exposure.

3.3.2. Time-dependent windows
A time window for the transcript level of URA-3 and

IME?2 in S. cerevisiae with a peak at 20 min has been -

found by applying 0.008 mT (60 Hz, HC, shielded by mu
metal) [30].

These recent findings have two consequences.

(a) Cells are able to discriminate between incoherent
exogenously applied noise and endogenous thermal noise
and they respond by function changes only if the external
field is temporally and spatially coherent.

(b) The presence of incoherent noise may explain why
reproduction [31-33] is not always possible.

The detection of almost the same products of gene
expression after application of heat shock to the cells
[7,34] is of great interest with respect to the mechanism of
transformation perturbation. Further investigations of these
extraordinary phenomena are essential.

3.3.3. Problems of reproducibility

Under almost the same conditions (HL60 cells, 60 Hz
HC, 0.01-1 mT, etc.) no change in c-myc transcription
after at least 20 min of careful treatment (compare meth-
ods) has been found in other laboratories [12,31]. One
group used synchronized HL60 and lymphoid cells [35].
No significant alterations of the induced expression of
genes of the fos and jun families were detected with
haemopoietic stem cells under similar conditions (50 Hz,
0.006~2 mT, up to 7.8 mV cm ™' [32]. In this unclear
situation, the procedure of Litowitz and co-workers [27,28]
(see Fig. 5) was applied with the following result: ‘elec-
tric and magnetic noise blocks the 60 Hz magnetic field
enhancement of steady state c-myc transcript levels in
human leukemia cells’’ [33]. The noise field of 0.0067 mT
(30-90 Hz range) decreased the approximately 40% stimu-
lation by the coherent 0.0067 mT (60 Hz) field almost to
zero.

3.3.4. Special windows

Windows have been described for many processes and
other stimulation conditions. Examples include the follow-
ing:

@ a positive time window above + 3 at 15 min for the
uptake of Ca’* in human lymphocytes and leukemia cells
stimulated by 0.03 mT (14.27 Hz, HC) [36];

@ a negative time window at — 0.5 between 15 and 30
min for protein kinase activity (c-AMP independent) in
human lymphocytes stimulated by 16 Hz modulated 450

MHz (1 mW cm™?) (no effect with unmodulated field
incident energy) [37];

@ a negative modulation frequency window at —20
produced by 60 Hz modulated 450 MHz (1.5 mW cm~?)
for inhibition of the cytotoxicity of allogeneic T lympho-
cytes (15 Hz modulation yields only the factor —9) [38],
the disappearance of the protein synthesis window (E.
coli) by higher electrostimulation of 3 mT, 60 Hz, 32
wV cm™! [38a] (compare Section 3.3.1.).

3.4. Cell-free systems

The major application for the electrostimulation mecha-
nism up to now is the use of membranes as receivers,
transformers and amplifiers of field energies because of
their various collective properties [39], particularly amplifi-
cation of signals in cellular aggregates [40] where bioelec-
tric sensitivities to ELF fields as low as 1077 V cm™!
have been reported. However, there have recently been
reports of electrostimulation effects on syntheses in cell-
free and membrane-free media.

Treatment of an E. coli plasmid containing subunits of
RNA polymerase, which was prepared from the super-
natant after centrifugation of broken cells and mixed with
nucleotides, amino acids, DNA plasmid, etc., with 0.07-1.1
mT (72 Hz, HC) for up to 60 min produced an increase of
20%—-60% in protein synthesis, depending on the field and
time [41]. However, the standard deviation was high. No
membrane fragment could be detected by electron mi-
croscopy. From a biochemical point of view such experi-
ments must be modified or, preferably in-vitro syntheses
are required.

A window for a 13% activation of cyclic nucleotide
phosphodiesterase by dc magnetic flux at B = 0.02 mT has
been detected in a synthetic medium containing the
Ca’* —calmodulin complex. A combination with the 16 Hz
cyclotron resonance shows no effect [42].

With regard to the presence of Ca’’—calmodulin a
similar in-vitro system has been studied in which myosin
light-chain phosphorylation by electrostimulation of myosin
light-chain kinase (MLCK) or protein kinase C (PKC) was
determined [43]. This reaction is increased by up to 60%
on application of dc, ac (16 Hz) and dc + ac fields. A
surprising response to vertical dc magnetic fluxes at 0.08
mT is shown in Fig. 6, i.e. inhibition changes to stimula-
tion. In addition, at [Ca®*] 0.9 wM the influence of MLCK
is higher than that of PKC, but at [Ca**]= 5.4 uM it is
lower. These results for the Ca’*—calmodulin complex
support the hypothesis that it may be a sensitive detector
of such weak (magnetic) fields.

Another Ca’*-dependent process was found in the reac-
tivation of inhibited myosin ATPase activity after a ther-
mal shock (temperature increase from —20° to +45°C).
This reverse reaction occurs by incubating myosin ATPase
plus ADP and phosphate in the presence of lactate dehy-
drogenase, lactate and NAD™ followed by treatment at 2
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mT (80 Hz, HC). The luciferin—luciferase test shows that
the ATP production can be switched on and off within a
few seconds. This fast response is evidence for transient
field effects, measurable by sensitive rapid methods [45].

3.5. Theoretical models

More than a dozen models have been developed in
attempts to explain the mechanisms of phenomena due to
field effects. They can be classified according to their main
targets [45]:

(1) the transmembrane voltage responsible for shifting
the equilibria of enzyme conformations, enzyme substrates
or products of adsorption components and counter-ion
polarization [46-49];

(2) free and complexed Ca’* taking into account the
Zeeman—Stark effect [50], Larmor precession [51], the
cyclotron resonance frequency [10] and the parametric
resonance frequencies [52];

(3) the extreme sensitivity of free-radical reactions (e.g.
dimerization and dismutations in the redox pathway of
quinone intermediates with unpaired electrons) to field
effects [53].

Low intensity field effects can be affected by the fol-
lowing:

@ thermal noise (k7'), random motion of charges;

@ excess (flicker) noise (1/f), amplitude fluctuations;

@ confounding electromagnetic interference (other
fields, vibrations, temperature variations, etc.);

@ physiological interference (streaming potentials,
medium composition, cell population).

In order to determine the lowest external field energies
necessary to overcome noise and other background distur-
bance several calculations have been performed [49,54—56].
It has been shown that a field strength of E=5X 107"
Vem ™! is necessary to overcome thermal charge fluctua-
tions in the counter-ion layer [49], and that even a field of
E=1X10"° Vcm™' can be received by the nerve sys-
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Fig. 6. Effects of 6 min exposure to vertical dc magnetic fields in the
absence of ac or horizontal dc fields on myosin phosphorylation. From
Refs. [9,43].

Table 2
Environmental sources of electric fields

B/mT E?*/mVcem™!
High power lines (380-765 kV) 0.01-0.1 0.06— > 0.15
Therapeutic equipment 1-16
Household appliances and 0.1-1 0.001-0.01

video displays

% Inside the organism the external E is lowered by a factor of 10° to
about the values given here.

tems of some fish [54]. The excess noise of a gramicidin
channel was determined to be of the order of picoamperes
[56].

3.6. Consequences for environmental field effects

The main results for electrostimulation have been ob-
tained under the following conditions: f< 100 Hz, B <10
mT, £E<10 mV cm ™! and J<10 pA cm 2. However,
some authors have claimed reproducible effects for B =
0.0008 mT [34], E=0.0034-0.0001 mV cm~' [34,57]
and j=0.7 pA cm 2. It has also been reported [58] that
much lower intensities, namely B=1X 10"° mT, were
successful in changing germination using a modulated high
frequency of 150 MHz. These results suggest that environ-
mental fields in these ranges must affect the cells of living
beings. Sources that can produce such fields, despite the
10° lower field strength in the human body than in air, are
given in Table 2 [59,60]. Although there are several repair
mechanisms in living tissue, health care should be taken
because of the ubiquity of electromagnetic fields. Only the
visible and IR ranges of the electromagnetic spectrum
seem to be harmless. All other frequencies may have
influenced the evolution of organisms during early Earth
history.

4. Conclusions

The stimulation or inhibition of cellular processes by
electric, magnetic or electromagnetic fields is one of the
most important physical tools in the biosciences. In con-
trast with light and X-ray knowledge, many fundamental
questions regarding the lower frequencies and coherence
[61] still require answers.

@ What is the reason for “‘electrical windows’’, why
are they different in related cell types and why do they
change from positive to negative amplitudes with time or
field energy?

@ What are the targets for magnetic and electric fields
during the stages of development of cells?

@ What kind of mechanism operates near noise levels?

Moreover, the results obtained for processes at the
genetic level, which are more complex than the stimulation
of ion permeation or enzyme activation, are still contradic-
tory. Further investigation of these discrepancies under
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controlled conditions is of highest priority, particularly
with regard to practical applications.
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