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Nonthermal Effects of Extremely High-Frequency
Microwaves on Chromatin Conformation in

Cells in vitro—Dependence on Physical,
Physiological, and Genetic Factors

Igor Y. Belyaev, Victor S. Shcheglov, Eugene D. Alipov, and Vadim D. Ushakov

Abstract—There is a substantial number of studies showing
biological effects of microwaves of extremely high-frequency range
[i.e., millimeter waves (MMWs)] at nonthermal intensities, but
poor reproducibility was reported in few replication studies. One
possible explanation could be the dependence of the MMW effects
on some parameters, which were not controlled in replications. We
studied MMW effects on chromatin conformation in Escherichia
coli (E. coli) cells and rat thymocytes. Strong dependence of MMW
effects on frequency and polarization was observed at nonthermal
power densities. Several other factors were important, such as the
genotype of a strain under study, growth stage of the bacterial
cultures, and time between exposure to microwaves and recording
of the effect. MMW effects were dependent on cell density during
exposure. This finding suggested an interaction of microwaves
with cell-to-cell communication. Such dependence on several
genetic, physiological, and physical variables might be a reason
why, in some studies, the authors failed to reproduce the original
data of others.

Index Terms—Biological applications of electromagnetic radia-
tion, biomedical effects of electromagnetic radiation, genetics, po-
larization.

I. INTRODUCTION

M ICROWAVES in the frequency range of 30–300 GHz
are often called millimeter waves (MMWs) because the

wavelength in vacuum belongs to the interval of 1–10 mm. The
biological effects of MMWs have been studied for over 20 years
starting with investigations of Webb [1], Vilenskayaet al. [2],
Devyatkov [3], and Gründleret al.[4]–[9]. Several reviews were
devoted to the effects of MMWs [7], [10]–[14]. The most recent
review summarized more than 100 MMW investigations in bi-
ology and medicine and indicated several problems in this field
of research [14]. One of them is the question about so-called
nonthermal effects.

Due to the efficient absorption of MMWs in water solutions
and biological tissues, significant variations in specific absorp-

Manuscript received November 10, 1999; revised May 3, 2000. This work
was supported by the Swedish Council for Work Life Research and by the
Swedish Radiation Protection Institute.

I. Y. Belyaev is with the Department of Molecular Genome Research, Stock-
holm University, S-106 91 Stockholm, Sweden and also with the Department
of Radiation Physics, Biophysics and Ecology, Moscow Engineering Physics
Institute, Moscow 115409, Russia.

V. S. Shcheglov, E. D. Alipov, and V. D. Ushakov are with the Department
of Radiation Physics, Biophysics and Ecology, Moscow Engineering Physics
Institute, Moscow 115409, Russia.

Publisher Item Identifier S 0018-9480(00)09714-3.

tion rate (SAR) is observed through an irradiated sample. Khizh-
nyak and Ziskin [15] found specific microoscillations of temper-
ature in irradiated water solutions. Such phenomena were sup-
posed to explain at least some bioeffects of MMWs. MMW ir-
radiation of thin layers results in significant heating at power
density (PD) above 1 mW/cm. MMW bioeffects at this and
higher levels are usually attributed to induced heating. Never-
theless, the observed MMW effects were not always explained
by heating, even at the thermal levels of exposure [16].

The well-known example for nonthermal effects of MMWs
is the study of Gründleret al. [4]–[9]. For over ten years, this
group consistently reported the resonance effects of MMWs on
the growth of yeast cells. Different exposure systems and analyt-
ical facilities were used, leading to the same conclusions about
resonance response of yeast cells to nonthermal MMWs. So-
phisticated system for image processing recognition was used,
which allowed a very precise analysis of the cell cycle in indi-
vidual cells. The effects were observed at PD of 10W/cm
and could not be explained by heating [9].

Despite of a variety of reported MMW bioeffects, only a
few independent replications were performed [17]–[19]. The
apparent conclusion of these replications is that the original data
on MMW effects are poorly reproduced in independent experi-
ments.

Significant effects of nonthermal MMWs on the chromatin
conformational state (CCS) inEscherichia coli(E. coli) cells
and thymocytes of rats have been observed by our group
[20]–[30]. MMW effects on CCS were dependent on several
physical, physiological, and genetic parameters. The data
suggested that a number of variables should be controlled in
original experiments and in replication studies. In this paper,
we describe the dependence of MMW effects on all these
parameters based mainly on the data obtained by our group and
in comparison with the recently published data of others.

II. AVTD T ECHNIQUE

The main body of results analyzed in this paper was obtained
with the method of anomalous viscosity time dependence
(AVTD). This technique is based on the radial migration of
high molecular weight DNA–protein complexes such as nu-
cleoids in rotary viscometer [31]. The physical model of AVTD
was developed by Kryuchkovet al. [32] based on the theory
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of radial migration [33]–[35]. The changes in AVTD were
observed inE. coli cells of several strains and rat thymocytes
after exposure to microwavesin vitro [20]–[30]. The AVTD
changes have been also observed upon treatment of cells with
DNA/chromatin-specific chemicals such as ethidium bromide
(EtBr) and etoposide VP-16 [28], [36], [37]. Several experi-
mental observations have suggested that an increase in AVTD
in response to MMWs is caused by relaxation of DNA domains
and, consequently, decrease in AVTD is caused by chromatin
condensation. Single-cell gel electrophoresis confirmed this
suggestion [38].

III. FREQUENCY AND POWER DEPENDENCIES OF

MMW EFFECTS

Effects of low-intensity microwaves on repair of radiation-in-
duced DNA breaks were studied by the AVTD method inE. coli
K12 AB1157 [20]. Significant suppression of repair was found
when X-irradiated cells were exposed to microwaves within fre-
quency ranges of 51.62–51.84 and 41.25–41.50 GHz. In both
ranges, the effect had a pronounced resonance character with
resonance frequencies of 51.76 and 41.32 GHz, respectively
[20], [23]. The effect of microwaves did not depend on the se-
quence of cell exposure to X-rays and MMWs. The MMW ef-
fect could not be explained by heating. First, statistically sig-
nificant suppression of repair was observed at a very low PD
of 1 W/cm . Second, no suppression of repair was observed
upon heating of cell suspension by 5C. Third, the PD averaged
over the exposed surface did not depend on frequency within ob-
served resonances.

It was established that the reduction of PD resulted in
significant narrowing of the resonance response ofE. coli cells
to MMW exposure [23], [28]. Ups to 15 frequencies were
investigated inside each resonance range and all frequency
dependencies obtained fitted well to Gaussian distribution
[28]. The experimental conditions allowed determination of
the resonance frequency with an error of1 MHz. Within this
error, the resonance frequency of 51.755 GHz was stable with
decreasing of PD from 3 10 to 10 W/cm . At the same
time, the half-width of the resonance decreased from almost 100
to 3 MHz. The dependence of half-width of the 51.755-GHz
resonance effect on PD had the steep decrease from 310
to 10 W/cm followed by slow decreasing from 10 to
10 W/cm . The question then arose: what happened in the
frequency range of 51.65–51.85 GHz upon narrowing of the
51.755-GHz resonance? The cell response to MMWs at a PD
of 10 W/cm was studied in this frequency range [28], [29].
Three additional resonances were detected: 51.6750.001,
51.805 0.002, and 51.8350.005 GHz. The half-widths of all
resonance including the main one, i.e., 51.7550.001 GHz,
were about 10 MHz at the PD of 10 W/cm . Therefore,
sharp narrowing of the 51.755-GHz resonance in the PD range
from 3 10 to 10 W/cm was followed by an emergence
of new resonances. These data were interpreted as a splitting
of the main resonance 51.755 GHz [28]. Dependence of the
MMW effect on PD was investigated at one of these resonances,
i.e., 51.675 GHz [29]. This dependence had the shape of a

“window” in the PD range from 10 to 10 W/cm . It is
important that no MMW effect was observed at subthermal and
thermal PDs. This type of PD dependence clearly indicated
nonthermal mechanism of the MMW effects observed. The
frequency dependencies were studied around 51.675 GHz at
different PDs and this resonance frequency was shown to be
stable within the range of 10 –10 W/cm . Along with
disappearance of the 51.675-GHz resonance response at a
higher PD of 10 –10 W/cm , a new resonance effect arose
at 51.688 0.002 GHz [29]. This resonance frequency was also
stable within the studied PD range. Taken together, these data
strongly suggested a sharp rearrangement of resonance spectra,
which was induced by MMWs of the subthermal PD range. The
half-widths of three studied resonances showed rather different
dependencies on the PD, changing from 2 to 3 MHz to 16 to
17 MHz (51.675 and 51.668 GHz) or from 2 to 3 MHz to 100
MHz (51.755 GHz) [28], [29].

Significant narrowing in resonance response was found when
studying the growth rate in yeast cells [9] and chromatin con-
formation in thymocytes of rats [27]. In the study of Gründleret
al., the half-width decreased from 16 to 4 MHz as the PD was
decreased within the range of 10–10 W/cm [9]. Based
on these studies with different cell types, one may assume that
narrowing of the resonance upon decease in the PD is one of
the basic regularities in cell response to MMWs. On the other
hand, different dependencies of a half-width on the PD may be
expected for different resonance frequencies.

It was established that the dependence of the MMW effects on
the PD had a linear section followed by a plateau [3]. This type
of PD dependence was observed in [7], and [10]–[14]. The data
obtained in experiments withE coli cells and rat thymocytes
provided new evidence for this type of PD dependence and indi-
cated that PD dependencies might have the shape of a “window”
[22], [27]–[29]. The summary of the data on PD dependencies is
given in the Table I. The position of the window varied between
different resonance frequencies and depended on cell density
during exposure of cells [29]. Nevertheless, window-like PD
dependence was observed when studying MMW effect at dif-
ferent resonances. The most striking window was observed at
the resonance frequency of 51.755 GHz [28]. When exposing
theE. coli cells at the cell density of 4 10 cell/mL, the ef-
fect reached saturation at the PD of 10–10 W/cm and
did not change up to PD of 10 W/cm . In these experiments,
the direct measurements of PD below 10W/cm were not
available and lowest PDs were obtained using calibrated atten-
uators. Osepchuk and Petersen [39] have suggested that MMW
effects could be explained by the presence of temporal har-
monics, but the body of our data did not support the hypoth-
esis of Osepchuk and Petersen [40]. The background MMW
radiation has been estimated as 10–10 W/m /Hz [41].
Since the experimentally determined half-width of resonance
was in the order of 1 MHz [28], background PD was estimated as
10 –10 W/cm within the resonance. The MMW effects
were observed at these PD in experiments withE. colicells [24],
[26], [28], [29]. The data suggested that the PD dependence of
MMW effect might not have a threshold.

Authorized licensed use limited to: Agilent Technologies. Downloaded on May 12, 2009 at 14:15 from IEEE Xplore.  Restrictions apply.



2174 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 11, NOVEMBER 2000

TABLE I
WINDOWS IN THE PD DEPENDENCIES OFMMW EFFECTS ASMEASURED WITH THEAVTD TECHNIQUE IN E. COLI AND RAT THYMOCYTES

IV. DEPENDENCE OFMMW EFFECTS ONDURATION OF

EXPOSURE ANDTIME AFTER EXPOSURE

Usually, the duration of exposure was 5–10 min in ex-
periments withE. coli cells and rat thymocytes at the PD of
10 –10 W/cm [20], [21], [27]. In order to achieve the
same effect at lower PD of 10 –10 W/cm , the time of
exposure should be prolonged to 20–40 min. This time should
be even longer, more than 1 h, at lowest PD of 10W/cm
[26]. Therefore, the same MMW effect could be achieved by
prolongation of exposure if the PD decreased.

The MMW effect on the CCS ofE. coli cells depended on
post-exposure time. Usually, this dependence had an initial
phase of increase in the MMW effect. This phase was about
100 min [24], [26] and followed by the phase, which was close
to a plateau. The plateau lasted around 100 min [26]. A trend to
decrease in effect was observed at longer times up to 300 min
[24]. Significant changes in AVTD were observed when rat
thymocytes were lyzed in between 30–60 min after exposure to
MMWs [27]. This effect nearly disappeared if the cells were
incubated more than 80 min after exposure. The data suggested
that there is a time window for observation of effect on the
CCS, which may be dependent on cell types, cell density during
exposure, duration, and PD of exposure.

V. POLARIZATION

The effects of circularly polarized (CP) MMWs were studied
in E. coli cells at the frequencies from the two resonances
identified with linearly polarized MMWs, i.e., 51.62–51.84 and
41.25–41.50 GHz. At the resonance frequency of 51.76 GHz,
right-hand CP microwaves suppressed repair of X-rays induced
damages as measured with AVTD [21], [23]. Left-hand CP
MMWs had virtually no effect on repair, while the efficiency of
linearly polarized MMWs was in between two circular polariza-
tions. Inversion in effective circular polarization was observed

at another resonance frequency, i.e., 41.32 GHz. Left-hand CP
microwaves significantly suppressed repair, while right-hand
polarization was almost ineffective. It is important that MMWs
of the same CP affected or correspondingly did not affect cells
at several tested frequencies within each resonance [22], [21],
[23]. Therefore, the sign of effective CP was the attribute of the
whole resonance.

In the beginning of experimentation, left- or right-hand spiral
waveguides were used to produce CP MMWs [21]. The in-
stallation with spiral waveguides provided an ellipticity coef-
ficient of 1.2 0.1. In subsequent experiments, another installa-
tion with a better ellipticity coefficient, i.e., 1.050.05 was used
for exposure [23], [22], [29]. In this installation, CP MMWs was
obtained by means of the quarter-wave mica plates. Simulta-
neous exposure of three different samples with linear, left- and
right-hand CP MMWs was available. Stronger difference be-
tween effects of left- and right-hand CP MMWs on repair of
X-rays-induced damages was observed using installation with
the quarter-wave mica plates in comparison to the spiral waveg-
uides [22]. Nevertheless, even with the ellipticity coefficient
virtually equal to unity, a statistically significant, though rela-
tively weak, effect of “ineffective” polarization was observed
(Table II). This could indicate the presence of a small number
of targets in corresponding (nondominant) conformation that are
able to interact with MMWs at ineffective polarization. It was
found that pre-irradiation ofE. coli cells to X-rays inverted the
sign of effective polarization [22], [23]. This inversion was ob-
served for two resonances (Table II). It is important that nei-
ther resonance frequencies, nor half-widths of the resonance
changed during inversion of effective CP. The effects of left-and
right-hand MMWs become the same at 50 cGy [23]. At this
dose, about one single stranded DNA break per haploid genome
was induced and the dose was too low to damage significantly
any cellular structure, except for DNA. It is known that a nu-
cleoid inE. colicells consists of the supercoiled DNA domains.
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TABLE II
EFFECTS OFMICROWAVES AT 100�W/cm ON THE CHROMATIN CONFORMATIONAL STATE OF INTACT CELLS AND ON REPAIR OFDNA DAMAGES INDUCED BY

X-RAYS (20 Gy) AS MEASURED WITH AVTD. A LL EFFECTSWERE NORMALIZED TO THE EFFECT OF THATTYPE OF CIRCULAR POLARIZATION,
WHICH PRODUCED A MAXIMUM EFFECT AT THE GIVEN RESONANCEFREQUENCY. AVERAGE FROM SIX INDEPENDENTEXPERIMENTS

AND STANDARD ERROR ISGIVEN. THE DATA WERE ADAPTED FROM[22]

It is believed that the majority of DNA in living cells has a
right-hand helicity (B-form), but a minor part, in order of 1%,
may be in the form of a left-hand helix (Z-form). Radiation-in-
duced DNA breaks result in relaxation of DNA domains. On the
other hand, supercoiling is connected with transitions between
right-hand B-form to left-hand Z-form in some DNA sequences.
Therefore, the data suggested that difference in biological ef-
fects of polarized MMWs was connected with DNA helicity and
supercoiling of DNA domains.

The supercoiling of DNA domains is changed during the
cell cycle because of elementary genetic processes such as
transcription, replication, and recombination. It can also be
changed by means of DNA-specific intercalators such as
ethidium bromide (EtBr). Changing the supercoiling, EtBr
facilitates the transition of the left-hand DNA sequences
(Z-form) to the right-hand B-form. Preincubation ofE. coli
AB1157 cells with EtBr (1 g/mL) inverted the effective po-
larization and right-hand MMWs at the resonance frequency of
51.755 GHz became more effective than left-hand polarization
[30]. EtBr changed the supercoiling of DNA domains starting
at a concentration of 1g/mL, as measured with the AVTD in
lysates of different cell types includingE. coli [28], [37], [38].
The data provided evidence that DNA is a target of MMW
effects.

In all experiments, the effect of linear polarized MMWs was
in between the effects of two circular polarizations. Unexpect-
edly, the same circular polarization was more effective if the
cells were exposed to MMWs both before and after X-irradi-
ation (Table II). The combined exposure of cells to MMWs at
different CP resulted in nonadditive effects [24]. This nonad-
ditivity was explained in terms that each CP stimulated transi-
tions of certain DNA sequences into a form of a corresponding
helicity, but the subsequent exposure to MMWs at another po-
larization might affect this process. More studies are needed to
elucidate the mechanism of combined effects of CP MMWs and
to characterize the target responsible for dependence of the res-
onance MMW effects on polarization. Nevertheless, recent in-
vestigations of 11 resonances inE. colicells and two resonances
in Wistar rat thymocytes indicated that one of two circular polar-
izations was always more effective than another one [27], [29],
[42]. These data are summarized in Table III.

Obviously, the difference in effects of right- and left-hand
polarizations could not be explained by heating or by mech-

anism dealing with “hot-spots” due to unequal SAR distribu-
tion. The data about the difference in effects of differently po-
larized MMWs, inversion of effective circular polarization be-
tween resonances, and after irradiation of cells with X-rays, pro-
vided clear evidence for nonthermal mechanisms of MMW ef-
fects.

VI. M ODULATION

There is an experimental evidence for the role of modulation
for the microwave-induced effects bothin vitro and in vivo
[43]–[45]. Gapeevet al. [46] analyzed the role of modulation
for the effects of MMWs. The authors studied the respiratory
burst induced by calcium ionophore A23187 and phorbol ester
PMA in the peritoneal neutrophils of mice. MMWs at the PD
of 50 W/cm inhibited the respiratory burst. MMW effect
depended on frequency and was maximal at the frequency of
41.95 GHz. The opposite effect, stimulation of the respiratory
burst, was observed upon modulation of MMWs with the
frequency of 1 Hz. Only this modulation out of four tested
(0.1, 1, 16, and 50 Hz) resulted in stimulation of the respiratory
burst.

VII. ELECTROMAGNETIC ENVIRONMENT

Litovitz et al. provided evidence that the extremely low-fre-
quency (ELF) magnetic noise of 2T inhibited the effects of
microwaves on ornithine decarboxylase in L929 cells [45]. Usu-
ally, all electric devices were shut down during Gründleret al.’s
experiments with yeast cells in order to decrease the electro-
magnetic noise (personal communication). The static magnetic
field was controlled in Gründleret al.’s experiments and in the
replications of these experiments by Goset al.[19]. Background
electromagnetic fields might be important for effects of MMWs
on the chromatin conformation. This suggestion followed from
the observation that both static magnetic field and ELF mag-
netic fields at low intensities affected the CCS in cells [37], [47],
[48]. The changes in static magnetic fields during exposure to
MMWs affected response ofE. coli to MMWs (unpublished re-
sults of Shcheglovet al.). Therefore, the static magnetic field
was controlled and all electric devices were shut down during
our experiments with MMWs.
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TABLE III
EFFECTIVE POLARIZATION IN RESONANCERESPONSE OFE. COLI CELLS AND WISTAR RAT THYMOCYTES TO NONTHERMAL MMWs AS

MEASURED WITH AVTD TECHNIQUE

VIII. C ELL-TO-CELL INTERACTION IN RESPONSE TOMMWs

Usually, theE. coli cells were exposed to MMWs at the cell
density of 4 10 cell/mL. When the cell density of exposed
cells was increased to 4 10 cell/mL, the resonance MMW
effect grew substantially [26]. Experiments were performed
with different PD levels and times of exposure to MMWs at
51.76 GHz. All AVTD measurements were performed at the
same cell density of 4 10 cell/mL. When the results for the
same values of PD and exposure times were compared, the
effect of MMWs increased by a factor of 4.70.5 on average
with increase in cell density by one order of magnitude. The
data suggested a cooperative nature of cell response to MMWs,
which is based on cell-to-cell interaction during exposure.
This suggestion was confirmed by the observed partial syn-
chronization of cells after exposure to MMWs [26]. Due to
this synchronization, cell density of the exposed cells could
be either higher or lower in comparison to control level in
dependence on time after exposure.

A significant MMW effect on synchronization ofSaccha-
romyces carlsbergensisyeast cells were observed by Golantet
al. [49]. Exposure to MMWs at 30 W/cm and 46 GHz was
performed at the cell density of about 10cell/mL. MMWs
induced synchronization as measured by cell density and
bud formation. This synchronization lasted more than 20 cell
cycles after exposure. The authors concluded that MMWs
induced cell-to-cell interaction resulting in the synchronization
observed.

In recent studies withE. coli cells, the cooperative effect
was confirmed for the resonance frequency of 51.755 GHz and
found at two other resonances of 51.675 and 51.688 GHz [28],
[29]. The data suggested that, within different resonances, the
response of cells to MMWs might depend on the cell density
during exposure. The average intercellular distance was approx-
imately 13 m at the cell density of 4 10 cells/mL. There-
fore, no direct physical contact seemed to be involved in the

cell-to-cell interaction. Two mechanisms were suggested to ac-
count for the cooperative nature in the resonance response to
MMWs [26]. In the chemical-diffusional mechanism, the cells,
which have responded to MMWs, released chemical messen-
gers. These messengers could reach other cells via diffusion,
thus causing secondary reactions. In the electromagnetic mech-
anism, the affected cells might be a source of a secondary irra-
diation. The dependence of the effect on cell density was mod-
eled based on both mechanisms, and the electromagnetic one
provided better fit to experimental data [26].

Although the dependence of the MMW effect on PD showed
considerable difference between two cell densities, 4
10 cells/mL and 4 10 cells/mL, the 51.755-GHz resonance
frequency did not change with changes of cell density [28].
The half-width of the resonance did not depend on cell density
either. Contrary to the 51.755-GHz resonance response, the
half-width of the 51.675-GHz resonance depended on the cell
density [29]. The data suggested that intracellular interaction
affected a subcellular target for the effects of MMWs at 51.675
GHz.

The dependence of the resonance response on cell density
was studied both at stationary and logarithmic phase of growth
during exposure to MMWs in the range of 10 to 3
10 W/cm [50]. Relatively weak response to MMWs was
observed in exponentially growing cells. Partially synchronized
stationary cells were more sensitive, especially at cell densi-
ties above 10 cell/mL. A significant shift in the resonance
frequency was observed between logarithmic and stationary
phase. The data suggested that the cooperative response of cells
to MMWs might be different at different phases of growth.
The data indicated also that response to MMWs might not
be limited by the reaction of single cells, but the cooperative
reaction of the exposed cell population might be involved. Even
at the highest cell densities, the cells occupied a negligible part
of the exposed volume and could not change the absorption of
microwaves. The significant difference in cell response at the
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different cell densities provided strong evidence for nonthermal
mechanism of the MMW effects.

IX. DEPENDENCE OFMMW EFFECTS ONGENOTYPE

The effects of MMWs were studied inE. coli cells with
different length of chromosomal DNA [25]. Bacterial chromo-
some was lengthened by inserting DNA ofand
phages. Strain N99 of wild type, lysogenic strain N99and
N99 was used. Response of each strain
was studied at 10–17 frequencies inside 41.24–41.37 and
51.69–51.795 GHz at 10 W/cm . Clear resonance re-
sponse was observed for each strain in both frequency ranges
(Table III). Significant shifts of both resonance frequencies
were found between strains. The shifted resonances had the
same amplitude and half-width as for N99 cells. Upon shifting,
no changes in effective circular polarization were observed.

The shifts in resonance frequencies could not be explained by
activity of additional genes inserted with the phage DNA. For
example, and genes are active in lysogenic N99 strain.
Nevertheless, the insertion did not contain im-
munity region and, therefore, the and genes. Moreover,
this genome is identical to the genome of phage, but about
23% shorter because of deletion. Therefore, it was un-
likely that shifts of resonances were caused by additional gene
activity upon insertion of . On the other hand, the
theoretical consideration based on mutual vibrations of separate
domains regarding a whole nucleoid provided good correlation
between experimental data and calculated shifts in resonances
[25].

A detailed analysis of MMW effects in AB1157 cells
at 10 W/cm revealed the resonance frequency of
51.755 0.001 GHz. This value was statistically significantly
different from the corresponding resonant frequency of the N99
strain, 51.765 0.002 [28]. It should be noted that both strains
are considered as wild-type strains. Nevertheless, those strains
were different in genotypes by several specific gene markers
[20], [51]. The data suggested that strains of different origin,
even being considered of wild type, may posses different
resonance responses.

X. DEPENDENCE OFMMW EFFECTS ONPHYSIOLOGICAL

VARIABLES

The importance of physiological parameters, which may in-
clude all conditions of cell culture growth such as aeration, the
composition of the growth, and exposure media, has been previ-
ously discussed by Gründleret al. [7]. Recently, Lai and Singh
described effects of microwaves on the rat brain cells as mea-
sured using a microgel electrophoresis assay [52]. These ef-
fects were significantly blocked by treatment of rats either with
the spin-trap compound –tert–butyl– –phenylnitrone or with
melatonin. These data indicated that radicals might be involved
in effects of microwaves and provided further evidence for de-
pendence these effects on physiological variables.

In our investigations,E. coli cells were exposed to CP or
linearly polarized MMWs (100 W/cm at the resonance fre-
quencies, i.e., 41.32 or 51.76 GHz [24], [26]. Both value and
direction of the MMW effects strongly depended on the phase

of culture growth. At the logarithmic phase of growth, MMWs
at all polarizations resulted in decrease in the AVTD peaks and,
contrarily, the AVTD peaks increased after MMW exposure at
stationary phase of growth. Higher variability in effects was ob-
served for the logarithmic phase and effects were more stable
for the stationary phase. There was no effect at all if cells were
exposed at the end of the logarithmic phase where the MMW
effects changed their direction [26].

Another stage of particular interest was the beginning of the
logarithmic stage, where the effect of MMWs was relatively
weak. Nevertheless, only a decrease of AVTD peaks was ob-
served in cell response at different stages of the logarithmic
phase. The AVTD data were confirmed by electrophoretic anal-
ysis of proteins bound to DNA [24]. The main feature of the
effect in the stationary phase was a decrease in the quantity of
several DNA-bound proteins with molecular weights of 61, 59,
56, 26, and 15 kDa. The main trend was an increase in some pro-
teins, 61, 56, 51, and 43 kDa, as AVTD peaks decreased after ex-
posure at the logarithmic phase. Thus, the decrease in the level
of proteins bound to DNA increased maximum viscosity and
vice versa.

TheE. colicells were usually grown in Luria broth before ex-
posure to microwaves. Prior to exposure, the cells were collected
by centrifuging and suspended in an M9 buffer. In experiments
under the same conditions of exposure to MMWs, we observed a
dependence of the MMW effect on time between preparation of
cell suspension and exposure (Shcheglovet al., in preparation).
The control levels of AVTD did not change. The unpublished
data of Ushakovet al. indicated that the MMW effects corre-
lated with the concentration of oxygen in cell suspension during
exposure. This correlation might suggest that oxygen concentra-
tion should be indicated in order to improve reproducibility.

XI. DISCUSSION

Our experimental data have revealed several regularities in
the effects of the low-intensity microwaves on the chromatin
conformation in cellsin vitro: frequency dependencies of reso-
nance type, dependence of the resonance effects on polarization,
“window” dependence on PD, narrowing of the resonances, and
rearrangement of frequency spectra of action with decrease in
the PD. The MMW effects depended on the genotype ofE.
coli cells under study, the growth stage of the bacterial culture,
the cell density, the static magnetic field during exposure, the
time between microwave exposure, and recording of the effect.
The experimental data provided strong support for nonthermal
MMW effects, which have been discovered by Webb and Booth,
Vilenskayaet al., Devyatkov, and Gründleret al. [1]–[4]. The
discussion of mechanisms and biological significance of these
effects is beyond the scope of this paper. We would like just to
stress that the MMW effects depend on a number of physical,
physiological, and genetic parameters. Obviously, not taking
into account the dependence of the MMW effects on all those
parameters may lead to a negative conclusion regarding the re-
producibility. In respect to reproducibility, especially important
might be the observations that MMWs could inhibit or stimu-
late the same functions [14]. Under different conditions of ex-
posure, MMWs either increased or decreased the growth rate
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of yeast cells [4]–[9], the radiation-induced damages in mice
[52], the respiratory burst in neutrophils of mice [46], and the
condensation of nucleoids inE coli cells [24], [26]. Potentially
bidirectional effects of MMWs should be taken into account to
improve reproducibility.

Despite a considerable body of investigations with MMWs
in biology, only a few studies were performed to replicate the
original data on nonthermal MMW effects. The best-known at-
tempt to replicate the results of Gründleret al. was the recent
study of Goset al. [19]. No MMW effect was observed in this
well-described research. However, a deviation in routine pro-
tocol might account for poor reproducibility. For example, syn-
chronized cells were used in studies of Gründleret al.Contrary
to Gründleret al.’s original protocol, exponentially growing
cells were used by Goset al.If the MMW effects in yeast cells
are dependent on stage of growth, cell density, and intercellular
interactions, as described forE. coli cells [24], [26], [28], [29],
no response might be expected within some stages of the log-
arithmic phase of growth. Goset al.used aS. cerevisiaestrain
with the auxotrophy mutations for leucine and uracil. The wild
type strain was used by Gründleret al.. We observed various re-
sponses to microwaves betweenE. colicells with different geno-
types, including wild-type strains of different origin. It might
suggest another cause for deviations between data of Gründler
et al. and Goset al.

The number of possible variables in reproducibility of MMW
effects seem to be far beyond the limits of usually controlled
parameters in biological experiments. Nevertheless, successful
application of MMWs in therapy of various diseases [14] pro-
vided intriguing perspective for further development of MMWs
research in biology and medicine.

ACKNOWLEDGMENT

The authors thank Prof. M. Harms-Ringdahl, Stockholm
University, Stockholm, Sweden, for reading the manuscript and
fruitful comments.

REFERENCES

[1] S. J. Webb and A. D. Booth, “Microwave absorption by normal and tu-
mour cells,”Science, vol. 174, pp. 72–74, 1971.

[2] R. L. Vilenskaya, A. Z. Smolyanskaya, V. G. Adamenko, Z. N. Bulda-
sheva, E. A. Gelvitch, M. B. Golant, and D. Y. Goldgaber, “Induction
of the lethal colicin synthesis inE. coli K12 C600 (E1) by means the
millimeter radiation” (in Russian),Bull. Eksperimental Biol. Med., vol.
4, pp. 52–54, 1972.

[3] N. D. Devyatkov, “Influence of electromagnetic radiation of millimeter
range on biological objects” (in Russian),Usp. Fiz. Nauk, vol. 116, pp.
453–454, 1973.

[4] W. Gründler, F. Keilmann, and H. Frühlich, “Resonant growth rate re-
sponse of yeast cells irradiated by weak microwaves,”Physiol. Lett., vol.
62A, pp. 463–466, 1977.

[5] W. Gründler and F. Keilmann, “Nonthermal effects of millimeter mi-
crowaves on yeast growth,”Z. Nat.forsch C, vol. 33, pp. 15–22, 1978.

[6] , “Sharp resonances in yeast growth prove nonthermal sensitivity
to microwaves,”Physiol. Rev. Lett., vol. 51, pp. 1214–1216, 1983.

[7] W. Gründler, V. Jentzsch, F. Keilmann, and V. Putterlik, “Resonant
cellular effects of low intensity microwaves,” inBiological Coherence
and Response to External Stimuli. Berlin, Germany: Springer-Verlag,
1988, pp. 65–85.

[8] W. Gründler and F. Keilmann, “Resonant microwave effect on locally
fixed yeast microcolonies,”Z. Nat.forsch. C, vol. 44c, pp. 863–866,
1989.

[9] W. Gründler, “Intensity- and frequency-dependent effects of microwaves
on cell growth rates,”Bioelectrochem. Bioenerg., vol. 27, pp. 361–365,
1992.

[10] M. B. Golant, “Resonance effect of coherent millimeter-band electro-
magnetic waves on living organizms” (in Russian),Biofizika, vol. 34,
pp. 1004–1014, 1989.

[11] E. Postow and M. L. Swicord, “Modulated fields and "window"
effects,” in CRC Handbook of Biological Effects of Electromagnetic
Fields, C. Polk and E. Postow, Eds. Boca Raton, FL: CRC Press,
1986, pp. 425–460.

[12] V. D. Iskin, “Biological effects of millimeter waves and correlation
method of their detection” (in Russian), inOsnova Kharkov, 1990,
p. 244.

[13] I. Y. Belyaev, “Some biophysical aspects of the genetic effects of low
intensity millimeter waves,”Bioelectrochem. Bioenerg., vol. 27, pp.
11–18, 1992.

[14] A. G. Pakhomov, Y. Akyel, O. N. Pakhomova, B. E. Stuck, and M. R.
Murphy, “Current state and implications of research on biological effects
of millimeter waves, a review of the literature,”Bioelectromagnetics,
vol. 19, pp. 393–413, 1998.

[15] E. P. Khizhnyak and M. C. Ziskin, “Temperature oscillations in
liquid media caused by continuous (nonmodulated) millimeter wave-
length electromagnetic irradiation,”Bioelectromagnetics, vol. 17, pp.
223–229, 1996.

[16] M. A. Rojavin and M. C. Ziskin, “Effect of millimeter waves on survival
of UVC-exposedEscherichia coli,” Bioelectromagnetics, vol. 16, pp.
188–196, 1995.

[17] S. M. Motzkin, L. Benes, N. Block, B. Israel, N. May, J. Kuriyel, L.
Birenbaum, S. Rosenthal, and Q. Han, “Effects of low-level millimeter
waves on cellular and subcellular systems,” inCoherent Excitations in
Biological Systems, H. Frölich and F. Kremer, Eds. Berlin, Germany:
Springer-Verlag, 1983, pp. 47–57.

[18] O. P. Gandhi, “Some basic properties of biological tissues for potential
biomedical applications of millimeter waves,”J. Microwave Power, vol.
18, pp. 295–304, 1983.

[19] P. Gos, B. Eicher, J. Kohli, and W. D. Heyer, “Extremely high frequency
electromagnetic fields at low power density do not affect the division
of exponential phase Saccharomyces cerevisiae cells,”Bioelectromag-
netics, vol. 18, no. 2, pp. 142–155, 1997.

[20] I. Y. Belyaev, Y. D. Alipov, V. S. Shcheglov, and V. N. Lystsov, “Res-
onance effect of microwaves on the genome conformational state ofE.
coli cells,” Z. Nat.forsch. C, vol. 47c, pp. 621–627, 1992.

[21] I. Y. Belyaev, V. S. Shcheglov, and Y. D. Alipov, “Existence of selection
rules on helicity during discrete transitions of the genome conforma-
tional state ofE. coli cells exposed to low-level millimeter radiation,”
Bioelectrochem. Bioenerg., vol. 27, pp. 405–411, 1992.

[22] , “Selection rules on helicity during discrete transitions of the
genome conformational state in intact and X-rayed cells ofE. coli in
millimeter range of electromagnetic field,” inCharge and Field Effects
in Biosystems-3, M. J. Allen, S. F. Cleary, A. E. Sowers, and D. D.
Shillady, Eds. Cambridge, MA: Birkhaüser, 1992, pp. 115–126.

[23] I. Y. Belyaev, Y. D. Alipov, and V. S. Shcheglov, “Chromosome DNA as
a target of resonant interaction betweenEscherichia Colicells and low-
intensity millimeter waves,”Electro-Magnetobiol., vol. 11, pp. 97–108,
1992.

[24] I. Y. Belyaev, V. S. Shcheglov, Y. D. Alipov, and S. P. Radko, “Regular-
ities of separate and combined effects of circularly polarized millimeter
waves onE. coli cells at different phases of culture growth,”Bioelec-
trochem. Bioenerg., vol. 31, pp. 49–63, 1993.

[25] I. Y. Belyaev, Y. D. Alipov, V. A. Polunin, and V. S. Shcheglov, “Ev-
idence for dependence of resonant frequency of millimeter wave in-
teraction withEscherichia coliK12 cells on haploid genome length,”
Electro-Magnetobiol., vol. 12, pp. 39–49, 1993.

[26] I. Y. Belyaev, Y. D. Alipov, V. S. Shcheglov, V. A. Polunin, and O. A.
Aizenberg, “Cooperative response ofEscherichia colicells to the reso-
nance effect of millimeter waves at super low intensity,”Electro-Mag-
netobiol., vol. 13, pp. 53–66, 1994.

[27] I. Y. Belyaev and V. G. Kravchenko, “Resonance effect of low-intensity
millimeter waves on the chromatin conformational state of rat thymo-
cytes,”Z. Nat.forsch. C, vol. 49c, pp. 352–358, 1994.

[28] I. Y. Belyaev, V. S. Shcheglov, Y. D. Alipov, and V. A. Polunin, “Res-
onance effect of millimeter waves in the power range of10 � 3�

10 W/cm on E. coli cells at different concentrations,”Bioelectro-
magnetics, vol. 17, pp. 312–321, 1996.

Authorized licensed use limited to: Agilent Technologies. Downloaded on May 12, 2009 at 14:15 from IEEE Xplore.  Restrictions apply.



BELYAEV et al.: EFFECTS OF EXTREMELY HIGH-FREQUENCY MICROWAVES ON CHROMATIN CONFORMATION IN CELLSIN VITRO 2179

[29] V. S. Shcheglov, I. Y. Belyaev, Y. D. Alipov, and V. L. Ushakov, “Power-
dependent rearrangement in the spectrum of resonance effect of mil-
limeter waves on the genome conformational state ofE. coli cells,”
Electro-Magnetobiol., vol. 16, pp. 69–82, 1997.

[30] V. L. Ushakov, V. S. Shcheglov, I. Y. Belyaev, and M. Harms-Ringdahl,
“Combined effects of circularly polarized microwaves and ethidium bro-
mide onE. colicells,”Electro-Magnetobiol., vol. 18, pp. 233–242, 1999.

[31] R. H. Shafer, N. Laiken, and B. H. Zimm, “Radial migration of DNA
molecules in cylindrical flow,”Biophys. Chem., vol. 2, pp. 180–188,
1974.

[32] V. S. Kryuchkov, V. A. Polunin, Y. D. Alipov, and I. Y. Belyaev, “Phys-
ical model of anomalous viscosity time dependence in solutions of high-
polymer DNA-protein complexes,”Biofizika, vol. 40, pp. 1202–1207,
1995.

[33] K. Dill and R. H. Shafer, “Radial migration of DNA molecules in cylin-
drical flow. II Circles and the effect of non-Gaussian polymer statistics,”
Biophys. Chem., vol. 4, pp. 51–54, 1976.

[34] K. A. Dill and B. H. Zimm, “A rhelogical separator for very large DNA
molecules,”Nucl. Acids Res., vol. 7, pp. 735–749, 1979.

[35] K. A. Dill, “Theory for the separation of very large DNA molecules by
radial migration,”Biophys. Chem., vol. 10, pp. 327–334, 1979.

[36] I. Y. Belyaev and M. Harms-Ringdahl, “Effects of
-rays in the 0.5-50
cGy range on the conformation of chromatin in mammalian cells,”Ra-
diat. Res., vol. 145, pp. 687–693, 1996.

[37] I. Y. Belyaev, Y. D. Alipov, and M. Harms-Ringdahl, “Effects of zero
magnetic field on the conformation of chromatin in human cells,”
Biochem. Biophys. Acta, vol. 1336, pp. 465–473, 1997.

[38] I. Y. Belyaev, S. Eriksson, J. Nygren, J. Torudd, and M. Harms-Ring-
dahl, “Effects of ethidium bromide on DNA loop organization in human
lymphocytes determined by anomalous viscosity time dependence and
single cell gel electrophoresis,”Biochem. Biophys. Acta, vol. 1428, pp.
348–356, 1999.

[39] J. M. Osepchuk and R. C. Petersen, “Comments on ‘Resonance effect of
millimeter waves in the power range from 10 to 3� 10 W/cm on
Escherichia colicells at different concentrations’,”Bioelectromagnetics,
vol. 18, pp. 527–528, 1997.

[40] I. Y. Belyaev, V. S. Shcheglov, Y. D. Alipov, and V. L. Ushakov, “Reply
to common of Osepchuk and Petersen,”Bioelectromagnetics, vol. 18,
pp. 529–530, 1997.

[41] N. D. Kolbun and V. Y. Lobarev, “Problems of bioinformational inter-
action in millimeter range” (in Russian),Kibern. Vychisl. Tekh., vol. 78,
pp. 94–99, 1988.

[42] Y. D. Alipov, I. Y. Belyaev, V. G. Kravchenko, V. A. Polunin, and V.
S. Shcheglov, “Experimental justification for generality of resonant re-
sponse of prokaryotic and eukaryotic cells to MM waves of superlow
intensity,”Phys. Alive, vol. 1, pp. 72–80, 1993.

[43] S. Lin-Liu and W. R. Adey, “Low frequency amplitude modulated mi-
crowave fields change calcium efflux rates from synaptosomes,”Bio-
electromagnetics, vol. 3, pp. 309–322, 1982.

[44] B. Veyret, C. Bouthet, P. Deschaux, R. de Seze, M. Geffard, J.
Joussot-Dubien, M. Le Diraison, J. M. Moreau, and A. Caristan,
“Antibody responses of mice exposed to low-power microwaves under
combined, pulse-and-amplitude modulation,”Bioelectromagnetics, vol.
12, pp. 47–56, 1991.

[45] T. A. Litovitz, L. M. Penafiel, J. M. Farrel, D. Krause, R. Meister, and
J. M. Mullins, “Bioeffects induced by exposure to microwaves are miti-
gated by superposition of ELF noise,”Bioelectromagnetics, vol. 18, no.
6, pp. 422–430, 1997.

[46] A. B. Gapeev, V. S. Iakushina, N. K. Chemeris, and E. E. Fesenko, “Mod-
ulated extremely high frequency electromagnetic radiation of low inten-
sity activates or inhibits respiratory burst in neutrophils depending on
modulation frequency” (in Russian),Biofizika, vol. 42, pp. 1125–1134,
1997.

[47] I. Y. Belyaev, A. Y. Matronchik, and Y. D. Alipov, “The effect of weak
static and alternating magnetic fields on the genome conformational
state ofE. colicells, the evidence for model of phase modulation of high
frequency oscillations,” inCharge and Field Effects in Biosystems—4,
M. J. Allen, Ed, Singapore: World Scientific, 1994, pp. 174–184.

[48] I. Y. Belyaev, Y. D. Alipov, and M. Harms-Ringdahl, “Effects of weak
ELF on E. coli cells and human lymphocytes, role of genetic, physio-
logical and physical parameters,” inElectricity and Magnetism in Bi-
ology and Medicine, F. Bersani, Ed. Norwell, MA: Kluwer, 1999, pp.
481–484.

[49] M. B. Golant, A. P. Kuznetsov, and T. P. Bozhanova, “The mechanism
of synchronising yeast cell cultures with EHF-radiation” (in Russian),
Biofizika, vol. 39, pp. 490–495, 1994.

[50] I. Y. Belyaev, Y. D. Alipov, V. S. Shcheglov, and V. L. Ushakov, “Reso-
nance response ofE. colicells to low intensity millimeter waves, depen-
dence on cell density at different phases of growth,” in2nd Word Congr.
Elect. Mag. in Biol. Medicine, Bologna, Italy, 1997.

[51] K. V. Lukashevsky and I. Y. Belyaev, “Switching of prophage lambda
genes inEscherichia coliby millimeter waves,”Med. Sci. Res., vol. 18,
pp. 955–957, 1990.

[52] H. Lai and N. P. Singh, “Melatonin and a spin-trap compound block
radiofrequency electromagnetic radiation-induced DNA strand breaks
in rat brain cells,”Bioelectromagnetics, vol. 18, pp. 446–454, 1997.

[53] L. A. Sevast’yanova and N. D. Devyatkov,Nonthermal Effects of Mil-
limeter Radiation(in Russian). Moscow, Russia: Inst. Radioelectron.
USSR Academy Sci., 1981, pp. 86–109.

Igor Y. Belyaev, photograph and biography not available at time of publication.

Victor S. Shcheglov, photograph and biography not available at time of publi-
cation.

Eugene D. Alipov, photograph and biography not available at time of publica-
tion.

Vadim D. Ushakov, photograph and biography not available at time of publi-
cation.

Authorized licensed use limited to: Agilent Technologies. Downloaded on May 12, 2009 at 14:15 from IEEE Xplore.  Restrictions apply.


