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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 tionrate (SAR)is observed through anirradiated sample. Khizh-
biological effects of microwaves of extremely high-frequency range nyak and Ziskin [15] found specific microoscillations of temper-

[i.e., milimeter waves (MMWs)] at nonthermal intensities, but oy, iy jrradiated water solutions. Such phenomena were sup-
poor reproducibility was reported in few replication studies. One

possible explanation could be the dependence of the MMW effects POsed to explain at least some bioeffects of MMWs. MMW ir-
on some parameters, which were not controlled in replications. We radiation of thin layers results in significant heating at power
studied MMW effects on chromatin conformation in Escherichia density (PD) above 1 mW/cin MMW bioeffects at this and
coli (E. coli) cells and rat thymocytes. Strong dependence of MMW - pionar jevels are usually attributed to induced heating. Never-
effects on frequency and polarization was observed at nonthermal o
power densities. Several other factors were important, such as the theless, the observed MMW effects were not always explained
genotype of a strain under study, growth stage of the bacterial by heating, even at the thermal levels of exposure [16].

cultures, and time between exposure to microwaves and recording  The well-known example for nonthermal effects of MMWs

of the effect. MMW effects were dependent on cell density during s the study of Griindleet al. [4]-[9]. For over ten years, this
exposure. This finding suggested an interaction of microwaves .
with cell-to-cell communication. Such dependence on several 9rOUP consistently reported the resonance effects of MMWs on

genetic, physiological, and physical variables might be a reason the growth of yeast cells. Different exposure systems and analyt-
why, in some studies, the authors failed to reproduce the original ical facilities were used, leading to the same conclusions about
data of others. resonance response of yeast cells to nonthermal MMWSs. So-
Index Terms—Biological applications of electromagnetic radia- phisticated system for image processing recognition was used,
tion, biomedical effects of electromagnetic radiation, genetics, po- s nich allowed a very precise analysis of the cell cycle in indi-
larization. vidual cells. The effects were observed at PD of #0w/cn?
and could not be explained by heating [9].
I. INTRODUCTION Despite of a variety of reported MMW bioeffects, only a

ICROWAVES in the frequency range of 30-300 GHJFew independent replications were performed [17]-{19]. The

M are often called millimeter waves (MMWSs) because th@PParent conclusion of these replications is that the original data
wavelength in vacuum belongs to the interval of 1-10 mm. Tt MMW effects are poorly reproduced in independent experi-
biological effects of MMWs have been studied for over 20 yeaf8ents.
starting with investigations of Webb [1], Vilenskagaal. [2], Significant effects of nonthermal MMWs on the chromatin
Devyatkov [3], and Griindlest al.[4]-[9]. Several reviews were conformational state (CCS) iBscherichia coli(E. coli) cells
devoted to the effects of MMWSs [7], [10]-[14]. The most recerand thymocytes of rats have been observed by our group
review summarized more than 100 MMW investigations in b[20]-[30]. MMW effects on CCS were dependent on several
ology and medicine and indicated several problems in this figidhysical, physiological, and genetic parameters. The data
of research [14]. One of them is the question about so-callsdggested that a number of variables should be controlled in
nonthermal effects. original experiments and in replication studies. In this paper,

Due to the efficient absorption of MMWSs in water solutionsve describe the dependence of MMW effects on all these
and biological tissues, significant variations in specific absorparameters based mainly on the data obtained by our group and

in comparison with the recently published data of others.
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of radial migration [33]-[35]. The changes in AVTD were‘window” in the PD range from 10'® to 108 W/cm?. It is
observed irE. coli cells of several strains and rat thymocytesnportant that no MMW effect was observed at subthermal and
after exposure to microwaven vitro [20]-[30]. The AVTD thermal PDs. This type of PD dependence clearly indicated
changes have been also observed upon treatment of cells wibmthermal mechanism of the MMW effects observed. The
DNA/chromatin-specific chemicals such as ethidium bromideequency dependencies were studied around 51.675 GHz at
(EtBr) and etoposide VP-16 [28], [36], [37]. Several experdifferent PDs and this resonance frequency was shown to be
mental observations have suggested that an increase in Av3tAble within the range of 10%3-10-8 W/cn?. Along with

in response to MMWs is caused by relaxation of DNA domairdisappearance of the 51.675-GHz resonance response at a
and, consequently, decrease in AVTD is caused by chromahiigher PD of 105-10~2 W/cn?, a new resonance effect arose
condensation. Single-cell gel electrophoresis confirmed tha$51.688:0.002 GHz [29]. This resonance frequency was also

suggestion [38]. stable within the studied PD range. Taken together, these data
strongly suggested a sharp rearrangement of resonance spectra,
Ill. FREQUENCY AND POWER DEPENDENCIES OF which was induced by MMWs of the subthermal PD range. The
MMW EFFECTS half-widths of three studied resonances showed rather different

Effects of low-intensity microwaves on repair of radiation-indeéPendencies on the PD, changing from 2 to 3 MHz to 16 to

duced DNA breaks were studied by the AVTD metho&ircoli 17 MHz (51.675 and 51.668 GHz) or from 2 to 3 MHz to 100
K12 AB1157 [20]. Significant suppression of repair was founifiHz (51.755 GHz) [28], [29].
when X-irradiated cells were exposed to microwaves within fre- Significant narrowing in resonance response was found when
quency ranges of 51.62-51.84 and 41.25-41.50 GHz. In batiadying the growth rate in yeast cells [9] and chromatin con-
ranges, the effect had a pronounced resonance character ¥atiation in thymocytes of rats [27]. In the study of Griindder
resonance frequencies of 51.76 and 41.32 GHz, respectivaly the half-width decreased from 16 to 4 MHz as the PD was
[20], [23]. The effect of microwaves did not depend on the selecreased within the range of 18-10-12 W/cn? [9]. Based
quence of cell exposure to X-rays and MMWSs. The MMW efen these studies with different cell types, one may assume that
fect could not be explained by heating. First, statistically sigrarrowing of the resonance upon decease in the PD is one of
nificant suppression of repair was observed at a very low RBe basic regularities in cell response to MMWSs. On the other
of 1 uW/cm?. Second, no suppression of repair was observednd, different dependencies of a half-width on the PD may be
upon heating of cell suspension by®. Third, the PD averaged expected for different resonance frequencies.
over the exposed surface did not depend on frequency within obit was established that the dependence of the MMW effects on
served resonances. the PD had a linear section followed by a plateau [3]. This type
It was established that the reduction of PD resulted of PD dependence was observed in [7], and [10]-[14]. The data
significant narrowing of the resonance responsk.afoli cells obtained in experiments witk coli cells and rat thymocytes
to MMW exposure [23], [28]. Ups to 15 frequencies wer@rovided new evidence for this type of PD dependence and indi-
investigated inside each resonance range and all frequenaged that PD dependencies might have the shape of a “window”
dependencies obtained fitted well to Gaussian distributi¢®2], [27]-[29]. The summary of the data on PD dependencies is
[28]. The experimental conditions allowed determination dafiven in the Table I. The position of the window varied between
the resonance frequency with an errodef MHz. Within this  different resonance frequencies and depended on cell density
error, the resonance frequency of 51.755 GHz was stable withiring exposure of cells [29]. Nevertheless, window-like PD
decreasing of PD from & 10~ to 10~ W/cm?. Atthe same dependence was observed when studying MMW effect at dif-
time, the half-width of the resonance decreased from almost f@edent resonances. The most striking window was observed at
to 3 MHz. The dependence of half-width of the 51.755-GHthe resonance frequency of 51.755 GHz [28]. When exposing
resonance effect on PD had the steep decrease framl@ 2 theE. colicells at the cell density of 4 10° cell/mL, the ef-
to 107 W/cm? followed by slow decreasing from 10 to fect reached saturation at the PD of 10-10~17 W/cm? and
10~1? W/cm?. The question then arose: what happened in tligd not change up to PD of 16 W/cn?. In these experiments,
frequency range of 51.65-51.85 GHz upon narrowing of tliee direct measurements of PD below 10W/cm? were not
51.755-GHz resonance? The cell response to MMWSs at a RBizilable and lowest PDs were obtained using calibrated atten-
of 10~1° W/cn¥ was studied in this frequency range [28], [29]uators. Osepchuk and Petersen [39] have suggested that MMW
Three additional resonances were detected: 5%6781, effects could be explained by the presence of temporal har-
51.805:0.002, and 51.8350.005 GHz. The half-widths of all monics, but the body of our data did not support the hypoth-
resonance including the main one, i.e., 51#8%01 GHz, esis of Osepchuk and Petersen [40]. The background MMW
were about 10 MHz at the PD of 18° W/cm?. Therefore, radiation has been estimated as 10-107'° W/m?/Hz [41].
sharp narrowing of the 51.755-GHz resonance in the PD rangimce the experimentally determined half-width of resonance
from 3 x 1072 to 107 W/cm? was followed by an emergencewas in the order of 1 MHz [28], background PD was estimated as
of new resonances. These data were interpreted as a splittiog'°—10~+" W/cn? within the resonance. The MMW effects
of the main resonance 51.755 GHz [28]. Dependence of tivere observed at these PD in experiments ®&itboli cells [24],
MMW effect on PD was investigated at one of these resonancfg], [28], [29]. The data suggested that the PD dependence of
i.e., 51.675 GHz [29]. This dependence had the shape oMW effect might not have a threshold.
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TABLE |
WINDOWS IN THE PD DEPENDENCIES ORMMW EFFECTS ASMEASURED WITH THEAVTD TECHNIQUE IN E. CoLI AND RAT THYMOCYTES

Cells and cell Frequency, GHz Polarisation Window in the PD | Reference
density during dependence,

exposure, cell/ml W/em?

Rat thymocytes, 41.62 linear 107-107 27
5x10°

E. coli K12 41.32 circular 10°-2x10°* 22
AB1157, 4x107

X-irradiated E. coli | 41.32 linear 10°-2x10* 20
K12 AB1157,

4x10”

E. coliK12 51.675 linear 10 107F 29
AB1157, 4x10’

E. coliK12 51.675 linear 107-10° 29
AB1157, 4x10®

E. coliK12 51.668 linear 107-3x107 29
ABI1157, 4x10’

E. coliK12 51.668 linear 10%-107 29
ABI1157, 4x10°

E. coliK12 51.755 linear 10™-10° 28
AB1157, 4x107

E. coli K12 51.755 linear 10-107 28
AB1157, 4x10®

E. coliK12 51.674 linear 107-107 28
AB1157, 4x10’

I\V. DEPENDENCE OFMMW EFFECTS ONDURATION OF at another resonance frequency, i.e., 41.32 GHz. Left-hand CP
EXPOSURE ANDTIME AFTER EXPOSURE microwaves significantly suppressed repair, while right-hand
Usually, the duration of exposure was 5-10 min in o polarization was almost ineffective. It is important that MMWs

periments withE. coli cells and rat thymocytes at the PD Opf the same CP affected or correspondingly did not affect cells
10-5-10-3 W/en? [20], [21], [27]. In order to achieve the at several tested frequencies within each resonance [22], [21],
same effect at lower Pb of ie4—1'crl7 W/en2. the time of [23]. Therefore, the sign of effective CP was the attribute of the

exposure should be prolonged to 20—40 min. This time shOlWLJPOIe resonance. . . . .
be even longer, more than 1 h, at lowest PD of $0W/cn2 In the beginning of experimentation, left- or right-hand spiral

[26]. Therefore, the same MMW effect could be achieved b aveguide; were used to p'roduce C.P MMWs .[2.1]2 The in-
prolongation of exposure if the PD decreased. tallation with spiral waveguides provided an ellipticity coef-

The MMW effect on the CCS oE. coli cells depended on ficient of 1.2+0.1. In subsequent experiments, another installa-

; ; . ith a better ellipticity coefficient, i.e., 1.65).05 was used
post-exposure time. Usually, this dependence had an mﬁ%ﬂn Wi o .
phase of increase in the MMW effect. This phase was ab %exposure [23], [22], [29]. In this installation, CP MMWs was

100 min [24], [26] and followed by the phase, which was clos¥ tained by means of the quarter-wave mica plates. Simulta-

to a plateau. The plateau lasted around 100 min [26]. A trendrfgouf1 exgoggriﬂi/flwree dlﬁereqt E;’:lmpsles with l('?f?ar' left- Snd
decrease in effect was observed at longer times up to 300 t-han s was avallable. Stronger difference be-

[24]. Significant changes in AVTD were observed when rgfveen effects of left- and right-hand CP MMWSs on repalir of
thymocytes were lyzed in between 30-60 min after exposure C—)rays-mduced damages was observed using installation with

MMWs [27]. This effect nearly disappeared if the cells wer e quarter-wave mica plates in comparison to the spiral waveg-

incubated more than 80 min after exposure. The data suggeé{ s [22]. Neverthgless, evgn_with the .e.IIipticity coefiicient
that there is a time window for observation of effect on thglrtually equal to unity, a statistically significant, though rela-

CCS, which may be dependent on cell types, cell density duriﬂpely weak, _effect of _“m_effectlve” polarization was observed
exposure, duration, and PD of exposure. (Table II)._Thls could |n_d|cate the presence of a smz_ill number
oftargetsin corresponding (nondominant) conformation that are
able to interact with MMWs at ineffective polarization. It was
found that pre-irradiation dE. coli cells to X-rays inverted the
The effects of circularly polarized (CP) MMWs were studiedign of effective polarization [22], [23]. This inversion was ob-
in E. coli cells at the frequencies from the two resonanceerved for two resonances (Table I1). It is important that nei-
identified with linearly polarized MMWs, i.e., 51.62-51.84 andher resonance frequencies, nor half-widths of the resonance
41.25-41.50 GHz. At the resonance frequency of 51.76 GHtanged during inversion of effective CP. The effects of left-and
right-hand CP microwaves suppressed repair of X-rays induagght-hand MMWs become the same at 50 cGy [23]. At this
damages as measured with AVTD [21], [23]. Left-hand CBose, about one single stranded DNA break per haploid genome
MMWs had virtually no effect on repair, while the efficiency ofwas induced and the dose was too low to damage significantly
linearly polarized MMWs was in between two circular polarizaany cellular structure, except for DNA. It is known that a nu-
tions. Inversion in effective circular polarization was observetleoid inE. colicells consists of the supercoiled DNA domains.

V. POLARIZATION
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TABLE I

EFFECTS OFMICROWAVES AT 100 ¢« W/cm? ON THE CHROMATIN CONFORMATIONAL STATE OF INTACT CELLS AND ON REPAIR OF DNA DAMAGES INDUCED BY
X-RAYs (20 Gy) AS MEASURED WITHAVTD. ALL EFFECTSWERE NORMALIZED TO THE EFFECT OF THAT TYPE OF CIRCULAR POLARIZATION,

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

WHICH PRODUCED A MAXIMUM EFFECT AT THE GIVEN RESONANCE FREQUENCY. AVERAGE FROM SIX INDEPENDENT EXPERIMENTS

Treatment, Resonance 41.32 GHz Resonance 51.76 GHz

polarisation Right Linear Left Right Linear Left
MMW 1.00+0.08 0.40+0.08 0.08+0.06 0.32+0.08 0.56+0.08 1.00+0.08

MMW and 0.2340.12 0.52+0.06 1.00+0.07 1.00+0.06 0.56+0.07 0.28+0.06
X-rays

X-rays and 0.09+0.09 0.5+0.1 1.0+0.1 1.00+0.04 0.7+0.1 0.24+0.06
MMW

It is believed that the majority of DNA in living cells has aanism dealing with “hot-spots” due to unequal SAR distribu-
right-hand helicity (B-form), but a minor part, in order of 1%tion. The data about the difference in effects of differently po-
may be in the form of a left-hand helix (Z-form). Radiation-iniarized MMWSs, inversion of effective circular polarization be-
duced DNA breaks result in relaxation of DNA domains. On thieveen resonances, and after irradiation of cells with X-rays, pro-
other hand, supercoiling is connected with transitions betweeided clear evidence for nonthermal mechanisms of MMW ef-
right-hand B-form to left-hand Z-form in some DNA sequencesects.
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 ghanged during the There is an experimental evidence for the role of modulation
cell cycle because of elementary genetic processes suchf as

o o L or the microwave-induced effects both vitro andin vivo
transcription, replication, and recombination. It can also t%

changed by means of DNA-specific intercalators such 23]—[45]. Gapee\et al. [46] analyzed the role of modulation

S : .
ethidium bromide (EtBr). Changing the supercoiling, EtB or the effects of MMWSs. The authors studied the respiratory
facilitates the transition of the left-hand DNA sequenc

ell%urst induced by calcium ionophore A23187 and phorbol ester
(Z-form) to the right-hand B-form. Preincubation & coli MA in the peritoneal neutrophils of mice. MMWs at the PD
AB1157 cells with EtBr (1:9/mL) inverted the effective po-

of 50 pW/cn? inhibited the respiratory burst. MMW effect
larization and right-hand MMWs at the resonance frequency% pgesnOGle:ZO?-g;egueggﬁeaggfevgf Sstrinn?;(||2:%|naéft?ﬁeﬂrzgu?rzfgr o
51.755 GHz became more effective than left-hand polarizati%r&}St was. obser\?epd u ' . P y
- : ) , pon modulation of MMWs with the
[30]. EtBr changed the supercoiling of DNA domains startmﬁe f1 Hz Onl . .

; . : quency o z. Only this modulation out of four tested
ata concentration of g/mL, as measured with the AVTD in (0.1, 1, 16, and 50 Hz) resulted in stimulation of the respiratory
lysates of different cell types includirtg. coli[28], [37], [38]. oo
The data provided evidence that DNA is a target of MMV\purSt'
effects.

In all experiments, the effect of linear polarized MMWSs was
in between the effects of two circular polarizations. Unexpect-
edly, the same circular polarization was more effective if the Litovitz et al. provided evidence that the extremely low-fre-
cells were exposed to MMWs both before and after X-irradguency (ELF) magnetic noise of 2T inhibited the effects of
ation (Table II). The combined exposure of cells to MMWSs anicrowaves on ornithine decarboxylase in L929 cells [45]. Usu-
different CP resulted in nonadditive effects [24]. This nonadaily, all electric devices were shut down during Grineteal.’s
ditivity was explained in terms that each CP stimulated trangxperiments with yeast cells in order to decrease the electro-
tions of certain DNA sequences into a form of a correspondimgagnetic noise (personal communication). The static magnetic
helicity, but the subsequent exposure to MMWs at another pield was controlled in Griindlegt al’s experiments and in the
larization might affect this process. More studies are neededréplications of these experiments by Gbal.[19]. Background
elucidate the mechanism of combined effects of CP MMWs amtectromagnetic fields might be important for effects of MMWs
to characterize the target responsible for dependence of the msthe chromatin conformation. This suggestion followed from
onance MMW effects on polarization. Nevertheless, recent ithe observation that both static magnetic field and ELF mag-
vestigations of 11 resonanceddncolicells and two resonancesnetic fields at low intensities affected the CCSin cells [37], [47],
in Wistar rat thymocytes indicated that one of two circular polaf48]. The changes in static magnetic fields during exposure to
izations was always more effective than another one [27], [29IMW:s affected response &. colito MMWs (unpublished re-
[42]. These data are summarized in Table IlI. sults of Shchegloet al). Therefore, the static magnetic field

Obviously, the difference in effects of right- and left-handvas controlled and all electric devices were shut down during
polarizations could not be explained by heating or by mechur experiments with MMWs.

VI. M ODULATION

VII. ELECTROMAGNETIC ENVIRONMENT
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TABLE Il
EFFECTIVE POLARIZATION IN RESONANCE RESPONSE OFE. CoLI CELLS AND WISTAR RAT THYMOCYTES TO NONTHERMAL MMWSs AS
MEASURED WITHAVTD T ECHNIQUE

Cells Resonance frequency, GHz Effective circular polarisation
E. coli K12 N9\ Nimm™**bio™®) 41.277+0.002 Right-handed
Wistar rat thymocytes 41.303+0.001 Right-handed
E. coli K12 N99()) 41.305+0.001 Right-handed
E. coliK12 AB1157 41.32+0.01 Right-handed
E. coliK12 N99 41.324+0.001 Right-handed
Wistar rat thymocytes 41.6110.01 Left-handed
E. coliK12 AB1157 51.675+0.001 Left-handed
E. coli K12 N99(AAimm™*bio™) 51.723+0.001 Left-handed
E. coli K12 N99(2) 51.74010.001 Left-handed
E. coliK12 AB1157 51.75540.001 Left-handed
E. coli K12 N99 51.765+0.002 Left-handed
E. coliK12 AB1157 51.805+0.002 Right-handed
E. coliK12 AB1157 51.8351+0.005 Left-handed

VIIl. CELL-TO-CELL INTERACTION IN RESPONSE TOMMWSs  cell-to-cell interaction. Two mechanisms were suggested to ac-
count for the cooperative nature in the resonance response to
Usually, thekE. coli cells were exposed to MMWs at the celliMMWs [26]. In the chemical-diffusional mechanism, the cells,
density of 4x 107 cell/mL. When the cell density of exposedwhich have responded to MMWs, released chemical messen-
cells was increased to % 10° cell/mL, the resonance MMW gers. These messengers could reach other cells via diffusion,
effect grew substantially [26]. Experiments were performegius causing secondary reactions. In the electromagnetic mech-
with different PD levels and times of exposure to MMWs a#nism, the affected cells might be a source of a secondary irra-
51.76 GHz. All AVTD measurements were performed at théiation. The dependence of the effect on cell density was mod-
same cell density of & 107 cell/mL. When the results for the eled based on both mechanisms, and the electromagnetic one
same values of PD and exposure times were compared, gavided better fit to experimental data [26].
effect of MMWs increased by a factor of 40.5 on average  Although the dependence of the MMW effect on PD showed
with increase in cell density by one order of magnitude. Thgbnsiderable difference between two cell densities,x4
data suggested a cooperative nature of cell response to MMW;, cells/mL and 4x 10° cells/mL, the 51.755-GHz resonance
which is based on cell-to-cell interaction during exposurgrequency did not change with changes of cell density [28].
This suggestion was confirmed by the observed partial syfhe half-width of the resonance did not depend on cell density
chronization of cells after exposure to MMWs [26]. Due t@ither. Contrary to the 51.755-GHz resonance response, the
this synchronization, cell density of the exposed cells coulthlf-width of the 51.675-GHz resonance depended on the cell
be either higher or lower in comparison to control level idensity [29]. The data suggested that intracellular interaction
dependence on time after exposure. affected a subcellular target for the effects of MMWs at 51.675
A significant MMW effect on synchronization ddaccha- GHz.
romyces carlsbergensjgast cells were observed by Golatt  The dependence of the resonance response on cell density
al. [49]. Exposure to MMWs at 3@W/cm? and 46 GHz was was studied both at stationary and logarithmic phase of growth
performed at the cell density of about®1@ell/mL. MMWs during exposure to MMWs in the range of 16 to 3 x
induced synchronization as measured by cell density apd—3 W/cm? [50]. Relatively weak response to MMWs was
bud formation. This synchronization lasted more than 20 celbserved in exponentially growing cells. Partially synchronized
cycles after exposure. The authors concluded that MMV¥gationary cells were more sensitive, especially at cell densi-
induced cell-to-cell interaction resulting in the synchronizatioties above 19 cell/mL. A significant shift in the resonance
observed. frequency was observed between logarithmic and stationary
In recent studies withE. coli cells, the cooperative effectphase. The data suggested that the cooperative response of cells
was confirmed for the resonance frequency of 51.755 GHz atocd MMWs might be different at different phases of growth.
found at two other resonances of 51.675 and 51.688 GHz [28he data indicated also that response to MMWs might not
[29]. The data suggested that, within different resonances, the limited by the reaction of single cells, but the cooperative
response of cells to MMWs might depend on the cell densitgaction of the exposed cell population might be involved. Even
during exposure. The average intercellular distance was apprakthe highest cell densities, the cells occupied a negligible part
imately 13.:m at the cell density of 4 10® cells/mL. There- of the exposed volume and could not change the absorption of
fore, no direct physical contact seemed to be involved in timeicrowaves. The significant difference in cell response at the
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different cell densities provided strong evidence for nonthermail culture growth. At the logarithmic phase of growth, MMWs

mechanism of the MMW effects. at all polarizations resulted in decrease in the AVTD peaks and,
contrarily, the AVTD peaks increased after MMW exposure at
IX. DEPENDENCE OFMMW EFFECTS ONGENOTYPE 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].

The effects of MMWs were studied i&. coli cells with
different length of chromosomal DNA [25]. Bacterial chromo
some was lengthened by inserting DNAsdnd Aimm***bio*?

phages. Strain N99 of wild type, lysogenic strain K8Pand Another stage of particular interest was the beginning of the

N9, )‘imm%%iolo) was USEd'. Re;pc_)nse of each straif& arithmic stage, where the effect of MMWs was relatively
gfzgstgflsgsagﬁo_lz ;%eoquve\zlr/lcrlszs |2|3|de 41.24-41.37 awgak. Nevertheless, only a decrease of AVTD peaks was ob-
o £ a chr. Llear resonance re-qq ey in cell response at different stages of the logarithmic

SPonse was (_)bs_e_rved for_each strain in both frequency rangf3se. The AVTD data were confirmed by electrophoretic anal-
(Table 11I). Significant sh|.fts of both resonance frequenci is of proteins bound to DNA [24]. The main feature of the
were fountlj_t b((jatwe%nhsth[awEt.hThef Sh,'\,ﬂge; re”sorbances hhfatt.d ﬁ‘%ct in the stationary phase was a decrease in the quantity of
same amplg €an . a “Wi as or. ) cells. Upon shifting, o a1 DNA-bound proteins with molecular weights of 61, 59,
no changes in effective circular polarization were observed. 6, 26, and 15 kDa. The main trend was an increase in some pro-

The shifts in resonance frequencies could not be explained Yhs. 61 56 51 and 43 kDa. as AVTD peaks decreased after ex-

activity of additional genes mse_rteq with the phage DNA' I:cftfosure at the logarithmic phase. Thus, the decrease in the level
examplec/ andrex genes are activein Iysogemc N9 strain. o proteins bound to DNA increased maximum viscosity and
Nevertheless, thaimm®***bio'° insertion did not contain im- vice versa

munity region and, therefore, thd andrex genes. Moreover, TheE. colicells were usually grown in Luria broth before ex-

tzhéi/gegoTe E |dent|c?)lit(iotr:je Ig?_nom_le_hof pfhagé)_?t about posure to microwaves. Prior to exposure, the cells were collected
lik |° ?h otr er:_ﬂec?use o deletion. erg t())re,dld_\:\_/as llm' by centrifuging and suspended in an M9 buffer. In experiments
kely that Shitts o _resongncegi/vgr(laocause y adaiiona’ 9€[{gyer the same conditions of exposure to MMWs, we observed a
activity upon insertion ohimm~““bio™". On the other hand, the

th tical ideration based tal vibrati f de%)endence of the MMW effect on time between preparation of
eoretical consideration based on mutual vibrations of separ suspension and exposure (Shchegloal, in preparation).

domains regarding a whole nucleoid provided good correlatic]wp]e control levels of AVTD did not change. The unpublished
between experimental data and calculated shifts in resonanges. ¢ \shakowet al. indicated that the MMW effects corre-

[25]. N . . > corre:
. . . ated with the concentration of oxygen in cell suspension during
A detailed analysis of MMW effects in AB1157 Cellscﬁxposure.Thiscorrelation might suggest that oxygen concentra-

at 101 w/cm?® revealed the resonance frequency - : ; -
. o S on should be indicated in order to improve reproducibility.
51.755+0.001 GHz. This value was statistically significantly P P y

different from the corresponding resonant frequency of the N99

strain, 51.765:0.002 [28]. It should be noted that both strains XI. DISCUSSION
are considered as wild-type strains. Nevertheless, those strainaur experimental data have revealed several reqularities i
were different in genotypes by several specific gene markers P i . : guiarties in
[20], [51]. The data suggested that strains of different origi?‘ﬁe effects of the low-intensity microwaves on the chromatin

even being considered of wild type, may posses diﬁereﬁ?nforrtnat'og In ce(I]:sn wtrof:tLrequency depefr;detnmes Olf re_sot-_
resonance responses. 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 genotypédof
coli cells under study, the growth stage of the bacterial culture,
The importance of physiological parameters, which may ithe cell density, the static magnetic field during exposure, the
clude all conditions of cell culture growth such as aeration, thiene between microwave exposure, and recording of the effect.
composition of the growth, and exposure media, has been préMie experimental data provided strong support for nonthermal
ously discussed by Griindlet al.[7]. Recently, Lai and Singh MMW effects, which have been discovered by Webb and Booth,
described effects of microwaves on the rat brain cells as m&élenskayaet al, Devyatkov, and Griindlegt al. [1]-[4]. The
sured using a microgel electrophoresis assay [52]. These discussion of mechanisms and biological significance of these
fects were significantly blocked by treatment of rats either witéffects is beyond the scope of this paper. We would like just to
the spin-trap compound¥y—tert—butyl-e—phenylnitrone or with stress that the MMW effects depend on a number of physical,
melatonin. These data indicated that radicals might be involvpbysiological, and genetic parameters. Obviously, not taking
in effects of microwaves and provided further evidence for d@to account the dependence of the MMW effects on all those
pendence these effects on physiological variables. parameters may lead to a negative conclusion regarding the re-
In our investigationskg. coli cells were exposed to CP orproducibility. In respect to reproducibility, especially important
linearly polarized MMWs (10Q:W/cm?) at the resonance fre- might be the observations that MMWs could inhibit or stimu-
quencies, i.e., 41.32 or 51.76 GHz [24], [26]. Both value andte the same functions [14]. Under different conditions of ex-
direction of the MMW effects strongly depended on the phag®sure, MMWs either increased or decreased the growth rate

X. DEPENDENCE OFMMW EFFECTS ONPHYSIOLOGICAL
VARIABLES
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of yeast cells [4]-[9], the radiation-induced damages in mice[s]
[52], the respiratory burst in neutrophils of mice [46], and the
condensation of nucleoids i coli cells [24], [26]. Potentially 9]
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{11]
tempt to replicate the results of Griindktral. was the recent
study of Goset al.[19]. No MMW effect was observed in this
well-described research. However, a deviation in routine prolt?!
tocol might account for poor reproducibility. For example, syn-

(10]

chronized cells were used in studies of Grindteal Contrary  [13]
to Grundleret al’s original protocol, exponentially growing
cells were used by Gaet allf the MMW effects in yeast cells |14

are dependent on stage of growth, cell density, and intercellular
interactions, as described f&r coli cells [24], [26], [28], [29],

no response might be expected within some stages of the log;
arithmic phase of growth. Gost alused &S. cerevisiaestrain

with the auxotrophy mutations for leucine and uracil. The wild
type strain was used by Grindletral.. We observed various re- |1
sponses to microwaves betwdercolicells with different geno-
types, including wild-type strains of different origin. It might 17]
suggest another cause for deviations between data of GrUndI[er
et al.and Goset al.

The number of possible variables in reproducibility of MMW
effects seem to be far beyond the limits of usually controlledg
parameters in biological experiments. Nevertheless, successful
application of MMWs in therapy of various diseases [14] pro-[ 19]
vided intriguing perspective for further development of MMWs
research in biology and medicine.
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