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The method of anomalous viscosity time dependencies (AVTD) was modified for the study 
of the changes in the chromatin conformational state (CCS) of rat thymocytes of the Wistar 
line. The response of the thymocytes of male rats to low-intensity millimeter waves (MMW) 
was examined. It was shown that MMW at power densities (PD) of 1 (iW/cm2 produced a 
resonance effect on the CCS in the frequency range of 41.56-41.67 GHz. The resonance fre­
quency of the cell response did not vary significantly among five examined rats and was deter­
mined to be 41.61 ±0.01 GHz. A halfwidth of resonances was averaged to 40 MHz. The 
power dependence of the resonance effect was measured in the range of 10“11 — 10 - 4  W/cm2. 
Statistically significant changes in CCS were registered, starting with 10- 9  W/cm2. Right- and 
left-handed circularly polarized MMW were shown to differ in efficiency at the resonance fre­
quency.

The established regularities in the thymocyte response to low-intensity MMW was very 
similar to those which have been previously found for E. coli cells.

Introduction

The role o f coherent electrom agnetic fields of 
the millimeter range in regulation o f the living sys­
tems was first grounded by Fröhlich (Fröhlich, 
1968). This concept was developed later in the 
w orks o f o ther researchers (K eilm ann, 1986; Sitko 
et al., 1988). Fröhlich regarded the high sensitivity 
o f living cells to  irrad iation  with non-therm al mil­
limeter waves (M M W ) at particular, so-called re­
sonance, frequencies as a possible result o f his 
theory.

Several reviews are devoted to  the effect o f low 
intensity (non-therm al) millim eter waves on living 
cells (Postow and Swicord, 1986; G riindler et al., 
1988; Belyaev, 1992). The m ost intensive studies 
were concentrated on the effect o f M M W  on 
S. cerevisiae and E. coli cells. M M W  were shown 
to influence sim ultaneously: cell division, gene 
expression, m acrom olecular synthesis, and the 
genome conform ational state of E. coli cells 
(Belyaev, 1992; A lipov et al., 1993; Belyaev et al.,
1994). The established strong frequency depend­
ences o f the M M W  effect on living cells perm it one
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to regard the cellular response as resonant. High 
quality o f resonances, cell sensitivity to  super low 
intensities o f M M W , and dependence o f the effect 
on M M W  polarization were determ ined (G riind­
ler, 1992; Belyaev et al., 1992a, 1992b, 1993a,
1994). These results are in good agreem ent with 
the Fröhlich concept (Fröhlich, 1968) and  provide 
the evidence for an quantum -m echanical approach  
in physical modelling of a M M W  bioaction (K eil­
m ann, 1986; Sitko et al., 1988; Belyaev et al.,
1994).

A t the same time there is a sufficient lack o f  in­
form ation dealing with the M M W  effect on the 
cells o f higher eukaryots. W e tried to partially  fill 
this gap in the present work. F o r this purpose, the 
reaction to M M W  of thym ocytes from  the W istar 
rats was examined. First, it was necessary to  figure 
out whether the conform ation of chrom atin  in 
these cells was as sensitive to M M W  as, for in­
stance, the chrom atin conform ational state (CCS) 
o f E. coli cells. The resonant response o f ra t thy ­
mocytes to low intensity M M W  within the fre­
quency range o f 41 .5 -41 .7  G H z has been estab­
lished previously (Shtemler et al., 1992). In  this 
paper we investigated the resonance effect o f 
M M W  on the CCS of thym ocytes by m eans o f  a 
modified technique of the anom alous viscosity 
time dependencies (AVTD). We attem pted to  es­
tablish the power density threshold o f M M W
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effect a t the resonance frequency. This threshold 
seems to  be a t least no m ore then 10- 9  W /cm 2.

Second, to  determ ine possible individual devia­
tions o f  the resonant reaction, we studied the fre­
quency dependence o f the M M W  effect on cells 
from  different W istar rats.

Third, the dependence o f resonance effect on the 
M M W  polarization  was also examined.

The established regularities o f the reaction of rat 
thym ocytes to  M M W  turned out to be similar to 
regularities o f M M W  effect on E. coli cells, which 
have been described previously (Belyaev, 1992; 
Belyaev et al., 1992a, 1993a, 1994).

Materials and Methods

Thym ocytes were obtained from  male W istar 
rats weighing usually 160-200 g, by means o f a 
standard  m ethod (K laus, 1987). Immediately after 
dissection, the thym us was placed in cooled medi­
um 199. The tissue was then cut into pieces and the 
suspension was strained through a nylon filter. 
Then the cells were twice washed in 10 ml o f medi­
um 199 and subsequently precipitated by centri­
fuging (10 min, 300 x g). The concentration of cells 
and the num ber o f viable thymocytes were meas­
ured in a hem ocytom etric cam era. The num ber of 
dead cells, m easured by an uptake o f trypan blue, 
did no t exceed 3% .

A block diagram  o f  the unit used for irradiation 
w ith linearly polarized M M W  has been previously 
described (Belyaev et al., 1992c). Frequency devia­
tion did no t exceed 1 M Hz. E rro r in the m easure­
m ent o f  the o u tpu t pow er was ±  10%. The value 
o f the voltage standing wave ratio  in a waveguide 
did no t exceed 1.4. Irrad iation  o f cell suspension 
was carried ou t by m eans o f a pyram idal horn, di­
m ensions being 40 x 50 m m 2. A foam  plastic gas­
ket having 7 mm thickness was situated on top of 
the horn . Cell suspension was irradiated in n itro ­
cellulose tubes o f 14 mm in diam eter (Beckman, 
331370). Three or four tubes, placed vertically on 
the gasket by m eans o f a foam  plastic holder, were 
sim ultaneously irradiated. The tubes were a r­
ranged symmetrically around the axis o f the horn. 
Each irradiated  tube contained 0.1 ml o f cell sus­
pension in m edium  199. Cells were exposed to cir­
cularly polarized M M W  in the same way, as with 
linear polarized M M W , by means o f a device de­
scribed previously (Belyaev et al., 1992b).

The average value o f pow er density (PD ) was 
calculated know ing the o u tpu t power and horn  di­
mensions. The surface distribution  o f the PD  on 
the gasket surface was m easured at the 60 mW 
outpu t pow er by means o f a dipole M M W  probe 
(Belyaev et al., 1992c). W ith the used irradiation  
frequencies, the local PD  values differed no more 
than one order o f m agnitude on the gasket surface. 
Average PD , m easured at the cell suspension sur­
face of each tube, was equal to  the calculated one. 
The specific absorption  rate (SAR) in cell suspen­
sion was m easured for each tube by a calorim etric 
m ethod using a m icrotherm ocouple w ith an error 
o f 0.1 °C. The SAR value was 5 m W /g for the 
1 m W /cm 2PD  at 41.61 GHz.

D uring the M M W  irrad iation  and subsequent 
incubation until lysis, the cells were in a geom ag­
netic field o f 46 ±  7 jiT.

Thym ocytes were lysed by adding to  each tube
3.2 ml o f lysing solution: 0.7%  sarcosyl (Serva,
F .R .G .), 0.5 m  N a2ED TA  (Sigma, U .S.A .), 0.01 m  

Tris-HCl (Serva), pH  7.1. A fterw ards tubes were 
kept in w ater bath  at 46 °C for 10 min and  finally 
placed in a therm ostat (33 °C).

The AV TD  was m easured 60 min after the be­
ginning o f lysis by a ro tary  viscosimeter o f the 
Z im m -C rothers type according to the previously 
described technique (Belyaev et al., 1992c, 1993 b). 
To this end, a tube with lysate was placed in a ther­
m ostatically controlled (33 °C) jacket o f the vis­
cosimeter. Then a cylindrical glass ro to r 30 mm 
long and 8  m m  in diam eter was suspended on the 
meniscus o f the lysate. M easurem ents were carried 
out a t a shear rate o f 1.7 s - 1  and shear stress of 
0.002 N /m 2. Three or four independent AVTD 
m easurem ents were m ade in each version o f exper­
iment. Based on this, the average m axim um  viscos­
ities in sham  control (fjmax cont) and after cell expo­
sure (rimax efT) were determ ined. The value o f the 
m axim um  relative viscosity fj = fjmax efrAHmax com was 
used to estim ate the effect o f M M W  on the CCS in 
all experiments. The difference between the ex­
posed cell suspensions and  sham  control was de­
term ined using the S tudent’s test on the basis o f 
not less than  three independent A V TD  m easure­
ments.

Results
In the prelim inary experim ents, we determ ined 

the dependence o f the m axim um  viscosity on the
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tem perature o f heating the lysate o f the in tact cells 
(Fig. 1). Im m ediately after adding the lysing solu­
tion to the cells the lysates were placed in a w ater 
bath at the required tem perature for 10 min. The 
AVTD was m easured in the lysates 3 - 4  h after the 
end o f heating. The m axim um  viscosity was ob ­
served at 46 °C. H eating at this tem perature, 
which leads to partial denatu ra tion  o f the proteins 
bound with D N A  and to partial relaxation o f n u ­
cleoids, was previously used in viscosimetric m eas­
urem ents (Chase and Shafer, 1979). In all the sub­
sequent experim ents, the lysates were heated to 
46 °C at the beginning o f lysis.

TEMPERATURE, t°C

Fig. 1. Dependence of the maximum relative viscosity 
= îmax t c l*imax 33 c on the temperature during 1 0  min of 

heating the lysate in the beginning of lysis. All values are 
normalized to the maximum viscosity without heating. 
The presented values are obtained by averaging the five 
experiments with thymocytes o f male Wistar rats weigh­
ing 150-200 g. In this and following figures the standard 
error is given.

The dependence o f the A V TD  m axim um  viscos­
ity on the time after heating the lysate is presented 
in Fig. 2. Only small variations o f AVTD peaks 
were observed in first 1 -1 .5  h o f lysis. Then the 
maxim um  relative viscosity tended to increase con­
siderably and nearly duplicated after 4 h from  the 
beginning of lysis.

In more than ten prelim inary experim ents with 
the AV TD  technique modified in this work, we re­
produced the previously reported effect o f M M W  
on the CCS within 4 1 .5 -41 .7  G H z (Shtem ler et al., 
1992; data  are not shown).

The M M W  effect strongly depended on the time 
of the cell incubation between irradiation  and lysis

TIME OF LYSIS (m in )

Fig. 2. Dependence of the maximum relative viscosity 
n = ilmax t min/Timax 30 min on the time of lysis. All values are 
normalized to the maximum viscosity obtained after 
30 min lysis; 1. thymocytes of rat weighing 120 g; 2. thy­
mocytes of rat weighing 250 g.

(Fig. 3). Increase o f AVTD peaks was m axim um  
when lysing the cells 3 0 -6 0  min after irradiation. 
The effect nearly vanished after incubation in m e­
dium  199 for m ore than 80 min.

To determine the individual features o f the thy­
m ocyte reaction we studied the frequency depend­
ence o f the M M W  effect on the cells o f five rats. 
Thymocytes were subjected to M M W  at 1 ^W /cm 2

TIME OF INCUBATION (m in )

Fig. 3. Dependence of the maximum relative viscosity 
n = Timax MMw/̂ max com on the time of incubation of irra­
diated cells in medium 199 before lysis. Cells were irra­
diated with MMW (41.62 GHz; 1 |iW /cm2; 10 min) in 
medium 199 at a concentration of 107 cell/ml. The pre­
sented values were found by averaging the data obtained 
from the experiments with the cells of 8  male Wistar rats 
(140-260 g).
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at 4 - 7  different frequencies within the range o f 
41 .56-41 .67  G H z and then incubated in 199 m edi­
um  30 m in before lysis. Cells o f all examined rats 
displayed a statistically significant reaction to 
M M W  at particular frequencies from the studied 
range. Three o f the obtained frequency dependen­
cies are given in Fig. 4. It is clear, that these de­
pendences have a resonance nature. All results, 
dealing w ith the study on the frequency depend­
ences for thym ocytes o f five rats, are summarized 
in Table I. The values of resonance frequencies 
(Ores caic and halfwidths o f resonances were calcu­
lated from  an approxim ation o f the experimental 
results using G auss’s distribution, as it has been 
previously described (Belyaev et al., 1992d). The 
resonance frequency o f cellular response did not 
vary am ong different rats w ithin the error limits 
and was determ ined to be 41.61 ±  0.01 G H z in

4 1 .5 0  4 1 .5 5  4 1 .6 0  4 1 .6 5  4 1 .7 0
FREQUENCY, f  (GHz)

Fig. 4. Frequency dependence of the maximum relative 
viscosity rj = fjmax MMW/fjmax cont. Thymocytes were irra­
diated by MMW at 1 |aW/cm2 for 10 min: 1; 2; 3 -  thy­
mocytes of rats weighing 2 0 0 ; 2 2 0 ; 160 g.

average. Resonance halfw idth was averaged to 
40 M Hz.

The PD  dependence o f the effect was studied in 
the range o f 10“" - 10~ 4  W /cm 2  (Fig. 5). S tatisti­
cally significant changes o f A V TD  peaks were ob ­
served starting with P D =  10- 9  W /cm 2. The effect 
reached saturation  at power density 10“ 7 W /cm 2, 
which is less than  therm al PD  in at least three 
orders o f m agnitude. D etectable 0.1 °C heating of 
cell suspension was observed at 0 . 2  m W /cm 2.

In a set o f four experim ents the thymocytes of 
male rats were irradiated  for 1 0  m in with left- and 
right-handed circularly polarized M M W  at the 
frequency o f 41.61 G H z and P D =  1 |iW /cm 2. The 
cells were exposed at the 1 0 6  cell/ml concentration

LOGARITHM OF POWER DENSITY

Fig. 5. Dependence of the maximum relative viscosity 
n = fimax MMw/Timax cont on a logarithm of power density. 
The power density is given in W/cm2. Cells at a concen­
tration of 5 x 106 cell/ml were MMW irradiated for 
10 min at a frequency of 41.62 GHz. The measurements 
were performed 60 min after the beginning of lysis. The 
averaged data were obtained from 8  independent experi­
ments with thymocytes o f male Wistar rats weighing 
160-220 g.

Table I. Parameters of resonance response of rat male thymocytes on MMW at 1 (iW/cm2 in frequency range of 
41.56-41.67 GHz.

Weight of
rat
[g]

Cell concentration 
during exposure 
[cell/ml]

f
4 res exp
GHz

(Ores calc'
GHz

Halfwidth 
of resonance 
[MHz]

'H max res — ^ 6 Significance level as 
compared with 
sham control

160 5 x 106 41.620 ± 0.015* 41.614 48 1.49 ±0.08 p <  0.003
170 5 x 105 41.610 ± 0 . 0 1 0 41.617 23 1.26 ±0.06 p <  0.003
2 0 0 5 x 105 41.605 ± 0.015 41.610 32 1.89 ± 0.12 p <  0.0003
2 1 0 5 x 105 41.620±0.015 41.609 51 1.37 ±0.10 p <  0.014
2 2 0 5 x 106 41.610±0.010 41.607 34 1.81 ±0.14 p <  0 . 0 0 1

* The step of changing the frequency in experiment is given.
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and lysed after 30 min incubation in 199 medium. 
Only left-handed polarization was shown to have a 
statistically significant effect on the cells o f rats 3 
and 4 from  Table II. Both circularly polarized 
M M W  had a significant effect on the CCS o f rat 
thymocytes in experiments 1 and 2 (Table II). 
However, left-handed circularly polarized M M W  
were m ore effective than  right-handed in all exper­
iments.

Discussion

A few o f the latest reviews are devoted to the res­
onant effects o f low-intensity M M W  on the living 
cells (Postow and Swicord, 1986; G ründler et al., 
1988; Belyaev, 1992). It should be noted th a t the 
vast m ajority o f well docum ented experiments 
were perform ed using procaryotic and yeast cells. 
The resonance reaction o f the cells o f higher 
eukaryots to M M W  has been investigated to a 
lesser extent. A t the same time, if M M W  play fun­
dam ental role in the regulation of living systems, 
the cells o f different biological species and types o f 
differentiation could display resonance response 
to M M W  (Belyaev, 1992).

It has been assumed that the processes o f excita­
tion in chrom osom al D N A  should play a signifi­
cant role in the resonance response o f cells to 
M M W  (Belyaev et al., 1992c). Possible physical 
mechanisms o f generation o f collective modes in 
D N A  and resonant M M W  interaction with living 
cells, based on the consideration o f self-consistent 
intracellular excitations, have been proposed 
(Arinichev et al., 1993; Belyaev et al., 1993c). 
Changes in the conform ational state o f chrom atin 
should be ranked am ong those essential changes 
which occurred in cells according to the proposed 
mechanisms. The CCS changes have been found 
while exposing the E. coli cells to low-intensity

M M W  at resonance frequencies (Belyaev, 1992; 
Alipov et al., 1993; Belyaev et al., 1992a, 1992d, 
1993 a, 1993 c, 1994). These changes were also o b ­
served in prelim inary experiments with hum an leu­
kocytes (Belyaev et al., 1993 d) and when exposing 
the thym ocytes of rats (Shtemler et al., 1992). In 
the last case a strong resonance dependence o f 
M M W  effect on frequency was found w ithin
41 .5 -41 .7  G H z.

In the present work we analyzed in more details 
the CCS changes during the response o f thym o­
cytes o f different male W istar rats to non-therm al 
M M W  in the frequency range o f41.56-41.67 G H z. 
Modified conditions o f thymocyte lysis and 
AVTD m easurem ents were used. Nevertheless, we 
were able to  reproduce the previously reported 
effect o f weak M M W  on the CCS o f thym ocytes 
(Shtemler et al., 1992). The main result obtained 
here was th a t the thymocytes of five examined rats 
exhibited a statistically significant resonance re­
sponse in the given frequency range. The estab­
lished resonance reaction o f thymocytes is a fu r­
ther experimental evidence for the hypothesis o f 
the fundam ental role of M M W  in the regulation o f 
living systems (Fröhlich, 1968). Furtherm ore, thy ­
mocytes o f rats are already the third type o f cells 
experimentally proved to change the CCS under 
the resonance effect o f M M W .

The extended analysis o f the functional changes 
during the resonance reaction to M M W  of E. coli 
cells has revealed the complex nature o f this reac­
tion. Coincidentally with the CCS, such im portan t 
indices as gene expression, rate o f cell division as 
well as the rates of D N A  and protein synthesis 
were affected by M M W  (Belyaev, 1992; A lipov 
et al., 1993). Experimental evidence have been ob ­
tained that chrom osom al D N A  is a target o f reso­
nance interaction of E. coli cells with M M W  
(Belyaev et al., 1992d). The relation between the

Table II. Efficiency of right-handed polarized MMW in relation to left-handed polarized MMW at 41.61 GHz and 
1 nW/cm 2 when influencing the CCS of thymocytes of different Wistar rats.

N N Weight of rat bright ±  SE P *r  right fjieft±SE p  *left right/left ± SE Significance level

1 165 1.59 ± 0.13 p <  0 . 0 0 2 2.16 ±  0.24 p <  0.005 0.74± 0.10 p <  0 . 0 2

2 155 1.40 ±  0.10 p <  0.005 1.77 ±0.15 p <  0 . 0 0 2 0.79 ±0.09 p < 0 . 0 1

3 1 1 0 0.99 ±0.04 p <  0 . 8 1.27 ±0.08 p <  0.003 0.78 ±0.06 p <  0.03
4 140 1.06 ±0.27 p <  0 . 8 1.43 ± 0.16 p <  0.045 0.74 ±0.21 p <  0.30

* Significance level as compared with control level.
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resonance M M W  frequencies and the genome 
length have been dem onstrated (Belyaev et al.,
1993 c). W e suppose that the resonance frequencies 
o f o ther cells, including thymocytes of rats, are de­
term ined by the structure o f their chrom osom al 
D N A . The coincidence o f resonance frequencies of 
all rats exam ined in this work can reflect the fact 
th a t a given resonance frequency is determ ined by 
a specific peculiarity in the organization o f the 
W istar ra t genome.

It should be noted, on the other hand, tha t re­
ducing the error o f the resonance frequency deter­
m ination, which com prised 10-15  M H z in the 
present study, can reveal m ore delicate variations 
o f the resonance frequency between the thym o­
cytes o f different rats, due to their genetic distinc­
tion. D eviations o f resonance frequencies on this 
order o f m agnitude have been established, for ex­
ample, upon  insertion o f prophage D N A  into the 
chrom osom e D N A  of E. coli cells (Belyaev et al., 
1993c).

The quality o f the resonances described here is 
on the o rder o f 103. Approxim ately the same quali­
ty is characteristic for the M M W  resonance effect 
on the CCS o f E. coli cells at 1 j^W/cm2  (Belyaev 
e ta l., 1993 a). The same values o f halfwidths of 
resonances, about 100 M Hz, have been established 
previously for response o f rat thymocytes and 
E. coli cells on M M W  at 0 .2m W /cm 2  (Shtemler 
et al., 1992; Belyaev et al., 1992c). Therefore, the 
qualities o f resonance M M W  effects on the CCS of 
different cells seems to be equal a t the same PD 
values. N ote, th a t strong PD  dependence o f quali­
ty o f resonance response to M M W  have been also 
found in experim ents with yeast cells (G ründler,
1992). The possible explanation o f the dependence 
o f resonance halfw idth on PD  will be discussed 
elsewhere (Belyaev et al., in preparation).

Experim ental evidence for the resonance effect 
o f M M W  at very low intensity is another im por­
tan t result o f this work. The PD  dependence has a 
section o f logarithm ic growth from 1 0 ~n to 
IO“ 7  W /cm 2, and a plateau in the range o f 10"7-

10“ 4  W /cm 2. The pow er dependence o f the M M W  
effect on the CCS o f ra t thym ocytes closely resem­
bles th a t one established previously for E. coli cells 
(Belyaev et al., 1994). It should be emphasized that 
the M M W  effects at the PD  involved can not be 
explained by trivial heating. Statistically signifi­
cant changes in CCS were induced by M M W  at 
10- 9 W /cm 2. These PD  values are at least five 
orders o f m agnitude less than  the values, th a t re­
sult in detectable (0.1 °C) heating of the irradiated 
suspension. N ote, tha t sim ilar kind o f pow er de­
pendences for non-therm al M M W  effects were 
previously described by o ther authors (G ründler,
1992).

The th ird  result o f the present w ork is that circu­
larly polarized M M W  at resonance frequency were 
experim entally shown to differ in efficiency. It 
have been verified, tha t a t least in case o f E. coli 
cells, the sign o f effective circularly polarization at 
a resonance frequency was determ ined by the 
helicity o f D N A  (Belyaev et al., 1992d). Stage of 
cell grow th was a critical param eter for m anifest­
ing o f differently polarized M M W  effects (Belyaev 
et al., 1993 e). Therefore, one can not exclude that 
observed variations in M M W  effects on the thy­
mocytes o f different rats are due to the differences 
in their age.

Thus, the resonance reaction o f rat thymocytes 
to low-intensity M M W  closely parallels one of 
E. coli cells in physical regularities, studied in this 
w ork. We also emphasize tha t, as in the case of 
E. coli cells, the CCS changes o f rat thymocytes 
are determ ined, a t a m olecular level, by the 
changes in the cooperative binding o f a num ber o f 
structural and functional proteins to chrom osom al 
D N A  (Belyaev et al., 1993 a; R adko eta l., 1992).
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