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Abstract—Here, we studied changes in pain sensitivity in rats subjected to low-intensity millimeter-wave-
length electromagnetic radiation (EMR MM) of 7.1 mm and 0.1 mW/cm2 in the occipital-collar region with
daily exposure of 30 min over 21 days. As well, this radiation was combined with moderate electromagnetic
shielding (EMS) which had the following parameters. The shielding coefficients of the constant component
of the magnetic field along the vertical and horizontal constituents were 4.4- and 20-fold, respectively, with
an exposure of 22 h/day over 21 days. The pain sensitivity was estimated with algometric tests, that is, the hot
plate, f lick-tail, and algesimeter-pincher tests; these allowed observation of the pain impulse at different reg-
ulatory levels. The algological effects of both individual and combined EMR MM and EMS were demon-
strated. It was shown that EMR MM has an antinociceptive property when combined with EMS, as well as a
modulation effect caused by shielding during hyperalgesia. At the same time, shielding reduces the antinoci-
ceptive effect of EMR MM.
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The majority of non-biological environmental fac-
tors present electromagnetic radiation (EMR). Each
region of this radiation spectrum plays its role in the
evolution of living organisms and is involved in life-
sustaining processes [1]. To support these data more
information on the high sensitivity of biological sys-
tems to weak EMR of a nano- and pico-Tesla intensity
is of significant interest [2–4]. However, electromag-
netic effects of low-intensity factors on living organ-
isms have been insufficiently studied.

The millimeter-wavelength range of EMR (EMR
MM) is one of the low-intensity electromagnetic fac-
tors whose biological effects have been studied with
significant efforts. These effects do not cause organis-
mal structural changes, are completely absorbed in the
skin, and result in profound biological responses [5–
11]. Since the biological efficiency of EMR MM has
been proven, this radiation is widely used in medicine
to treat a variety of disorders of different origins [12,
13]. However, the mechanisms that underlie the
effects of low-intensity EMR MM on biological
objects are still to be revealed.

Active interference in organismal processes and
studies on deprivation effects would facilitate our
understanding of the ecological role of natural EMR.
Experiments with the use of electromagnetic shielding
(EMS) to significantly reduce static and alternating
magnetic fields of different ranges are conventionally
performed [14–16]. At the same time, the effects of
weak EMS are not considered. The biological role of
weak EMRs is of significant interest because their
influence on all biosphere constituents cannot be
underestimated. Studies on EMS effects draw the
attention of researchers in many fields. This is associ-
ated with the necessity to investigate a number of basic
problems, in particular, the important ecological role
of the geomagnetic field and the factors responsible for
shielding effects. Application of this knowledge to
understand the harmful effects of these factors, as well
as to prevent and correct them, is also important.

In nature, an effect of a single factor is rare, a com-
bined effect of several factors whose influence can dif-
fer from that of single factors is more common. More-
over, in this case, the response of biological systems is
substantially modified.

Thus, it is important to reveal the mechanisms of
the influence of combined magnetic fields and modi-
fication of effects of superweak factors to solve current
problems in physiology and biochemistry concerning
the effects of EMR microdoses. This, in turn, allows

Abbreviations: EMR is electromagnetic radiation; EMR MM is
millimeter-wavelength electromagnetic radiation; EMS is elec-
tromagnetic shielding; PRLtft ispain response latency in a tail-
f lick test; Fpul is mechanical pain threshold; PRLhpt is pain
response latency in a hot plate test.
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understanding the effects of weak EMR on organismal
functions and results in the creation of an unambigu-
ous basic concept: the mechanisms that underlie the
effects of weak electromagnetic factors on organisms.

In this connection, the goal of this study was mod-
ification of pain sensitivity in rats with low-intensity
millimeter-wavelength radiation and electromagnetic
shielding.

MATERIALS AND METHODS
Experiments were performed with the common use

facility in the Center of Experimental Physiology and
Biophysics, Department of Human and Animal Phys-
iology and Biophysics of the Tauric Academy of Ver-
nandsky Crimean Federal University. Male rats of the
Wistar line (120 mature animals with low activity and
a low emotional level) were obtained from the Rap-
polovo Nursery of Laboratory Animals, Rappolovo,
Leningrad Region. To determine the activity and
emotional levels a special 45 × 45 cm working station
with transparent propylene walls with a height of
20 cm was used. The station had an actimeter (Pan
Lab Harvard Apparatus, Spain) with two infrared sen-
sor frames designated for motion registration. Acti-
track 2.0 software (Pan Lab Harvard Apparatus,
Spain) was used to control the work station and collect
data.

The animals were kept in the animal facility under
the standard conditions of 18–22°C and a 12 h light–
dark cycle on Rekhofiks MK 2000 litter based on
maize ears with free access to water according to GOST
33215-2014 of the Manual for the management of lab-
oratory animals (Rules for room equipment
and procedures) and adequate granulated food (GOST
R-50258-92).

Regulation of pain sensitivity, depending on the
affecting factor, is based on an integrative complex of
mechanisms characterized by a selective and dynamic
structure at neurochemical and neuromorphological
levels. For this reason, the best way to obtain an objec-
tive estimate of pain sensitivity is the use of algometric
tests.

The tail-f lick test was used to estimate the percep-
tual pain component. Pain response latency in a tail-
f lick test (PRLtft) was the principal characteristic.
Light-thermal irritation was used to determine time
period of the tail-f lick reaction. These measurements
were carried out with a LE7106 Tail-flick Meter unit
(Pan Lab Panlab Harvard Apparatus, Spain). The tail
of each rat placed in a fixator was subjected three times
to light-thermal irritation with the subsequent calcula-
tion of the PRLtft average represented in seconds. This
test is based on the spinal reflex in response to local
high-temperature irritation, which makes it possible to
study pain sensitivity at the spinal level [17–19].

The algesimeter-pincher test (Randall-Selitto test)
measures an applied force in grams (Fpul), which is the
mechanical pain threshold that causes a response to
gradually increasing pressure on the tail with a pincher
[19]. This test was carried out with a BIO-RP-R
Rodent pincher–analgesia meter (Bioseb, France).
The tail of each rat placed in the fixator was squeezed
three times with the subsequent calculation of the
average pain threshold in grams.

The hot plate test was used to register pain response
latency (PRLhpt) which was determined according to
the time (seconds) of limb f licking, licking, and/or
vocalization. This test, which allows studying pain
sensitivity at the supraspinal level, was performed with
a Cold and hot plate CHP unit (Bioseb, France) [19,
20].

In total, three series of the experiments were per-
formed with the tests as noted. In each series, the ani-
mals were divided in four groups of ten individuals
each. The first group (control) was kept under the
standard laboratory conditions. The second group was
subjected to low-intensity EMR MM with a
RAMED-EXPERT–01 unit (The Center of Radio-
physical Methods of Diagnostics and Therapy, Insti-
tute of Technical Mechanics, NANU, Dnepropetro-
vsk; registration certificate 783/99, 14.07.14 issued by
KNMT MOZ of Ukraine). The certificate of this
equipment enables its use in medicine in Ukraine. The
wave length was 7.1 mm, the radiation frequency was
42.3 GHz, and the power f low density was
0.1 mW/cm2. To subject the animals to millimeter-
wavelength radiation they were fixed in a transparent
plexiglass chamber. The length and width of the cham-
ber were regulated according to the size of the animal.
The radiator was moved to an opening in the chamber,
which corresponded to the radiator size, and fastened
with plaster in the occipital–cervical region (contact
radiation). The unit scheme and radiation are pre-
sented in Fig. 1 and Fig. 2. Exposure was carried out in
the occipital–cervical region for 30 min [10] on a daily
basis over 21 days.

The third group of animals (EMS-group) was
placed in a chamber that shielded background mag-
netic fields for 21 days (23 h/day). The 2 × 3 × 2 m
shielding chamber was made from two-layer iron of
the Dynamo trademark. The shielding coefficient
associated with the weakened magnetic field (SB) was
measured experimentally because of its low value.

For this purpose, the magnetic field value was
measured within the chamber and out of it. The mea-
surements were performed with both a ferroprobe
magnetometer and an induction coil. The shielding
coefficient at frequency f was calculated as the ratio of
magnetic induction out of the chamber to that within
the chamber (see Table 1).

Single- and two-component ferroprobe magne-
tometers were used for the low frequency region (10–4–
100 Hz). This equipment allowed simultaneous mea-
suring of two mutually perpendicular projections of the
magnetic field vector. The sensitivity threshold of the
BIOPHYSICS  Vol. 65  No. 3  2020
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Fig. 1. The schematic circuit diagram of the Ramed Ekspert-01 unit.
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Fig. 2. The exposure of animals to low-intensity millime-
ter-wavelength electromagnetic radiation.
magnetometers consisted 1 nT for each component and
with a precision of ±3%.

Measurements of the hypomagnetic field in the
high frequency region (15–100 kHz) were carried out
in the shielding chamber with a measuring coil with
the following characteristics: 500 turns, 10 cm inner
diameter, 10.6 cm outer diameter, and U2-8 selective
amplifier. The shielding coefficient of the magnetic
field constant component measured with the ferro-
probe magnetometer was 4.375 and 20.0 along the ver-
tical and horizontal components, respectively. The
spectral density of magnetic noise in the shielding
chamber was measured in the region of ultralow and
radio frequencies (Fig. 3).

The fourth group of animals was subjected to the
combined effect of low-intensity millimeter-wave-
length radiation and electromagnetic shielding
(EMS + MM) for 21 days in the same way as the sec-
ond and third groups.

The modification coefficient was used to evaluate
the modifying effect of weak natural EMS to reduce
the level of the millimeter-wavelength radiation:

where MC is modification coefficient and N is noci-
ception under the effect of the weak EMS and low-
intensity (EMR MM) radiation. The modification
coefficient equals zero if there is no modifying effect of
the factor.

The results were treated statistically. The signifi-
cance of the differences between the group averages of
the independent samplings was estimated according to
the Kruskal–Wallis nonparametric test. Statistica 10.0
software was used for statistical analysis.
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RESULTS

The background values of pain sensitivity did not
show intergroup differences. The nociception index in
the control groups was changed insignificantly over
21 days and constituted, on average, 3.48 ± 0.20 s for
the hot plate test; 4.00 ± 0.23 s for the tail-f lick test;
and 353.96 ± 64.31 g for the algesimeter-pincher test.

The second group animals subjected to low-inten-
sity EMR MM showed a significantly higher antinoci-
ception level for the entire period compared with that
of the control group. This suggests the development of
pronounced algesia in response to the low-intensity
physical factor.

As an example, the hot plate test resulted in a clear
analgesic effect which was observed as longer PRLhpt
relative to the control for the entire observation period.
According to [19, 20], this result suggests participation
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Table 1. The dependence of the shielding coefficient on the frequency of an alternating magnetic field

SB is the shielding chamber coefficient; f is the alternating magnetic field frequency. The chamber was made from two-layer iron of the
Dynamo trade mark.

f, Hz SB f, Hz SB f, Hz SB f, Hz SB

16 3.7 50 2.5 95 3.8 160 1.0

20 2.4 51 2.3 100 2.9 200 1.0

25 1.9 70 2.4 102 2.8 250 1.0

30 2.6 75 2.8 105 2.8 255 1.8

35 2.3 80 2.5 125 2.2 350 0.9

40 2.7 85 2.4 130 1.6 400 1.1

45 2.4 90 2.7 152 1.4 500 1.0
of supraspinal mechanisms in regulation of pain sensi-
tivity. Its maximum increase was registered on the 7th
and 11th days and constituted 53.93% (p < 0.01) and
81.92% (p < 0.005), respectively, compared with the
control group animals (Fig. 4a).

A clear analgesic effect was also found in the tail-
f lick test, which is a thermal model of acute pain [17–
19]. The highest PRLtft values were registered on the

1st, 7th, and 15th days of the exposure to the millime-
ter-wavelength radiation. These values were 30.56%
(p < 0.05), 37.94% (p < 0.05), and 38.54% (p < 0.05),
respectively, compared with the control animals
(Fig. 4b). This suggests the participation of a percep-
tual component and a spinal mechanism in regulation
of pain sensitivity in response to millimeter wave-
lengths.

In the Randall–Selitto test (algesimeter-pincher
test) designated for determination of thresholds of
mechanical pain sensitivity [19] the response to the
mechanical pain factor was observed similar to the
dynamics of the other algometric tests based on milli-
meter radiation. The Fpul maximum was registered on
Fig. 3. The dependence of the spectral density of magnetic nois
outside of the chamber.
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the 11th day (68.75%; p < 0.005) relative to the control
(Fig. 4c).

According to the results of the different acute pain
models, it can be suggested that low-intensity milli-
meter-wavelength radiation demonstrates an analgesic
effect, which is consistent with our previous studies
[10]. Moreover, a novel finding was that the nocicep-
tive effect of EMR MM was exhibited for 21 days
under the constant influence of this factor.

In the third group of animals, which were under
influence of long-term EMS, phase changes in the
pain sensitivity level in the different algological tests
were observed, unlike the animals subjected to MM
radiation.

As an example, in the tail-f lick, hot plate, and
algesimeter-pincher tests, lower characteristics of pain
sensitivity were observed from the first to seventh days
of shielding compared with the control rats (Fig. 4).
This, in turn, suggests a lower pain threshold and the
development of hyperalgesia compared with the con-
trol. The maximum decrease in the effect of the hypo-
magnetic environment relative to the control was reg-
istered in the hot plate test on the first day by 13.81%
BIOPHYSICS  Vol. 65  No. 3  2020
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Fig. 4. The dynamics of nociception characteristics (PRL, pain reaction latency) upon individual and combined exposure to low-
intensity millimeter-wavelength electromagnetic radiation (MM) and electromagnetic shielding (EMS) in rats subjected to the
following tests: hot plate (a), f lick-tail (b), and algesimeter-pincher (c).
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(p < 0.05); in the algesimeter-pincher test on the third
day by 27.90% (p < 0.05); and in the tail-f lick test on
the fifth day by 7.30% (p > 0.05).

The pain reaction in the tests decreased after the
ninth day of EMS. A gradual increase in the nocicep-
tion characteristics relative to the background and
those of the control group was observed. This suggests
a higher pain threshold and the development of hypo-
BIOPHYSICS  Vol. 65  No. 3  2020
algesia. The maximum values of the PRLhpt, PRLtft,

and Fpul tests were registered on the 11th day of shield-

ing, which was higher by 23.12% (p < 0.01), 22.71%

(p < 0.01), and 35.35% (p < 0.01), respectively, com-

pared with those of the control group.

A gradually decreasing trend for the nociception

characteristics and their shift to those of the control
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group was registered after 15 days of exposure to the
hypomagnetic environment.

All this suggests that rats that were subjected to
weak EMS showed three-phase change in their pain
sensitivity. The first phase, hyperalgesic, was observed
between the first and seventh days. Next, the antino-
ciceptive effect was developed, which is the second
phase (11–15 days). Finally, the nociception charac-
teristics were gradually decreased and became similar
to those registered in the control group.

Our data on the development of the phase changes
in pain sensitivity during EMS are consistent with
results of the other researchers [21, 22]. However, the
phase duration found in our study was significantly
longer, which can be explained by the weaker shielding
of the static and alternating magnetic fields.

The animals subjected to the combined effect of
EMS and millimeter-wavelength radiation (EMS +
MM) showed a higher nociception level compared
with the control and EMS groups and lower character-
istics compared with the rats subjected to isolated
EMR MM.

As an example, beginning from the third day a sig-
nificant PRLhpt increase relative to the control was

observed in the EMS + MM group. The maximum
values were registered on the 7th and 13th days,
32.79% (p < 0.01) and 45.14% (p < 0.01), respectively.
The highest PRLtft value was observed on the 11th day,

29.72% (p < 0.01), while the Fpul maximum values

were observed on the first (42.94%, p < 0.01) and 17th
(37.41%, p < 0.01) days compared with the control
group (Fig. 4).

The difference in these characteristics was statisti-
cally significant when they were compared with those
of the second (MM) and third (EMS) groups. The
maximum PRLhpt increase was registered on the 5th

(36.23%, p < 0.01) and 7th (37.64%, p < 0.01) days,
while the Fpul values were increased to their maximum

on the 1st (45.57%, p < 0.01) and 17th (33.45%, p <
0.01) days compared with the animals subjected to
EMS alone.

Conversely, the second group animals (MM)
showed significantly lower characteristics: on the 13th
day for PRLhpt (26.16%, p < 0.05); the 7th day for

PRLtft (21.15%, p < 0.05); and on the 7th day for Fpul

(38.78%).

The dynamics of the modification coefficient
under conditions of the combined EMS and MM
radiation in the different pain tests clearly demon-
strates that low-intensity EMR MM can result in ant-
inociceptive and modulation effects upon hyperalge-
sion caused by shielding (Fig. 5).

DISCUSSION

Our results suggest changes in pain sensitivity in
animals under the effect of low-intensity electromag-
netic factors, which were EMR MM, EMS, and their
combinations. The degree of these changes depends
on the factor and its duration. The modification
effects of pain sensitivity were revealed in rats with the
low-intensity millimeter-wavelength radiation and
electromagnetic shielding. It was found that EMR
MM combined with EMS reduces the level of pain
sensitivity, while EMS combined with EMR MM
decreases the antinociceptive activity of EMR MM.

The comparison of these results with our previ-
ously published data allowed determination of the spe-
cific influence of the moderately weakened static and
alternating components of geomagnetic fields, EMR
MM, and their combinations. It also indicated the
basic physiological mechanisms of the studied physi-
cal factors and their effects on pain sensitivity.

The opioid system is important in the mechanisms
of electromagnetic factors that affect pain sensitivity
and also includes EMS and low-intensity EMR MM.
This was found in experiments with a nonselective
inhibitor of opioid naloxone receptors. In particular,
naloxone injections in rats led to a weaker antinoci-
ceptive EMR MM effect in the case of tonic, visceral,
and acute thermal pains [10]. However, at different
stages of prolonged EMR MM, the activity of this sys-
tem was different. As an example, hyperalgesia was
observed when this factor was applied to shells with
additional naloxone injections for 1–3 days, which
indicates the dependence of the antinociceptive effect
of EMR MM on opioids in that time period. The
hypoalgesic effect of EMR MM was completely inhib-
ited by naloxone from 4 to 8 days, which also indicates
dependence on the opioidergic system. Beginning of
the ninth day, the effect was only partially opioid
dependent since it was reduced but not completely
eliminated by a nonspecific inhibitor of opioid recep-
tors. Subsequently, the opioid significance decreased
with more injections, which seems to be associated
with the tolerance of the opioid system to prolonged
EMR MM action [22]. EMRs of the other ranges have
a similar effect [23]. Naloxone injections in animals
isolated with an electromagnetic shield for 21 days
enhanced the hyperalgesic EMS effect, which was
observed as a trend for 3 days with its subsequent
decrease. The developing hypoalgesic effect caused by
combined EMS and EMR MM was completely elim-
inated on days 9–11 by naloxone, which suggests
dependence on the opioid system. This effect progres-
sively decreased, although it did not disappear com-
pletely, which suggests partial association of the hypo-
algesic effect from the opioid system [22].

Thus, opioid dependence decreased with longer
exposure to electromagnetic factors, which seems to
be associated with the tolerance of the opioid system.
The analgesic effect of the electromagnetic factors in
this time period was possibly caused by other organis-
mal antinociceptive systems. Our previous results that
indicate that the hypoalgesic effect of EMR MM is
BIOPHYSICS  Vol. 65  No. 3  2020
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Fig. 5. The dynamics of the modification coefficient of electromagnetic shielding (EMS) and low-intensity millimeter-wave-
length electromagnetic radiation (MM) applied individually and combined in the following tests: hot plate (a), f lick-tail (b), and
algesimeter-pincher (c).
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caused by a variety of endogenic systems support this

conclusion. In particular, melatonin plays the princi-

pal role in the mechanisms of the antinociceptive

effect of EMR MM. We also revealed that this radia-

tion results in a higher melatonin content in animal

sera [24]. Opioid peptides are known to be physiolog-

ical mediators of epiphyseal and extrapineal melatonin

and are responsible for general coordination of the

nervous, endocrine, and immune mechanisms, as well

as for closed circuits between them and the pineal

gland [25]. Moreover, we found that low-intensity

EMR MM and exogenic melatonin affect changes in

nociception induced by EMS similarly, which results
BIOPHYSICS  Vol. 65  No. 3  2020
in the reduction of the hyperalgesic effect [22]. These

data are consistent with a melatonin theory of the

effect of electromagnetic factors at the beginning of

their action, which suggests that they suppress the

release of this neurohormone [26]. This, in turn,

causes reduction in β-endorphin production and in

the sensitivity of opioid receptors, which leads to lower

activity of the opioid system [27]. Hyperalgesia is the

consequence of these processes, as can be seen under

the conditions of individual EMS. It can be also sug-

gested that the combined effect of EMS and EMR

MM does not lead to lower melatonin release due to

the modification effect of EMR MM. This is a reason
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for the reduction of shield-dependent hyperalgesia
caused by the additional action of EMR MM found in
this study.

Our results indicate that the physiological mecha-
nisms of the low-intensity effect of EMR MM on ani-
mals placed in the weakened electromagnetic field are
associated with changes in the status of the opioidergic
system and melatonin content. Therefore, it is natural
to suggest that activation of these endogenic systems is
a nonspecific organismal reaction to physiological
factors of low intensity.

Thus, the results of this study allowed us to reveal
modifying effects on pain sensitivity in rats using low-
intensity millimeter-wavelength radiation and electro-
magnetic shielding. As well, the hypothesis on the cor-
rective effect of EMR MM on shield-induced pro-
cesses was verified and substantially expanded.
Finally, the theoretical ideas on the basic physiologi-
cal mechanisms that underlie the biological influence
of these physical factors were experimentally con-
firmed.

CONCLUSIONS

(1) Effects of pain sensitivity modification in rats
with the use of low-intensity millimeter-wavelength
radiation and electromagnetic shielding were found.
EMR MM in combination with EMS reduces the
shield-induced changes in pain sensitivity. As well,
EMS in combination with EMR MM decreases the
antinociceptive activity of individual EMR MM.

(2) Animals exposed to low-intensity electromag-
netic factors (EMR MM, EMS, and their combina-
tions) demonstrated changes in pain sensitivity, whose
degree depends on the factor and its duration.

(3) Low electromagnetic shielding resulted in a
three phase change in pain sensitivity in all algometric
tests used in this study: the first phase was hyperalgesia
(1–7 days), the second phase was hypoalgesia (11–
15 days), and the third phase was normalization and a
shift of the nociception characteristics to the control
(17–21 days).

(4) The animals exposed to low-intensity electro-
magnetic radiation in the millimeter range demon-
strated significantly higher antinociception in all algo-
metric tests over the entire observation period com-
pared with the control group and the animals
subjected to weak shielding.

FUNDING

This study was supported within the initiative part of the

federal program of the Minister of Science and Education of

Russian Federation: Temporal Organization of Human and

Animal Physiological Systems: Phenomenology and Mech-

anisms of Generation and Regulation of micro- and meso-

rhythms (project no. 6.5452.2017/8.9).
COMPLIANCE WITH ETHICAL STANDARDS

Conflict of interest. The authors declare no conflict of

interest.

Statement on the welfare of animals. This study was per-

formed in accordance with GOST R-53434-2009 of Basics

of Relevant Laboratory Practice and rules of the European

Convention for the protection of vertebrate animals used for

experimental and other scientific purposes.

REFERENCE

1. V. V. Parin, Kosm. Biol. Med. 2 (1), 3 (1968).

2. R. Sandyk, Int. J. Neurosci. 77 (304), 243 (1994).

3. S. Qin, J. M. Evans, and W. S. Yamanashi, Neuromod-
ulation 8, 79 (2005).

4. V. V. Lednev, in Modeling of Geophysical Processes
(Moscow, 2003), pp. 130–136 [in Russian].

5. E. B. Burlakova, A. A. Kondratov, and E. L. Maltseva,
Biophysics (Moscow) 49 (3), 522 (2004).

6. O. V. Betskii, V. V. Kislov, and N. N. Lebedeva, Milli-
meter Waves and Living Systems (Nauka, Moscow,
2004) [in Russian].

7. N. D. Devyatkov, M. B. Golant, O. V. Betskii, Specific
Features of Biomedical Applications of Millimeter Waves
(Moscow, 1994) [in Russian].

8. A. A. Radzievsky, O. V. Gordiienko, and S. Alekseev,
Bioelectromagnetics 29, 284 (2008).

9. E. N. Chuyan, N. A. Temuryants, O. B. Moskovchuk,
et al., Physiological Mechanisms of Biological Effects
of EHF EMR (Elinio, Simferopol, 2003) [in Russian].

10. E. N. Chuyan and E. R. Dzheldubaeva, Mechanisms of
Antinociceptive Action of Low-Intensity Millimeter
Radiation (DIAIPI, Simferopol, 2006) [in Russian].

11. S. I. Alekseev, O. V. Gordiienko, and A. A. Radzievsky,
Bioelectromagnetics 31, 180 (2010).

12. S. A. Eccles, Curr. Opin. Genet. Dev. 15 (1), 77 (2005).

13. D. Wang, Z. G. Liu, J. Zhao, et al., Sci. Rep. 7 (1),
11346 (2017).

14. M. Asashima, K. Shimada, and C. J. Pfeiffer, Bioelec-
tromagnetics 12 (4), 215 (1991).

15. K. A. Jenrow, C. H. Smith, and A. R. Liboff, Bioelec-
tromagnetics 17, 467 (1996).

16. A. M. Koziak, D. Desjardins, and L. D. Keenliside,
Bioelectromagnetics 27, 10 (2006).

17. A. Gulati, S. Bhalla, G. Matwyshyn, et al., Pharmacol-
ogy 83, 45 (2011).

18. F. Xu, B. Zhang, and T. Li, Pharmacology 27 (4), 427
(2013).

19. A. N. Mironov, A. D. Bunatyan, A. N. Vasil’ev, et al.,
Guidelines for Preclinical Trials of Pharmaceutical Prod-
ucts (Grif i K, Moscow, 2012) [in Russian].

20. L. A. Severyanova, I. I. Bobyntsev, M. E. Dolgintsev,
and N. A. Kiryanova, Chelovek i Ego Zdorov’e
(Kursk), No. 2, 44 (2005).

21. F. S. Prato, J. A. Robertson, D. Desjardins, et al., Bio-
electromagnetics 26 (2), 109 (2005).

22. N. A. Temuryants, E. N. Chuyan, A. S. Kostyuk, et al.,
Effects of Low-Intensity Electromagnetic Factors in In-
vertebrates (Regeneration in Planarians, Nociception in
BIOPHYSICS  Vol. 65  No. 3  2020



THE EFFECTS OF LOW-INTENSITY MILLIMETER-WAVELENGTH RADIATION 513
Mollusks) (Tavrida National Univ., Simferopol, 2012)
[in Russian].

23. A. W. Thomas, M. Kavaliers, F. S. Prato, et al., Peptides
18, 703 (1997).

24. E. N. Chuyan, N. A. Temuryants, O. B. Moskovchuk,
et al., Physiological Mechanisms of Biological Effects of
EHF EMR Elinio, Simferopol, 2003) [in Russian].

25. E.B. Arashunyan, Russ. Med. Zh. 13 (26), 1755 (2005)

26. R. J. Reiter, D. X. Tan, B. Poeggeler, et al., Bioelectro-
magnetics 19 (5), 318 (1998).

27. S. R. Srinivasan and G. S. Berenson, Lancet 358
(9298), 2012 (2001).

Translated by A. Boutanaev
BIOPHYSICS  Vol. 65  No. 3  2020


	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCE

		2020-08-20T10:36:21+0300
	Preflight Ticket Signature




