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Abstract—The effect of threefold (1 hour a day with an interval of three days) and multiple (8 weeks, 5 days a
week, 2 hours a day) pulsed-modulated electromagnetic radiation on the orienting-exploratory response was
studied on males and females of Wistar rats by the “open field” method. The animals were irradiated in an
anechoic chamber in the zone of the formed wave of the microwave source (a block of 10 generators carrying
frequencies from 1 to 4 GHz, the total pulse power density 300 μW/cm2, pulse duration 25 ms, sweep cycles
1–6 Hz, cycle turn-around time 30 s). It was shown that the exposure to such parameters could cause a stress
reaction and an impairment of long-term memory in some irradiated animals, female rats being more sensi-
tive to the action of microwaves than males. This reaction was transient and the animal behavior was restored
1.5–2 months after cessation of irradiation. However, there is a danger that in the case of constant exposure
to microwaves, which, for example, occurs in mobile users, such behavior deviations may be fixed and clini-
cally significant.
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INTRODUCTION

In the modern world the human body is exposed to
complex electromagnetic radiation (EMR) due to the
introduction into all spheres of new sources of differ-
ent powers, frequency ranges and modulation modes,
which causes serious concern among the scientific
community [1–5]. The central nervous system, the
state of which can be assessed by a number of tests, is
very sensitive to EMR effects [6].

One of such tests is the study of the orienting-
exploratory response (OER) of animals in an “open
field.” This method, despite its apparent simplicity, is
quite informative and is often used by both domestic
and foreign researchers when studying the effects of
non-ionizing radiation. Studies in the 1970s–1990s
showed that when exposed to microwaves in doses that
caused an increase in the body temperature of animals
by one degree their OER was disrupted [7]. At lower
intensities of the influencing factor the results were
not so clear. In particular, some authors did not find
negative consequences of chronic exposure to EMR
on the behavior of rats in an open field [8, 9]. At the
same time, most researchers noted some negative
effects [10–18].

Previously we studied the effects of low intensive,
repetitive pulse-modulated EMR (within mobile
phone ranges) in different modes of action on associa-
tive learning of rats using the conditioned avoidance
response (CAR) test. It was found that such exposure
could cause functional manifestations from the central
nervous system in the form of instability of the psycho-
physiological status and behavior that are abnormal
for such low energies [19]. The aim of this work was to
analyze the influence of such EMR modes on non-
associative learning of animals using the “open field”
method.

MATERIALS AND METHODS
The experiments were conducted on male and

female Wistar rats. At the beginning of the experiment
the animals were 2.5 months old. The animals were
kept in the vivarium, six per plastic cage. They were on
a standard diet of pelleted feed and steamed grain with
free access to water and food. All manipulations were
carried out in accordance with regulatory legal acts on
the humane treatment of laboratory animals [20].

An important indicator of the psychophysiological
condition is OER tested by the “open field” method.
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The method allows estimation of the emotional level
(fear, anxiety, restlessness or inhibition, etc.), mani-
festation of the exploratory response, and motor and
orientation activities. By repeated testing long-term
memory changes and development of addiction
responses can be recorded.

The “open field” in our experiments was a square
(1.0 × 1.0 m), uniformly illuminated arena, bordered
by opaque sides 30 cm high and divided into 16 equal
squares (25 × 25 cm). The recording of behavioral
reactions began from the moment the animal was
placed in the arena (in the central zone represented by
four middle squares). Since rodents in nature, when
finding themselves in an open space, tend to rush to a
shelter (to the corner of the arena), their prolonged
stay in the central zone (the “lag phase” criterion) was
regarded as a manifestation of retardation and stress.
Other criteria for assessing the animals’ behavior in
the “open field” test included the following: the num-
ber of intersections of squares in the center and along
the periphery of the arena, vertical activity (rising on
back legs), the number of entries into corners, stereo-
typical movements (grooming), and the number of
acts of defecation (number of boluses). The testing
duration was 10 minutes and the results were assessed
separately for two five-minute periods. This was nec-
essary due to the different psychophysiological status
during the 10-minute testing, since normally the
exploration of space in rats occurred mainly in the first
five minutes, after which the exploratory response,
anxiety, and motor activity decreased. The excessive
activity throughout the testing cycle indicated that the
animal was excited. Repeated testing after several days
made it possible to judge the presence of a memory trace.
In the case of a long-term memory violation in a rat, the
indicators of motor activity and the duration of the lag
phase upon repeated testing did not differ from those in
the previous test. The rat did not recognize the environ-
ment and explored it as if for the first time.

The animals were exposed to microwaves in an
anechoic chamber in the zone of the generated wave
(about 3 m) from an ultra-high frequency radiation
source (a block of ten generators with carrier frequen-
cies uniformly distributed over the range of 1–4 GHz
with close power values from each generator). During
irradiation the rats were placed in lattice containers
made of organic glass, which limited the free move-
ment of the animals but did not interfere with their
heat exchange, and the longitudinal axis of the body
was oriented parallel to the E vector of the field. The
microclimate conditions maintained in the anechoic
chamber were as follows: air temperature 22.0 ±
0.5°C, air humidity 50 ± 5%, convection airf low
about 0.5 m/s.

Two different exposure options were chosen for the
study. In the first option the animals were irradiated
3 times with an interval of 3 days, 1 hour per day. The
second option included 40 irradiation sessions, 5 days
a week on weekdays, with the daily exposure of 2 h,
that is, the period of chronic exposure lasted about
2 months. In both cases, a pulsed mode was used: the
total energy f lux density in the pulse was 300 μW/cm2,
pulse duration 25 ms, with return cycles of sweep (fre-
quency change) of EMR pulse modulation in the fre-
quency range close to EEG rhythms (from 6 to 1 Hz),
cycle turnover time 30 s. The animals of control groups
were subjected to the same manipulations as experi-
mental animals, but with the source turned off.

The animals were tested one day before the start of
irradiation (background indicators). The control and
experimental groups were equal in terms of the initial
activity. The animals that did not leave the central
zone for an abnormally long time were excluded from
further experiments.

All quantitative indicators were assessed using Stu-
dent’s t test and Wilcoxon–Mann–Whitney U test.

RESULTS

Series 1. Evaluation of OER of Animals
after Triple Ultra-High Frequency (UHF) Radiation

In this version, both male (Table 1) and female rats
(Table 2) were exposed. The animals were tested 1, 11,
26, and 45 days after the end of the exposure.

When studying the behavior of males after irradia-
tion, no disturbances in the behavior of rats were
found: the OER of the experimental group did not dif-
fer from that of the control group.

During the testing of females, it was noticed that
the animals of the experimental group leaved the cen-
tral zone at the beginning of the experiment (the “lag
phase” indicator) later than the animals of the control
group. On days 1 and 11 these differences were not sig-
nificant, but on day 26 they became statistically signif-
icant. The experimental group was divided into two
subgroups based on this criterion: 8 animals out of 22
left the central zone noticeably later. The duration of
their lag phase averaged 30.9 ± 15.7 s, whereas for the
remaining 14 rats it was 1.6 ± 0.2 s. The differences
between these subgroups of the experimental group
were statistically significant. One can suggest that
some of the animals in the experimental group experi-
enced the state of partial stupor, freezing, and anxiety.
However, 1.5 months after the end of irradiation the
behavior of the rats in the experimental group was
restored. It is noteworthy that a very small variation in
the lag phase indicator was observed in the control
female rats throughout the testing period. For the
other indicators under study no statistical differences
were recorded between the control and experimental
groups. Both the control and experimental groups
developed an addiction reaction as testing progressed:
the number of times the rats stood up decreased and
their overall motor activity decreased.
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Table 1. Indicators of the orienting-exploratory response (OER) of male rats irradiated during three EMR sessions, in total
for 10 minutes of observations (M ± m)

C—control group, E—experimental group.

Group

Indicators

Lag phase, s Number
of standing up Grooming Defecation Entering 

corners

Numkber
of crossing
the squares

in the center

Number
of crossing
the squares 
along the 
periphery

Baseline values (before exposure)
C (n = 19) 3.4 ± 0.9 13.5 ± 1.8 9.4 ± 1.0 1.5 ± 0.3 12.2 ± 1.6 1.9 ± 0.4 32.7 ± 4.8
E (n = 18) 2.3 ± 0.3 10.9 ± 1.7 9.1 ± 1.0 1.4 ± 0.4 11.9 ± 1.7 1.8 ± 0.3 31.4 ± 4.9

First test (1 day after exposure)
C (n = 19) 2.5 ± 0.4 7.4 ± 1.1 8.7 ± 1.1 0.7 ± 0.2 9.3 ± 1.4 1.8 ± 0.2 25.2 ± 4.3
E (n = 18) 2.7 ± 0.7 5.4 ± 1.0 6.4 ± 0.9 0.3 ± 0.1 8.3 ± 1.4 1.6 ± 0.3 22.1 ± 4.4

Second test (11 days after exposure)
C (n = 19) 1.3 ± 0.1 9.1 ± 1.4 7.3 ± 0.7 1.2 ± 0.3 10.6 ± 1.6 1.8 ± 0.5 28.5 ± 4.6
E (n = 18) 1.3 ± 0.1 12.4 ± 1.6 5.9 ± 0.9 1.9 ± 0.4 13.0 ± 1.8 2.4 ± 0.6 35.9 ± 5.4

Third test (26 days after exposure)
C (n = 19) 2.4 ± 0.5 7.0 ± 1.0 6.5 ± 0.7 0.9 ± 0.3 9.7 ± 1.4 1.3 ± 0.1 25.8 ± 3.8
E (n = 18) 1.9 ± 0.2 9.5 ± 1.3 5.9 ± 0.7 0.7 ± 0.3 12.4 ± 1.6 1.3 ± 0.2 34.9 ± 4.8

Fourth test (45 days after exposure)
C (n = 19) 1.7 ± 0.2 9.0 ± 1.4 6.6 ± 0.7 2.5 ± 0.6 10.3 ± 1.4 1.8 ± 0.5 28.1 ± 4.2
E (n = 18) 1.9 ± 0.1 9.8 ± 1.3 4.5 ± 0.8 0.7 ± 0.3 14.2 ± 1.9 2.0 ± 0.4 40.1 ± 5.5

Table 2. Indicators of the orienting-exploratory response (OER) of female rats irradiated during three EMR sessions, in total
for 10 minutes of observations (M ± m)

C—control group, E—experimental group.
* Statistically significant differences compared with the control group at p ≥ 0.05.

Group Lag phase, s Number
of standing up Grooming Defecation Entering 

corners

Number
of crossing
the squares

in the center

Number
of crossing the 
squares along 
the periphery

Baseline values (before exposure)

C (n = 22) 2.4 ± 04 17.5 ± 1.9 5.3 ± 0.6 0.9 ± 0.3 26.9 ± 1.7 8.4 ± 1.3 76.9 ± 4.4
E (n = 22) 2.5 ± 0.4 15.8 ± 1.5 5.8 ± 0.5 0.9 ± 0.2 30.0 ± 1.8 9.3 ± 1.1 77.3 ± 5.1

First test (1 day after exposure)

C (n = 22) 2.0 ± 0.8 22.8 ± 3.0 6.8 ± 1.0 1.3 ± 0.2 22.0 ± 2.4 5.8 ± 1.2 59.1 ± 7.1
E (n = 22) 8.9 ± 4.8 20.8 ± 2.5 6.3 ± 0.8 1.4 ± 0.4 23.8 ± 2.2 7.0 ± 1.1 65.2 ± 6.4

Second test (11 days after exposure)

C (n = 22) 2.2 ± 0.3 8.0 ± 1.1 8.9 ± 1.1 1.2 ± 0.3 8.9 ± 1.2 2.9 ± 0.4 23.0 ± 3.3
E (n = 22) 11.0 ± 5.7 5.9 ± 1.1 8.2 ± 0.7 0.8 ± 0.2 8.0 ± 1.2 2.6 ± 0.3 20.3 ± 3.5

Third test (26 days after exposure)

C (n = 22) 1.5 ± 0.1 9.3 ± 2.0 8.1 ± 1.3 1.4 ± 0.4 10.7 ± 1.9 3.4 ± 1.1 28.4 ± 5.4
E (n = 22) 12.3 ± 6.3* 4.9 ± 0.8 5.4 ± 0.9 0.5 ± 0.2 7.1 ± 1.0 1.5 ± 0.2 17.9 ± 2.9

Fourth test (45 days after exposure)

C (n = 22) 2.0 ± 0.2 6.2 ± 1.6 3.3 ± 0.4 0.5 ± 0.2 8.5 ± 1.4 2.6 ± 0.7 21.9 ± 4.1
E (n = 22) 2.3 ± 0.1 5.8 ± 1.5 4.3 ± 0.5 1.0 ± 0.3 9.6 ± 1.5 2.0 ± 0.4 26.0 ± 4.5
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Table 3. Indicators of the orienting-exploratory response (OER) of male rats irradiated during forty EMR sessions, in total
for 10 minutes of observations (M ± m)

C—control group, E—experimental group. 
* Statistically significant differences compared with the control group at p ≥ 0.05.

Group Lag phase, s Number
of standing up Grooming Defecation Entering 

corners

Number
of crossing
the squares

in the center

Number
of crossing the 
squares along 
the periphery

Baseline values (before exposure)
C (n = 19) 3.9 ± 1.7 17.0 ± 3.3 6.7 ± 0.6 1.1 ± 0.3 23.3 ± 3.9 8.6 ± 1.5 66.8 ± 11.7
E (n = 20) 4.3 ± 1.1 15.3 ± 2.3 8.8 ± 1.1 1.6 ± 0.4 21.0 ± 3.3 8.0 ± 1.5 59.2 ± 10.0

First test (after 11 sessions of exposure)
C (n = 19) 3.2 ± 0.4 8.7 ± 1.4 7.8 ± 0.7 1.4 ± 0.3 14.4 ± 2.1 4.4 ± 0.7 39.8 ± 6.3
E (n = 20) 19.1 ± 14.8 9.6 ± 1.5 6.7 ± 0.9 1.6 ± 0.6 15.7 ± 2.7 6.1 ± 1.1 43.9 ± 7.7

Second test (after 31 sessions of exposure)
C (n = 19) 3.0 ± 0.6 7.5 ± 1.4 4.4 ± 6.9 0.6 ± 0.3 13.4 ± 2.1 3.7 ± 0.8 36.6 ± 6.1
E (n = 20) 10.7 ± 0.7 7.6 ± 1.1 5.2 ± 6.8 0.9 ± 0.3 13.8 ± 2.0 4.4 ± 0.7 39.0 ± 6.3

Third test (after 40 sessions of exposure)
C (n = 19) 2.3 ± 0.5 6.4 ± 1.6 5.2 ± 0.7 1.2 ± 0.4 12.0 ± 2.2 4.2 ± 0.9 33.4 ± 6.8
E (n = 20) 6.7 ± 2.1* 7.8 ± 1.2 5.3 ± 0.6 0.6 ± 0.2 16.1 ± 2.4 5.2 ± 1.1 45.1 ± 7.3

Fourth test (two months after the end of exposure)
C (n = 19) 1.9 ± 0.2 9.5 ± 2.1 5.2 ± 0.7 0.3 ± 0.1 16.1 ± 2.7 4.5 ± 0.9 45.0 ± 8.0
E (n = 20) 21.2 ± 14.4 8.9 ± 1.6 5.8 ± 0.6 0.7 ± 0.3 14.8 ± 2.5 3.6 ± 0.8 40.1 ± 7.4
Series 2. Multiple Irradiations over 40 Sessions

In this version of the study only males were
exposed. When testing the OER of male rats in the
control and experimental groups throughout the test
period, both during chronic irradiation and after the
exposure, statistically significant differences were only
found in the duration of the lag phase after the end of
irradiation (the next day after the 40th irradiation ses-
sion) (Table 3). There was also a tendency (at the level
of p = 0.1) to the difference between the experimental
and control groups after the 40th irradiation session in
the first five minutes of observation for such indicators
as the number of times they stood up, entries to the
corners, and motor activity around the periphery of
the arena.

No statistically significant differences were found
between the experimental and control groups at all
other testing periods, both during irradiation and two
months after the its end. However, it is noteworthy
that, as testing progressed, in the control group the
time of leaving the central zone shortened and the dis-
persion of the “lag phase” indicator narrowed, which
may imply that the control animals needed long time
for memorization of the familiar environment. At the
same time the experimental animals, both during and
after irradiation, retained a long lag phase, although a
division of the experimental group into animals with a
short lag phase and animals with a long lag phase was
observed, which indicated that some of the experimen-
tal rats developed long-term memory impairments.

DISCUSSION

The question of influence on cognitive functions
and, in general, on health of relatively weak but com-
plexly organized electromagnetic fields formed by sev-
eral simultaneously operating EMR sources with dif-
ferent carrier frequencies is a hot topic in the modern
world. We tried to simulate such a situation in our
work. We found that when using multiple carriers and
modulation modes close to EEG rhythms, the impact
of such EMR did not cause gross violations of the ani-
mals’ OER, but it still affected the process of memo-
rizing the animals’ surroundings (arena territory).
These changes did not last long. However, the results
of this work, together with those of the previous one
[19], showed that complexly organized electromag-
netic fields can cause functional disturbances in the
formation of associative and non-associative learning
processes.

Our results are consistent with the study of the
effects on cognitive functions of one, two, and three
carrier frequencies of pulse-modulated EMR with the
same average energy f lux density [21]. It was found
that the response from each frequency was within the
physiological norm, but the effects increased with an
BIOLOGY BULLETIN  Vol. 51  No. 11  2024
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increase in the number of frequencies. The analysis
showed that different degrees of synchronization of
the brain’s bioelectrical activity could be considered as
one of the neurophysiological mechanisms for the for-
mation of abnormal brain reactions reflected in the
animal behavior.

Another possible mechanism for the effects of
complex EMRs may be a direct damaging effect on the
brain. In particular, the effects of long-term exposure
to EMR in mobile communication modes on brain
structures and the antioxidant status of the brain and,
in parallel, on the behavior of animals in open fields
and mazes were studied [18]. Following EMR expo-
sure, histological examination revealed neurodegener-
ative changes in hippocampus and cerebral cortex, as
well as significant changes in the levels of antioxidant
enzymes. At the same time, a statistically significant
deterioration in the animals’ learning ability and an
increase in their anxiety levels were observed. The
results of this work allowed a conclusion that there is a
direct link between EMR damaging effects on the
brain and behavior.

We also found gender differences in the animals’
response to a threefold exposure to EMR: female rats
were more sensitive to electromagnetic wave irradia-
tion. Other authors also found a more negative effect
of EMR on females when used EMR in other modes
[14, 22, 23]. This could matter in the sanitary and
hygienic assessment of health effects of EMR.

CONCLUSIONS

The results of this work together with the data of
our previous studies of the same EMR modes by the
criterion of the conditioned avoidance response
(CAR) test supported the hypothesis that repeated
exposure to a complex EMR, close to the parameters
of mobile communication, could cause functional dis-
turbances in the behavior of animals, but these distur-
bances did not reach pronounced clinical significance.
However, there is a risk that with constant exposure to
EMR, as occurs, for example, in mobile phone users,
such behavioral deviations may become entrenched
and clinically significant.
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