Mopckoii 6uonornueckuii xkypHai, 2020, tom 5, Ne 2, ¢. 50-66
Marine Biological Journal, 2020, vol. 5, no. 2, pp. 50-66

%ﬁﬁ%ﬂ https://mbj.marine-research.org; doi: 10.21072/mbj.2020.05.2.05
oA ISSN 2499-9768 print / ISSN 2499-9776 online

UDC 593.1:591.1

EFFECTS OF LOW FREQUENCY RECTANGULAR ELECTRIC PULSES
ON TRICHOPLAX (PLACOZOA)

©2020 A.V.Kuznetsov'?, O. N. Kuleshoval!, A. Yu. Pronozin2, O. V. Krivenko!,
and O. S. Zavyalova®

'A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
nstitute of Cytology and Genetics, Novosibirsk, Russian Federation
3Sevastopol State University, Sevastopol, Russian Federation
E-mail: kuznet61@gmail.com

Received by the Editor 24.09.2019;  after revision 25.03.2020;
accepted for publication 26.06.2020;  published online 30.06.2020.

The effect of extremely low frequency electric and magnetic fields (ELF-EMF) on plants and animals
including humans is quite a contentious issue. Little is known about ELF-EMF effect on hydrobionts, too.
We studied the effect of square voltage waves of various amplitude, duration, and duty cycle, passed
through seawater, on Trichoplax organisms as a possible test laboratory model. Three Placozoa strains,
such as Trichoplax adhaerens (H1), Trichoplax sp. (H2), and Hoilungia hongkongensis (H13), were used
in experiments. They were picked at the stationary growth phase. Arduino Uno electronics platform
was used to generate a sequence of rectangular pulses of given duration and duty cycle with a fre-
quency up to 2 kHz. Average voltage up to 500 mV was regulated by voltage divider circuit. Am-
lodipine, an inhibitor of calcium channel activity, was used to check the specificity of electrical pulse
effect on voltage-gated calcium channels in Trichoplax. Experimental animals were investigated under
a stereo microscope and stimulated by current-carrying electrodes placed close to a Trichoplax body.
Variations in behavior and morphological characteristics of Trichoplax plate were studied. Stimulating
and suppressing effects were identified. Experimental observations were recorded using photo and video
techniques. Motion trajectories of individual animals were tracked. Increasing voltage pulses with fixed
frequency of 20 Hz caused H2 haplotype individuals to leave “electrode zone” within several minutes
at a voltage of 25 mV. They lost mobility in proportion to voltage rise and were paralyzed at a voltage
of 500 mV. Therefore, a voltage of 50 mV was used in further experiments. An animal had more chance
to move in various directions in experiments with two electrodes located on one side instead of both sides
of Trichoplax. Direction of motion was used as a characteristic feature. Trichoplax were observed to mi-
grate to areas with low density of electric field lines, which are far from electrodes or behind them. Ani-
mals from old culture were less sensitive to electrical stimulus. H2 strain was more reactive than H1 strain
and especially than H13 strain; it demonstrated stronger physiological responses at frequencies of 2 Hz
and 2 kHz with a voltage of 50 mV. Motion patterns and animal morphology depended on the dura-
tion of rectangular stimulation pulses, their number, amplitude, and frequency. Effects observed varied
over a wide range: from direct or stochastic migration of animals to the anode or the cathode or away
from it to their immobility, an increase of optical density around and in the middle of Trichoplax plate,
and finally to Trichoplax folding and detach from the substrate. Additional experiments on Trichoplax sp.
H2 with pulse duration of 35 ms and pulse delay of 1 ms to 10 s showed that the fraction of paralyzed
animals increased up to 80 % with minimum delay. Nevertheless, in the presence of amlodipine with
a concentration of 25 nM, almost all Trichoplax remained fast-moving for several minutes despite expo-
sure to voltage waves. Experimental animals showed a total discoordination of motion and could not leave
an “electrode trap”, when amlodipine with a concentration of 250 nM was used. Further, Trichoplax plate
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became rigid, which appeared in animal shape invariability during motion. Finally, amlodipine with a con-
centration of 50 uM caused a rapid folding of animal plate-like body into a pan in the ventral-dorsal
direction and subsequent dissociation of Trichoplax plate into individual cells. In general, the electrical
exposure applied demonstrated a cumulative but a reversible physiological effect, which, as expected,
is associated with activity of voltage-gated calcium channels. Amlodipine at high concentration (50 uM)
caused Trichoplax disintegration; at moderate concentration (250 nM), it disrupted the propagation of ac-
tivation waves that led to discoordination of animal motion; at low concentration (25 nM), it prevented
an electric shock.

Keywords: rectangular electric pulses, Trichoplax, Placozoa, voltage-gated calcium channels

Electromagnetic radiation in the range from units to several thousand Hz does not have a direct thermal
effect on living tissue, but influences indirectly on certain cellular mechanisms and causes corresponding
physiological effects [18 ; 29]. It was found that extremely low frequency electric and magnetic fields (here-
inafter ELF-EMF) can induce gene expression [41 ; 48] and cause cell proliferation [43]. Laboratory stud-
ies showed that ELF-EMF affect cell membranes and ion channels [22], especially voltage-gated calcium
channels [12].

It is of interest that calcium channel blockers significantly reduce various effects of ELF-EMF [26].
In addition, biophysical properties of voltage-gated channels can explain molecular mechanisms of ELF-
EMF biological effects. For example, a downward regulatory cellular response to such effects can be medi-
ated through Ca**/calmodulin stimulation of nitric oxide (NO) synthesis, while physiological reactions may
be a result of stimulation of NO-dependent cGMP protein kinase G, and pathophysiological processes may
result from NO-peroxynitrite oxidative stress. Other Ca**-mediated regulatory pathways, non dependent
of nitric oxide, have been also described [11 ; 16 ; 25].

There are several types of calcium channels: high-, intermediate-, and low-voltage-activated calcium
channels [27]. L-, P- and N-type calcium channels are activated at high values of membrane potential. Four
proteins with many isoforms Ca,1.1-Ca,1.4 belong to L-type channels, encoded in humans by CACNAIS,
CACNAIC, CACNAID, and CACNAIF genes; they are expressed mainly in skeletal muscle and are respon-
sible for the contraction of cardiac and smooth muscles [21]. P- and N-type channels are represented in neu-
rons by Ca,2.1 and Ca,2.2 proteins, respectively; they are responsible for the release of neurotransmitters.
R-type calcium channels, intermediate-voltage-activated ones, include Ca,2.3 protein family [24 ; 35]. Low-
voltage-activated channels are of T-type. Cells with pacemaker activity possess them, for example human
pacemakers [5]. These channels are represented by Ca,3.1-Ca,3.3 proteins and are encoded by CACNA G,
CACNAIH, and CACNAII genes, respectively [46]. The obvious role of T-type Ca,3 channels is manifested
in cellular excitability, where their low activation voltages make it easy to depolarize the membrane. T-type
channels also play a role in triggering exocytosis mechanism in vertebrates and invertebrates [32 ; 45].
Ca,3 channels are present in primitive animals and in unicellular organisms [23 ; 40].

Members of the phylum Placozoa, in particular Trichoplax adhaerens [30], can be a useful model
for studying ELF-EMF effects. Trichoplax has a body of irregular shape (its size is about 1 mm);
it is formed by two layers of epithelium with a doughy cell layer between them. This tiny marine animal
1s built of six basic cell types [7 ; 39]. Trichoplax aroused interest in terms of minimum requirements
for metazoa after F. E. Schulze made an initial description in 1883 [31]. The lack of organs symme-
try, nerve and muscle cells, basal plate, and extracellular matrix did not leave doubts about the anciend
origin of Trichoplax. However, despite the primitive structure, these animals are able to coordinate mo-
tion activity during feeding [37] and demonstrate chemotaxis [13], confirming the existence of complex
mechanisms of intercellular interaction and integration. Rapid rhythmic contractions of Trichoplax dor-
sal epithelium were found [30], and animal motion model based on Voronoi diagrams was proposed [38].
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Structure, function, and ionic selectivity of a single T-type calcium channel from Trichoplax (TCa,3) were
characterized using the patch-clamp technique after cloning it in HEK-293T human kidney embryonic
cells [36]. Taking into account the fact that Ca, channels play a decisive role both in intracellular and inter-
cellular signal transmission [23] and the fact that Trichoplax has in its genome a complete set of Ca,/, Ca 2,
and Ca,3 genes encoding Ca, channels [15 ; 40], it became possible to study molecular targets and mecha-
nisms underlying ELF-EMF effects on multicellular organisms.

The aim of this work was to study Trichoplax response to sequences of square-shaped pulses that sim-
ulate the effects necessary for opening the calcium channels in vivo. Rectangular pulses were chosen to in-
fluence Trichoplax because they cause greater effects on biological objects than vibrations of any another
shape. We also found it appropriate to use square waves as an idealized, “discrete” model of electromagnetic
radiation.

MATERIAL AND METHODS

Cultivation. Three Placozoa strains were used in experiments, such as Trichoplax adhaerens (hap-
lotype H1), Trichoplax sp. H2 (haplotype H2), and Hoilungia hongkongensis (haplotype H13), of which
the last strain can be attributed to a separate species [8 ; 9]. Animals were cultivated in glass Petri dishes
with a diameter of 90 cm on mats of unicellular green alga Tetraselmis marina in artificial seawater (ASW,
Red Sea Salt, Red Sea Fish Pharm LTD, Israel) with a salinity of 35 %o at a temperature of +25 °C ac-
cording to the standard protocol [17]. Seawater was replaced at least once a week. The pH value was
maintained in the range of 7.8 to 8.0. One hour before the start of the experiment, animals were placed
in ASW on plastic dishes without algae.

Amlodipine preparation. Dihydropyridine derivative amlodipine (CpyoHp5CIN,Os, 3-O-ethyl 5-
O-methyl 2-(2-aminoethoxymethyl)-4-(2-chlorophenyl)-6-methyl-1,4-dihydropyridine-3,5-dicarboxylate
as besylate, Teva) was added in 96 % ethanol or in water (ASW), and the concentration was calculated
according to the solubility of this compound in those solvents.

Electrical stimulation. To generate a sequence of rectangular pulses of given duration and duty cycle,
standard Arduino Uno R3 platform based on 8-bit AVR microcontroller ATmega328P was used. LED1 was
used for visual control; a diode (D1, 1N4001) was connected in series with resistors R1 and R2 to prevent
accidental short circuit. The average voltage value was adjusted from +10 mV to +1.5 V on voltage divider
using potentiometer R2 (10 k€2), as shown in Fig. 1. The electrodes were placed in seawater near the animal’s
body at a distance of about 1 mm from each other. We used plastic or wooden sticks, or metal electrodes
disconnected from the controller as a base test of possible influence of foreign objects on animal behavior.

Software meander. Pulse duration and delay (duty cycle) were set by a program in the range of 0.5 ms
to 10 s; the program was executed on the controller in an infinite loop (see supplementary file No. 1:
https://doi.org/10.21072/mbj.2020.05.2.05). Conversion of time intervals (ms) into frequency (Hz) was
carried out taking into account that 1 Hz corresponds to 1000 ms. To create packages of square-shaped
pulses with changing duration and delay inside the package, incremental and decremental program cycles
with a step of 1 ms were used (see supplementary file No. 2: https://doi.org/10.21072/mbj.2020.05.2.05).

Microscopy and data processing. The animals were stimulated with electric current under ZEISS
Stemi 305 stereo microscope at magnifications X8 and x40. Variations in behavior (motion activity, direc-
tion, and trajectory) and morphological characteristics of the body (opalescence, shape) were evaluated.
Stimulating and suppressing effects, i. e. leading to speed up of animal motion activity or to its retarda-
tion, shock, and paralysis, were identified. Trichoplax structure was studied under Nikon Eclipse Ts2R
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inverted microscope with DIC optics at maximum magnification x600. Images and behavioral activity of an-
imals were documented using photo and video techniques. The video was processed using FFmpeg utility
on Huawei FusionServer RH2288 V3. Trichoplax motion trajectories were tracked using ImageJ wrMTrck
plugin (National Institutes of Health, USA) on Dell Precision T5810 graphics station.

Arduino
Uno
(Rev3)

D1
1N4001

™~
1

LED1
Red (633nm) \\:

Fig. 1. Electronic circuit for Trichoplax electrical stimulation

RESULTS

Culture growth dynamics. Trichoplax culture was at the state of adaptation to new conditions for sev-
eral days, showing no rise in number and size of individuals, after animals placement on fresh algal mats.
Trichoplax began to grow with subsequent division after this lag phase. At the next stage, which corresponds
to the exponential phase of the culture growth, Trichoplax grew actively and split in half once every 3—4 days
by forming a constriction in cell division with a fall in the size of daughter individuals. Entry into the sta-
tionary phase of the culture growth was observed after 2—-3 weeks, and it was accompanied by a twofold
decrease in the average size of animals and by a sharp slowdown in the growth rate of their number. We
observed decreasing size of individuals, change in their shape (elongation or, conversely, formation of small
spheres detaching from the substrate and floating), as well as death of animals in old cultures. Therefore, Tri-
choplax were transplanted on fresh algal mats in the amount of 10-20 individuals per dish after 5—6 weeks
of growth, and the cultivation process was repeated. In common, animals selected at the stationary phase
of the culture growth were used.

Single electrode experiments. No pronounced reaction of animals to foreign objects was observed
in tests in which small plastic, wood, or metal rods were applied. The animal usually moved away from an
electric stimulus by a distance of one to three sizes of its body (1-3 mm) and continued to move slowly
in a random direction, when electrodes connected to Arduino Uno controller, one of which (anode or cath-
ode) setting near Trichoplax (H2 strain) and the other one at a considerable distance (more than 1 cm), were
used. Trichoplax ran away immediately with pulse duration of 100 ms and a delay of 1 ms; they crawled
away from the electrodes with a pause of several tens of seconds in the case of a delay of 1 s. It was noted that
experimental animals taken from the old culture were less sensitive to an electric stimulus, which appeared
in an increase in time of reaction delay and in a decrease in the distance they moved.
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Two electrodes experiments. 7richoplax showed motion activity: it began to “explore” the space, ap-
proaching the electrodes and moving away from them, until it found a “comfortable” position in result-
ing weak electric field, when two rods made of metals with different electrochemical potential, forming
a galvanic pair near the animal, were placed (Fig. 2).

=

Fig. 2. Electric field lines in “electrode trap” for Trichoplax: (a) “electrode zone” with electrode gap no more
than 1 mm; (b) immobilization zone corresponds to one Trichoplax body size (1 mm) from the center of the trap;
(c) intermediate zone; (d) zone away from electrodes; () “comfort zone” just behind the electrodes (see the text
for details)

Trichoplax avoided the cathode, when a direct current source (of 200 mV) was used, but did not ap-
proach the anode, crawling to the side and sometimes wandering between the electrodes. In case the animals
crawled too close to the anode, they remained near it and wrinkled after a while. Reaction rate and motion
direction depended largely on the initial position of the animal and the distance between the electrodes.
A voltage of 1.2 V was lethal for the animals, i. e. they were paralyzed, radically changed their morphology,
detached from the substrate, and subsequently desagregated.

Test studies were carried out in seawater with a salinity of 35 %o, using pulse duration and delay of 35 ms
(~ 30 Hz) with an average voltage of 50 mV. It is of interest that in the case of an industrial frequency
(of 50 Hz), Trichoplax did not substantially change their morphology; they began to move, preferred the an-
ode, crawled away from the electrodes, sometimes came back, and again moved away from the electrodes.

Voltage effect on Trichoplax was estimated by varying pulse amplitude using voltage divider at a fixed
frequency of 20 Hz (see supplementary file No. 1: https://doi.org/10.21072/mbj.2020.05.2.05). The main
evaluation criterion was the fraction of immobilized animals that did not leave the “electrode zone”
within a few minutes. An additional criterion was pathological changes in the morphology of animals,
such as the thickness of the rim of plate, rounding of the shape and reduction of opalescence. Their frac-
tion increased in proportion to voltage rise (Fig. 3). Eventually, almost all animals left the “electrode zone”
ata voltage of 25 mV, and they remained, on the contrary, within its boundaries, acquiring pathological signs
at a voltage of 500 mV, although the intact features were recovered the next day after exposure withdrawal.
A voltage of 50 mV was used in further experiments based on the results obtained.

We used mostly two active electrodes located in close proximity on both sides of Trichoplax plate.
As one of effective options, pulses with a duration of 100 ms and a delay of 1 ms to 10 s were applied.
For the experiments, 139 animals of H2 strain were used. We observed immobilization of animals, opacity
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Fig. 3. Fraction of immobilized Trichoplax sp. H2 versus active animals at various voltage values
of rectangular pulses at a frequency of 20 Hz. Totally 59 animals were used in the experiment

along the plate periphery and in its center with a subsequent reduction in size and wrinkling or folding
of Trichoplax for different duty cycle values in 67 % of cases on average. These changes in physiological state
and morphology of animal were not fatal. Trichoplaxes recovered several tens of minutes after the stimulus,
which was became apparent in their flattening on the substrate and acquiring motion activity.

Probability of leaving the zone of stimulating electrodes increased in experiments with two electrodes
located on one side of the plate. Moreover, the animal had the opportunity to move in different directions.
This fact was later used as a characteristic feature for different strains. An average of 56 % of Trichoplax
remained in immobilization zone near the electrodes.

In order to clarify the data obtained, an additional series of experiments was conducted on 121 an-
imals using two significantly different duty cycle values, namely a delay of 1 ms and 1 s, with a pulse
duration of 100 ms. In the case of placing the electrodes on both sides of Trichoplax plate, the fraction
of animals crawled out from the zone of exposure was insignificant and amounted to 30 % with a delay
of 1 ms and 52 % — with a delay of 1 s. The fraction of runaway animals was greater and amounted to 47 %
for each pulse delay of 1 ms and 76 % — of 1 s, when the electrodes were placed on one side of Trichoplax
plate (Fig. 4). It should be noted that in the experiments with two electrodes on both sides of the animal, 7ri-
choplax took time to “decide” in which direction to crawl out of the “electrode trap”. More often Trichoplax
moved toward greater part of its body, located outside the electrodes.

Different Trichoplax strains testing. Various animal behavior patterns were revealed for different
Trichoplax strains in comparative experiments on the effects of rectangular pulses with an average volt-
age value of 50 mV, a duty cycle of 0.5, and a frequency of 2 Hz and 2 kHz. The number of individu-
als moving from the anode to the cathode or vice versa — from the cathode to the anode — was counted.
In the experiments, 143 individuals of Trichoplax were used. Of them: H1 strain — 51; H2 strain — 47;
H13 strain — 45 individuals. The animal had to get out of the “electrode trap” — two electrodes on opposite
sides of the body — in each experiment (Fig. 22). Long-term monitoring of shape change and Trichoplax
trajectory was carried out (see supplementary file No. 3: https://doi.org/10.21072/mbj.2020.05.2.05).
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Fig. 4. Fraction of active Trichoplax sp. H2 versus immobilized animals at pulse duration of 100 ms and de-
lay of 1 ms or 1 s; white color indicates the electrodes on one side of Trichoplax plate; gray color indicates
the electrodes on opposite sides of Trichoplax plate. Totally 121 animals were used in the experiment

Trichoplaxes of H1 and H13 strains moved toward a low density of the lines of electric field intensity
and sometimes stretched out along these imaginary lines (Fig. 5). Animals of H2 strain crawled to the op-
posite side of electrodes — to the “comfort zone” with a low density of lines of electric field strength —
without significant moving away from the electrodes (Table 1). In most cases, individuals of H1 strain
leaved the electrodes along an elongated path and often crawled behind one of the electrodes into the “com-
fort zone” at a low frequency (of 2 Hz). Animals of H2 strain preferred to move beyond the cathode,
although sometimes they wandered between the electrodes and eventually crawled a short distance or left
the anode. Representatives of H13 strain more often leaved the anode towards the cathode and moved
beyond it. When using a high frequency (of 2 kHz), individuals of H1 strain preferred the anode, often
remained in the “electrode zone”, lost their motion activity, and wrinkled. Individuals of H2 strain quickly
crawled to the anode or remained close to the electrodes, which often led to their immobilization. Indi-
viduals of H13 strain usually leaved the anode and moved to the cathode and crawled behind the cathode.
Reaction lag, immobilization, and wrinkling at a frequency of 2 kHz were also observed for them.

Table 1. Behavioral patterns of Trichoplax between electrodes when exposed to rectangular pulses of various
frequencies

R 1 Ise f
Haplotype ectangular pulse frequency
2 Hz 2 kHz
H1 moves remotely moves away from the cathode towards the anode
behind one of the electrodes or remains in the area of the electrodes
) wanders between the electrodes, approaches the anode quickly,
moves behind the cathode or anode, crawls away wanders, stays close to the electrodes

H13 crawls off the anode distinctly leaves the anode,

and sometimes behind the cathode crawls behind the cathode
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C L .‘-"."k — d —

Fig. 5. Change of Trichoplax adhaerens H1 shape and motion trajectory from the “electrode trap”: (a) seeking
activity and elongation of Trichoplax along the line of electric field intensity; the directed motion of Trichoplax
into the “comfort zone” located: (b) behind the anode, (c¢) far from the electrodes, and (d) behind the cathode.
Arrows demonstrate Trichoplax motion direction; numbers in the figure indicate identification code assigned
to the animal; “+” is the anode; “~” is the cathode; every bar length = 1 mm; graphic insert in the upper left
corner explains the image

Experiments in the modes of calcium channels functioning. In order to presumably open Trichoplax
calcium channels TCa,3 in vivo, we used rectangular pulses with an average voltage of 50 mV, a duty
cycle of 0.5, and frequencies of 2.5 Hz, 5 Hz, and 2 kHz. Frequencies are borrowed from [3 ; 20 ; 33].
Significant differences in the effects were found at frequencies of 2.5 Hz and 2 kHz. Trichoplax did not
change the morphology, slowly crawled from the anode toward the cathode and moved beyond the cathode
at a frequency of 2.5 Hz. On the contrary, Trichoplax mainly moved to the anode at a frequency of 2 kHz,
but did not move far from the electrodes, changed the bulk tissue from transparent and shiny to opaque
and dark, ultimately decreased in size, twisted, and detached from the substrate.

When applying the frequencies used in the patch-clamp technique [33], that is pulse duration and delay
of 2 ms (500 Hz) or 500 ms (2 Hz), Trichoplax in the case of a frequency of 2 Hz did not change visible
morphology and crawled from anode to the cathode, and in the case of a frequency of 500 Hz, they mainly
moved from the cathode behind the anode or remained stationary and twisted.

In order to presumably open Trichoplax calcium channels TCa,3 in vivo, we used rectangular pulses
with average voltage of 10 to 120 mV, corresponding to delays of 10 s to 1 ms. Pulse duration was of 35 ms,
as in [36]. To assess cumulative TCa,3 channel-mediated effect of square-shaped pulses on Trichoplax sp.
H2, delays of 1 ms to 10 s were used. Physiological effect of total pulses action was revealed after several
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tens of seconds and looked like a dependence of animal mobility on the duty cycle in pulses sequence.
The fractions of paralyzed animals were high — 78 and 80 % for delays of 1 and 10 ms, respectively, at low
duty cycle, i. e. high frequency and large number of incoming signals (Fig. 6). As the duty cycle increased,
the fractions of paralyzed Trichoplax decreased up to 44 % and 17 % in the case of one pulse per 1 s and one
pulse per 10 s, respectively. Immobilized Trichoplax were absent in control experiments without electrical
exposure.

0.9
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0.4
0.3
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Proportion of paralyzed trichoplaxes

0.1+

1 10 100 1000 10000 control
Delay (ms)

Fig. 6. Fraction of immobilized Trichoplax sp. H2 versus active animals at pulse duration of 35 ms and delay
of 1 msto 10 s. Totally 65 animals were used in the experiment

Calcium channels blocking. Amlodipine, an inhibitor of the activity of Trichoplax voltage-gated
calcium channels TCa,3, was used to prove the specificity of pulse currents effect on these channels.

In the presence of a small amount of amlodipine (25 nM), despite exposure to electric pulses of a du-
ration of 35 ms with a delay of 10 ms, almost all Trichoplax (H2 strain) retained their native morphology
and mobility for several minutes, preferring to move to the anode and then to leave it, which indicated
the prevention of electric shock, observed at low duty cycle (Fig. 6). To identify possible targets, we exposed
Trichoplax to rectangular pulse packages of variable width and duty cycle with a step of 1 ms, covering a fre-
quency range of 1 Hz to 1 kHz (see supplementary file No. 2: https://doi.org/10.21072/mbj.2020.05.2.05).
Immobilization of animals and formation of pans were observed, and their fraction decreased in the pres-
ence of 25 nM of amlodipine. However, all Trichoplax dissociated on individual cells under amlodipine
treatment after several hours.

Effect of large doses of amlodipine on Trichoplax was studied in final series of experiments. Amlodipine
at a concentration of 50 uM caused a rapid folding of Trichoplax plate-like body into a pan in the ventral-
dorsal direction and subsequent dissociation of the plate into individual cells (Fig. 7). The pan formation
continued for several minutes with amlodipine concentration reducing to 2.5 uM, which made it possible
to register motion of the animals to the anode with a duration and a delay of pulses of 35 ms each [36] that
corresponds to a frequency of 28.57 Hz. When using amlodipine with a concentration of 250 nM, gradual
darkening of Trichoplax was observed — first along the periphery, then in the plate center. The outer rim
thickened, Trichoplax rounded, forming a rugged scalloped edge, the blades of which were torn off the sub-
strate, bent upward, and formed a rosette. Being in an “electrode trap”, animals moved discoordinated
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and could not leave it. Further, rigidity of Trichoplax plate occurred, which was stated in the rigidity
of the shape of the animals when moving. Nonetheless, motion patterns of individuals in electric field
persisted: Trichoplax moved mainly to the anode. Later, plate rims resembling blades bent up and in. Ani-
mals dissociated into individual cells approximately 1 h after adding amlodipine, first along the periphery,
then throughout the body.

Trichoplax H1 and H13 strains showed, like H2 strain, a change in morphology under the influence
of 25 nM of amlodipine and a violation of amoeboid motion over time. In experiments without amlodipine,
no similar phenomena were observed. Animals wandered between the electrodes, placed in the “comfort
zone” or moved away at a safe distance from the electrodes in the absence of chemical effects. It should be
noted that non-dihydropyridine Ca-channel blockers, such as verapamil and diltiazem with a concentration
of 100 uM, did not significantly affect Trichoplax H2 strain, which remained viable in the presence of these
substances within one day [data is not given].

¥ 100 pm

Fig. 7. Time-dependent effect of amlodipine (of 50 uM) on Trichoplax sp. H2: (a) intact animal; (b) folding
into a pan after 30 minutes; (c) dissociation into individual cells after 60 minutes; bar length = 100 um

DISCUSSION

Because of widespread distribution of extremely low frequency electric and magnetic fields, causing
multiple physiological effects in humans [26 ; 44], the search for test objects for studying the mechanisms
of ELF-EMF action is relevant. Trichoplax adhaerens was recently proposed as a test laboratory model [1].
We studied the effect of rectangular electric pulses of various amplitude, duration, and duty cycle on three
laboratory Trichoplax strains (H1, H2, and H13).

In control tests using wood, plastic, or metal rods, no reaction of the animal to foreign objects placed
near it was observed, except the cases of galvanic pair formation. Under the effect of a weak direct current
with a voltage of 200 mV, Trichoplax H2 strain crawled away from the electrodes. However, reaction rate
and motion trajectory were largely dependent on animal initial position in relation to the electrodes. When
using active electrodes, one of which (the anode or the cathode) was placed near Trichoplax, the animal
usually moved away from the stimulus. When placing both electrodes near Trichoplax plate, various mo-
tion patterns to the anode or the cathode were registered, depending on the stimulation mode and animal
strain: “positive” migration to the anode, “negative” migration to the cathode, and “variable” migration
when the animal changed preference anode — cathode several times. In the case of Trichoplax getting into
the zone of close proximity to the electrodes, the animal was not always able to get out of the “electrode
trap”, which directly depended on the rise of amplitude and number of pulses. Far from the electrodes,
Trichoplax sometimes stretched along the lines of electric field strength and headed to the hypothetical
“comfort zone” with the lowest electric field intensity on back side of the electrodes.
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In comparative experiments on the effect of rectangular pulses with a frequency of 2 Hz and 2 kHz
on different Trichoplax strains, it was revealed that Trichoplax sp. H2 is more reactive and shows more pro-
nounced physiological responses at frequencies of 2 Hz and 2 kHz compared with H1 strain and especially
with H13 strain, which mainly migrates from the anode to the cathode. Therefore, most experiments were
conducted with H2 strain. Despite preferable motion of Trichoplax H2 strain toward the cathode at low
pulse current frequencies (about 2 Hz), a tendency was observed to gradually change a migration direction
towards the anode with increasing pulse frequency (up to 2 kHz). Nevertheless, attention should be paid
to unexpectedly wide individual variability in Trichoplax behavior, which complicates such interpretations
and requires further research.

Sufficient attention was paid to time regimes previously used by other authors in detailed studies of L-
and T-type calcium channels [3 ; 20 ; 33 ; 34 ; 36]. We investigated effects in frequency range of 2 Hz
to 2 kHz. Trichoplax behavioral reactions were not unambiguous: extreme frequencies sometimes did not
have an expected effect or led to an electric shock of the animal, which might be due to Trichoplax physio-
logical state and/or initial position of the animal in the “electrode trap”. The motion absence, plate clouding,
size reduction, and wrinkling were reversible, and after a while or after the animal returned to the algal mat,
Trichoplax revived their motion activity.

Depending on duration of stimulating pulses and their number, motion reactions and morphology of an-
imals changed: from stochastic or directed migration to/from anode/cathode to immobilization of animals,
optical density elevation, first along the periphery, then in plate center, to Trichoplax wrinkling, and even
to separating it from the substrate. The effect applied was cumulative in its nature, which is probably re-
lated to the work of calcium channels and the activity of downstream regulatory cascades [10]. It is known
that glandular cells located on Trichoplax periphery express voltage-gated calcium channels [32 ; 39].
Morphological changes observed in Trichoplax plate can be associated with calcium channel-mediated re-
sponses of secretory cells containing regulatory neuropeptides [42]. On the other hand, it was shown that
ELF-EMF pathophysiological effects are associated at the molecular level with regulation of Ca®*/nitric
oxide/peroxynitrite, and positive ELF-EMF physiological effect is explained by the alternative pathway
of Ca**/itric oxide/cGMP/protein kinase G [19]. Mutually exclusive Trichoplax behavioral reactions,
such as positive and negative electromigration, to varying modes of electrical exposure (Table 1) may be
due to the various signaling pathways involving calcium ions in behavioral reactions.

It is believed that amlodipine, when binding to dihydropyridine receptors, blocks L- and T-type calcium
channels, which leads to a drop-off in Ca?* transfer to the cell. Amlodipine also has antioxidant properties
and contributes to the production of the neurotransmitter nitric oxide due to regulation of Ca** ions con-
centration in the cell [4 ; 11 ; 14 ; 16 ; 25]. Additional experiments with amlodipine showed that this
calcium channel blocker at low concentrations (of 25 nM) is capable of briefly neutralizing the shock effect
of rectangular electric pulses in a duration of 35 ms and a delay of 10 ms, which usually leads to immobi-
lization of Trichoplax sp. H2 without amlodipine. We also scanned potential cellular targets in frequency
range of 1 Hz to 1 kHz and studied Trichoplax responses to packages of rectangular pulses using a soft-
ware meander with a step of 1 ms. A decline in ELF-EMF negative effect within this range with amlodip-
ine at a concentration of 25 nM may indicate that ELF-EMF affects L- and/or T-type calcium channels
of Trichoplax.

In addition to silencing the effect of electric stimulus on the animals with amlodipine, we observed
other effects. Thus, use of this calcium antagonist in high concentration (of > 2.5 uM) resulted in 7ri-
choplax dissociation into individual cells, which is directly caused by the destruction of calcium bridges [28].
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When using this calcium blocker in moderate concentration (of < 250 nM), a violation of amoeboid motion
of Trichoplax was noted, which can result from a decrease in the functional activity of the cells initiating
motion, a distortion of activation waves propagation, or a violation of nitric oxide synthesis, which may play
a role in rapid contractions of the dorsal epithelium [2 ; 11 ; 16 ; 25]. It should be noted that at the same
time, the residual mobility of rigid animals provided by the cilia was observed, which indicates independence
of the mentioned process from regulation by calcium ions.

Our data show that amlodipine inhibits Trichoplax calcium channels functioning, which is manifested
both in a decrease in animals’ reactivity at a low concentration of Ca*" channel blocker and in the dis-
sociation of the cells, that make up the animal, at a high concentration of calcium antagonist. It should
be noted that amlodipine effect is similar to that of a compound ML218 — a specific blocker of T-type
calcium channels in humans. Thus, electrophysiological studies of neurons of the subthalamic nucleus
in the presence of ML218 revealed the inhibitory effect of MLL218 on T-type calcium channels, suppression
of the low-voltage-activated response, and inhibition of neuron activity burst [47].

The assumption in favor of T-type Ca** channels was confirmed in additional experiments on Trichoplax
H2 strain, where besides amlodipine, one of dihydropyridine calcium channel blockers, non-dihydropyridine
calcium channel blockers, such as verapamil and diltiazem, were tested. Amlodipine led to Trichoplax
dissociation into individual cells, while verapamil and diltiazem did not have such an effect on animals.
This fact confirms that amlodipine blocks Trichoplax low-voltage-activated Ca®* channel TCa,3, because
amlodipine is a blocker of L- and T-type calcium channels, while verapamil and diltiazem are only blockers
of high-voltage-activated L-type calcium channels.

It should be noted that Trichoplax motion was not strictly targeted, but resembled a “stochastic”
taxis [38], kinesis, or motion to a target by trial and error. It points out that Trichoplax has no central
regulator and indicates, possibly, distributed control and collective decision making between cells, which
leads in some cases to a delay in system response to stimulus [6].

Conclusion. The study of Trichoplax electrophysiology is important in connection with the prevalence
of ELF-EMF and is of interest because of simple structure of the animal and ease of cultivation, which
makes it possible to understand the mechanisms of its behavior and motion in the future. The diverse
responses of Trichoplax to electrical stimulus discovered in our experiments indicate latent possibilities
of this organism, based on the collective action of its cells.
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JENCTBHE ITPAMOYTOJIBHBIX JIEKTPUYECKHUX UMITYIbCOB
HU3KOM YACTOTHI HA TPUXOIIJIAKCA (THIT PLACOZOA)
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BiusHue HU3KOYACTOTHOIO 3JeKTpoMarHuTHoro usnydeHuss (HOMMUM) Ha pacteHuss U KUBOTHBIX,
BKJIIOYAsl YE€JIOBEKA, JOCTATOYHO CMOpHO. Mano m3BectHO W o BozgedctBun HOMMU Ha runpoOHoH-
TOB. MBI M3y4WsIM JEUCTBUE NPAMOYTOJbHBIX MMITYJIbCOB HAIPSKEHUS PA3IMYHON aMIUTUTYIbI, JUIW-
TEJIBHOCTH U CKBaXHOCTH, IPOMYILIEHHBIX 4Yepe3 MOPCKYI0 BOHy, Ha Tpuxomakca (tunm Placozoa)
KaK Ha BO3MOXHYIO TECTOBYIO JJaOOpaTOpHYIO MoJesb. B onbiTax vcnons3oBanu Tpu mramma Placozoa,
Trichoplax adhaerens (H1), Trichoplax sp. (H2) u Hoilungia hongkongensis (H13), oToOpaHHBIX Ha CTa-
[IMOHAPHOW CTaJWU pOCTa KyJbTYphl. I reHepanyy MocieoBaTeIbHOCTH MPSIMOYTOJbHBIX MMITYJTb-
COB 3aJJaHHOM JUINTEJIBHOCTH U CKBa)XHOCTU C YacTOTOHM O 2 Kl MpUMEHsUIM anmapaTHyIo IaTdgop-
My Arduino Uno. CpenHee 3HaueHue HanpsokeHus 1o 500 MB peryaupoBaiv ¢ HOMOILBIO CXEMBbl [1e/1U-
TeJs HanpspkeHus. i ToKkas3aTesnbcTBa CHeUM(UIHOCTH JAEHCTBUS JEKTPUUYECKUX UMITYJIbCOB Ha IO-
TeHIMAI3ABUCHMBIE KaJIbLIEBbIe KaHAJbl TPUXOIJIAKCA UCTIONB30BAIM MHTMOUTOP aKTUBHOCTH KaJlbLIUe-
BBIX KAHAJIOB aMJIOAUTIMH. KUBOTHBIX CTUMYJIMPOBAIH JIEKTPUUIECKUM TOKOM MO CTEPEOMHUKPOCKOIIOM.
DNIeKTPO/IBI pacoiaraii B HEMOCPEACTBEHHON OJIM30CTH OT JKUBOTHOTO. MccienoBau comyTCcTBYyIONIHe
M3MEHEHNs MOBEAEHUA U MOP(OJIOTUH IIJIACTUHKY TPUXOILIaKca. BeIIensyii CTUMyIMpyIoIe U OofaB-
Jsoie Bo3zaeiicTeus. HabmopeHns JOKyMEHTHPOBAIM € MOMOIIBI0 (POTO- U BUIEOCHEMKU. OTCIIEKU-
BaJIM TPAEKTOPUM ABMXEHHS OTHENBHBIX 0CcOOEH. YBEeJMUeHUE HaNpsDKeHHs Ha 3JIeKTpoJax mpu (puk-
cupoBaHHO# vactore 20 ['l mpuBOAMIO K TOMY, YTO KMBOTHbIe IITaMMa H2 mokupanu «30HY 3JeK-
TPOJIOB» B T€UYEHHE HECKOJbKUX MMHYT NpH 25 MB, 0IHAKO TEPsUTM MOJABMKHOCTH NMPONOPLIMOHAIBHO
pocty HanpspkeHus1 M 00e3nBrkuBaIUCh 1pu 500 MB. FIMEHHO MO3TOMY B JQIBHEHINMX OIBITAX MPH-
MeHs Hanpspkerre 50 MB. B skcniepuMeHTax ¢ OByMs 37IEKTpOJaMy, HaXOASIFIMUCS C OIHOW CTO-
POHBI TPUXOIUIAKCA, Y JKMBOTHOTO ObLJIO OOJIbIlIe BO3MOKHOCTEH MEPEMELIaThCsl B Pa3HBIX HAIlPABJICHU-
SIX, YEM B CJIy4ae pacroJIoKeHHs JIEKTPOAOB IO 00enM CTOpOHaM IIAaCTUHKY. Hanpasienue nprxeHus
UCTIOB30BAIM KaK XapaKTePUCTHUECKU Mpu3HaK. OTMEUEeHO, YTO TPUXOIUIAKCHI MUTPUPYIOT B 00Ja-
CTU C HU3KOH IJIOTHOCTHIO JIMHUI 3JIEKTPUUYECKOTO TOJIsI, KOTOPBIE PacIOJIOKEeHbl BAAIN WU 3a SJIeK-
Tponamu. 7KHBOTHBIE U3 CTApO KYJIbTYPbl OTINYAIMCh MEHBILIEH YyBCTBUTEIBHOCTHIO K JIEKTPUIECKO-
My pasapaxutemo. [lItamm H2 Obu1 Hanbonee YyBCTBUTENBHBIM U JIEMOHCTPUPOBAJ OOJiee BbIpaXKeH-
Hble (pU3MoOJIorMUeckre peakiu Ha vactotax 2 ' u 2 kI ¢ Hanpspkenuem 50 MB, yem mramm H1
n ocobenHo wtamm H13. B 3aBrucuMocTy OT AIMTEIBHOCTH CTUMYJIUPYIOIINX MPSIMOYTOJIbHBIX UMITYJIb-
COB, UX YHWCJIa, aMIUIUTYbl 1 BapbUPYIOIIEH YacTOTHl MEHSJINCh JBUTaTeNIbHbIE peaklUu U MopgoJo-
IS KUBOTHBIX: OT HAIIPAaBJIEHHOHN MJIM CTOXaCTUYECKOM MUTPALIMK B CTOPOHY aHOZA/KaToja WM OT HEro
10 00€3[BIKMBAHUS JKUBOTHBIX, YBEJTMUYEHHS ONTUYECKON TUIOTHOCTH MO nepudepun U B LIEHTpe IIa-
CTUHKH W JI0 CBOPAYMBAHUS TPHUXOIUIAKCA M OTAENEHUsI €ro OT cyOcTpaTa. B JONMOJTHUTENBHBIX OITbI-
tax Ha Trichoplax sp. H2 mokazaHo, 4TO IpH JJMTETHHOCTH UMITYJIbCOB 35 MC M 3a/iepKKe UMITYJILCOB
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ot 1 Mc 10 10 ¢ 107151 06e3ABMKEHHBIX JKUBOTHBIX yBeIMurBaeTcs 10 80 % npu MUHUMAJILHOM 3aePiKKe.
Tem He MeHee B cilyyae TIpUMEHEHHs] aMJIOJUIMHA B KOHLIEHTpAaluK 25 HM NpaKkTHYeCcKH BCe TPHUXO-
TUIAKCHI B TeUEHHE HECKOJIbKUX MUHYT COXPaHSUTH MOIBUKHOCTh HECMOTPSI Ha 00Pa00TKY JIEKTPUIECKU-
MU UMIyJIbcaMu. Mexay TeM Ipy UCMOJIb30BaHUM aMJIOAUIMHA B KOHIeHTpauuu 250 HM KUBOTHBIE
JBUTQIMACH TUCKOOPAMHUPOBAHHO M HE MOIJIA TOKUHYTh «3JIEKTPOAHYIO JIOBYIIKY». [lanee muacTuHka
TPUXOITIAKCA CTAHOBUJIACH PUTHIHOM, UTO BHIPAKAIOCHh B HEM3MEHHOCTH (POPMBI JKUBOTHOTO TIPH JIBU-
skennn. Hakowerl, amyiogunuH B KoHieHTparmu 50 MKM BbI3bIBa OBICTPOE CBOpPaYMBAHUE KPAEB TPU-
XOIUIaKca B PO3ETKY B BEHTPAILHO-IOPCATbHOM HAIIPABJIEHUH U TIOCIEAYIONIYIO TUCCOITUAITIIO TIACTHH-
KM Ha OT/IeJIbHBIC KJIETKH. B 11e510M nprMeHsieMoe 3JIeKTPHUIECcKOe BO3ICHCTBUE UMETIO KyMYJISTUBHBIH,
HO oOpatuMblii 3(PeKT, KOTOPBIA, KaK MPeoiaraeTtcsi, MOxeT ObiTh CBSI3aH C PabOTOM MOTEHIUAI-
3aBUCUMBIX KAJIBIIMEBBIX KaHAIOB. AMJIOOUITMH B OObIION KOHUEeHTpauuu (50 MKM) BbI3bIBAJT pas3py-
IIEHNEe TPUXOIUIaKca, B yMepeHHOH (250 HM) oH Hapyuiaj, BEepOSTHO, paclpOCTPaHEHHE BOJH aKTH-
BalliH, YTO TIPUBOAUJIO K JVICKOOPAWHAIIMH JIBKEHHUH KUBOTHOTO, a B Majiol (25 HM) mpenoTBpariat
3JIEKTPOIIIOK.

KioueBblie ciioBa: MMPpAMOYTOJIBHBIE  SJICKTPUYECKUE HMITYJILChI, TPUXOIUIAKC, IUIAaCTUHYAThIC,
TIOTCHIHAJI3aBUCUMBIEC KAJIBIIMECBBIE KaHAJIbI
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