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Abstract: Terahertz (THz) irradiation of excised Eisenia andrei earthworms is shown to cause
overriding of the genetically determined, endogenously mediated segment renewing capacity of
the model animal. Single-cycle THz pulses of 5 uJ energy, 0.30 THz mean frequency, 293 kV/cm
peak electric field, and 1 kHz repetition rate stimulated the cell proliferation (indicated by the
high number of mitotic cells) and both histogenesis and organogenesis, producing a significantly
higher number of regenerated segments. The most conspicuous alteration in THz-treated animals
was the more intense development of the new central nervous system and blood vessels. These
results clearly demonstrate that THz pulses are capable to efficiently trigger biological processes
and suggest potential applications in medicine.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

THz or far-infrared electromagnetic waves have frequencies in the 0.1-10 THz range. The
investigation of the biological effects of THz radiation on biomolecules like DNA, peptides,
lipids, and certain cells like fibroblasts, lymphocytes, and epidermal cells was in the focus of
several studies [1], resulting in contradictory experimental results. However, there is consensus
that THz waves can modify the activity of biomolecules or cells by either thermal effects or
non-thermal biological effects. The former one proved to be harmful, generating cell death
(apoptosis, necrosis) [2,3], or morphological injury of neurons in in vitro experiments [4], and
expression of stress molecules (heat shock proteins, and DNA damage markers) in irradiated
cells [5].

The influence of THz radiation on DNA is a debated question. No genotoxicity was found
in an experiment applying pulsed, broadband THz radiation from a free-electron laser for 20
minutes [6]. In contrast, genomic instability (aneuploidy) when exposing human lymphocytes by
continuous-wave THz radiation for a considerable longer time of 24 hours found by Korenstein-
Ilan et al. [7]. Although the exposure time and the radiation intensity were very different in
the two cases, the radiation dose was very similar, at a level of 0.1 J/cm?. In contrast to these
opposite results, there is some experimental evidence on the neutral effect of THz radiation on
biological systems. Applying lower-frequency (0.14 THz) pulses, no effect of THz radiation was
observed on the differentiation and cell viability in cell cultures of human keratinocytes and
neurons [8,9]. It was also found that THz radiation had no significant effect on the morphology,
adhesion, proliferation, and differentiation of certain human cells, like epithelial and embryonic
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stem cells, and on lymphocyte chromosomes in in vitro experiments. However, THz radiation
can mediate the growth and proliferation of certain cells under certain exposure conditions [10].

Several non-thermal biological effects of 0.3—0.6 THz radiation were experimentally shown
[11]. It can influence the plasma membrane permeability, resulting in either suppression or
facilitation of neuronal activity [12]. Furthermore, it can accelerate cell differentiation and cellular
reprogramming [13]. Based on these results, it seems that THz radiation can have a strong and
versatile influence on biological systems, which sensitively depends on the irradiation parameters
(spectral distribution, power, duration, electric field strength) and on the morphological and/or
physiological characteristics of the biological targets.

In contrast to the in vitro experiments, the effects of the THz exposure at organism level were
sparsely investigated. The in vivo biological effects of the pulsed THz radiation on mice skin
wound showed that the repeated THz exposure perturbed the wound healing process which
depend on cell proliferation and differentiation. The delayed wound closure was attributed to
the elevated expression level of transforming growth factor-beta (TGF-f) signaling pathways,
suggesting the importance of the understanding of the potential health hazards of THz radiation
Kim et al. [14]. Because of the increasing application of THz, both in biology and medicine,
it is necessary to reveal and understand its effects (either advantageous or disadvantageous) at
organism level in in vivo experiments.

There is a relatively simple in vivo experimental method, used from the 18" century, the
regeneration of the surgically ablated tail segments of earthworms. Earthworms have an enormous
capacity to regenerate lost tail segments [15], and this process is mediated by some internal and
external factors. The neural dependence of the regeneration was promulgated by Morgan [16],
suggesting that certain neural factors, like neurotransmitters and neurohormones, were necessary
for the formation of a regeneration blastema from which the new segments were formed. The
influence of the immune system on the formation of the regeneration blastema and renewing
structures was shown as well [17,18]. The effects of the internal factors on cell proliferation,
differentiation, and tissue morphogenesis can be modified by certain environmental conditions,
such as temperature [19], osmotic stress [20], and electromagnetic waves, like laser irradiation
[21].

In this work, the effect of THz irradiation on segment regeneration kinetics of excised Eisenia
andrei earthworms is investigated. The formation of new segments, consisting of various tissues,
depends on the mitotic activity of cells, then growing and differentiation of daughter cells to
specific tissue cells. However, migration of certain blast cells to the site of the injury was also
observed [22,23]. The intensity of the segment formation determines the reconstruction of the
original body plan of the experimental animals’ characteristic for the earthworms. Both cell
proliferation and growing/differentiation are genetically determined processes, which are only
partially investigated and known [24]. In contrast, the segment regeneration as the consequence
of molecular interactions, cellular and histological alterations can quantitatively be investigated.
Therefore, the earthworm regeneration model gives a good opportunity to study the influence of
the THz radiation on cells and tissues at the organism level.

The presented results show that THz pulses with well-defined parameters have beneficial
effects on wound healing and segment regeneration of earthworms, suggesting that THz radiation
with certain characteristics may be suitable for medical applications, too.

2. Materials and methods

2.1. Experimental animals

In all experiments healthy, sexually matured (clitellated) specimens of the earthworm FEisenia
andrei (Annelida, Oligochaeta, Lumbricidae) were used which were handsorted from the breeding
stocks maintained at standard laboratory conditions as described earlier [25]. The selected
specimens were kept on wetted paper wadding for three days to remove gut content. For species
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identification the mitochondrially encoded cytochrome c oxidase I (MT-CO1) gene sequestration
was used [26].

2.2. Ablation of tail segments

A standard method developed in our laboratory was used to excise the specimens [15]. The
purified animals were anaesthetized with carbonated water at 4 °C to total movelessness and
insensitivity. By the aid of a stereomicroscope, 25 posteriormost segments were counted and
ablated with quick, sharp scissors cutting at the segment furrow (Fig. 1). The quality of the
surgical interventions (inactness of the last segment located before the cutting) was immediately
inspected and only those animals were introduced into the experiments in which the segment
boundary (dissepiment) was intact.

Prostomium clitellum site of the transection

l 1 |

m

25th 1st
-

ablated posteriormost segments

closed wound with
regeneration blastema

The radiatted
\segmens/
segments

Fig. 1. Flowchart of the tail segments removal and regeneration in the earthworm showing
the THz radiated body part.

2.3.  Further handling and experimental treatment of worms

Immediately after the segment ablation, the animals were distributed into three groups, each
with 15 specimens, and kept at room temperature (24 °C) in garden compost wetted with tap
water. Group C was the control (sham-exposed), group T received purely THz irradiation, and
group G was exposed to green light (second harmonic of the infrared laser light). Before the
irradiation, worms of all groups were selected from the compost and anesthetized as described
above. Then the worms were laid on a glass holder and placed on the exposition field of the
equipment (Fig. 2). Four or five of their posteriormost segments were irradiated for 5 minutes
at the end of the first postoperative hour. The irradiation was repeated on the first and second
postoperative days. The control animals were handled similarly to the irradiated ones (including
anesthesia), except the exposition to radiation, and they were kept in a plastic holder at room
temperature. Immediately after the treatment, the animals were introduced into the mixture of
compost and soil. The number of regenerated segments was counted from the 2" postoperative
week to the 4™ one with a stereomicroscope.

2.4. Characteristics of the applied irradiation pulses
2.4.1. THz pulses

The irradiation setup is shown in Fig. 2. For THz irradiation, the components within the green
box were removed from the setup. Single-cycle THz pulses were generated by optical rectification
of short infrared laser pulses in LiNbO3 (LN) crystal using the tilted-pulse-front technique [27],
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Fig. 2. Scheme of the irradiation setup. The E. andrei specimens of Group G were placed
into the green laser beam. The specimens of Group T were placed into the focus of the
THz beam. In this case the components within the green box were removed from the
setup. DM: dichroic mirror, A/2: half-wave retardation plate, OAP: off-axis parabolic mirror,

EFL: effective focal length. The bottom left inset shows a photograph of an anaesthetized
earthworm at the THz irradiation position.

as shown in Fig. 2. The infrared pump pulses of 1030 nm central wavelength, 200 fs pulse
duration, and up to 7 mJ energy were delivered by an Yb:CaF, regenerative amplifier at 1 kHz
repetition rate. The THz source and its characterization are described in more detail in an earlier
study [28]. Briefly, the laser pulse was diffracted off a grating to introduce a pulse-front tilt and
imaged from the grating into the LN prism. The generated THz pulses leaving the prism were
collimated and focused onto the sample by a pair of off-axis parabolic mirrors with effective focal
lengths of 4 and 3 inches (Fig. 2). A Teflon filter between the two parabolic mirrors was used to
stop any possible scattered or transmitted optical radiation to reach the sample.

The THz intensity distribution in the focus was measured by a pyroelectric camera (Ophir,
model Pyrocam IV). The diameters of the slightly elliptical focal spot were 2w, x2w, =2.14
mmx2.54 mm [full widths at 1/e? of the peak intensity, Fig. 3(a)]. The waveform of the
THz pulses was measured by electro-optic sampling and exhibits a single oscillation cycle
[Fig. 3(b)]. The measured THz pulse energy (W = 5.0 wJ), the focal spot size, and the waveform
were used to calibrate the peak electric field strength being about Ey =293 kV/cm at the
beam center. The corresponding peak fluence was Fo = W/(w,wyn/2) =234 uJ/cm? (assuming
Gaussian intensity distribution) and the peak instantaneous intensity Iy = ggcEy> =229 MW/cm?.
Here, ¢ is the permittivity of free space and c is the speed of light in vacuum. Fourier
transformation of the temporal waveform gives the amplitude spectrum A(v) [inset in Fig. 3(b)].
A mean frequency of 7 =0.30 THz was calculated from the spectral intensity A%(v) according to
V= vA2(v)dv/ Iy A?(v)dv. This frequency corresponds to an oscillation cycle of 1/7 =3.3 ps
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(the approximate pulse duration of the single-cycle waveform). The average intensity over the
oscillation cycle was I = Fov =70 MW/cm? at the beam center.
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Fig. 3. (a) Image of the THz beam spot at the sample location. The inset in the top right
shows in side view the nominal position of the Eisenia andrei sample along the x direction.
(b) Measured temporal dependence of the THz electric field. The inset shows the amplitude
spectrum calculated by Fourier transformation of the waveform.

Special care was taken to precisely determine the beam location in the focal plane and to
position the ablated tail part of the animals with the highest possible accuracy relative to the beam.
The uncertainty in the animal positioning was about +0.5 mm, giving an estimated uncertainty
in the effective sample irradiation of about 15%. This value was obtained by integrating the
two-dimensional Gaussian intensity distribution for a sample animal displaced by +0.5 mm from
the nominal position, where the site of transection was at 1/e” of the peak intensity [inset in
Fig. 3(a), see also Section 2.3]. Because the root-mean-square energy fluctuation of the THz
pulses was about 1%, the main source of uncertainty in the irradiation level was the uncertainty
in animal positioning. Similar was the case with the green light irradiation (see Section 2.4.2).

2.4.2. Green light

Group G, with 15 amputated E. andrei earthworms, was exposed to green light. This was
produced by phase-matched second-harmonic generation of the infrared laser pulses in a BBO
crystal (Fig. 2). The beam diameter was adjusted by an iris diaphragm to 2 mm and the pulse
energy was set to 5 pJ (the same as that of the THz pulses). A dichroic mirror, transmitting the
infrared and reflecting the green, was used to separate the two wavelengths.

2.5. Regeneration blastema formation and kinetics of segment regeneration

The wound closure, regeneration blastema, and renewing segment formation was studied with
both anatomical and histological methods on the sixth postoperative hour, and further on weekly
till the fourth postoperative week. The earliest unambiguous identification of the regenerating
segments was possible based on the strip-like accumulation of yellow colored coelomocytes in
the forming coelomic sacs on the first postoperative week. Later on, segment boundaries were
already clearly seen because of the segmental organization of the circular muscles of the body
wall (Fig. 4). Because of the triplicate repetition of the experiments the average segment number
was calculated based on the investigation of 3 X 15 animals from each group.



Research Article Vol. 12, No. 4/1 April 2021/ Biomedical Optics Express 1952 |

Biomedical Optics EXPRESS

0.5 mm

Fig. 4. Anatomical characteristics of the segments in freshly operated animals (a,b), and in
the sixth postoperative hour (c,d). Note that in the freshly cut segment, a quick contraction
of the body wall can be seen, whereas, in the 60 postoperative hour, the fusion of the body
wall and the midgut can be observed, forming a new internal opening. Abbreviations: mg -
midgut, mg*: midgut is covered by thin layer of blast cells, s: segment, arrowheads label
contracting body wall in (a,b), the arrow lines label the fusion of the tissues of body wall
and midgut (c,d).

2.6. Histological investigations

The time course of the regeneration was investigated on the 6™ postoperative hours and on weekly
from the 1*! to the 4™ postoperative periods. From anaesthetized animals (5 from each group)
the regenerating body parts with 3 or 4 original segments were dissected and fixed in freshly
prepared formalin-acetic acid solution (6 ml 38% formalin, 1 ml cc. acetic acid, and 18 ml
distilled water), developed in our laboratory, for 72 hours at room temperature. Prolonged fixation
for 2 weeks did not influence the staining properties of the sections. The fixed samples were
washed and embedded into Paraplast Xtra (Merck Group, Hungary) as usual. Serial sections
with 10 um were cut with a rotary microtome and attached to gelatin coated slides and stained
with Mayer’s hematoxylin and eosin according to the conventional microtechnical protocols [29].
After dehydration and clearing with xylene, sections were coverslipped by DPX mountant, then
investigated by a Nikon Optiphot-2 photomicroscope.

2.7. Calculation of the mitotic index (M) characteristic for distinct body parts

The number of interphase nuclei and mitotic figures (pro-, meta-, ana-, and telophase) was counted
in 10 consecutive high power fields (400-fold magnification) of distinct parts of both original and
regenerating segments of group C (sham-exposed), group G, and T animals, respectively. The
mitotic cells were identified based on their cytological characteristics. In nuclear aggregates,
the presence of the definite filamentous projections of chromatin (chromosomes) was observed.
The chromosome clumps of both ana- and telophase were counted as one mitotic figure. For
calculation of the MI, the following formula was used:

_ P+M+A+T
B N

MI - 100%. (1)
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Here, (P + M+A +T) is the sum of all cells in mitotic phase as prophase, metaphase, anaphase,
and telophase, respectively, and N is the total number of cells counted. Apoptotic cells (having
strongly condensed chromatin and cytoplasm) were clearly distinguished and they were not
counted.

2.8. Statistics

Statistical analysis was performed with a computerized statistical package (SPSS). Results were
presented as mean and all error bars represented the standard error of the mean. The effect
of treatments was analyzed statistically by Student’s t-test (means: paired, two-sample equal
variance) p<0.01, and p<0.05 were denoted as statistically significant.

3. Results
3.1. Wound closure and formation of the regeneration blastema

Immediately after the body transection, the body wall muscles contracted and tended to the
midgut forming a transient barrier to prevent the loss of the coelomic fluid and the blood. On the
first postoperative day, the body wall tissues closely attached to the midgut, and a small circular
regeneration blastema (cicatrix) formed between the body wall and midgut tissues (Fig. 4). The
histological observations revealed that intense dedifferentiation of the epithelial and muscle layers
of both the body wall and midgut contributed to the formation of scar tissues consisting mainly
of dedifferentiated epithelial and muscle cells, however, few coelomocytes were also dispersed in
it (not shown).

No difference was found in the kinetics of the wound closure and histological organization of
the regeneration blastema between the control and the irradiated groups. The formation of the
regeneration blastema, from which new segments arose, started close to the cut stump of the ventral
nerve cord, where small basophil cells with high nucleus-cytoplasm ratio concentrated, which
were identified as mesodermal stem cells (neoblasts), thought to be key players in regeneration
(not shown).

3.2. Kinetics of segment regeneration

The first renewed segments were clearly seen by a stereomicroscope after the first postoperative
week [Figs. 5(a), 5(c)], however their size extremely varied from animal to animal, and their
number could not be definitely determined. In contrast to the first postoperative week, from
the second week on, each regenerating segment was unambiguously identifiable. Therefore, the
kinetics of segment regeneration of distinct experimental groups was compared from this point
of time.

A huge difference in the regenerated segment number was found between the distinct groups
of the experimental animals. Whereas THz pulses significantly stimulated the formation of the
new segments, the green light did not have any influence on segment regeneration, indicated by
nearly equal segment numbers to those in the control group (Fig. 6). The trend of the segment
regeneration was the same on the third and fourth postoperative weeks, with about three times
higher regenerated segment numbers in the THz-exposed animals than in green-exposed and
control ones.

3.3. Histological characteristics of the regenerated segments in control and THz-
exposed earthworms in the second postoperative week

Since renewing segments were unambiguously distinguishable on the second postoperative
week and the intense segment formation also started at this time, the histological observations
were focused on the 2"¢ week of the regeneration. The basic histological characteristics of the
regenerated segments in group C (sham-exposed), group G (green light exposed) and T (THz
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Fig. 5. Comparison of the regenerated segment number of the control group (a,b) and
THz-irradiated group (c,d) worms on the 7% (a,c) and on the 21% (b,d) postoperative day.
Abbreviations: s: operated segment, s*: regenerating segments on the first postoperative
week, Arabic numerals: regenerating segments on the third postoperative week, arrowheads:
anus.
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Fig. 6. Kinetics of the segment regeneration in control (sham-exposed) and green light or
THz irradiated E. andrei earthworms. Data represent mean + SEM (n=45, *: p <0.05, **:
p<0.01).



Research Article Vol. 12, No. 4/1 April 2021/ Biomedical Optics Express 1955 |

Biomedical Optics EXPRESS

exposed) worms were the same. Namely, the ventral part of the regenerated segments, connected
to the old segment containing the ventral nerve cord (VNC), was significantly better differentiated
than their dorsal parts. The formation of renewing segments could easily be identified based
on the differentiating segment boundaries (dissepiments), whereas in renewing dorsal parts no
segment differentiation was seen. The differentiation of the ventral nerve cord ganglia was faster
than the differentiation of the body wall and the alimentary canal tissues.

Whereas group C and G animals showed the same histological characteristics, there were some
marked histological alterations in THz-exposed specimens on the 14" postoperative day. In both
the group C and G animals, the differentiation of the renewing body wall and VNC ganglia was
on a smaller scale than in the T group because not only thinner but also less differentiated VNC
ganglia and body wall were characteristic of the group C and G worms [ Figs. 7(a), 7(b)]. In
about 60% of THz-exposed worms, marked development of the blood vessels was seen in the
regenerating segments, and in adjacent tissues of the blood capillaries, a high number of mitotic
cells was located while in the residual ones advanced formation of the blood vessels, extension,
and differentiation of various cells could be seen. No similar extension of blood vessels was
characteristic of group C and G specimens on the 14" postoperative day [Figs. 7(c)-7(e)].

Fig. 7. Histological characteristics of the regenerated segments of control (a), and THz-
irradiated earthworms (b-¢) on the 14 postoperative day. Since group G animals are
characterized by the same histological alterations than group C ones their sections are not
presented in the figure. Abbreviations: ovnc: old ventral nerve cord, rvnc: regenerated
ventral nerve cord, obw: old body wall, rbw: regenerated body wall, d: dissepiment, omg:
old midgut muscular tissue rmg: regenerated midgut muscular tissue, bv: blood vessel,
arrows: mitotic cells, circles: old epithelial body layer, stars: new epithelial layer.

Comparing the mitotic index of the distinct body parts of experimental animals marked results
were collected from the specimens of groups of C, G, and T on the 14™ postoperative day.
Animals of groups of C and G were characterized by a higher MI (0.01) of all renewing structures
(body wall and VNC ganglia) than of old ones (MI = 0.002). In specimens of group T, the MI of
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all newly formed organs proved to be significantly higher than in groups of C and G ones. For
example, the MI of the regenerating VNC ganglia was 0.1, showing intense cell proliferation
in these structures. Nearby the newly formed ganglia, several mitotic cells were located in the
body wall, alimentary canal, and dissepiments (Figs. 7(d), 7(e)]. This conspicuous histological
alteration was only found in about 40% of THz-exposed animals at the investigated period, while
in others more advanced differentiation of tissues was observed. The smaller, less differentiated
regenerating dorsal body parts, which was directly exposed to THz pulses, contained markedly
higher number of mitotic figures (MI = 0.2) than the ventral ones (MI=0.1), characterized by
more extended and developed tissues and organs [Fig. 7(c)].

4. Discussion

The influence of electromagnetic waves on morphological and physiological changes of distinct
cells and tissues of various species was in the focus of several experiments. Based on their results
Hamblin [30] concluded that probably “all life forms respond to light”. Electromagnetic waves
can be ionizing and therefore harmful for cells and tissues, damaging the organisms.

In contrast, nonionizing electromagnetic waves (having small photon energy) can trigger
photochemical changes within cells in which photon receptive cell organelles and molecules are
located. Romanenko et al. reviewed experimental results on the effect of electromagnetic waves
on biomolecules and cells and inferred that electromagnetic fields could affect the activity in cell
membranes (sodium versus potassium ion conductivities and other non-selective cation channels)
[31], membrane potential, and even the cell cycle. They also suggested that THz waves do not
cause tissue damage because they do not have enough energy for photoionization. Moreover, THz
photon energies are in the energy range of hydrogen bonds, can cause charge transfer reactions
and van der Waals interactions, meaning that even simple molecules absorb THz. However, at
the same time, an in vitro experiment suggested that intense THz radiation causes biological
hazard [32]. It was found in an in vivo experiment that the skin wound closure of the mice
was significantly delayed by repeated femtosecond-THz pulse irradiation (energy up to 30 puJ,
frequencies up to 2.5 THz, duration 1 hour) indicating that THz could have disadvantageous
effects on biological systems [14]. The discrepancies between the published experimental results
can be the consequence of the application of distinct, non-standardized biological models and
various experimental protocols.

The aim of this study was to investigate the effects of high-intensity THz pulses on the
standardized posterior segment regeneration of the earthworm E. andrei. Segment regeneration
has certain discrete phases, constituting the post-extirpation repairing process, like (i) sealing
the slotted segment via rapid muscular contraction, preventing loss of body fluids and microbial
attacks, (ii) stimulation of tissue dedifferentiation and migration of mesodermal stem cells
(neoblasts), scattered over all segments, to the site of the injury resulting in (iii) the formation
of the regeneration blastema [33,34]. Both dedifferentiated cells and neoblasts produce a high
number of new cells by proliferation through cell division (mitosis) and their differentiation
creates the new tissues and organs of the regenerating segments. In segment regeneration, there
are several regulators as key players. Some of them mediate dedifferentiation, migration, and
proliferation of various cells, others the differentiation of new tissues, organs, and segments, while
certain regulators stop the cell division and differentiation terminating the segment formation of
the abnormal cells and structures [35,36].

No difference in the first step (wound closure) of the regeneration was found between the
irradiated and control animals: in all three groups, the wound was closed at the sixth postoperative
hour with the fusion of the body wall and alimentary canal tissues (Fig. 4). However, on the first
postoperative week, more advanced development of the regeneration blastema was observed in
THz-irradiated earthworms (Fig. 5). The regeneration blastema consists of dedifferentiated tissue
cells and some migrating neoblasts [32]. Cell proliferation depends on a dynamic realignment of
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actin filaments in both cyto- and nucleoplasm [23]. An in vitro experiment showed that THz
radiation modulated actin filament polymerization from soluted (globular) actin suggesting that
the in vivo actin polymerization, mediated by any influence, contributes to the regulation of
some significant processes, like gene expression, cell motility, and growth [37]. Yamazaki et al.
reported that THz radiation has negligible effects on deep tissues of the human body due to strong
absorption by water molecules, however, the energy of THz pulses, possibly as a shockwave, has
transmitted a millimeter thick tissue in the aqueous solution and demolished actin filaments [38].
They also showed that the viability of the cell was not affected under the exposure of THz pulses.

A recent finding suggests that the blastema growth in Planarians is mediated by infrared, blue,
and green light. It was found that green light exposure reduced the growth of the head blastema,
while red light exposure stimulated its growth. No significant difference was found in the
proliferation of neoblasts under green or red light exposure which suggests that these expositions
influence the migration of the neoblasts to the amputation site [39]. In our experiments, green
light did not affect segment regeneration from which we propose that in earthworms the formation
of the regeneration blastema is determined by a more complex process than in Planarians and
cell dedifferentiation and redifferentiation are more important in earthworm regeneration.

In our experiments, the applied THz pulses significantly stimulated the segment regeneration:
irradiated animals renewed about three times higher number of segments than control specimens.
The maintenance of the segments’ structure and functions needs a well-controlled balance between
the continuous cell proliferation and differentiation throughout the life of an animal [40]. This
balance is perturbed after any injury of the body (e.g. wound) and imbalance is a characteristic
feature of the regenerating tissues. In the regenerating rat liver hepatocytes were characterized
by an elevated mitotic activity but mitotic cells appeared at various points of time during the
regeneration suggesting that there were unsynchronized mitotic waves during the regeneration
[41]. A similar situation can appear in earthworms as well. The experimental animals could have
distinct physiological states, so after the segment ablation, the cell proliferation could be started
at various times. Therefore, distinct timing of the cell proliferation and differentiation could be
seen in the experimental animals resulting that some specimens were characterized by intense
cell proliferation while others with intense cell growing and differentiation at a fixed time of the
regeneration. Nevertheless, the presented histological alterations (e.g. accumulation of mitotic
cells in the epithelial layers, extension of blood vessels) were found in THz-irradiated specimens
exclusively and were not seen in any animals of groups C and G.

No malformation in segment organization was found. What is more, some advantageous
alterations, like more extended primordium of the VNC and more intense segment formation and
advanced blood vessel development, were observed [Fig. 7(c)]. It is evident that the formation of
the higher number of the renewed segments needs a lot of more new cells and their differentiation
for tissue cells. New cells are produced by mitosis when semiconservative replication of the
DNA and synthesis of some regulatory proteins which mediate cell divisions are carried out [37].
The effect of THz radiation on DNA molecules and cell proliferation is a debated question. In
the human skin tissue model, the exposure of various cells to THz pulse at energies of 1.0 uJ and
0.1 pJ for 10 minutes resulted in DNA damage and subsequent cell growth [42]. Exposure of
artificial human skin tissue to intense THz pulses caused increased expression levels of numerous
genes associated with non-melanoma skin cancers, psoriasis, and atopic dermatitis. However,
changes in the expression of nearly half of the epidermal differentiation complex (EDC) members
were also found suggesting that the THz-induced changes in transcription levels were opposite to
disease-related changes [43].

The effect of long-term (6 hours) THz irradiation on human cells was investigated by Zhao
et al. [44]. It was found that long-term THz irradiation generated a specific change in gene
expression resulting in abnormal chromosome number (aneuploidy) in some daughter cells.
Intense exposition of cells to THz pulses induced the expression of both tumor-suppressing and
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oncogenic genes in human skin cells found by Hough et al. [45]. On the other hand, THz radiation
at 0.38 THz and 2.52 THz did not lead to DNA damage in skin cells in vitro. Furthermore, no
chromosomal damage was detected and quantified cell proliferation was found to be unaffected
by the exposure [46]. A recent study suggests that THz wave exposure with very low intensity
does not affect cell proliferation or cell growth rates [11].

At present, there is only weak evidence that THz pulses can influence cell proliferation (mitosis)
and differentiation. The effect of broadband THz radiation on mammalian (mouse) stem cells was
investigated by Bock et al. [13]. They found that radiation-induced specific changes in cellular
functions were closely related to DNA-directed gene transcription. Surveying of gene expression,
it was found that 11% of genes responded to the applied THz irradiation, either upregulated
or downregulated, and based on the accelerated cell differentiation they concluded that THz
radiation could be a potential tool for cellular reprogramming [13]. The segment regeneration
needs both intense cell proliferation and differentiation. However, details of the regulation are
not known yet. We found that the applied THz pulses stimulated the formation of a high number
of new segments. Based on this, we suppose that THz pulses influence the activity of various
biomolecules like proteins, DNA, and RNA due to the conformational changes as was reported
by Lee [47].

Investigating the effect of THz pulses on human induced pluripotent stem cells THz pulses
could alter the expression of certain genes and they were driven by zinc—finger transcription
factors and it was supposed that the local intracellular concentration of metal ions, such as Zn?t,
was changed by the effective electrical force of the applied THz pulse. However, there is a large
phylogenetic distance between humans and earthworms, the zinc-finger transcription factors are
probably present in the latter one as well, as it has been found by Tachizaki et al. [48]. A putative
zinc-finger protein as a gene activator was identified in a lumbricid earthworm [49], therefore
there is a possibility that similar molecular and cellular processes are stimulated by THz pulses
in earthworms similarly to human cells.

Currently, segment regeneration is a largely unknown process characterized by some enigmatic
cytological and histological alterations. However, there is some experimental evidence that
anatomical, physiological, and cellular factors influence the kinetics of segment regeneration.
The best documented neural dependence of regeneration was promulgated by Morgan [16]
for the first time and supported by some experimental evidences later. The formation of the
regeneration blastema is started at the cut end of the VNC from which neural processes outgrow
and spread amongst tissue cells [50]. Discharged neural substances, certain neurotransmitters,
and neurohormones stimulate the segment regeneration by regulating the functioning of various
tissues [17,18]. Tan et al. found that the primary cultured neurons responded to the THz radiation
and the induced biological effects were positively correlated with the exposure time of the THz
waves [12]. The marked decrease in the neurotransmitter content (glutamate) of some neurons
were detected as well. An in vivo THz radiation can generate a similar neurotransmitter release
from neurons stimulating the formation of the regeneration blastema and differentiation of its
cells. Although, Borovkova et al. showed a dose-dependent cytotoxic effect of THz radiation
on glial cells [32], in our experiments no significant number of necrotic or apoptotic cells was
found in any tissues. In contrast to the effect of repeated femtosecond-THz radiation (energy up
to 30 wJ, frequencies up to 2.5 THz, duration 1 hour) applied in a wound-healing experiment
[14], the used THz exposure (energy 5 wJ, 0.3 THz frequency, irradiation time 5 min) in our
experiments has an advantageous effect on wound healing and it has been experimentally proven
on tissue and organ regeneration of earthworms. This strongly suggests that the parameters
of THz exposure (energy, frequency, irradiation time) can significantly influence its biological
effects.

Segment regeneration of earthworms can be a useful model to investigate the effect of various
factors on the phenotypic changes (both anatomical and physiological) at the organism level.
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Certain physical effects, like temperature, modify the kinetics of segment regeneration e.g. the
long-term (several days) cooling of the experimental animals after the surgical intervention
resulted in lower segment regeneration in various earthworm species [51]. Moment investigated
the effect of the ionizing X-ray irradiation on the five posteriormost segments located afore the
transection and found that its effect on the regeneration was dose-dependent. Only a high dose of
X-ray radiation (from 20,000 R) blocked the formation of new tissues and organs [52]. Based
on the observations mentioned above, we suppose that the kinetics of segment formation is
an effective indicator of both inhibitory and stimulatory effects of various factors. Therefore,
it can be used as a model at the organism level to investigate the biological effects of distinct
electromagnetic waves.

5. Conclusion

The presented results show that the posterior segment regeneration of earthworms is a suitable
model to investigate the biological effects of THz pulses at the organism level and suggest
that there are certain interactions between THz radiation and biomolecules (proteins, nucleic
acids, etc.), cells, and tissues. The applied intense THz pulses significantly stimulated the
segment regeneration. No abnormal tissue or segment development occurred in the experimental
animals during the four-week-long experiments. Based on these findings, we can propose that
the applied THz radiation has beneficial effects on both cell proliferation and differentiation, and
on tissue development. Further in vivo experiments are needed to ascertain the exact influence of
THz radiation on cell proliferation and differentiation. The present study can contribute to the
improvement of biomedical application of THz pulses.
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