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Abstract: Atmospheric pressure plasma has found wide clinical applications including wound
healing, tissue regeneration, sterilization, and cancer treatment. Here, we have investigated its effect
on developmental processes like metamorphosis and tail regeneration in tadpoles. Plasma exposure
hastens the process of tail regeneration but delays metamorphic development. The observed
differences in these two developmental processes following plasma exposure are indicative of
physiological costs associated with developmental plasticity for their survival. Ultrastructural
changes in epidermis and mitochondria in response to the stress of tail amputation and plasma
exposure show characteristics of cellular hypoxia and oxidative stress. Mitochondria show
morphological changes such as swelling with wide and fewer cristae and seem to undergo processes
such as fission and fusion. Complex interactions between calcium, peroxisomes, mitochondria and
their pore transition pathways are responsible for changes in mitochondrial structure and function,
suggesting the subcellular site of action of plasma in this system.

Keywords: atmospheric pressure plasma; developmental plasticity; metamorphosis; mitochondria;
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1. Introduction

Advances and interactions between scientific fields such as biology, physics, and medicine
have brought many benefits in tissue engineering and regenerative medicine. Plasma medicine,
combining physics of plasma with medicine, has developed rapidly in the last few years [1] and it is
the subject of this broad interdisciplinary research.

1.1. Plasma Properties

An ionized gas is an ensemble of positively and negatively charged particles. The term plasma
was applied to these systems by Langmuir [2] and should not be confused with blood plasma. Over
the past twenty years, atmospheric pressure plasmas have been the subject of numerous reviews
regarding the state of the art of the devices used to generate these plasmas and characteristics of
the plasmas [3–6]. In the present study, a plasma jet was used to generate a cold (low-temperature)
non-equilibrium (non-thermal) atmospheric pressure plasma and will be designated as APP.

APP is a relatively new approach that is extensively studied for its biomedical applications [7].
These include sterilization, blood coagulation, cancer treatment, cell metabolism modification,
hospital hygiene, antifungal treatment, dental care, skin disease and wound healing [8–13].
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Tissue engineering and regenerative process involves a variety of cellular activities such as cell
proliferation, differentiation and apoptosis. Exposure to APP promotes repair of muscle defects
through control of cell proliferation and differentiation, suggesting that APP exposure has the potential
for use in muscle tissue engineering and regenerative therapies [14]. APP exposure has been shown to
induce differentiation and growth of developing mouse limb buds [15], as well as differentiation of
bone marrow stem cells [16].

1.2. Plasma and Reactive Oxygen Species and Reactive Nitrogen Species

Plasma generated from atmospheric air includes reactive species mainly from N2 and O2, and may
contain N, O, O3, NO, NO2, and OH. The final products of the species present in the plasma are
several Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS). These reactive molecules
expose biological material to oxidation processes [17–20]. The reactive species are generated either
within the plasma itself or in the tissue when brought in contact with plasma [21]. Both ROS and
RNS are also derived within the cell from organelles such as mitochondria, peroxisomes, and the
endoplasmic reticulum.

ROS and RNS have pleiotropic effects on cellular physiology, which include metabolism,
cellular signaling and morphogenetic processes [22,23]. At moderate concentrations, beneficial effects
of ROS/RNS include defense against infectious agents, activating cellular signaling pathways and
mitogenic response [24]. However, overproduction of ROS/RNS in cells or tissue can result in oxidative
stress in the microenvironment of the cells [20], which can damage cell structures including lipids
and membranes, proteins, and DNA [25] triggering cell death by apoptosis or necrosis [26,27]. It was
also reported that exposure to plasma leads to different behaviors in cells in vitro, such as decrease in
cell migration, cell detachment, apoptosis or necrosis depending on power and the exposure time [8].
APP exposure produces dose-dependent effects that range from increased cell proliferation to apoptosis
including DNA damage, oxidative stress and cell cycle modification [26,28–32]. Previous studies on
tadpole tail regeneration from our lab have shown that the longer exposure of the amputated tail of
tadpoles Xenopus laevis to APP resulted in enhanced mortality, ascribed to increased production of
ROS [33].

1.3. Plasma and Wound Healing in Mammals and Amphibians

APP exposure is also a tool that can promote wound healing and epithelial regeneration which
are dynamic and complex processes involving many different types of cells. APP exposure is known
to improve wound healing by its antiseptic effect, stimulation of proliferation and migration of wound
related skin cells, activation or inhibition of integrin receptors on the cell surface or its angiogenic
effect [34]. Appropriate doses of cold plasma have antibacterial effects, activate fibroblast proliferation
in wound tissue and thus promote wound healing in mice [35]. Interaction of ROS and RNS with
wounded tissue accelerates repair processes without any adverse effects on normal tissue [36].

However, mechanisms that cause adult/postnatal mammalian skin healing differ from embryonic
(fetal) skin development and repair as well as from organisms such as amphibians, which regenerate
their injured tissue in a process analogous to development [37,38]. There is no scar formation in
embryonic mammalian skin [39], as well as following tail amputation in amphibians [40] in contrast to
adult mammalian skin. Anuran amphibians, such as Xenopus laevis in its larval stage, can regenerate
their limb and tail by means of the formation of blastema which is a mass of dedifferentiated,
proliferating cells [41]. This remarkable ability of amphibians makes them a very attractive model for
the study of regeneration.

1.4. Cell Organelles, Oxidative Stress, and Apoptosis

Mitochondria and peroxisomes are dynamic organelles that have intricate structural and
functional relationships [42,43]. Both of these organelles play a key role in ROS production, which
is important for cell signaling and ROS scavenging [44]. They also show high plasticity and easily
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adapt in response to developmental, metabolic and environmental alterations [42]. Peroxisomal
function has long been linked to oxygen metabolism due to their high concentration of H2O2

generating oxidases and have several antioxidant systems, such as catalase, superoxide dismutase,
peroxisomal membrane protein 20 and glutathione peroxidase [45]. Mitochondria also possess enzymes
and non-enzymatic antioxidant systems [46]. Mitochondria are quantitatively the most important
source of ROS, which maintain the steady-state concentration at non-toxic levels by a variety of
antioxidant defenses and repair enzymes [47]. Oxidative stress is an expression used to describe
various deleterious processes resulting from an imbalance between the excessive formation of ROS
and limited antioxidant defenses.

Oxidative stress associated with cell death in the developing limb is due to mitochondrial
production of ROS [48]. Mitochondria play a key role in apoptotic processes. The mitochondrial
permeability transition pore (mPTP) is a large conductance channel that opens in the mitochondrial
membrane in response to high calcium (Ca2+), low ATP, and oxidative stress [49–52], and opening of
the mPTP causes abrupt mitochondrial depolarization. APP treatment is associated with an alteration
in morphology of mitochondria, a decrease in mitochondrial membrane potential, mitochondrial
enzyme activity and respiration rate in cancer cells [18,53].

Ca2+, one of the most ubiquitous cellular second messengers, is also known to be involved in cell
death by apoptosis, necrosis and autophagy [54]. Mitochondria are the paradigm of the double-edged
sword effect of Ca2+ on cell survival and death [55]. Ca2+ overload could be detrimental to the cells as it
can lead to mitochondrial depolarization, cytochrome c release, lipid peroxidation, transcription factor
activation and DNA damage, resulting in apoptotic and non-apoptotic cell death [56]. Peroxisomes
also play an important role in Ca2+ homeostasis.

1.5. Developmental Plasticity in Tadpoles

Amphibians are a group of vertebrates with a great range of developmental plasticity in their
life history. Many of them maintain an aquatic larval stage of life as tadpoles that metamorphose
into a terrestrial one. These organisms are also known to show adaptive developmental plasticity in
response to environmental changes [57,58], such as ability for accelerated metamorphosis in drying
ponds. This rapid growth comes at a cost, and one such suggested cost of compensatory growth is
oxidative stress due to increased ROS [59]. Environmental assessment by amphibian larvae is so well
regulated that developmental acceleration can even decelerate if the conditions in the aquatic system
ameliorate [58].

1.6. Organ Regeneration in Amphibians

The restoration of lost or damaged body parts continues to be a topic of great interest for biologists.
The ability to regenerate body parts varies greatly from one species to another. This feature is
extensively studied in amphibian tadpoles of the species Xenopus laevis and Xenopus tropicalis, which
have remarkable abilities to regenerate their tails and limbs following amputation [60–62]. Unlike most
amphibians which undergo metamorphosis, there are some species like the axolotl, which retains
larval features such as external gills and undeveloped limbs throughout their life—a condition referred
to as neoteny. These organisms are aquatic and fully mature but fail to metamorphose and are capable
of regenerating wounds on their skin with scarless healing [40]. Increased regenerative ability of
amphibians makes them excellent lab models for biomedical research, such as traumatic injury.

Most of the studies on effects of plasma are focused on tissue regeneration. The main purpose
of our study is to explore the effect of plasma on organ regeneration, such as tail replacement,
following amputation. Additionally, we also studied the effect of plasma on post-embryonic
development, such as metamorphosis, to get insights into adaptive plasticity in these organisms
to cope with oxidative stress following plasma exposure.
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2. Materials and Methods

2.1. Plasma Discharge Source

Figure 1 illustrates the geometry of the APP discharge source. The flow of high purity Helium gas
(Airgas Zero Grade) was controlled over a range of 10 to 150 standard cubic centimeters per minute
(sccm) by a (Cole Parmer PMR1-010537, Chicago, IL, USA) gas flowmeter and a standardized rate
of 50 sccm was used for all trials. The gas flowed through a 15 cm long quartz tube with an outer
diameter of 6.35 mm. A copper electrode was attached to the outer surface of the tube at a point that
was 5 cm from the end of the tube. An alternating current power supply operating at 15 kHz and 17 kV
was attached to the electrode. The power supply’s operating parameters were controlled such that
the discharge was restricted to the flow region between the electrode and the exit aperture of the tube.
The resulting non-equilibrium plasma had an emission profile that indicated that OH radicals and
molecular nitrogen was present within the tube.

Figure 1. The plasma discharge was generated using a gas flow through a 6.35 mm outer diameter
quartz tube with a single electrode powered by an alternating current power supply. The power supply
used had a frequency of 18 kHz and a 17 kV peak to peak voltage. Helium was flowed through the
tube at a rate of 50 sccm. The tadpoles were exposed indirectly to the glow region of the discharge, but
approximately 3 cm beneath the tube. Inside the tube, optical emission spectroscopy confirmed that
the emissions were produced by OH radicals and molecular nitrogen.

2.2. Maintenance of Tadpoles

Xenopus laevis tadpoles, purchased from Xenopus I (Ann Arbor, MI, USA) were maintained in
the laboratory in aquaria and fed on a standard diet obtained from the same company. Water in the
aquaria was changed on every alternate day. For the present study, the tadpoles at stage 57 were
used [63] (see Appendix A for a description of stages).

2.3. Study of Metamorphosis

Tadpoles at stage 57 were divided in three groups of 20 each. Amputation of tail (40% removal) and
plasma exposure for 40 s was carried out by anesthetizing tadpoles on ice in the groups assigned below:

• Group 1: Amputated and treated with plasma and this group will be referred as experimental in
the text.

• Group 2: Amputated and not treated which will be referred as control in the text.
• Group 3: This group of tadpoles were not amputated or treated with plasma to see the progress

of metamorphosis which served as the control for group 2.

All the three groups were monitored for metamorphic development according to stages described
by Nieukoop and Faber [63].
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2.4. Tail Regeneration Study

Tadpoles at stage 57 were divided into the following two groups:

• Group 1: Tadpoles amputated and exposed to plasma as mentioned above (experimental).
• Group 2: Tadpoles amputated but not exposed to plasma (control).

For the following studies, tadpoles were anesthetized in MS222 and wound epithelium at 24 h
and blastema at 5 days were removed from both of the groups.

2.5. Ca2+ Quantification Assay

Ca2+ assay was carried out using an Abcam calcium assay kit (ac102505) and quantified through
microplate photometry. Wound epithelium and blastema for both of the groups were pooled from five
tadpoles, as tissue from an individual tadpole was not enough for this assay (due to small size of the
organism). The experiment was repeated four times (n = 4).

2.6. Confocal Microscopy

All the kits for in situ staining Calcium (F10489), peroxisomes (S34203) and mPTP (I35103) were
purchased from Molecular Probes (Thermoscientific, Chicago, IL, USA). For Ca2+ staining, Fluo-4 dye
is used which binds to Ca2+ exhibiting green fluorescence. mPTP staining was carried out using a
calcium/cobalt quenching technique which uses calcein acetoxymethyl that enters the cell followed
by treatment with cobalt chloride to quench cytosolic calcein fluorescence (green). Mitochondria are
stained with Mito Tracker dye that appears red. If mPTP is compromised, calcein enters mitochondria
but not the quencher. Thus, green fluorescence of the dye overlays red mitochondria producing yellow
color. Peroxisome staining was carried out using antibody directed against peroxisomal membrane
protein 70 (PMP70).

Tissues were harvested at 24 h and 5 days. For confocal imaging studies of Ca2+, mPTP and
peroxisomes, three tadpoles were used for each staining procedure (n = 3) and carried out according
to the method provided in the staining kit. Tissue samples were visualized under a Zeiss LSM 510
META Confocal microscope (Peabody, MA, USA).

2.7. Transmission Electron Microscopy

Tissue samples at 24 h and 5 days from control and experimental tadpoles (n = 3 per time
point) were fixed in 2.5% glutaraldehyde in 0.1 M cacodyalte buffer for 24 h, washed in the same
buffer, osmicated in 1% osmium tetroxide (OsO4), dehydrated, through a graded series of alcohol, and
routinely embedded in Epon 812. Ultrathin sections in the silver gray range were cut and stained with
uranyl acetate and lead citrate and observed under Hitachi 7700 (Hitachi High Technologies America,
Pleasanton, CA, USA).

3. Results

3.1. Metamorphic Studies

Following tail amputation, APP exposure delayed metamorphosis compared to non-treated, see
Figure 2. In group 1 (amputated and treated), all tadpoles metamorphosed by day 36 compared to
group 2 (amputated and not treated), where by day 17 all of them turned into froglets. At day 10,
there was a significant change between experimental and control tadpoles. There was no significant
difference in the progress of metamorphosis between group 2 (amputated and not treated) and group
3 (not amputated or treated).
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Figure 2. Graphic representation of developmental stages in metamorphosis impacted by tail
amputation and plasma exposure. See Appendix A for details of developmental stages (57, 63, 64).
At stage 57, three groups of tadpoles were divided as follows: Group 1: amputated and treated with
plasma (experimental tadpoles). Group 2: amputated and not treated to plasma (control tadpoles).
Group 3: not amputated and not treated to plasma. At day 6, in group 1, 40% of tadpoles were at initial
stage 57 and the rest had progressed to stage 63, whereas, in group 2, all the tadpoles were at stage 63
and in group 3, 90% of tadpoles were at stage 63. At day 10 in group 1, approximately equal number
of tadpoles (30 to 33%) were at stage 57, 63 and 64 compared to group 2 and 3, where approximately
80% of tadpoles were at stage 63 and the rest at stage 64. By day 17, in group 1, an equal percentage
(15%) were at stage 57 and 63 and the rest had developed into froglets compared to groups 2 and 3
where all the tadpoles had metamorphosed into froglet. By day 36, in group 1, 90% of the tadpoles had
metamorphosed into froglets.

Once the tail was amputated at stage 57 (Figure 3a), wound healing was completed by 24 h and a
wound epithelium was formed (Figure 3c) in both the experimental and control group, subsequent to
which a mass of dedifferentiated cells accumulated under the wound epithelium and by the 5th day a
structure called a blastema was formed (Figure 3d,e).

Figure 3. Wound healing and blastema formation: Following tail amputation at stage 57 (Figure 3a),
wound was healed and two to three layers wound epithelium (WE) was formed in both the groups by
24 h (Figure 3b,c). By the 5th day, a mass of dedifferentiated cells was formed called blastema (BL) in
both the groups (Figure 3d,e); scale bar 100 µm. However, the size of the blastema was slightly
larger in the experimental group compared to the control [33].
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3.2. Ca2+

In situ staining showed that, in wound epithelium at 24 h, fluorescence intensity for Ca2+ was
higher (Figure 4a) compared to control (Figure 4b). In blastema, the fluorescence intensity for Ca2+

had reduced in experimental tadpoles (Figure 4c) in comparison with control (Figure 4d).
Quantitative analysis of 24 h and day 5 blastema from experimental and control tadpoles showed

similar results (Figure 5). However, statistically, the differences were not significant. This could be
explained by the fact that, under microscope, wound epithelium and blastemal are clearly discernible
from the underlying tissues. When samples were pooled from five tadpoles for quantitative analysis,
it is inevitable that some of the underlying tissue like muscles would contribute to total quantity
of Ca2+.

Figure 4. Ca2+ fluorescence staining: At 24 h post amputation, wound epithelium (WE) of experimental
tadpoles show higher intensity of Ca2+ fluorescence (green) (Figure 4a) compared to control (Figure 4b).
However, in day 5 blastema (BL) of experimental tadpoles, fluorescent staining was lower in Figure 4c
compared to control Figure 4d; scale bar 100 µm.

Figure 5. Quantitative Ca2+ estimation: At 24 h post amputation, wound epithelium (WE) of
experimental and control tadpoles show lower Ca2+ content, whereas, in day 5, blastema Ca2+ content
in both groups was much higher. The changes were insignificant between the two groups.

3.3. mPTP

In experimental tadpoles, at 24 h, mitochondrial staining was prominent (Figure 6a) compared
to control (Figure 6b). Similarly, the number of mitochondria and opened pores in the mitochondrial
membrane of the blastema in experimental tadpoles were very distinct (Figure 6c) compared to control
where there is no staining of mPTP observed (Figure 6d).
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Figure 6. mPTP staining: Wound epithelium (WE) at 24 h as well as 5 day blastema (BL) of experimental
tadpoles show increased staining for mitochondria as well as open mitochondrial pores (Figure 6a,c)
compared to control (Figure 6b,d). Mitochondria (M)—red; mPTP open—yellow (calcein has entered
mitochondria); calcein—green (in cytoplasm); nuclei—blue; scale bar 100 µm.

3.4. Peroxisomes

Staining of peroxisomes in blastema of experimental tadpoles is significant (Figure 7a) compared
to control, where there was negligible staining for these organelles (Figure 7b).

Figure 7. Increased peroxisomal staining (green) is seen in experimental tadpoles (Figure 7a) compared
to control (Figure 7b). blue—nuclei. Scale bar 100 µm.

3.5. Light and Electron Microscopy

At 24 h, wound epithelium is formed in both the experimental and the control tadpoles
(Figure 8a,b). However, there is an increased number of lipid inclusions (Figures 8a and 9b) and
decreased visible intercellular spaces in experimental (Figures 8a and 9a) compared to control tadpoles
(Figures 8b and 9c). At 5 days post amputation, plasma treated tadpole tail also displayed swelling of
cells and blebbing of the plasma membrane (Figure 8c,e) compared to control (Figure 8d,f).

Figure 8. 1 to 1.5 µm thick plastic sections showing fully formed wound epithelium after 24 h post
amputation in experimental (Figure 8a) as well as control groups (Figure 8b). Note osmiophilic
lipid bodies (red asterisk *), and decreased intercellular spaces in experimental tadpoles (Figure 8a)
compared to control where intercellular spaces are visible (←−) (Figure 8b). Note blebbing (†) of
the cells in epithelium of blastema (5 days) of experimental tadpoles (Figure 8c) compared to control
(Figure 8d). Ultrastructural studies; Figure 8e,f: Transmission electron micrograph of wound epithelium
of experimental tadpoles shows loss of microvilli and blebbing (†) (Figure 8e) in contrast to control
(Figure 8f). (Figure 8a–d from Rivie et al. [33]). Exp-experimental; Con-control.
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At 24 h post amputation, tail epidermis of experimental tadpoles revealed loss of microvilli
(Figure 9a,b) compared to control (Figure 9c,d). Mitochondria of wound epithelium at 24 h of
the experimental tadpoles shows loss of cristae (Figure 9e) and fusion of mitochondria with wide
cristae (Figure 10a,b) compared to control where mitochondria are small and round with thin cristae
(Figure 9d,f). Additionally, in experimental tadpoles, the mitochondrial matrix is electro-lucent
(Figure 10a,c) compared to control (Figure 10d). Close proximity of mitochondria with endoplasmic
reticulum is seen in experimental (Figure 10c) and control (Figure 10d) tadpoles.

Figure 9. Ultrastructure of wound epithelium at 24 h post amputation showing loss of microvilli (MV),
decreased intercellular spaces (←−) (Figure 9a) and increased number of lipid inclusions (*) (Figure 9b)
compared to control where microvilli (MV) and intercellular spaces (←−) are prominent (Figure 9c,d).
In experimental tadpoles, mitochondria are swollen and fused with wide cristae (Figure 9e) compared
to control (Figure 9f). Exp-experimental; Con-control.

Figure 10. Ultrastructure of blastema from experimental tadpoles after 5 days showing fusion of
damaged mitochondria (M) with near loss of cristae (Figure 10a) and often very long mitochondria due
to fusion (Figure 10b). Mitochondria (M) from plasma-exposed tadpoles have an electro-lucent matrix
(Figure 10c) compared to control (Figure 10d). Note close proximity of endoplasmic reticulum (RER)
and mitochondria in both of the groups (Figure 10c,d). Exp-experimental; Con-control.

4. Discussion

4.1. Adaptive Plasticity

Earlier studies [33] and current results indicate that the plasma treatment accelerates tail
regeneration of tadpoles Xenopus laevis while slowing down the metamorphic progress. This is
an example of adaptive plasticity, essential for many species to cope with changes in the environment.
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Many amphibian species have exploited this trait by accelerating metamorphic events when threatened
by desiccation in their aquatic habitat [58,64]. Increased oxidative stress is considered a key determinant
factor for accelerated growth and metamorphosis [65]. The most important environmental adaptation
for tadpoles is swimming in water for their survival [66]. In the current study, the tadpole tail was
amputated and exposed to plasma at a stage when hind limbs had not yet fully developed and
forelimbs had not erupted (stage 57). Hence, these tadpoles are subjected to two kinds of stress:
(a) removal of the tail hampers their locomotor ability (movement in water) and (b) the stress of plasma
exposure. Restriction of swimming activity in the absence of fully developed limbs contributes to
a faster rate of tail regeneration for their survival but is achieved at the expense of metamorphosis.
One can argue that these tadpoles can hasten the process of metamorphosis instead of regenerating their
tail. However, accelerated metamorphosis cannot take place until the animal has reached a threshold
developmental stage [67,68]. Cost of faster growth of the regenerating tail in these tadpoles following
plasma exposure is associated with increased oxidative stress trade-offs. Differences observed in tail
regeneration and metamorphosis between experimental and control tadpoles indicate the physiological
cost involving metabolic machinery at the cellular and organelle level. However, in the absence of
plasma treatment, there was no significant difference in metamorphic growth between amputated and
non-amputated group of tadpoles. This means that plasma exposure might be increasing the signaling
for tail regeneration via bone morphogenetic protein and Notch, which act as mitogenic factors in
Xenopus organ regeneration as reported by Beck et al. [62]. This topic remains to be explored following
plasma treatment.

4.2. Tail Regeneration

The tail of Xenopus tadpole is efficient in regenerating all the competent tissues after amputation,
including spinal cord, notochord, muscles and epidermis. Upon amputation of the tail, the wound is
healed within 24 h and a population of progenitor cells are produced known as the blastema. Blastema
is a mass of dedifferentiated pluripotent cells that is able to form multiple tissue types following
the amputation and wound healing occurring [69–71]. The process of tadpole tail regeneration is
considered analogous to tissue renewal in mammals [72]. Analogies have also been drawn between
cells undergoing regeneration in salamanders and stem cells [73].

Our previous and current observations have shown that plasma exposure accelerates the process
of regeneration in tadpoles, Xenopus laevis, and it was interesting that, under APP exposure, local
oxidative stress was higher compared to control [33]. Tadpoles’ capacity to adaptively tune to tail
regeneration is controlled by several factors—one of them being oxidative stress. Moderate levels of
ROS act as signaling molecules during tail regeneration in Xenopus [61,74]. Wounding tissue generates
ROS especially H2O2 [75], which freely diffuses between cells and acts as a signaling molecule during
early phases of regeneration and blastema formation in adult fin regeneration of zebrafish [76].

4.3. Ca2+, Endoplasmic Reticulum (ER), Mitochondria and Peroxisomes

Ca2+ is an important second messenger and plays a critical role in the fate of the cell surviving
or dying. Currently, we have an observed increase in Ca2+ with confocal microscopy during wound
healing (24 h post amputation) but a decrease in day 5 blastema. It is possible that increased Ca2+

content derived from intracellular Ca2+ stores, such as ER, following plasma exposure might be
responsible for apoptosis of damaged cells during the wound healing period. Low Ca2+ in the
blastema of experimental tadpoles may support early differentiation of these cells as reported in
mammalian epidermal cells [77], resulting in faster tail regeneration in experimental tadpoles.

Additionally, the relationship between Ca2+ and ROS is complicated and close, either as a crucial
partner in regulating the redox status of cells, determining cell fate, or in signaling in response to
a number of physiological and stress conditions [78]. Our studies find support from the work of
Ma et al. [29] that an increase in intracellular ROS [33] and Ca2+ following APP exposure (current
study) could serve as valuable biomarkers for the oxidative stress.



Appl. Sci. 2019, 9, 2860 11 of 16

Mitochondria also undergo remodeling of their shape and morphology during programmed
cell death—a biological process that usually confers an advantage during an organism’s life-cycle.
Mitochondria are dynamic organelles that continually undergo fusion and fission. These are two
opposing processes that act in concert to maintain the shape, size, and number of mitochondria as well
as their physiological function [79]. Our electron microscopy study shows that some mitochondria
from experimental tadpoles had fused acquiring elongated or giant shapes with wide cristae compared
to controls where mitochondria were round, smaller and with thin cristae. A high level of stress leads
to fission of mitochondria, which would eliminate damaged mitochondria through mitophagy [80].
Mitochondrial fission also inhibits propagation of the Ca2+ signal and protects against Ca2+ mediated
cell death [81], whereas mitochondrial fusion allows them to compensate for one another’s defects
by sharing components, in order to maintain energy output in stressful situations [82,83]. Fission
and fusion interact to create a diversity of mitochondrial structures and ER may play an active
role in determining the sites of mitochondrial fission [84]. Additionally, in experimental tadpoles,
some mitochondria were swollen with an electro-lucent matrix compared to control, which could
be due to ischemia [85], increased Ca2+ overload [18,55], and induction of mPTP [86]. Increase in
Ca2+ (as observed using the confocal microscopy), as well as oxidative stress [33] in the regenerated
tissue following plasma exposure, might be responsible for the opening of mPTP, which changes
mitochondrial morphology as reported by Fridman and Lowe [87]. Currently observed changes in
mitochondrial dynamics may allow cells to adapt to oxidative stress which warrants further studies.

ER is also known to generate peroxisomes [88]. Currently, an observed increase in peroxisomes
in blastema of experimental tadpoles might be generating and releasing important signal molecules;
such as, O−2 , H2O2 and NO in cytosol, which can contribute to a more integrated communication
system among cell compartments as reported by Corpas et al. [89]. Additionally, peroxisomes must be
providing protective mechanisms to counteract oxidative stress.

4.4. Ultrastructure of Tadpole Epidermis (Epidermal Morphology and Junctional Complex)

The epidermis of vertebrates is the principal barrier against environmental stress.
Higher vertebrates have specific detoxifying molecules and enzymes involved in providing protection
to the organisms. The importance of tight junctions in barrier formation in mammals is very well
documented [90]. However, amphibian epidermis does not have as good a barrier mechanism as
in higher vertebrates. However, they do possess complex junctional systems that help to decrease
trans-epidermal water loss [91] and maintain skin integrity by preventing toxic, infectious or traumatic
stress [92]. In the current study, we have observed adherens junctions (possibly including tight
junctions) between epidermal cells of the tail and reduction of intercellular spaces at 24 h post
amputation and following plasma exposure. Cellular junctions do not function independently and
it is reported that junctional crosstalk, interdependencies, and compensation are necessary for tissue
strength [93]. Since tadpoles do not have a good barrier on skin surface, this means that the tension is
likely to be in the underlying epidermis. Additionally, the outer surface of the epidermis is exposed to
the external environment, and the animal has to prevent the loss of molecules from the cells, which
probably resulted in the loss of microvilli and formation of tight junctions between the epidermal cells
following plasma exposure. These morphological changes in the epidermis following plasma exposure
indicate adaptive changes in order to maintain skin integrity.

5. Conclusions

APP exposure affects wound healing and tail regeneration in larval tadpoles. The APP exposure
stimulates multiple signaling cellular pathways coordinating the morphogenetic processes that
underlie regeneration and metamorphosis, which in turn influences developmental plasticity of
these organisms. Currently, we are extending this work, evaluating gene expression for antioxidant
enzymes superoxide dismutase and catalase, as well as bone morphogenetic protein, a factor required
for regeneration and metamorphosis.
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The following abbreviations are used in this manuscript:

APP Atmospheric Pressure Plasma
BL Blastema
ER Endoplasmic Reticulum
M Mitochondria
mPTP mitochondrial Permeability Transition Pore
MV Microvilli
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
RER Rough Endoplasmic Reticulum
sccm standard cubic centimeters per minute
WE Wound Epithelium

Appendix A

Tadpole development by stages from Nieukoop and Faber [63]. Stage 57: Lateral view of the
tadpoles showing hind limbs (←−) in early developmental stage and forelimbs have not erupted.
Stage 63: Dorsal view of the tadpole showing well developed hind limbs and erupted forelimbs.
Stage 64: Dorsal view of tadpole tail regression.

Figure A1. Tadpole development by stages. Hind limbs stage 57 denoted by←−.
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