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Abstract: The amphibious teleost Giant mudskipper (Periophthalmodon schlosseri, Pallas 1770) inhabit
muddy plains and Asian mangrove forests. It spends more than 90% of its life outside of the
water, using its skin, gills, and buccal-pharyngeal cavity mucosa to breathe in oxygen from the
surrounding air. All vertebrates have been found to have mast cells (MCs), which are part of the
innate immune system. These cells are mostly found in the mucous membranes of the organs that
come in contact with the outside environment. According to their morphology, MCs have distinctive
cytoplasmic granules that are released during the degranulation process. Additionally, these cells
have antimicrobial peptides (AMPs) that ght a variety of infections. Piscidins, hepcidins, defensins,
cathelicidins, and histonic peptides are examples of sh AMPs. Confocal microscopy was used in this
study to assess Piscidin1 expression in Giant Mudskipper branchial MCs. Our results demonstrated
the presence of MCs in the gills is highly positive for Piscidin1. Additionally, colocalized MCs labeled
with TLR2/5-HT and Piscidin1/5-HT supported our data. The expression of Piscidin1 in giant
mudskipper MCs highlights the involvement of this peptide in the orchestration of teleost immunity,
advancing the knowledge of the defense system of this sh.

Keywords: immune system; gills; amphibious teleost; confocal microscopy; Piscidin1

1. Introduction

The giant mudskipper, Periophthalmodon schlosseri (Pallas, 1770), is an amphibious
and air-breathing euryhaline teleost. This species lives in close association with mangrove
forests and spends more than 90% of its time out of the water in adjacent mud plains,
therefore it has evolved morphological and physiological adaptations to suit its unique life
habit [1,2]. The changes in the gill structure and the hypervascularization of the epithelial
tissues, facilitate air-breathing during out-of-water life. The respiratory gas exchange
occurs through the gills and the upper vascularized epithelium covering the cavities in
these shes, which either take the air directly through the skin or hold it in their large
oropharyngeal-opercular cavities [3].
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Structural modications that assist air respiration, probably present in all mudskippers,
have been also identied in giant mudskipper [4,5]. They possess an inhalant aperture
in the gills and operculum, a well-vascularized gill membrane covering the gills, and an
augmentation in the volume of the opercular and pharyngeal chambers equal to about
1/6 of the body volume of this sh [6]. Mudskippers are highly developed teleosts that
have evolved for an amphibious lifestyle in mud plains, therefore their terrestrial activity is
connected to the ability to breathe air, exactly like amphibians [3].

Mast cells (MCs) are ovoid or rounded immune cells with amoeboid activity that are
found in a wide range of organs and peripheral tissues, including the skin, blood vessels,
digestive tract, and gills [7]. These cells are also involved in several defense mechanisms of
the body, being able to modulate inammation [8]. According to their morphology, MCs
include distinctive cytoplasmic granules that store bioactive mediators including histamine
and serotonin [9]. These cells have been characterized in all classes of vertebrates [10]. MCs
in teleosts have functional traits that are very comparable to those of mammals, according
to numerous studies. Additionally, the MCs of sh include granules that share components
with mammalian granules, such as lysozyme, serotonin, and specic antimicrobial peptides
(AMPs) called Piscidins [11].

AMPs, a family of lowmolecular weight peptides and proteins, are present in all forms
of life, from prokaryotes to eukaryotic plants and animals [12]. In low vertebrates, these
peptides play a crucial role in the innate immune system [13]. Piscidins are AMPs composed
of 22 alpha-helix residues that were originally found in sh gills and skin [3,14]. They play
a protective role against pathogens and foreign agents. There is evidence that Piscidins are
present in a wide range of teleosts, including the families Moronidae, Sciaenidae, Siganidae,
Belontidae, Cichlidae, Percichthyidae, Latidae Dae Sparidae, Sygnathidae, and Latridae.
They were originally isolated from the striped bass (Morone saxatilis, Walbaum 1792), the
white bass (Morone chrysops, Ranesque 1820), and their hybrid [15]. Genetic transcriptions
of Piscidin have been characterized in striped bass and white bass [16], European seabass
(Dicentrarchus labrax, Linnaeus 1758) [17], Nile tilapia (Oreochromis niloticus, Linnaeus
1758) [18], Atlantic cod (Gadus morhua, Linnaeus 1758) [19], and goldsh (Carassius auratus,
Linnaeus 1758) [20]. Piscidin exhibits potent broad-spectrum activity against bacteria and
parasites [21] and has been localized in MCs [22–24]. Therefore, these cells play a key role
in teleost inammatory response mechanisms [25,26].

This study aims to characterize for the rst time MCs in the gills of giant mudskipper
with anti-Piscidin1 antibodies, to provide further knowledge about the immune system of
this teleost which shows peculiar characteristics common both to sh and amphibians.

2. Results

Giant mudskipper gills consist of gill arches, secondary lamellae, primary lamellae,
and arteries. As in teleosts, it has four pairs of gill arches divided into two parallel
hemibranchs. On both surfaces of the gill laments, there are alternate sets of lamellae.
These interdigitating laments, similar to those found in a majority of respiratory shes,
have tiny interbranchial septa. Squamous and columnar pavement cells, large mucous
cells, and mitochondrial-rich cells (MRCs) cover the gill laments and lamellae. Scattered
MCs are observed in the secondary and primary lamellae, and the pharyngeal portion of
the gills (Figure 1).

Anti-Piscidin1 immunoperoxidase shows clear and well-dened reactive MCs to the
antibody tested, as evidenced by the DAB reaction (Figure 2).

Confocal microscopy shows MCs well localized in lamellar tissue and gill pharyn-
geal portion, immunopositive to Piscidin1 antibody, as also shown by transmitted light
images (Figure 3).
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Figure 1. Section of the gill of giant mudskipper stained with H/E. In 40× (scale bar 40 µm) the
presence of laments (FE) and lamellar epithelium (L) can be noted. Mitochondria-rich cells (MRCs)
are present in the gill lamellar epithelium. Scattered MCs are also noted (arrows). In 100× (scale bar
100 µm) rodlet cells (RCs) (arrowheads) and MCs can be distinguished.

Figure 2. Section of the gill of giant mudskipper, immunoperoxidase, 40×, scale bar 40 µm. MCs
positive to Piscidin1 can be seen in the lamellae (arrows).
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Figure 3. Section of the gill of giant mudskipper, immunouorescence, 20×, scale bar 20 µm. MCs
immunoreactive to Piscidin1 can be noted (arrows). TL = transmitted light.

An evident colocalization between Piscidin1 and 5-HT can be noted in MCs. The use of
the “Display prole” function of the confocal microscope supported our data, highlighting
the uorescence peaks at the individual localization and the colocalization, consistent with
the results obtained (Figure 4).
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Figure 4. Section of the gill of giant mudskipper, immunouorescence of 5-HT and Piscidin1, 40×,
scale bar 40 µm. MCs positivity to 5-HT (green) and Piscidin1 (red) can be clearly seen (arrows). The
colocalization of the antibodies is conrmed by the ‘display prole’ function.

Anti-TLR2 and anti-5-HT labeled immunoreactive and localized MCs. The “Display
prole” function conrmed our data (Figure 5).

Quantitative analysis revealed an equivalent number of MCs detected with the anti-
bodies tested (Table 1).
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Figure 5. Section of the gill of giant mudskipper, immunouorescence of 5-HT and TLR2, 40×,
scale bar 40 µm. Scattered MCs positive to 5-HT (green) and TLR2 (red) are evident (arrows). The
colocalization of the antibodies is clear and conrmed by the ‘display prole’ function.

Table 1. Quantitative analysis results (mean values ± standard deviations; n = 3).

No. of MCs

Piscidin1 (immunoperoxidase) 148.37 ± 12.76 **
Piscidin1 (immunouorescence) 154.43 ± 14.69 *

TLR2 147.39 ± 13.56 **
5-HT 145.92 ± 17.84 *

Piscidin1 + 5-HT 143.68 ± 21.11 *
TLR2 + 5-HT 139.58 ± 16.14 **

** p ≤ 0.01. * p ≤ 0.05.



Int. J. Mol. Sci. 2022, 23, 13707 7 of 12

3. Discussion

AMPs are a group of short peptides in vertebrates for innate immunity to ght exoge-
nous pathogens [27]. Piscidins, histonic peptides, hepcidins, cathelicidins, and defensins
are sh AMPs. Piscidin is powerful and broad-spectrum, highly conserved among the
Acanthopterygii superorder [28]. Piscidin, pleurocidin, epinecidin, moronecidin, gadus-
cidin, crisophsin, misgurin, dicentracin, and mixinidine are members of the piscidin family.
Piscidin is a linear α-helic cationic peptide [29] that has been characterized in various
species of teleost [30]. It has antibacterial, antifungal, and antiviral properties. Innate
immune defense against parasitic infections was also demonstrated by this peptide [31,32].
Several isoforms of Piscidin have been characterized, such as Piscidin1 and Piscidin2 from
Epinephelus malabaricus (Bloch and Schneider, 1804) [33]. Salger et al. (2016) identied nine
isoforms of piscidin in striped bass and white bass and veried the expression of eight
orthologous forms in the hybrid striped bass. At least, six different piscidin loci exist: four
loci possess two alleles (piscidin 1, 3, 4, and 6), and two loci possess one allele (piscidin 5
and 7) [16]. A study by Ruangsri et al. (2012) shows the ubiquitous presence of Piscidin1
in the organs of Atlantic cod. Its presence in immune-related tissues raises the possibility
that this peptide plays a signicant role in the innate immune system of cod. Furthermore,
the localization of Piscidin1 in some non-immune tissues and organs, such as the kidney,
gut, respiratory epithelial cells, the swim bladder, the skin, the liver, the heart, the eye, and
the oocytes, highlights further potential uses for this ubiquitous peptide and its capacity to
keep Atlantic cod homeostasis [34]. Piscidin1 is mainly found in the gill tissues, muscles,
cranial kidneys, skin, and intestine of the teleosts [28]. Many species possess AMPs with
strong biological functions, demonstrating their ubiquitous occurrence and the critical roles
they play as the rst line of host defense [35].

Mudskippers are a typical group of sh species, largely studied for the transition from
aquatic to terrestrial lifestyles. In comparison to other sh, it has been found that mudskip-
pers have overexpression of innate immune system genes that may act as a defense against
terrestrial pathogens. Positive selection has probably promoted several ammonia excretion
pathway genes in the gills, indicating their critical involvement in mudskippers’ ability
to withstand environmental ammonia [36]. The gills of the mudskipper have developed
a morpho-functional and structural adaptation due to the environmental conditions in
which the sh lives. They are relatively small compared to the gills of other shes and have
a larger opercular space to receive incoming water during the breathing process [5]. In
addition, gills, skin, and mucous membranes are more exposed to the external environ-
ment and are equipped with associated lymphoid tissues (gills-associated lymphoid tissue
GIALT, skin-associated lymphoid tissue SALT, mucosa-associated lymphoid tissue MALT,
gut-associated lymphoid tissue GALT, etc.) that provide them with a plethora of immune
cells such as MCs, rodlet cells, macrophages, granulocytes, lymphocytes, dendritic cells,
involved in the protection of the organism [37,38].

MCs travel into the blood from peripheral tissues, colonizing them, thus differentiating
in response to microenvironmental stimuli [39]. Comparative investigations have reported
granule cells in all vertebrate classes that share the main characteristics of MCs [40]. These
cells contain metachromatic granules in their cytoplasm that store a plethora of secre-
tory molecules, including histamine and serotonin. Tryptase and serotonin, two related
substances, have been found in the MCs of teleost shes [41]. More evolved sh species
exhibit a population of granular cells with general properties typical of the MCs of supe-
rior vertebrates. Considering that these cells are crucial to the immunological response,
the MCs phenotype is recognized in all vertebrate classes, indicating their evolutionary
conservation [42]. Due to their susceptibility to external infections, MCs are concentrated
in the skin, intestines, gills, and respiratory system [20,38].

In this study, we have characterized for the rst time MCs in the gills of giant mudskip-
per with Piscidin1. MCs immunoreactive to piscidin are most common at pathogen entry
sites, including skin, gills, and gastrointestinal tract [42]. In a previous study, we demon-
strated the expression of Piscidin in intestinal MCs of Carassius auratus [10]. Dezfuli et al.
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(2010) demonstrated that MCs in the gills of European seabass expressed piscidin under
physiological and pathological conditions [31]. Following these data, our results showMCs
positive for Piscidin1 in the gills of giant mudskipper labeled with the immunoperoxidase
method. In addition, to further validate our data, MCs were labeled with Piscidin1 with
immunouorescence by using a confocal microscope, noting a marked immunoreactivity
of these cells to the antibody tested. To further conrm our results on the expression of
Piscidin1 in MCs, these immune cells were also colocalized with anti-5-HT/anti-Piscidin1
and anti-5-HT/anti-TLR2 antibodies.

MCs express a range of pattern-recognition receptors, including TLRs [43]. It is known
that TLRs are highly phylogenetically conserved across all vertebrate classes [44–48], and
involved in immune response [49,50]. Several studies have characterized TLR2 in immune
cells in different tissues and organs of sh and ascidians [1,51,52]. MCs are among the
earliest inammatory cells with the ability to combat infectious microorganisms and initiate
immune responses via TLRs [53]. Serotonin, a tryptamine synthesized from the amino
acid tryptophan (5-HTP), is an important neurotransmitter and trophic factor, and it is
synthesized and stored by both MCs and neurons [54]. It represents a link between the
immune and endocrine systems [55] and is highly conserved among vertebrates [3]. In
sh, it is stored in considerable quantities by MCs and helps to orchestrate the immune
response [56–58]. In our previous study (2022), we demonstrated the presence of TLR2
and 5-HT in MCs of the intestine of Carassius auratus [10]. Following these researches, we
found immunoreactive colocalized MCs to Piscidin1 and 5-HT, and TLR2 and 5-HT in giant
mudskipper gills. The “Display prole” function corroborated these results, highlighting
the uorescence peaks expressed by the colocalization of all antibodies.

4. Materials and Methods
4.1. Samples

The preparations for optical and confocal microscopy as well as parafn block storage
were made using samples of giant mudskipper gills that were taken from the histotheca of
our laboratory.

4.2. Tissue Preparation

The samples were xed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(pH 7.4), rinsed in xylene, and embedded in Paraplast® after being dehydrated in graded
ethanol for 12 to 18 h (McCormick Scientic LLC, St. Louis, MO, USA). Lastly, serial
slices (3–5 µm thick) were cut using a rotary microtome (LEICA 2065 Supercut, Nussloch,
Germany, Europe) [59].

4.3. Histology

Serial slices were stained for light microscopic examination using Hematoxylin-Eosin
(H/E) (05-B06008/A + 05-M10002 BioOptica Milano S.p.A, Milan, Italy, Europe) [60].

4.4. Immunoperoxidase

Piscidin1 was examined with an optical microscope and immunohistochemical tech-
niques. Slices were treated with an anti-Piscidin1 antibody overnight in a humid envi-
ronment. Following a PBS wash, the sections were incubated with a goat anti-rabbit
IgG-peroxidase conjugate for 60 min (Sigma-Aldrich, St. Louis, MO, USA, dilution 1:100,
source Goat). By allowing the sections to sit in a solution of 0.02% diaminobenzidine (DAB)
and 0.015% hydrogen peroxide for 1–5 min at room temperature, the peroxidase activity of
the sections was assessed. Sections were dehydrated, mounted, and inspected with a Zeiss
Axioskop 2 plus microscope and a Sony Digital Camera DSC-85 after being rinsed in PBS.
As a negative control, experiments were conducted without the primary antibody.
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4.5. Immunouorescence

Serial slices were treated with 2.5% bovine serum albumin (BSA) for an hour before
being gradually deparafnized, rehydrated in PBS, and blocked. The sections were treated
with primary antibodies against Piscidin1, Serotonin (5-HT), and Toll-like Receptor 2 (TLR2)
in a humid chamber overnight at 4 ◦C [61]. The sections were then evaluated individually
and in double-label tests. We used secondary antibodies fromMolecular Probes, Invitrogen,
Eugene, OR, USA, 1:300, Alexa Fluor 594 donkey anti-rabbit IgG TRITC conjugated, and
Alexa Fluor 488 donkey anti-mouse IgG FITC conjugated. To prevent photobleaching, the
sections were mounted with Vectashield (Vector Labs, Burlingame, CA, USA), and the
cover was removed after washing. As a negative control, experiments were conducted
without the primary antibodies. Rat skin tissues were used as a positive control to verify
the immunopositivity of the primary antibodies. Table 2 summarizes the information
on antibodies.

Table 2. Antibodies data.

Antibody Supplier Dilution Animal Source

Piscidin1 GenScript Biotech Corporation, Rijswijk,
Netherlands, Europe. Produced on demand 1:50 Rabbit

TLR2 Active Motif, La Hulpe, Belgium, Europe. 1:125 Rabbit

5-HT Santa Cruz Biotechnology, Inc., Dallas, TX,
USA. 1:50 Mouse

Goat anti-Rabbit IgG Peroxidase conjugated Sigma Aldrich, Saint Louis, MO, USA. 1:100 Goat

Alexa Fluor 488 Donkey anti-Mouse IgG
FITC conjugated Molecular Probes, Invitrogen 1:300 Donkey

Alexa Fluor 594 Donkey anti-Rabbit IgG
TRITC conjugated Molecular Probes, Invitrogen 1:300 Donkey

4.6. Laser Confocal Immunouorescence

Sections were examined, and photographs were acquired using a Zeiss LSM DUO
confocal laser scanning microscope with a META module (Carl Zeiss MicroImaging GmbH,
Jena, Germany, Europe). This microscope has two helium-neon lasers (543 and 633 l) as
well as two argon lasers (458 and 488 l). By digitizing each image, a 2048-by-2048 pixel
array with an 8-bit resolution was produced. Optical slices of uorescence samples were
produced using helium-neon (543 nm) and argon (458 nm) lasers with scanning speeds of 1
min and 2 s and up to eight averages. Zen 2011 was used to enhance the photographs (LSM
700 Zeiss software, Oberkochen, Germany, Europe). To avoid photo deterioration, each
picture was snapped immediately. To create the gure montage, digital photo cropping was
done in Adobe Photoshop CC (Adobe Systems, San Jose, CA, USA). The intensity prole of
an image was rendered on a freely selected line using the “display prole” feature of the
laser scanning microscope. Graphs showing the intensity curves and scanned images are
displayed together.

4.7. Quantitative Analysis

For each sample, 5 sections and 10 elds were evaluated to collect data for the quanti-
tative analysis.

The observation elds were chosen based on how much the cells responded. Using
ImageJ software, each eld was evaluated. The background was removed, the image was
converted to 8 bits, and the cells were identied using a “Threshold” lter and a mask.
The “Analyze particles” plug-in was then utilized to count the cells. SigmaPlot version
14.0 (Systat Software, San Jose, CA, USA) was used to count the number of MCs that were
positive for Piscidin1, 5-HT, and TLR2 in each eld. The normally distributed data were
analyzed using One-way ANOVA, then Student’s t-test. The mean values and standard
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deviations (SD) of the data are displayed. Statistical signicance was given to the following
p values in this order: ** p ≤ 0.01, * p ≤ 0.05.

5. Conclusions

In conclusion, our results show for the rst time the expression of Piscidin1 in MCs
in the gills of giant mudskipper, suggesting phylogenetic conservation of these cells even
in a sh so particular that it can be considered as an evolutionary link between shes and
amphibians. Moreover, we cannot exclude that our anti-Piscidin1 antiserum may also
recognize other isoforms of piscidin. Further studies could be necessary to support our
results. However, our data may provide additional insights into the role of Piscidin1 in the
evolution of the immune system in vertebrates.
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