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Novel medical bioadhesives are proposed to fulfil numerous ideals as being biocompatible, non-toxic, include tissue healing and regeneration characteristics, have high mechanical properties onto different surfaces and other important key features. Mussel-inspired adhesives have provided the basis for many new applications under wet conditions. In contrast, the defence secretion system in amphibians may provide potential for novel fast-curing secretion able to adhere to surfaces under dry conditions. With the microanatomical and histochemical characterization of the endemic Japanese Oita salamander Hynobius dunni details on its anatomical organization, the nature of the chemical composition of both glue-producing glands and its divergence to the other well-characterized species Plethodon shermani are discussed. The study shows that the cutaneous glands of both glue-producing salamanders (H. dunni and P. shermani) exhibit certain morphological and histochemical similarities. Nevertheless, clear differences exist between the two species, especially with regard to the sugar composition of the mucous glands and the pH level of the granular glands. Moreover, the adhesive secretions of H. dunni show a clear reactivity to Arnow staining (indicating the presence of L-DOPA), which is lacking in P. shermani. This is the first indication of the presence of L-DOPA in the adhesive secretions of a terrestrial vertebrate, which has thus far only been found for marine invertebrates, such as mussels and polychaetes.
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INTRODUCTION
Amphibians have a simple skin arrangement: a thin epidermis with a superficial stratum corneum epithelium, and a thicker two-layered dermis with two types of cutaneous glands in the superficial stratum spongiosum: the mucous glands and granular glands, also named poison glands (Zug et al., 2001). The mucous gland type is usually smaller and more numerous than the granular gland type. It contains a fine-grained material, has a characteristic lumen, and is proposed to secrete mucus to keep the skin moist and facilitate gas exchange. Meanwhile, the granular gland type is filled with granules of different sizes and secretes toxins (Brodie and Gibson, 1969; Sever, 1989; Fontana et al., 2006; Largen and Woodley, 2008). Both gland types are enclosed by melanocytes, connective tissue, and blood vessels. Below these, the second dermis layer, known as the stratum compactum, comprises connective tissue fibres.
However, the anatomical organization of the cutaneous glands and the nature of their chemical substances vary across salamander species and appear to have different functions (Hecker et al., 2003; Fontana et al., 2006; Heiss et al., 2009). The cutaneous mucus mainly plays a role in the control of body surface pH and the maintenance of skin moisture, lubricating the horny layer (Bueno et al., 1981; Hopkins and Migabo, 2010). However, many species also release toxic, noxious, or adhesive cutaneous secretions for defence (Nowak and Brodie, 1978; Brodie et al., 1979; Arnold, 1982; Brodie, 1983; Brodie and Smatresk, 1990; Duellman and Trueb, 1994; Evans and Brodie, 1994). Studies on these glue synthesis and composition in amphibians are rare (Graham et al., 2005, 2006; Tyler, 2010), although the bonding strength (up to 2.8 MPa for the Australian frog genus Notaden) is among the highest in the animal kingdom and is comparable with industrial super glues such as cyanoacrylates (Graham, 2005). This strong bonding frog is currently the best studied example of adhesives in amphibians. When provoked by potential predators, Notaden secretes a sticky nontoxic material from its dorsal skin (Graham et al., 2006). The secretions transform rapidly into an elastic solid (hydrogel) and adhere tightly to a wide range of materials including glass, plastic, metal, and even Teflon (Graham, 2005). Studies of its glue nature show that, in a dry state, the secretions contain few carbohydrates and consist mainly of proteins (13–400 kDa) (Graham et al., 2013). Graham et al. (2005) indicate that the Notaden glue functions rather as a pressure-sensitive adhesive (PSA) than as a more chemical mechanism such as in mussels and barnacles (Kamino et al., 2000; Sagert et al., 2006).
Up to know less is known on the glue composition and its biomechanical properties in salamanders. As Notaden these animals use the glue as defence and within seconds upon exposure to air it hardens (Brodie and Gibson, 1969; Williams and Anthony, 1994; von Byern et al., 2017a) and immobilizes large predators as a snake immediately. The adhesive antipredator strategy has only been reported in Salamandroidea species (Ambystoma spp. Plethodon spp. Batrachoseps spp. and Bolitoglossa spp.) (Brodie and Gibson, 1969; Williams and Larsen, 1986; Evans and Brodie, 1994) and characterized in more detail in Plethodon shermani (Largen and Woodley, 2008; von Byern et al., 2015). In P. shermani both cutaneous glands are involved in glue production, suggesting a two-component system involved in glue synthesis (von Byern et al., 2015; von Byern et al., 2017a). The mucous glands are smaller and contain flocculent to granular material consisting of mostly acidic glycoproteins. Meanwhile, the granular glands synthesize differently sized granules, including basic proteinaceous components (von Byern et al., 2015). The adhesive secretions of P. shermani are cytocompatible with different cell lines, indicating that toxins are missing in the glue (von Byern et al., 2017b).
The goal of the present study is to histochemically characterize the cutaneous secretions of Cryptobranchoidea salamanders as the japanese genus Hynobiidae and compare the results with the data given for P. shermani (von Byern et al., 2015). The Japanese Oita salamander Hynobius dunni is known to use noxious skin secretions for defence (Brodie, 1977). Unpublished observations by the Austrian breeder Günther Schultschik further indicate that the cutaneous secretions released by H. dunni Tago, 1931 during animal handling appear to be adhesive. This species is endemic to Japan, restricted to the Kyushu region (Sugawara et al., 2018), and listed as vulnerable on the IUCN Red List (Stuart et al., 2008). It reaches a total length of 12–13 cm, is coloured dorsally dark greenish-brown, ventrally bluish grey and lighter on the throat (Sparreboom, 2014). The tail is short, thick at the base, and laterally compressed toward the tip (Figure 1). The animals occur in secondary forests and bamboo or paddy fields and breed in pools or ponds (Stuart et al., 2008; Sparreboom, 2014). The adhesive cutaneous secretions are released across all body parts, whereby the collectable amount appears to be greater on the tail than on the trunk or head (unpubl. observation by Günther Schultschik). Within this study special emphasis is placed on the morphology of the two cutaneous glands in H. dunni and their granular content at the ultrastructural level.
[image: Figure 1]FIGURE 1 | Overview image of H. dunni. The animals have a gray-green background color with black dots dorsally and reach a total length up to 16 cm. In their natural habitat on the Japanese Island groups of Shikoku and Kyushu they are listed as “vulnerable” according to the Japanese Amphibian Red List. Image provided by the co-author D.S.
MATERIALS AND METHODS
Three adult specimens of H. dunni (n = 3) were offspring raised in Germany by the third co-author, who provided them for this study. In Vienna, the animals were housed communally in terrariums with a substrate of moist soil and mulch at a temperature of 18°C, a humidity of 80%, and a dark-light cycle of 12:12 h. They were maintained on a diet of crickets. During cultivation, one specimen died and was immediately fixed for a morphological characterization of the skin gland system. The other two animals remained healthy and are at the time of writing still kept alive for secretion harvesting.
Secretion Collection
To collect the secretions, the animal’s legs were gently twitched with a blunt forceps at 1–2 min intervals for 10–15 min while keeping the animal in a large Petri dish, as done previously with P. shermani (von Byern et al., 2015). After 5–10 min, the animals started to exude a visible amount of a milky adhesive secretion which bonded on different surfaces (Petri dish glass, Aclar film, metal forceps, wood, and human skin). Shortly after exposure, the glue hardened strongly. This “milking” approach was repeated monthly, giving the animals a resting and recovery phase in between.
Tissue Fixation
For the histochemical analyses and lectin affinity tests, parts of the dorsal and ventral skin of the trunk, tail, and legs were fixed in an acetic-alcohol-formalin (AAF) mixture (Böck, 1989) or in Carnoy’s solution (Kiernan, 1999) for 3 h at 25°C.
For the ultrastructural analyses, tissue samples from the head, trunk and tail were immersed for 6 h at 25°C in 2.5% glutardialdehyde with sodium-cacodylate buffer (0.1 M, pH 7.4) and directly frozen in liquid nitrogen.
For fluorescence labelling and lipid characterization, the tissue was fixed in 4% paraformaldehyde (PFA), dissolved in phosphate-buffered saline (PBS; 0.1 M, pH 7.4) for 2 h at 25°C, and subsequently washed three times in PBS. Further details about the follow-up procedures are presented below.
Histochemistry, Lectin Affinity Tests
In the first approach, the isolated glue secretions were collected on glass slides, dried, and directly used for the histochemical characterization and lectin affinity tests. In the case of a positive outcome (in particular for the lectin tests), a morphological allocation towards the two glands was subsequently done using paraffin tissue samples. For this, the Carnoy and AAF-fixed samples were washed several times in 96% EtOH and immersed in methyl benzoate until they had sunk to the vial bottom (von Byern et al., 2015). Subsequently, the tissue samples were deposited first in 100% benzene (5–10 min) and then in a 50:50 benzene:paraffin mixture overnight before being infiltrated in 100% paraffin for several hours. From each region of interest (dorsal and ventral skin, tail excluding spine and legs), about 500 sections (each 7 µm thick) were cut using a Reichert-Jung 2030 rotary microtome (Co. Reichert-Jung, Germany), mounted on glass slides with Ruyter’s solution (Ruyter, 1931), and dried at 37°C before staining.
In the case of lipid characterization, only the PFA-PBS-fixed and vibratome-cut tissue samples (see below) with a thickness of 100 µm were used as the ethanol-fixed samples were considered inappropriate for this staining.
For a general overview of the dermis and its glands, Azan trichrome as well as hematoxylin and eosin (HE) staining were applied. Histochemical tests included the periodic acid-Schiff (PAS) method (McManus and Mowry, 1960) to detect the presence of hexose-containing mucosubstances. Blocking of PAS was done through acetylation for 12 h (Kiernan, 1999). Alcian Blue 8GX (McManus and Mowry, 1960) was used at pH 1.0 (only sulfated mucosubstances) and pH 2.5 (sulfated and carboxylated mucosubstances) for 1 h at 20°C in addition to Toluidine Blue O (in 0.2 M acetate buffer at pH 4.5 according to Mulisch and Welsch (2010)).
Basic proteins were detected through Biebrich Scarlet (0.04%) for 30 min at 20°C in a phosphate buffer at pH 6.0 (Spicer and Lillie, 1961) and in Laskey’s glycine buffer at pH 8.5, 9.5, and 10.5 (McManus and Mowry, 1960) (all chemicals supplied by Co. Sigma–Aldrich, United States).
Calcium was determined by Alizarin Red S (Kiernan, 1999) and von Kossa staining (Sheehan and Hrapchack, 1980).
To verify the presence of L-3,4-dihydroxyphenylalanine (L-DOPA) containing proteins in the H. dunni glue, isolated secretions and paraffin sections were stained according to Arnow’s (1937) protocol. Samples from the tube-dwelling polychaete Sabellaria alveolata were used as positive control (Becker et al., 2012).
Sudan Black B (Böck, 1989) was used to first visualize lipids in the secreted glue before repeating the staining with the vibratome slides.
Sugar moieties were characterized using 24 different lectins (all supplied by Co. Vector Laboratories Inc., United States). A summary of all tested lectins and their sugar moieties affinities can be found in table 1. In the present study, dried glue samples of P. shermani from a previous study (von Byern et al., 2015) were likewise re-examined for all 24 lectins.
TABLE 1 | Overview of the applied histochemical tests and lectin affinity tests for the two cutaneous glands in P. shermani (von Byern et al., 2015) and H. dunni. In P. shermani some stainings and lectins were additionally tested and are highlighted grey in this table.
[image: Table 1]All lectins were diluted to a final concentration of 50 mg/ml in 0.1 M PBS (pH 7.4, mixed with 1% Triton X and 5% bovine serum albumin). Initially, the dried glue samples collected on glass slides were investigated. For this, the samples were rinsed three times (for 20 min each time) in 0.1 M PBS (pH 7.4), three times in 0.1 M PBS with 1% Triton X (20 min each time), and finally in 0.1 M PBS with 1% Triton X and 5% bovine serum albumin again for 20 min. After lectin incubation on the glue samples (in a dark humidity chamber) for 60 min at room temperature, the lectin solution was rinsed first with 0.1 M PBS with 1% Triton (again three times), and then three times in 0.1 M PBS immediately prior embedding in Fluoromount-G (Co. Thermo Fisher Scientific, Austria).
Afterwards, the paraffin-embedded samples were de-paraffined two times in Rotihistol for 5 min each and afterwards hydrated in 100% isopropanol, 100, 95, 70, 50, and 30% ethanol and distilled water for 3 min each. Afterwards, the samples were rinsed in PBS as well as PBS with Triton X, as for the glue samples.
Autofluorescence was controlled by incubating sections in buffer solution without fluorescent-labelled lectin. Specific blockage with the inhibitory carbohydrate was not carried out as it could not be done for all the tested lectins.
Ultrastructure
As done earlier (von Byern et al., 2015), the glutardialdehyde-fixed samples were processed for transmission electron microscopy (TEM) as follows: Washing three times for 30 min in the cacodylate buffer (0.1 M, pH 7.4 at room temperature), immersing for 1.5 h in 1% osmium tetroxide (dissolved again in cacodylate buffer), dehydration in an ascending series of ethanol, and finally embedding the tissue sections in Epon resin (Co. Hexion, United States). After polymerization, ultrathin sections (50–70 nm; 200 sections per region in total) were prepared on a Leica UC7 ultra-microtome using ultra diamond knives (Co. Diatome AG, Switzerland). Sections were mounted on copper slot grids coated with formvar in dioxane, stained with 2.5% gadolinium acetate and 2.5% lead citrate, and examined under a Zeiss Libra 120 electron microscope (Co. Zeiss AG, Germany). Serial semi-thin sections (1 µm) were stained with Toluidine Blue O and observed under a standard light microscope (Co. Olympus, Japan).
For scanning electron microscopy (SEM), the liquid nitrogen fixed samples were cryo-fractured, freeze-dried overnight (Alpha 1–4 LSC, Co. Christ, Germany), and subsequently mounted with conductive double-sided adhesive carbon on aluminum stubs. Element analysis of the gland content was performed via energy-dispersive x-ray spectroscopy (EDAX) in backscatter mode in an SEM JEOL IT 300 (Co. JEOL, Japan) using Ametek x-ray microanalysis and the TEAM Software 4.3 (Co. Ametek GmbH, Germany). The following parameters were used: >20.000 counts per seconds, 4 kV, and dead time >32. Subsequently, the samples were sputtered with gold (instrument JEOL JFC-2300HR, Co. JEOL, Japan) and imaged at high resolution in the same instrument.
Fluorescence Labelling
The PFA–PBS fixed samples were embedded in gelatin, fixed overnight in 4% formalin, and afterwards mounted and cut with a vibratome (Mod. VT 1200S, Co. Leica Germany) into 100 µm thick sections. To visualize the nuclei, muscles, and nerve fibres in the salamander skin, the sections were incubated with 2.5% Alexa Fluor TRITC-conjugated phalloidin (R415; Co. Invitrogen, United States) and DAPI (D21490; Co. Invitrogen, United States) as well as 1:100 diluted acetylated α-tubulin (T-6793; Sigma–Aldrich, United States) with FITC-labelled secondary antibody (M308012; Co. Invitrogen, United States), following the protocols of Wollesen et al. (2009, 2010).
The L-DOPA antibody testing was used as for other glue-producing animals (Zeng et al., 2019) with the following modifications: The paraffin-embedded sections were de-paraffined as previously, washed several times in 0.1 M PBS (pH 7.4), three times in 0.1 M PBS with 1% Triton X (again for 20 min each), and finally in 0.1 M PBS with 1% Triton X and 5% bovine serum albumin, again for 20 min. The sections were then incubated in primary antibody rabbit-anti-DOPA (ab6426, Co. Abcam, United States) diluted 1:500 for 4 h at 4°C. After several washing steps with 0.1 M PBS with 1% Triton X, the samples were incubated in secondary antibody goat anti-rabbit Alexa Fluor 488 (A 11,008 Co. Invitrogen, United States) diluted 1:500 in 0.1 M PBS with 1% Triton X for 1 h at 4°C in the dark. The samples were then washed three times in 0.1 M PBS with 1% Triton X (again 20 min each), three times in 0.1 M PBS, and finally embedded in resin (Fluoromont G, Co. Invitrogen, United States).
Additional Analyses for Plethodon shermani
Within the course of this study, paraffin-embedded tissue samples of P. shermani from the previous study (von Byern et al., 2015) were additionally stained for calcium (von Kossa and Alizarin Red S) and acidic proteins (Toluidine Blue O pH 4.5). Furthermore, isolated glue samples were used for the lectin affinity tests, parallel to those for H. dunni.
RESULTS
General Structure of Hynobius dunni Skin
The epidermis has a thickness of about 50 µm dorsally and 60 µm ventrally, while the dermis is about 350 µm thick dorsally and 260 µm thick ventrally (data not statistically evaluated) (Figure 2). The epidermis contains about four to five layers of epithelial cells, showing a positive reaction for acidic (Toluidine Blue O) and basic proteins (Biebrich Scarlet at all pH values). Its nuclei furthermore reacted positive to Alcian Blue (both pH values), Toluidine Blue O, and Biebrich Scarlet at pH 6.0. PAS and both calcium stains (von Kossa and Alizarin Red S) showed no reaction in the epidermis. Back scattered electron detection from the SEM image (Figures 3A,D) confirmed the presence of potassium (Figure 3B) in this layer.
[image: Figure 2]FIGURE 2 | Cross-section image of an H. dunni tail with its epidermis (e) and dermis (d, enclosed by red dotted lines) including its two cutaneous glands. The dermis varies considerably and is thicker on the pointed dorsal side than on the ventral side. Below the dermis, the subcutaneous muscles (m), medulla (me), vertebra (v), and arcus haemalis (ah) are visible. The tail contains large accumulations of lipid droplets (l). Scale bar = 1,000 µm.
[image: Figure 3]FIGURE 3 | Element distribution in the two cutaneous glands by EDX analysis. (A) SEM image of the mucous gland and the contributing dot mapping images confirming the presence of (B) potassium and (C) phosphorous in this gland type, and for potassium also in the epidermis. (D) SEM image of the granular gland and the contributing dot mapping images confirming the presence of (E) sulfur in this gland type. The surrounding dermal tissue contains (F) sodium and chloride. Scale bar in figures A, D, E, and F = 50 μm, in figures B and C = 25 µm.
The stratum compactum of the dermis only stained positive for Biebrich Scarlet at all pH values. Pigment cells were present in between the mucous and granular glands in the stratum spongiosum. The EDX analysis revealed the presence of sodium (Figure 3F) and chloride (data not shown) in this layer.
The connective tissue in the epidermis and dermis showed strong reactivity to N-acetylneuraminic acid-linked sugars (lectin MAL) (Figure 4A) and mannose-linked moieties (lectin ConA and GNA) (Figures 4C,D) as well as a weak reaction to N-acetylglucosamine (lectin DSA) (Table 1).
[image: Figure 4]FIGURE 4 | Lectin affinity tests of the cutaneous glands. Lectin affinity tests confirm the presence of mannose-linked lectin. (A) The surrounding tissue and blood vessel membrane (white arrowhead) in the stratum spongiosum and stratum compactum show a light affinity to the lectin MAL. (B) The material of the mucous gland (white asterisk) shows a strong affinity to the lectin JAC. As also shown, the external secretion reacts to this applied lectin. (C) Positive reactions to the lectin GNL occur around the nuclei in the mucous gland (white asterisk), granular grand area (white arrow), epidermis and dermis. (D) The membranes of the granular gland area (white arrow) beside the surrounding tissue in the stratum spongiosum react positive to alpha-linked mannose (lectin ConA). Scale bar in all figures = 50 µm.
Gland Types
As shown in the literature (Duellman and Trueb, 1994) and an earlier study on the glue-producing salamander P. shermani (von Byern et al., 2015), the mucous and granular gland types in H. dunni are multicellular. Both glands are distributed across the skin and are round to oval in shape.
Each gland type contains several glandular cells that are arranged patchwork-like along the outer periphery of the glands and synthesize secretory content of a different nature (Figures 4C, 5A). Their nuclei are flat in shape, unlike those in the epidermis. Each gland is completely enclosed by a myoepithelial layer. Secretion of the glandular material takes place through a short flask-shaped open duct passing through the epidermis. In both gland types, funnel cells with elongated flat nuclei are present around the duct opening. A certain distribution pattern between the gland types could be observed in the different tissue regions: body regions:
[image: Figure 5]FIGURE 5 | Scanning electron microscopy characterization of the two cutaneous glands after freeze-drying. (A) and (B) The content of the mucous gland appears centrally as a smooth, homogenous sheet-like material. At the outer gland rim, the single gland cells, interconnected through desmosomes (white arrowhead), can be seen. (C) The secretory material of the granular glands appears as packages of different sizes. (D) Higher magnification shows that the granules are enclosed by membranes (white arrow). Scale bar in figures A and C = 50 μm, in figures B and D = 5 µm.
The mucous glands (MG) are roundish and predominantly present in the ventral body and foot epidermis. The ovate granular glands (GG) are present in all skin samples with a high abundance in the dorsal body region and tail. In the tail they are especially concentrated but larger in size than in the dorsal tail region. This gland type is rarely present in the foot skin compared to the mucous gland.
Concerning their morphology and chemical properties, however, no variations between the gland types in the different body regions of. H. dunni could be observed in this study.
Mucous Gland
The mucous gland consists of several cells, filled with large roundish to polygonal granules, containing electron-bright and dense material (Figures 6A,B), which appear as smooth, homogenous sheet-like material when freeze-dried (Figures 5A,B). The nucleus of each cell type is located at its cell periphery; in the cytoplasm, various amounts of rough endoplasmatic reticulum (RER) could be observed. The cell extensions all around the mucus cells (toward the lumen and neighbouring cells) are connected to the adjacent cells only by desmosomes (Figure 5B). In the secreted stage, only a thin alignment of secretory cells along the outer periphery of the mucous gland remains present.
[image: Figure 6]FIGURE 6 | Semithin and transmission electron microscopy characterization of the two cutaneous glands. (A) The roundish to oval mucous gland with its multicellular gland cells in the outer periphery (#) and (B) its granular content. The content of the (D) ovoid granular gland display a (C) two- or three-layered appearance near the apical gland area, while those of (F) the basal area have an electron-light sheath surround the granules. In the apical area of the granular gland, (E) a restricted granular gland area (GGA) is present. Scale bar in figures A and E = 50 μm, in figures B and C = 2.5 µm, in figure D = 100 µm.
The content of the H. dunni mucous glands showed a strong positive staining to PAS (Figure 7A, Table 1), Alcian Blue (both pH values) and Toluidine Blue O (Figure 7B) indicating the presence of hexose, sulfated and carboxylated mucosubstances. The combined staining of PAS and Alcian Blue (at pH 2.5), however, indicates that the gland cells produce different contents, whereby a few stained positive for PAS while others showed reactivity to Alcian Blue (Figure 6C). Blockage of the PAS staining was negative for the mucous gland. At Alcian Blue pH 1.0 (in combination with PAS), this clear difference could not be observed and here the stainings merged slightly, indicating the presence of sulfated glycoproteins in the gland (data not shown). A detailed characterization of the sugar moieties showed a strong affinity of the glandular content to N-acetylgalactosamines, such as JAC and VVL (Figure 4B). Mannose-linked moieties (lectin ConA and GNA) (Figures 4C,D) induced a light reactivity to the granular membranes and around the nuclei, as already given for the epidermis. The membranes furthermore showed a light affinity to N-acetylglucosamine (lectin WGAs) (Table 1).
[image: Figure 7]FIGURE 7 | Histochemistry of the two cutaneous glands. Histochemical staining confirms the presence of (A) hexose-containing mucosubstances (PAS staining) and (B) acidic proteins (Toluidine Blue) in the mucous gland (black asterisks). The content of the granular gland (black hashtag) partly stains positive for PAS in image A. (C) The combined staining (Alcian Blue pH 2.5 and PAS) shows that mucous glands (black asterisks) produce different material; pink stains positive for PAS and blue for Alcian Blue. (D) The mucous glands (black asterisks) also contain calcium (von Kossa staining). The content of the granular glands (black hashtag) reacts positively to (E) basic proteins (shown here Biebrich Scarlet pH 9.5) as well as to (F) L-DOPA (Arnow staining). Scale bar in all figures = 50 µm.
Additionally to the mucosubstances, some glands were positive for calcium (von Kossa but negative for Alizarin Red S), and this element was also secreted, as shown in Figure 7D. The mucous gland was negative for Biebrich Scarlet at all pH values.
In the mucous gland, potassium (Figure 3B), and phosphorous (Figure 3C) were detected by EDX analysis from the SEM image (Figure 3A).
Granular Gland
The granular gland is ovoid to tubular in shape (Figure 6D). As in the mucous cells, the nuclei of the glandular cells are located at the outer periphery (Figure 5C). In addition, a significant amount of rough endoplasmatic reticulum surrounds the nuclei. The gland cells produce spherical to ovoid granules (Figure 5D), with a two- or three-layered appearance near the apical gland area: an electron-lucent core surrounded by a membrane, an electron-dense middle layer, and small dark spots in the outer margin (Figure 6C). Granules located in the basal area of the glands have an electron-light sheath, which is tightly packed and has a polygonal appearance (Figure 6F). This sheath is lacking in granules in the apical and central areas.
Hexose-containing mucosubstances (PAS staining) as well as sulfated and carboxylated glycoproteins (Alcian Blue at a pH 1.0 and 2.5 combined staining with PAS) and acidic proteins (Toluidine Blue O pH 4.5) were negative in the H. dunni granular gland (Table 1). The granular content was also negative for calcium (Alizarin Red and von Kossa staining) and lipids (Sudan Black B staining). Also, no affinity to any tested lectin could be found.
Instead, the content of the granular gland reacted strongly to basic proteins at pH 6.0 and 8.5 (Biebrich Scarlet staining), slightly stronger in the dorsal and tail epidermis than in the ventral and foot layers. With increasing pH level (9.5) of the Biebrich Scarlet (Figure 7E), the staining ability decreased, becoming barely visible at 10.5 in the epidermis. Also, some granules exhibited a dark red central core, indicating a higher density or stronger staining reaction, than in the granular periphery. Besides Biebrich Scarlet, the granules also reacted positively to Arnow staining, indicating the presence of L-DOPA in this gland type (Figure 7F), while tests with the respective anti-conjugated L-DOPA antibody remained negative. In the granular glands, sulfur (Figure 3E) could be detected (Figure 3D).
Granular Gland Area
Apart from the large GG cells described above, a restricted granular gland area (GGA) is also present in H. dunni, as observed previously for P. shermani (von Byern et al., 2015). This area is filled with large granules of uniform electron-dense material (Figure 6E). The nucleus of each cell, flat in shape, is located in the periphery; RER is barely visible.
The content of the GGA showed only a moderate reactivity to calcium (von Kossa staining), and its nuclei stained positive to Alcian Blue (both pH values), Toluidine Blue O and Biebrich Scarlet at pH 6.0, as also given for the nuclei of the surrounding tissue. All other applied stainings remained unreactive.
As observed for the mucous gland and the surrounding tissue, the granular membranes in the granular gland also showed a slight positive affinity to mannose-linked residues (lectin ConA and GNA) (Figures 4C,D). All other lectin tests were negative.
P. shermani Gland Re-examination
The histochemical re-examination of the P. shermani cutaneous glands showed a positive reaction to Toluidine Blue O, but they were negative for both calcium stainings (Alizarin Red and von Kossa). Detailed characterization of the sugar moieties in P. shermani showed a strong affinity of the glandular content to N-acetylgalactosamines, such as JAC and weaker to VVL, as confirmed in H. dunni (Table 1). As for H. dunni, the anti-conjugated L-DOPA antibody also remained negative in P. shermani.
DISCUSSION
Although amphibian skin has various gland types and specific gland regions, two cutaneous gland types (mucous and granular glands) dominate the integument. The skin secretions have a wide variety of functions as defence, as a protective barrier, and for physiological regulation and respiration (Zug et al., 2001). Detailed morphological and chemical studies on these two cutaneous glands have been given for Ambystomatidae (e.g. Ambystoma gracile) (Brodie and Gibson, 1969), Plethodontidae (e.g. Plethodon cinereus, Eurycea bislineata) (Sever, 1989; Hecker et al., 2003; Sever and Siegel, 2015) and Salamandridae (e.g. Pleurodeles waltl) (Heiss et al., 2009). Histochemical and ultrastructural studies of the gland content of the glue and toxin-releasing species (Pleurodeles waltl and P. shermani) (Heiss et al., 2009; von Byern et al., 2015) indicate significant differences in view of the granules’ appearance and staining reactivity. In the present study, we aim to focus on the Old World salamander H. dunni (Sparreboom, 2014) and verify the morphological and chemical differences to the data given for P. shermani (von Byern et al., 2015).
Gland Morphology
The results for H. dunni agree with the previous literature (Zug et al., 2001), confirming the presence of the mucous and granular gland types in the integument. According to the literature, the mucous glands are primarily dorsally located, while the granular glands are concentrated on the head and shoulders (Zug et al., 2001). In H. dunni and P. shermani the distribution is the opposite, with the mucous glands being distributed ventrally to a higher extent, and even on the foot (confirmed for H. dunni), while the granular glands show a higher density dorsally and in the tail region (von Byern et al., 2015 and present study). Nevertheless, in both species both gland types are involved in glue formation, as indicated by the histochemical results, although the extent to which each gland type contributes remains unclear. Observations (pers. comment first author) show that the adhesive secretions are primarily secreted from the tail and the dorsal side, and they have thus far not been observed through the skin of the foot region.
Ultrastructurally, the secretory droplets of the mucous gland in H. dunni somewhat agree with the data given for P. shermani (von Byern et al., 2015). While in P. shermani three different granule types (electron-dense, electro-bright, and fine-grained) appear, the granules of H. dunni partly concentrate and become electron-dense. A certain similarity with the H. dunni mucous content is given for the relevant gland type in P. waltl, which likewise contains only granules with a few dark spots or an opaque centre (Heiss et al., 2009).
On the other hand, the content of the granular glands in H. dunni (present study) exhibits a three-layered appearance as found in P. shermani (von Byern et al., 2015). The granular glands in P. waltl instead contain homogeneously distributed granules (Heiss et al., 2009). As shown for P. shermani (von Byern et al., 2015), also in H. dunni “the dark or spotted areas within the granules remain unclear and could not be verified histochemically; either the various granule types represent different stages of maturation or degrees of condensation or artifacts caused by the fixation process.”
Gland Chemistry
The mucous glands in H. dunni react positively for carboxylated glycoproteins (e.g. Alcian Blue at pH 2.5 as well as strong PAS staining) and weakly for sulfated groups (e.g. Alcian Blue at pH 1.0). This resembles to results for P. shermani (von Byern et al., 2015) and most other glue or toxin-producing species (Brodie and Gibson, 1969; Hensel and Brodie, 1976; Sever, 1989; Hecker et al., 2003; Largen and Woodley, 2008; Heiss et al., 2009). However, exceptions exist among amphibians; in P. waltl, for example, the content of the mucous gland only stains positive for PAS and it lacks carboxylated mucosubstances (negative Alcian Blue pH 2.5 staining) (Bueno et al., 1981). The present study also confirms similarities in view of one of the major sugar moieties (lectin JAC) to P. shermani, indicating the presence of galactose-linked glycoproteins in the mucous gland material. Besides, mannose-linked moieties (lectin ConA and GNA) and the N-acetylglucosamine related sugars (lectin WGAs) are also part of the granules. However, the P. shermani lectin affinity tests were performed with 100 µm vibratome sections (von Byern et al., 2015), and not with 7 µm paraffin sections as in the case of H. dunni. Therefore, differences in the staining intensity and locality (i.e. granule content, granule membrane, etc.) of the sugar moieties are to be expected. In general a clear histochemical and lectin affinity congruence has been observed for the mucous glands of both glue-producing species.
The secretory material of the granular glands in H. dunni is of a proteinaceous nature, as indicated by the positive Biebrich Scarlet staining (present study), with slight staining differences related to the pH value: Those of P. shermani decrease with increasing pH value, while the granular gland content in H. dunni remains positive at all values (von Byern et al., 2015 and present study). In other salamanders (i.e., P. waltl, Ensatina eschscholtzii oregonensis), the granular gland reacts positively for basic glycoprotein components (positive PAS and Biebrich Scarlet/Bromphenol Blue/Naphthol Yellow S reaction) (Kuchta et al., 2008; Heiss et al., 2009; Sever and Siegel, 2015) and (at least P. shermani) has a certain affinity to N-acetylglucosamine related lectins as WGA and UEA II (von Byern et al., 2015). Such reactivity could not be observed in H. dunni. Its content shows no affinity to sugar at all. Surprisingly, the H. dunni granular gland material as well as the secreted glue clearly stained positive for 3,4-dihydroxypheny-L-alanine (L-DOPA) using Arnow staining, confirming this well-known key adhesive molecule for the first time in salamander secretions (see chapter below).
Nevertheless, the here tested anti-conjugated L-DOPA antibodies were negative in relation to the positive results given for tunicates (Zeng et al., 2019). It remains unclear whether the antibodies showed no antigenicity response because paraffin-embedded tissue sections were used in this study. Alternatively, the L-DOPA in H. dunni may be linked in the granules and glue, inhibiting a clear reactivity. Further tests with native tissue and glue are planned to morphologically confirm the presence of L-DOPA in the granular glands beyond its chemical confirmation (see below).
The “third gland type” (granular gland area—GGA) adequately addressed in P. shermani (von Byern et al., 2015) could also be observed in H. dunni (present study). While the GGA in P. shermani has a distinct histochemical composition similar to that of the MG (Table 1), the GGA in H. dunni reacts positive to calcium. Also, consistency with the “modified granular glands” (MGG) (Staub and Paladin, 1997; Largen and Woodley, 2008) or “caudal courtship glands (CCG)” (Sever and Siegel, 2015) could be excluded as both showed a clear reactivity to sugars (PAS staining) and basic proteins (Naphthol Yellow S staining). Therefore, it could be assumed that the GGA in H. dunni show a different staining effect than that in P. shermani (von Byern et al., 2015). However, its involvement in the granular gland material formation of. H. dunni or even secretion remains unclear as the positive calcium staining in the isolated glue could have originated from the mucous gland as well.
Glue Formation
According to the literature, the mucopolysaccharide and proteoglycan secretions from the mucous gland form the slippery and slimy amphibian mucus (Zug et al., 2001). The granular gland, on the other hand, contains various substances, including biogenic amines (catecholamines and indolealkylamines) (Brandon and Huheey, 1981; Habermehl, 1981), toxins (Daly et al., 1994; Mebs and Pogoda, 2005), alkaloids (Brodie and Gibson, 1969; Brodie et al., 1979; Hamning et al., 2000), and different types of proteins (Williams and Larsen, 1986). Meanwhile, studies on the glue-producing salamander P. shermani have shown that both cutaneous glands are involved in glue formation (Largen and Woodley, 2008; von Byern et al., 2015). Histochemical and lectin affinity tests confirm that also in H. dunni, the content of both gland types and both body regions (dorsal/ventral) seems to be involved in the glue formation. This may also be the consequence that in the foot region less or no glue is released, related to the small number of granular glands present there.
L-DOPA Presence
3,4-dihydroxypheny-L-alanine (L-DOPA) is probably the best-characterized compound in the field of bioadhesion and it is prominent in the literature for its numerous novel biomimetic and adhesive-inspired applications (Hofman et al., 2018; Li et al., 2020; Kang et al., 2021). Thus far, L-DOPA has been confirmed in the glue of a few species, including bacteria (Alteromonas spp.) and marine invertebrates such as molluscs (Mytilus spp.), annelids (Phragmatopoma spp., Sabella spp.), and Platyhelminthes (Entobdella spp.) (Richter et al., 2018). L-DOPA has been detected in the glue of P. shermani by amino acid analyses (von Byern et al., 2017a) but in very low amounts (0.1 residues per hundred) compared the marine annelid Phragmatopoma spp (2.1 residues per hundred). The respective Arnow staining (von Byern et al., 2015) and L-DOPA antibody test (present study), however, remain negative in P. shermani. Thus far, L-DOPA has not been confirmed in the glue of any terrestrial or vertebrate species, including the glue-producing amphibians Breviceps spp. (Evans and Brodie, 1994) or Notaden spp. (Graham, 2005; Graham et al., 2006; Tyler, 2010; Graham et al., 2013). Further amino acid analyses are planned to quantify the L-DOPA amount in the H. dunni glue and verify its involvement in the glue formation and hardening.
Tribological Properties of Salamander Glues
To date, most bioadhesives from animals are mainly characterized chemically in particular as only a few microgram are necessary to analyse its composition, identify relevant key molecules and design recombinant analogues as the case for L-DOPA.
Characterizations of its tribological properties are rarely and limited to a few species only, mainly because the sample amount is often too low for the demanded measurements, the secretions could hardly being isolated or then show insufficient performance under in vitro conditions. Also in the case of amphibian adhesives as Notaden glue (Graham, 2005) the given tribological characteristics are insufficient although unpublished observations show remarkable performance concerning its hydrodynamic, wetting and adhesive properties:
Rheological properties of the P. shermani glue indicate a high water loss after secretion with a total weight loss of around 70% (von Byern et al., 2017a). While also in other species a water content of 85–90% (in the frog Notaden) or even up to 98% in the New Zealand glowworm larvae Arachnocampa luminosa could be measured (von Byern et al., 2017a; Wolff et al., 2021) a clear indication for a hydrodynamic performance after secretion is not stated. Up to know, no information is given for H. dunni, however a weight loss due to glue curing could likewise be observed. The secretions of H. dunni and P. shermani transform rapidly into a resin-like solid and adhere tightly to a wide range of materials, including glass, plastic, metal, or human skin (unpub. observation by the first author) as given for Notaden (Graham, 2005). Unpublished contact angle measurement for P. shermani indicate that the secretion appear hydrophilic after release but transform into a hydrophobic resin-like secretion after water loss and hardening. While marine species as mussels (850 kPA) and barnacles (>2 MPa) show a high bonding strength under wet conditions and after long curing time, amphibian species as the Australian frog Notaden reach strength values up to 78 kPA under wet and dry conditions within minutes (Graham, 2005). As hypothesized for Notaden (Graham et al., 2005) it remains unclear whether the salamander glue also represents a pressure-sensitive adhesive (PSA). The fact that the secretion of both glands contributes in the glue formation, that a strong loss of water is given after secretion and, in the case of H. dunni, L-DOPA may participate in the bonding effect presently favours also a chemical bonding mechanism as is the case in other glue-producing animals. The question arises whether the presence of L-DOPA in H. dunni results in different tribological properties and bonding strength in relation to L-DOPA free adhesives in other glue-producing salamanders or amphibians as Notaden. Although most bioadhesives are per se hydrogels as mentioned above (Graham, 2005; Richter et al., 2018; Richter et al., 2019), such a high and fast water loss as observed for the salamander glue are not documented. Further studies are planned to determine the tribological properties of salamander adhesives, to understand its hydrodynamics and use this phenomena to design novel adhesives with improved lubrication features as planned with ex vivo models (Pailler-Mattei et al., 2015).
Demand of Bioadhesives in Future
The characterization and use of biological adhesives represent a promising area for the production of smart, biocompatible, and sustainable adhesives and sealants to various engineering domains (Kang et al., 2021). For example, a natural polymer based on mussels’ glue components is used as surgical tissue adhesive (Lee et al., 2007; Mahdavi et al., 2008; Haller et al., 2011) while the visco-elastic properties of snail mucus provide new applications as patch for wound healing (Li et al., 2017). With the increasing progress in the tissue engineering and regenerative sector there will be surely much more demand for special adhesives with improved adhesion properties not only to covalently bind biomaterial to tissue but also as site-specific drug delivery (Mehdizadeh and Yang, 2013). Given medical glues base on proteins like fibrin and BSA-glutaraldehyde or synthetic cyanoacrylates, epoxy, or urethanes suffer from weak bonding strengths or negative side effects (toxic reaction products, inflammatory reactions or danger of contamination with viruses) (Rimpler, 1996; Donkerwolcke et al., 1998; Heiss et al., 2006; Blume and Schwotzer, 2010; Richter et al., 2019). This call for efforts is necessary to discover and to develop new biomimetic glue prototypes. The high bonding strength of amphibian glues and their ability to adhere onto dry surfaces makes this biomaterial interesting for practical applications in the industrial (Tyler and Ramshaw, 2002; Tyler, 2010) and medical sector (Millar et al., 2009; Szomor et al., 2009).
CONCLUSION
Although amphibians share the same skin organization, large differences appear in view of the characteristics of the integumentary mucous and granular gland. Their involvement in adhesive secretions has already been demonstrated chemically in North-American salamanders. The present study shows that also Japanese species as H. dunni produce adhesives as defence. The presence of L-DOPA in the glue of this terrestrial vertebrate is a novelty as this key molecule has so far only been detected in the adhesives of marine invertebrates. However, its participation in the glue formation and hardening is far from being settled.
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The following lectins showed no affinity to the glue of Plethodon shermani and Hynobius dunni: EEA, ECA, GSL Il, LEL, PNA, SNA, STL, DBA, GSL 1, LC. The data indicate that differences
are in particular given for the granular glands, which are more alkaline in H. dunni and positive for calcium (von Kossa staining) and L-DOPA (Arnow staining). In view of the lectin residuals, a
simiar affinity could be observed, whereby the giue of H. dunni showed a strong positive reaction to N-acetylgalactosamine (lectin JAC and WL). In P. shermani mannose-linked lectins
(ConA and GNA) are also found.
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