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Abstract

Risso's dolphin (Grampus griseus) is renowned for its prominent scarring, often

resulting from tooth-rake marks during dolphin interactions or bites from cookiecutter

sharks (Isistius brasiliensis). These scars are typically gray to white, making them

conspicuous on the skin of Risso's dolphins. The hypopigmented scars in Risso's

dolphins exhibit distinctive and highly repetitive characteristics. The healed white scars,

which represent previously deep wounds caused by cookiecutter shark bites, can be

divided into four parts from the center to the outermost layer: (1) the central white area,

(2) migrating lines, (3) periphery area, and (4) the unwounded skin. This study

represents the first investigation into the histology of Risso's dolphin skin and the

pathology of hypopigmented scars, revealing that the darker skin regions contain a

higher number of melanocytes compared to the lighter regions, while even the white

skin still contains a small number of melanocytes. Additionally, darker skin areas

exhibit more melanin granules than lighter skin areas, and some melanin granules are

also present in the white skin areas. In the hypopigmented scars of Risso's dolphins, no

melanocytes or melanin granules were observed. These findings differ from the

characteristics of hypopigmented scars in human and duroc pig, where melanocytes are

still present but melanin granules are absent. The study also observed melanocytes

detachment in the healing wounds of Risso's dolphins. Furthermore, strong melanocyte-
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inhibiting factors, such as Dickkopf-1, were found in the reticular dermis. Taken

together, this evidence suggests that the mechanism of hypopigmented scars in Risso's

dolphins differs from that in terrestrial animals and shares similarities with the

pathological features observed in human vitiligo patients.

Keywords: dolphin, Risso’s dolphin, hypopigmented scar, melanocyte loss, melanocyte

detachment, SCF, DKK1
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Chapter 1 Introduction

1.1 Hypopigmented scars of Risso’s dolphins

Risso's dolphins (Grampus griseus) are distributed across temperate and tropical

oceans, and they exhibit a noticeable preference for habitats characterized by steep

shelf-edges (Baird, 2009). These habitats are typically found at depths ranging from

approximately 400 to 1000 meters (Azzellino et al., 2008; Baird, 2009; Canadas et al.,

2002). The distribution of Risso's dolphins appears to be influenced by water

temperature, as they are predominantly found in waters ranging from 15°C to 20°C,

while their occurrence in waters below 10°C is rare (Baird, 2009). It is widely believed

that Risso's dolphins are deep diving species which primarily rely on cephalopods as

their main source of food (Blanco et al., 2006). The physical appearance of Risso's

dolphins is exceptionally distinctive and conspicuous. Their head is characterized by a

prominent vertical crease along the anterior surface of its melon. In most individuals,

the upper jaw is devoid of teeth, while the lower jaw typically contains a limited

number of teeth, ranging from 2 to 7 pairs (Baird, 2009).

The skin color patterns of Risso's dolphins undergo significant changes throughout

their lifespan. Base skin appearance of infants is gray to brown, while their ventral side

appears creamy-white. A distinct white anchor-shaped patch is present on the chests,

along with white markings around the mouth. As infants mature, their skin color

1

doi:10.6342/NTU202302888



gradually darkens, often reaching near-black shades, while retaining the anchor-shaped

patch on the chest. Due to the accumulation of numerous white scars, adult dolphins

tend to lighten in color as they age (Baird, 2009; Bearzi et al., 2011). Older individuals

can turn almost entirely white, with the exception of dorsal and pectoral fin, which

remains dark in most populations. Notably, there is no reported evidence of sexual

dimorphism in relation to color pattern (Bearzi et al., 2011).

Risso's dolphins are famous for their heavily scarred features, which are primarily

caused by aggressive interactions with conspecifics. Scars on Risso's dolphins can also

be created by marks from squid beaks or tentacles, scrapes resulting from entanglement,

snake-like scars likely caused by larva migrans (Mariani et al., 2016), and deep wounds

created from cookie cutter shark bites (Grace et al., 2018). These types of scars often

appear white, and this characteristic can persist for a long period (Bearzi et al., 2011;

Mariani et al., 2016). The white scar feature has been widely utilized for photo

identification (photo-ID) (Bearzi et al., 2011; Hartman et al., 2008; Maglietta et al.,

2018). Furthermore, the age estimation of Risso's dolphins has also been studied based

on the accumulation of scars (Hartman et al., 2008, 2016; Mariani et al., 2016). It has

been observed that adult females exhibit lower levels of scarring compared to males and

are not typically observed in the whiter skin classes, suggesting that male dolphins

engage in more frequent aggressive interactions with each other (Hartman et al., 2016).

2
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Another observation has shown that hypopigmented scars can disappear through

repigmentation, and this phenomenon was mostly happened in immature individual

(Mariani et al., 2016). This result may indicate that young individuals possess a stronger

ability to restore their original skin color compared to older individuals. To date, studies

on hypopigmented scars in Risso's dolphins have predominantly relied on photographic

data, with no research conducted on the pathological characteristics of these scars.

1.2 Repigmentation in dolphins

Cetaceans exhibit a distinct cutaneous anatomy that is believed to represent an

adaptation to their aquatic environment (Wainwright et al., 2019). The skin of dolphins

is characterized by a smooth and rubbery texture, devoid of hair follicles or other skin

appendages, although newborn dolphins do possess hairs on the rostrum, which are shed

shortly after birth. The epidermis of dolphin skin is divided into three layers: the stratum

externum, the stratum spinosum, and the stratum basale (also known as the stratum

germinativum), while the stratum granulosum and the stratum lucidum are absent. In the

stratum externum, most of the cells retain flattened nuclei, which is referred to as

parakeratosis (Cozzi et al., 2017). Cetacean skin exhibits several remarkable features,

including a thick epidermis with elongated rete ridges that intricately interdigitate with

dermal ridges, also known as dermal papillae. This unique architectural arrangement is a

distinguishing characteristic of cetacean skin. Moreover, the dermis of cetaceans

3
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comprises a complex network of collagen fibers, which contribute to the structural

integrity and mechanical strength of the skin. Within the reticular dermis, blood vessels

and nerve fibers are prominently visible (Su et al., 2023). Situated beneath the dermis is

blubber, an intricately layered subcutaneous adipose tissue unique to marine mammals

(Iverson, 1985). This blubber matrix comprises abundant adipocytes intricately woven

with blood vessels, nerves, collagen fibers, and elastin fibers (Hashimoto et al., 2015;

Reeb et al., 2007).

Several prior research studies have been dedicated to investigating melanocytes

and melanin granules in the skin of cetaceans. Melanin granules are present in every

layers of epidermis in cetacean skin, including the stratum corneum. The granules were

positioned apically within the cells and created an "umbrella-like" structure that covered

the nucleus of the keratinocytes. These traits have been reported previously for

melanocytes of odontocetes and mysticetes (Martinez et al., 2011; Morales et al., 2017).

Keratinocyte realignment of melanin has been described in humans and is known to

constitute a protective response against UV (Menon, 2002; Rastogi et al., 2010). The

extensive distribution of melanin granules was regarded as a distinctive photoprotective

characteristic of cetaceans, aiding in their adaptation to aquatic life. (Morales et al.,

2017).
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Dolphins have been reported to possess remarkable cutaneous wound healing

capacity (Bossley et al, 2014; Su et al, 2022a; Elwen et al, 2010; Zasloff, 2011). There

are studies have explored the histological characteristics of skin wound healing in

cetaceans, specifically in bottlenose dolphins and beluga whales (Bruce-Allen & Geraci,

1985; LJ. Bruce-Allen & J. R. Geraci, 1987). These studies revealed that the healing

process in these species involves similar cellular and vascular changes as observed in

humans and laboratory animals. Unlike terrestrial mammals, cetaceans do not form

solid fibrin clots or scabs during wound healing. Instead, the wound surface in cetaceans

is covered by a layer of degenerative cells interspersed with vesicles. Furthermore, some

dolphin species even have the ability to restore their original skin pigmentation pattern.

A recent study on Fraser's dolphins (Lagenodelphis hosei) demonstrated their

remarkable ability to achieve complete repigmentation following full-thickness injuries

(Su et al., 2022b). The study revealed that the number of melanocytes and the skin color

pattern in healed wounds returned to a state similar to that of unwounded skin. Notably,

during the healing process of wounds in Fraser's dolphins, melanocytes and melanin

granules can be observed in the migrating tongue of the closing wound. This finding is

similar to observation in migrating tongue of guinea pigs (Snell, 1963), while the

situation is different from human due to the delayed recruitment of melanocytes (Heath

et al., 2009). It was believed that the achievement of successful repigmentation

5
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following skin injury depends on various factors, including the migration of functional

melanocytes into the neoepidermis and the synthesis as well as transfer of melanin to

neighboring keratinocytes (Chadwick et al., 2013). Previous studies on Fraser's dolphins

have provided valuable insights into the fundamental mechanisms underlying their

repigmentation ability. However, despite sharing similar cutaneous histology

characteristics, there exists a significant disparity in the appearance of scars between

Fraser's dolphins and Risso's dolphins. Unlike Fraser's dolphins, the basic knowledge of

skin pigmentation in Risso's dolphins are unknown, including the melanocyte number

and melanin distribution in different skin colors.

1.3 Abnormal pigmentation of scars

Melanocytes are recognized as cells responsible for producing melanin, which plays

vital physiological roles in photoprotection, pigmentation, and immunity. (Costin and

Hearing, 2007; Gasque and Jaffar, 2015). Melanocytes produce melanin within

membrane-bound organelles known as melanosomes. Subsequently, these melanosomes

are transferred to the neighboring keratinocytes and positioned on the sun-exposed side

of nuclei to provide protection to the epidermis against ultraviolet radiation (UVR).

(Ando et al., 2012). Differences in human skin tone reflect variations in the number,

size, composition and distribution of melanosomes, while melanocyte numbers

generally remain relatively consistent across different ethnicity (Costin & Hearing,

6
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2007; Jennifer Y. Lin & David E. Fisher, 2007). Although normal skin pigmentation is

relatively well comprehended, the mechanisms underlying both hypopigmentation and

hyperpigmentation in scars remain less clear (Jennifer Y. Lin & David E. Fisher, 2007;

Travis et al., 2015). Scars with abnormal pigmentation can be a serious complication for

people who suffered from full thickness cutaneous injury. Deficiency of melanin in

hypopigmented scars would increase the risk of UVR damage, including sunburn and

skin malignancy (Shah et al., 2012). The treatment of scarring has long been an issue for

plastic surgeons. Currently, there is still lack of definitive treatments for hypopigmented

scar (Carney et al., 2018; Shah et al., 2012).

Several researches for hypopigmented scars have been done on Duroc pig, which

are known to scar badly. Studies have demonstrated that the subsequent healing process

of a full-thickness wound created on the flank of Duroc pigs results in the formation of

abnormal pigmented hypertrophic scars, characterized by central hypopigmented

regions surrounded by hyperpigmented regions (Carney et al., 2021; Travis et al., 2015).

Regions of hypopigmented scar didn’t contain melanin, while hyperpigmented scar had

diffuse melanin throughout every layer of epidermis, which is similar to surrounding

unwounded skin. Although macroscopic scar appearance is related to microscopic

melanin deposition, the numbers of melanocytes stay approximately equal in both

hyperpigmented and hypopigmented tissues (Bonnie C. Carney et al., 2019; Carney et

7
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al., 2021; Travis et al., 2015). Furthermore, hypopigmented scars have inactivated

melanocytes with almost no dendrite compared to activated melanocytes with more

dendrites in hyperpigmented scars (Carney et al., 2021; Shruti Dutta et al., 2020). The

findings in human dyschromic hypertrophic scars are similar to those observed in Duroc

pigs. A recent study on human dyschromic hypertrophic scars revealed that regions of

hyperpigmentation and hypopigmentation contained the same number of melanocytes.

Similar to swine, hypopigmented regions in humans were found to contain inactivated

melanocytes with fewer dendrites, while hyperpigmented regions exhibited activated

melanocytes with more dendrites (Carney et al., 2021).

Melanin production in melanocytes is a complex process that is regulated by

multiple extrinsic factors. Several extracellular signals are transduced through dedicated

signaling pathways, which ultimately converge on microphthalmia-associated

transcription factor (MITF). MITF is a transcription factor involved in various

mechanisms that modulate melanogenesis (Serre et al., 2018). Upon damage to

keratinocytes caused by UVR, the tumor protein 53 (p53) is upregulated (Jennifer Y. Lin

& David E. Fisher, 2007). Subsequently, p53 acts as a transcription factor, promoting

the upregulation of pro-opiomelanocortin (POMC), the precursor of adrenocorticotropic

hormone (ACTH) and a-melanocyte stimulating hormone (a-MSH). ACTH and a-MSH

then bind to the melanocortin 1 receptor (MC1R) present on melanocytes, eventually

8
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leading to the transcription of MITF (Jennifer Y. Lin & David E. Fisher, 2007; Serre et

al., 2018). Concurrently, stem cell factor (SCF), a growth factor secreted by

keratinocytes and fibroblast, binds to melanocyte stem cell factor receptor (cKIT)

(Cichorek et al., 2013; Serre et al., 2018). This ligand-receptor interaction activates

several pathways, including AKT and MAP kinase pathways. These kinase cascades

phosphorylate MITF, resulting in the stimulation of melanogenesis (Jennifer Y. Lin and

David E. Fisher, 2007; Park et al., 2009; Serre et al., 2018). In the study of Duroc pig,

the melanogenesis of hypertrophic scars does not follow the conventional mechanism

involving the p53 pathway induced by UV-light exposure. Instead, it proceeds through a

distinct pathway specific to hypertrophic scars. In comparison to the hyperpigmented

regions, hypopigmented regions exhibit reduced levels of certain factors, such as

POMC, ACTH, a-MSH, SCF, as well as receptors including c-KIT and MCIR (Carney

et al., 2019). However, the regulation of melanocytes in scars and the exact mechanism

behind abnormal pigmented scar are not yet fully understood.

Interestingly, the hypopigmented scars in terrestrial animals and marine mammals

appear quite similar in appearance, despite the significant differences in their skin

architecture features. The factors contributing to this divergence remain unclear and

require further investigation. However, our current understanding regarding the basic

histopathological characteristics of white scars in Risso’s dolphins remains unknown.

9
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This study focused on extracellular factor such as stem cell factor and Dickkopf-1. Stem

cell factor (SCF), also known as Kit ligand (KITLG) or mast cell growth factor, is

produced in various cell types in the skin, such as keratinocytes, fibroblasts, and

endothelial cells (Grabbe et al., 1994). The receptor for SCF, ¢-KIT, is expressed on the

surface of melanocytes (Grichnik et al., 1998). Several studies have demonstrated that

SCF plays a critical role in the development, differentiation, proliferation, and

melanogenesis of melanocytes (Li et al., 2018). Dickkopf-1 (DKK1) is a secreted

antagonist of the canonical Wnt signaling pathway, which interacts with the Wnt

receptor lipoprotein receptor-related protein 6 (LRP6) (Yamaguchi et al., 2007). DKK1

inhibits the melanogenesis and proliferation of melanocytes (Yamaguchi et al., 2007,

2008). The aim of this study including investigates the migration of melanocytes, the

regulation of melanin production, and the factors governing melanocytes proliferation

and migration in hypopigmented scars of Risso’s dolphins.

10
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Chapter 2 Materials and methods

2.1 Sample collection and preparation

Skin samples were obtained from five deceased stranded Risso's dolphins in Taiwan,

as elaborated in Table 1. All procedures involving animals were conducted under the

authorization of the Ocean Conservation Administration (OCA), Taiwan (Permit

#120004572). The evaluation of body condition and carcass condition was conducted

following methodologies established in earlier research (Melissa et al., 2014). The

samples included normal skin and full-thickness wounds created by cookie cutter shark

(Isistius brasiliensis) bites. Dark skin samples were collected from dorsal-lateral, dark-

gray skin samples from lateral trunk, light-gray skin samples from peduncle, grayish

withe samples from thorax and white skin samples from ventral side. The sampling

locations (N1-10) in the current study are shown in Figure 1. Full-thickness wounds

were categorized into stages 1 to 5, as outlined in a previous study. (Figure 2,3) (Su et

al., 2022a). The sampling locations within the hypopigmented scars are shown in Figure

4. Tissues were fixed in 10% neutral buffered formalin for a period of 3 days, followed

by embedding in paraffin.

2.2 Fontana-Masson staining

Skin samples were sectioned into 4 um slices for Fontana-Masson staining. The

slides underwent deparaffinization using xylene, followed by gradual rehydration

11
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through a series of ethanol solutions. Subsequently, Fontana-Masson staining was
performed according to established protocols. Photomicrographs were acquired utilizing
a Whited WM 100 microscope (Whited, Taiwan).
2.3 Immunohistochemical staining

The skin tissues were sliced into 7 um slices for immunohistochemical (IHC)
staining. These sections were then baked at 60°C for one hour, followed by
deparaffinization and rehydration. Antigen retrieval was carried out using Uni-trieve
(Innovex Biosciences, Richmond, CA, USA) overnight at 40°C. For IHC study, the
Super sensitive™ polymer-HRP detection system (BioGenex Laboratories Inc., Los
Angeles, CA, USA) was utilized. The sections were rinsed in TBST (Tris-buffered
saline with 0.1% Tween® 20 Detergent) after each step. In order to block non-specific

binding, the sections were treated with Power Block™

universal blocking reagent
(BioGenex Laboratories Inc., Los Angeles, CA, USA) for 10 minutes at room
temperature. The slides were incubated overnight with cocktail primary antibodies
(ab733, Abcam, Cambridge, UK, diluted 1:50) in Power Block™ at 4°C. After the
overnight incubation, the sections were subjected to a 20 minute exposure to 1%
methanol peroxide at room temperature. Subsequently, the Super enhancer™ reagent

was applied for 30 minutes at room temperature, followed by the application of Polymer

HRP reagent for 1 hour at room temperature. Next, the sections were incubated with a

12
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3-amino-9-ethylcarbazole (AEC) substrate solution at room temperature for 7 minutes.
Counterstaining was performed using Mayer's hematoxylin for 20 seconds. Finally, the
sections were mounted with aqueous mounting media. Photomicrographs were acquired
utilizing a Whited WM 100 microscope (Whited, Taiwan).
2.4 Melanocytes counting

Immunohistochemical (IHC) staining was conducted using a cocktail antibody
(ab733, Abcam, Cambridge, UK, diluted 1:50) to assess melanocyte count. Cells
exhibiting positive staining were manually enumerated along the basement membrane
within a X500 viewing field. The extent of the basement membrane examined ranged
from 15 to 200 mm, contingent upon wound dimensions and skin coloration patterns.
The findings are presented as the number of melanocytes per millimeter.
2.5 Immunofluorescence staining

Skin tissues were sectioned into 7 um slices for immunofluorescence (IF) staining.
Sections were baked at 60°C for one hour. Deparaffinization was carried out using
xylene, followed by rehydration through graded ethanol. Between each subsequent step,
the sections were rinsed in TBST (Tris-buffered saline with 0.1% Tween®20 Detergent)
for 5 minutes, repeated 2-3 times. Antigen retrieval was performed overnight at 40°C
using Uni-trieve (Innovex Biosciences, Richmond, CA, USA). The primary antibodies

used in this study were as follows: anti-SCF antibody (ab64677, rabbit polyclonal,

13
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Abcam, Cambridge, UK, diluted 1:500 in blocking buffer) and anti-DKK antibody
(EPR4759, rabbit monoclonal, Abcam, Cambridge, UK, diluted 1:300 in blocking
buffer). The sections were incubated in blocking buffer at room temperature for 1 hour,
followed by overnight incubation at 4°C with primary antibodies. Negative control
slides were incubated with PBS only. After overnight incubation, sections were
incubated with 1% methanol peroxide at 4°C for 30 minutes, and then with the
secondary antibody, Alexa Fluor™594 goat-anti-rabbit IgG (A11012, Invitrogen,
diluted 1:200), at room temperature for 1.5 hours. Nuclei were counterstained with
Hoechst 33342 dye (H3570, Invitrogen, diluted 1:1000) for 5 minutes, and slides were
then mounted with aqueous mounting media. Images were captured using an Olympus

IX83 epifluorescence microscope (Olympus, Tokyo, Japan).
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Chapter 3 Result

3.1 Normal skin

3.1.1 Fontana-Masson staining in normal skin

Melanin staining was visualized through Fontana-Masson staining in skin samples

categorized as dark, dark-gray, light-gray, and white. A higher quantity of melanin

granules was discernible in darker skin compared to lighter skin. However, the intensity

of melanin staining was not quantified. Across all skin samples utilized in this study,

melanin granules were observed throughout the epidermal layers, including the stratum

basale, stratum spinosum, and stratum externum. These melanin granules were

positioned on the apical side of cell nuclei, serving to shield the nucleus from ultraviolet

(UV) radiation. (Figure 5).

3.1.2 Melanocytes count in normal skin

The quantities of melanocytes differed across skin of varying colors, with the

greatest number observed in dark skin (12.7-18.2), followed by dark-gray skin (9.3-12),

light-gray skin (5.5-6.4), and the lowest number of melanocytes in white skin (0.15-0.52)

(Table 2). The distribution of melanocytes was primarily concentrated at the bottom of

the rete ridge. The morphology of melanocytes exhibited a round to oval shape or a

dendritic shape with long cytoplasmic processes (Figure 6).
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3.1.3 Immunofluorescence (IF) staining in normal skin

3.1.3.1 Signal distribution of SCF in normal skin

The distribution of the melanocyte growth factor, SCF, was examined in normal skin

using immunofluorescence staining. SCF signals could be observed in the cytoplasm of

keratinocyte, fibroblast and endothelial cell. Distribution of SCF in Risso’s dolphins

was strong and positive in almost every layer of epidermis, and were more pronounced

especially in basal layer (Figure 7D-E). Signals were absent in the stratum corneum. In

reticular dermis, weak signals could be found in cytoplasm of fibroblast (Figure 7F-G).

Intestine tissue of Risso’s dolphin was used as positive control for SCF antibody by

immunohistochemical staining (Figure 7H). This distribution pattern was constant in

normal skin, despite different skin colors (Figure 8).

3.1.3.2 Signal distribution of DKK1 in normal skin

The distribution of the melanocyte inhibitor, DKK1, was examined in normal skin

using immunofluorescence staining. DKK1 signals could be observed in the cytoplasm

and nucleus of keratinocyte and fibroblast. Distribution of DKK1 in Risso’s dolphin

was strong and positive in almost every layer of epidermis, and were more pronounced

especially in basal layer (Figure 9D-E). Signals were absent in the stratum corneum. In

reticular dermis, weak signals could be found in cytoplasm of fibroblast (Figure 9F-G).

Liver tissue of Risso’s dolphin was used as positive control for DKK1 antibody by
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immunohistochemical staining (Figure 9H). This distribution pattern was constant in

normal skin, despite different skin color (Figure 10).

3.2 Wounds

3.2.1 Gross appearance of hypopigmented scars

The hypopigmented scars of Risso’s dolphins exhibited different gross

characteristics throughout the healing process: Stage 1 wounds, new wounds; Stage 2

wounds, wounds in the initial healing stage with no granulation. There was no

difference in skin color between edge of stage 2 wounds and surrounding unwounded

skin (Figure 2A); Early stage 3 wounds, the ratio of the diameter of the initial wound to

the minor axis of the incompletely epithelialized granulation tissue was greater than

one-half. The newly grown skin appeared uniformly grayish-white in color (Figure 2E);

Middle stage 3 wounds, the ratio of the diameter of the initial wound to the minor axis

of the incompletely epithelialized granulation tissue was lower than one-half. Peripheral

areas and migrating lines have become visible in the re-epithelialized skin (Figure 2F);

Late stage 3 wounds, incompletely epithelialized wound and granulation tissue is no

longer visible to the naked eye. Central white areas had emerged in the re-epithelialized

skin (Figure 2G); Stage 4 wounds, healed wound with vascular and cellular blubber.

Central white areas, migrating lines and peripheral areas can be clearly seen in the scars

(Figure 2C); Stage 5 wounds, healed wound without vascular and cellular blubber.
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Pigmentation feature was similar to stage 4 wounds (Figure 2D).

3.2.2 Fontana-Masson Staining in wounds

In early stage 3 wounds, melanin granules were observed in every layer of the

neoepidermis, including the tip of the migrating tongue (Figure 11). However, in stage 4

and 5 wounds, the central white areas showed an absence of melanin granules throughout

the epidermis. Additionally, a substantial amount of melanin granules could be observed

in the epidermis of the migrating lines, and a certain amount of melanin granules were

also present in the peripheral areas through the epidermis (Figure 12).

3.2.3 Melanocytes count in wounds

In early stage 3 wounds, the number of melanocytes ranged from 1.52 to 4.02 in the

basal layer of the migrating tongue. However, in the late stage 3 wound, no melanocytes

were observed in the basal layer of the central white areas. Meanwhile, the number of

melanocytes ranged from 2.85 to 4.59 in the basal layer of the migrating lines and

periphery areas. In stage 4 and 5 wounds, no melanocytes were present in the central

white areas. The dark migrating lines contained 10.72 to 12.03 melanocytes, while the

grayish white migrating lines had 3.35 to 3.5 melanocytes. The light-gray peripheral

areas had 9.59 to 10.5 melanocytes, while the grayish white peripheral areas had 4.13 to

12.79 melanocytes (Table 3).
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3.2.4 Immunofluorescence (IF) staining in wounds

3.2.4.1 Melanocytes detachment

In the periphery of the migrating tongue in early stage 3 wounds, several cocktail-

positive melanocytes were observed in the suprabasal layer of the epidermis, including

the stratum spinosum and at the border between the stratum spinosum and stratum

externum. The detached melanocytes exhibited an oval or round morphology, and no

melanocytes with dendrites were observed in suprabasal layer (Figure 13). The

phenomenon of melanocytes detachment was observed exclusively at the periphery of

stage 3 wounds in 3-5 stages wounds samples.

4.2 Signal distribution of SCF in wounds

The distribution of the melanocyte growth factor, SCF, was examined in different

stages of wounds using immunofluorescence staining. In early stage 3 wounds, SCF

exhibited a pronounced and strong distribution in the migrating tongue and cytoplasm

of fibroblasts in the reticular dermis (Figure 14). However, in the late stage 3 wound,

SCF signals were weak in both the epidermis and reticular dermis of the central white

area (Figure 15). In stages 4-5 wounds, SCF signals were positive in the epidermis,

while weak signals could be found in the cytoplasm of fibroblasts in central white areas

(Figure 16,17). The distribution pattern of SCF in stages 4-5 wounds was similar to that

of normal skin.

19

doi:10.6342/NTU202302888



4.3 Signal distribution of DKK1 in wounds

The distribution of the melanocyte inhibitor factor, DKK1, was examined in

different stages of wounds using immunofluorescence staining. In early stage 3 wounds,

DKK1 exhibited a positive and strong distribution in the migrating tongue and

cytoplasm of fibroblasts in the reticular dermis (Figure 18). In the central white areas of

the late stage 3 wound, DKKI signals were positive in the migrating tongue and

particularly strong in fibroblasts of the reticular dermis (Figure 19). In stages 4-5

wounds, DKK1 signals were positive in the epidermis, while weak signals could be

observed in the cytoplasm of fibroblasts in central white areas (Figure 20,21). The

distribution pattern of DKK1 in stages 4-5 wounds was similar to that of normal skin.
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Chapter 4 Discussion

This is the first study, to our knowledge, that focused on the histology of skin

pigmentation and the pathology of hypopigmented scars in Risso's dolphins. In the

normal skin of Risso's dolphins, darker skin typically has a higher number of

melanocytes compared to lighter skin. Furthermore, melanin granules were observed in

every layer of the epidermis, with a greater amount of melanin observed in darker skin

compared to lighter skin. The results of melanocytes counting and melanin staining are

similar to the findings in normal skin of Fraser’s dolphins (Su et al., 2022b). Present

study revealed the absence of melanocyte and melanin staining in healed

hypopigmented scars of Risso's dolphins, which differs from unwounded white skin

containing a few melanocytes and melanin granules. In comparison to other species,

previous research in humans and Duroc pigs showed that hypopigmented scars still

contain a significant number of melanocytes (Carney et al., 2021). However, these

melanocytes did not produce melanin in the hypopigmented region of human and pigs.

In white scars of Fraser's dolphins, melanocytes were found to be able to restore to

approximately the same number as those in unwounded white skin (Su et al., 2022b).

Furthermore, the melanocytes observed in white scars of Fraser's dolphins demonstrated

the ability to produce melanin, which is similar to the situation observed in unwounded

white skin. In conclusion, the results indicate that the mechanisms underlying
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hypopigmented scars may vary between species. Terrestrial animals such as humans and

pigs lack the ability for melanogenesis in hypopigmented scars. In contrast, Fraser's

dolphins have the ability to recover melanocyte function similar to normal skin.

However, in the case of Risso's dolphins, it is possible that either melanocytes are

absent or undergo significant loss during the wound healing process, resulting in the

observed hypopigmented scars.

The time point of melanocyte recruitment in wounds can vary among different

species (Table 4 and Figure 22). In human studies, it has been observed that

melanocytes were absent in the migrating tongue (Heath et al., 2009). Additionally, a

delay in the recruitment of melanocytes was observed after complete re-epithelization

(Breathnach, 1960). In contrast, Fraser's dolphins exhibited functional melanocytes in

the migrating tongue of healing wounds as well as in mature white scars (Su, Wang, et

al., 2022b). In order to gain a better understanding in survival of melanocytes through

the healing process in Risso’s dolphins, melanocytes counting in different stages of

wounds was performed. Based on the result, it was observed that there were a certain

number of melanocytes presented in the migrating tongue of early stage 3 wounds.

However, no melanocytes were found in the late stage 3 migrating tongue. Furthermore,

the absence of melanocytes persisted in the center white region of stage 4 and 5 wounds.

This suggests that melanocytes were not absent at the beginning of wound healing, but
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rather underwent a decrease in number as the wound progressed through the re-

epithelization phase in Risso’s dolphin.

Previous studies on the mechanism of melanocyte loss have primarily focused on

human patients with vitiligo. Vitiligo, which is the most common chronic acquired

depigmenting disorder, is characterized by the loss of melanocytes from the basal layer

of the epidermis (Ezzedine et al., 2012). The pathogenesis of vitiligo is believed to be

multifactorial and involves autoimmune factors, as well as oxidative stress (Dammak et

al., 2009) and mechanical stress (Gauthier et al., 2003; Wagner et al., 2015). In vitiligo

patients, a study has highlighted the absence or discontinuous distribution of cell-cell

adhesion proteins, such as E-cadherin (Ecad), which play a role in regulating the

interaction between keratinocytes and melanocytes (Wagner et al., 2015). Additionally,

it has been reported that melanocytes can detach and undergo transepidermal

elimination in non-lesional vitiligo skin when subjected to minor mechanical pressure

(Gauthier et al., 2003). These detached melanocytes can be found in suprabasal

locations, including the stratum spinosum, stratum granulosum, as well as within and

outside the stratum corneum. Interestingly, similar melanocyte detachment was also

observed in the hypopigmented scars of Risso's dolphins. This result indicated that

wound healing of Risso’s dolphins may experience alteration of cell-cell adhesion.
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Furthermore, mechanical pressure may be one of the precipitating factors causing

detachment of melanocytes. The wounds may experience mechanical pressure or trauma

such as water pressure, as well as friction generated during animal swimming.

Additionally, swollen wounds could disrupt the streamlined body shape of the animal,

potentially causing increased friction. Alteration of melanocyte-keratinocyte adhesion

and mechanical pressure together may contribute as potential factors leading to the

detachment and loss of melanocytes in Risso’s dolphin. Further studies should be

conducted to investigate adhesion markers such as E-cadherin in order to clarify the

melanocyte-keratinocyte adhesion in Risso's dolphins.

In addition to mechanical pressure, extracellular factors play a crucial role in the

survival, migration, proliferation, differentiation, and melanogenesis of melanocytes.

This study specifically focused on growth factors such as stem cell factor (SCF) and

inhibitors like Dickkopf-1 (DKK1). The SCF/KIT signaling pathway is widely

recognized as a key pathway in melanogenesis(Serre et al., 2018). In the previous study

of Duroc pigs, the hypopigmented regions displayed reduced levels of SCF compared to

the hyperpigmented regions (Carney et al., 2019). Furthermore, besides its function in

melanocytes, SCF is also essential for wound closure as it promotes the recruitment and

migration of keratinocytes and fibroblasts (Wang et al., 2020). However, the distribution

pattern of SCF in Risso's dolphins did not correspond to the actual pigmentation. Strong
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SCF signals were observed in the migrating tongue of early stage 3 wounds and in the

central white region of stage 4-5 wounds, even though there were either no melanocytes

or only a few present. This discrepancy suggests that SCF may not have the ability to

maintain the normal function of melanocytes in these specific wound areas.

DKK1 exhibits high expression levels in palmoplantar fibroblasts and contributes

to the thickening and hypopigmentation of the palmoplantar epidermis (Yamaguchi et

al., 2004, 2008). DKK1 inhibit the function and proliferation of melanocytes(Rani et al.,

2018). Additionally, DKK1 inhibits melanin uptake and promotes the proliferation of

keratinocytes (Yamaguchi et al., 2008). DKK1 is also highly expressed in the dermis of

vitiligo lesion (Esmat et al., 2018; Keswell et al., 2012). In results of Risso’s dolphin,

DKK1 signals were strong in the cytoplasm of fibroblast in early and late stage 3

wounds. It provided a potential explanation for the loss of melanocytes observed

through early and late stage 3 wounds. Moreover, the presence of DKK1 in the dermis

and melanocyte detachment may suggest the involvement of a vitiligo-like pathway in

Risso's dolphins. However, it should be noted that the expression pattern of melanocyte

factors may not correspond to the actual pigmentation phenotype. Furthermore, without

the presence of specific receptors on melanocytes, such as SCF/Kit and DKK1/LRP6,

the activation of melanocytes will not be influenced even in the presence of high

concentrations of cytokines. Future research in this study should conduct more
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quantitative investigations on melanocyte receptors to clarify the actual effects of

melanocyte factors on melanocytes themselves.
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Table 1. Details of sampled Risso’s dolphins.

. Body Body Carcass
Animal ID Gender Age o B

length (cm)  condition condition

KH20201003 Female Calf 190 Thin Code 2

KH20220103-1 Male Juvenile 205 Normal Code 2

KH20220103-2 Female Juvenile 214 Normal Code 2
TN20220612 Male Juvenile 251 Thin Code 2-3

NT20221022 Female Calf 173 Thin Code 2
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Table 2. Melanocytes counting in normal skin.

Sample number Skin color Location MC count (MCs/mm)
1 Dark N1 12.73
2 Dark N3 13.37
3 Dark N5 13.47
4 Dark N7 18.24
5 Dark-gray N2 11.96
6 Dark-gray N4 9.29
7 Light-gray N6 6.43
8 Light-gray N6 5.52
9 Light-gray N8 5.93
10 Grayish-white N9 2.87
11 Grayish-white N9 1.92
12 White N10 0.15
13 White N10 0.52
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Table 3. Melanocytes counting in wounds

MC = melanocyte

Sample ] o Location ] MC count
Skin condition ) Skin color
number in wounds (MCs/mm)
Migrating tongue White 4.02
14 Early stage 3 ] )
Unwounded skin Light-gray 12.71
Migrating tongue White 1.52
15 Early stage 3 ] )
Unwounded skin Light-gray 20.66
Central white area White 0
Migrating lines Light-gray 2.85
16 Late stage 3 _ _
Periphery area White 4.59
Unwounded skin Dark-gray 8.79
Central white area White 0
Migrating lines Dark 10.72
17 Stage 4 i )
Periphery area Light-gray 9.59
Unwounded skin Dark 12.01
Central white area White 0
Migrating lines Grayish white 3.35
18 Stage 4 i _ .
Periphery area Grayish white 12.79
Unwounded skin Light-gray 13.62
Central white area White 0
Migrating lines Grayish white 3.5
19 Stage 4 i _ .
Periphery area Grayish white 4.13
Unwounded skin Light-gray 9.94
Central white area White 0
Migrating lines Dark 12.3
20 Stage 5 i .
Periphery area Light-gray 10.5
Unwounded skin Dark 17.8
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Table 4. Melanocytes and melanin granules in hypopigmented scars at various stages in

different species.

+: Melanocyte presented, —: Absence of melanocytes, MT: migrating tongue

Melanocytes Melanin granules Reference
Risso’s early stage 3 MT + + This study
Risso’s late stage 3 MT — — This study
Fraser’s stage 3 MT + + Su et al, 2022b
Human MT — — Heath et al, 2009
Risso’s stage 4 — - This study
Fraser’s stage 4 + + Su et al, 2022b
Human young scar — - Breathnach, 1960
Risso’s stage 5 — - This study
Fraser’s stage 5 + + Su et al, 2022b
Human mature scar + - Carney et al, 2021
Duroc pig mature scar + - Carney et al, 2021
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Figure 1. The sampling locations (N1-10) of Risso’s dolphins in this study. Dark skin
samples were collected from dorsal-lateral, dark-gray skin samples from lateral trunk,
light-gray skin samples from peduncle, grayish withe samples from thorax and white

skin samples from ventral side.
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Figure 2. Gross appearance of white scars in each stage of wound healing. (A) Stage 2.
(B) Stage 3. (C) Stage 4. (D) Stage 5. (E) Early stage 3. (F) Middle stage 3. (G) Late

stage 3.
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Early stage 3 Middle stage 3 Late stage 3

Figure 3. Distinguishing different stage 3 wounds. (A) The early stage 3 wound is
defined as having a ratio greater than one- half between the diameter of the initial
wound (red dashed line) and the minor axis of the incompletely epithelialized
granulation tissue (yellow dashed line). (B) The middle stage 3 wound is defined by a
ratio lower than one-half between the diameter of the initial wound (red dashed line)
and the minor axis of the incompletely epithelialized granulation tissue (yellow dashed
line). (C) The late stage 3 wound is defined as an incompletely epithelialized wound

where granulation tissue is no longer visible to the naked eye.
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Figure 4. Gross appearance of white scars. (A) Central white area. (B) Migrating lines.

(C) Periphery area. (D) Unwounded skin.
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Figure 5. Fontana-Masson staining of dark, dark-gray, light-gray and white normal skin
in Risso’s dolphins. Melanin granules were distributed across the entire epidermal layer,
extending to the outermost stratum even in white skin. A notable pattern of melanin
granule accumulation directly above the keratinocyte nucleus was evident across all
skin samples. The final row exhibits magnified images extracted from the demarcated
area indicated by the white dotted frame. (scale bar = 500 um in first role, 50 pm in
second role and 25 pm in third role)
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Figure 6. Immunohistochemical staining with cocktail antibody in dark, dark-gray,
light-gray and white normal skin of Risso’s dolphins. Melanocytes positively stained
(arrow) were found in the basal layer. The darker the skin color, the greater the number
of melanocytes, and melanocytes were mainly concentrated at the bottom of rete ridges.

(Scale bar = 50 um in top two role, 10 um in last role).
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SCF/Hoechst SCF

Figure 7. Immunofluorescence staining with SCF antibody in normal skin. (A) Low
power view of normal light-gray skin (location=N8). (B-C) SCF expression in sternum
spinosum. (D-E) SCF expression in rete ridge. (F-G) SCF expression in reticular
dermis. (H) Positive control of SCF in intestine of Risso’s dolphins, IHC staining. (scale

bar = 500 um in A, 25 um in B-H)
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Figure 8. Immunofluorescence staining with SCF antibody in dark, dark-gray, light-gray

>

o]

(@)

W)

m

and white normal skin of Risso’s dolphins. (A) Stratum externum. (B) Stratum
spinosum. (C) Top of rete ridge. (D) Bottom of rete ridge. (E) Reticular dermis. (Scale

bar =30 um)
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DKK1/Hoechst DKK1
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Figure 9. Immunofluorescence staining with DKK1 antibody in normal skin (A) Low

power view of normal light-gray skin (location=N8). (B-C) DKK1 expression in
stratum spinosum. (D-E) DKK1 expression in rete ridge. (F-G) DKK1 expression in
reticular dermis. (H) Positive control of DKK1 in liver of Risso’s dolphins, IHC

staining. (Scale bar = 500 um in A, 25 um in F-G, 50 pm in H)
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Figure 10. Immunofluorescence staining with DKK1 antibody in normal dark, dark-

>

ve}

(@)

o

m

gray, light-gray, white normal skin of Risso’s dolphins. (A) Stratum externum. (B)
Stratum spinosum. (C) Top of rete ridge. (D) Bottom of rete ridge. (E)Reticular dermis.

(Scale bar = 30 pm)
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Figure 11. Melanin distribution in an early stage 3 wound, Fontana-Masson staining.

(A) The image presents a low-power view of an early stage 3 wound, where the
migrating tongue is situated on the left side, and the right side portrays the normal dark
gray skin. (B) In the rete ridge of migrating tongue, a small number of melanin granules
could be observed. The upper right image illustrated a magnified view of the region
from white dotted frame. (C) In the normal dark-gray skin adjacent to the wound,
abundant melanin granules are evident throughout every layer of the epidermis. (Scale

bar = 50 pm in last role)
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CW= Central white area, ML= Migrating lines, P=Periphery area, US=Unwounded skin.
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Figure 12. Melanin distribution in stage 4-5 wounds, Fontana-Masson staining. (A) The

image presented a low-power view of a stage 4 wound. From left to right in the

photograph, it represented the progression from the center to the periphery of the

wound. (B) In the central white area of the stage 4 scar, the absence of melanin staining

was observed throughout every layer of the epidermis. (C) The migrating lines area of

the stage 4 scar exhibited a large amount of melanin granules throughout the epidermis.

(D) In the periphery area of the stage 4 scar, melanin granules were observed throughout

the epidermis. (E) Unwounded dark-gray skin. (F) The image presented a low-power

view of a stage 5 wound. (G) In the central white area of the stage 5 scar, the absence of

melanin staining was observed throughout every layer of the epidermis. (H) The

migrating lines area of the stage 5 scar exhibited a large amount of melanin granules

throughout the epidermis. (I) In the periphery area of the stage 5 scar, melanin granules

were observed throughout the epidermis. (J) Unwounded dark skin. (Scale bar= 100 pm

in B-E and G-J)
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Figure 13. Melanocytes detachment in early stage 3 wound. (A) Low power view of
migrating tongue in early stage 3 wound. (B-D) Stratum externum. (E-G) Middle of rete

ridge. (H-F) Bottom of rete ridge. (Scale bar = 25 pm)
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SCF/Hoechst SCF

Figure 14. Immunofluorescence staining with SCF antibody in early stage 3 wounds.
(A) Low power view of migrating tongue in early stage 3 wound. (B) Stratum

spinosum. (C) Bottom of rete ridge. (D) Reticular dermis. (Scale bar =25 pm)
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SCF/Hoechst
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Figure 15. Immunofluorescence staining with SCF antibody in late stage 3 wounds. (A)
Low power view of late stage 3 wound in migrating tongue. (B) Low power view of late
stage 3 wound in periphery area. (C) Stratum spinosum. (D) Bottom of rete ridge. (E)

Reticular dermis. (Scale bar =25 um)
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Figure 16. Immunofluorescence staining with SCF antibody in stage 4 wounds. (A)
Low power view of stage 4 wound in central white area. (B) Stratum spinosum. (C)

Bottom of rete ridge. (D) Reticular dermis. (Scale bar = 25 pm)
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SCF/Hoechst SCF

Figure 17. Immunofluorescence staining with SCF antibody in stage 5 wounds.
(A) Low power view of stage 5 wound in central white area. (B) Stratum spinosum. (C)
Bottom of rete ridge. (D) Reticular dermis. (Scale bar = 25 pm)
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DKK1/Hoechst DKK1

Figure 18. Immunofluorescence staining with DKK1 antibody in early stage 3 wounds.

(A) Low power view of migrating tongue in early stage 3 wound. (B) Stratum

spinosum. (C) Bottom of rete ridge. (D) Reticular dermis. (Scale bar =25 um)
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DKK1/Hoechst DKK1

Figure 19. Immunofluorescence staining with DKK1 antibody in late stage 3 wounds.
(A) Low power view of migrating tongue in late stage 3 wound. (B) Stratum spinosum.
(C) Bottom of rete ridge. (D) Reticular dermis. (Scale bar = 25 pm)
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Figure 20. Immunofluorescence staining with DKK1 antibody in stage 4 wounds.
(A) Low power view of central white area in stage 4 wound. (B) Stratum spinosum. (C)
Bottom of rete ridge. (D) Reticular dermis. (Scale bar = 25 pm)
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DKK1/Hoechst DKK1

Figure 21. Immunofluorescence staining with DKK1 antibody in stage 5 wounds.

(A) Low power view of central white area in stage 5 wound. (B) Stratum spinosum. (C)

Bottom of rete ridge. (D) Reticular dermis. (Scale bar = 25 um)
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Figure 22. Summary diagram of melanocytes in hypopigmented scars at various stages

in different species.
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