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ABSTRACT 
 

Despite good acute burn management, hypertrophic scars (HTSs) can develop, and has 

been reported in 70% of healed burns. An understudied symptom of HTS is the dyschromia of the 

epidermal cells, and no current treatments seek to treat dyschromia based on mechanistic 

interventions, which was the goal of this work. The epidermis is composed of keratinocytes and 

melanocytes: the epidermal-melanin unit. This unit responds to damage from UV light to make 

melanin by the up-regulation and secretion of a-MSH from keratinocytes. Melanocytes receive 

this signal through the melanocortin 1 receptor (MC1R), and initiate signal transduction in 

melanocytes to undergo melanogenesis. Melanocytes then transfer melanin to keratinocytes 

through dendritic processes, resulting in skin pigmentation.  

In a red Duroc pig model, full thickness excisional wounds formed HTSs, and samples of 

distinct regions of hyper-, hypo-, and normal pigmentation were taken and used to study 

pigmentation signaling and melanocyte presence. Samples from similar lesions in burn patients 

were likewise studied. Hypo-pigmented melanocytes isolated from burn patient scars were 

treated with a pigmentation stimulator, and their response was evaluated in vitro. Hypo-

pigmented epidermal cells in a nude mouse model of porcine xenografts were treated with the 

same pigmentation stimulator, and their response was evaluated in vivo.  

Melanocytes are present in regions of hypo- and hyper-pigmentation by multiple 

validation metrics in porcine and patient HTS. The most up-stream molecule in the pigmentation 

signaling cascade that is up-regulated in hyper- vs. hypo pigmented scar is POMC. The POMC 

promoter was hypothesized to be hyper-methylated in hypo-pigmented scar; however, the data 

suggests that this is not the mechanism for POMC down-regulation. Although the mechanism for 
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POMC down-regulation was not discovered, POMC’s down-stream protein cleavage product, a-

MSH, was confirmed to be dysregulated. A synthetic form of a-MSH, NDP a-MSH, has been 

shown to induce pigmentation. Using this compound, melanocytes derived from burn patient 

hypo-pigmented scar can be stimulated to make melanin in vitro. In addition, melanocytes derived 

from porcine hypo-pigmented scar can be stimulated in vivo in a nude mouse model of porcine 

xenografting. This treatment for hypo-pigmentation may contribute towards improved quality of 

life for burn survivors.  
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1 Chapter 1: Background and introduction1 
1.1 Burn injuries and hypertrophic scars: the scope of the problem 

Burn injuries are a significant healthcare challenge worldwide and a shift has taken place in 

the past several years to make rehabilitation and quality of life for burn survivors a research 

priority. Burns often result in hypertrophic scar (HTS) with myriad symptoms including 

dyschromia. The mechanism behind dyschromia in HTS has not been studied, and, as such, 

treatment strategies for this morbidity are lacking. Normal skin cells synthesize melanin through 

keratinocyte secretion and ligand binding of alpha-melanocyte stimulating hormone (a-MSH) to 

melanocyte melanocortin receptors (MC1R) to initiate melanogenesis by tyrosinase (TYR), 

tyrosinase-related protein-1 (TYRP1), and dopachrome tautomerase (DCT). Studying this 

pathway in dyschromic burn HTS may lead to treatment options that are more efficacious and 

tissue sparing than the current limited techniques. 

1.1.1 Burns as a healthcare challenge 
 Burns present a significant healthcare challenge worldwide1. In the United States, there 

are approximately 486,000 burn injuries each year. Of these, around 40,000 result in 

hospitalization, and there are 3275 smoke or burn-related deaths2,3.  The major contributors to 

mortality are increased total body surface area burned (TBSA), increased age, presence of 

smoke inhalation, and increased percent full thickness injury4. Additional downstream contributors 

include burn wound infection and subsequent sepsis. Over the past several decades, 

improvements in a number of aspects of burn care has led to decreased mortality in these 

patients such that even patients with very large burns have relatively low mortality5-7. In 1954, a 

20-year-old man with a 50% TBSA burn had a 50% chance of death. Today, most burns are 

survivable, even at the extremes of age8. Advances in burn care include improvements in 

infection control4,9, diagnosis and treatment of inhalation injury10,11, fluid rescusitation12, critical 
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care practices13, utilization and creation of tissue engineering skin substitutes14, and adoption of 

early excision and grafting techniques4. 

1.1.2 Burn depth classification and associated treatments 
Clinically, burns can be classified as superficial partial thickness (SPT), deep partial 

thickness (DPT), or full thickness (FT)15, and these injuries often have heterogeneous depths 

throughout the surface area of the wound. The diagnosis of burn depth is based on skin anatomy. 

Normal skin is comprised of two main layers: the epidermis and the dermis. The dermis is further 

divided to the papillary dermis and the reticular dermis (Figure 1.1)16.  

SPT burns extend through the epidermis and papillary dermis only. DPT burns extend to 

the deep part of the reticular dermis, and finally, FT burns extend through the entire dermis down 

to subcutaneous fat (Figure 1.2A)15. In addition to the skin cells that make up the epidermis 

(keratinocytes and melanocytes) and dermis (fibroblasts), there are numerous dermal 

appendages including hair follicles, sebaceous glands, eccrine glands, and apocrine glands 

distributed throughout the extracellular matrix (ECM) scaffold that is composed primarily of 

collagen and elastin16. The skin is supplied with oxygen through a network of capillaries present 

in the dermis which branch from larger vessels in the subcutaneous and muscle layers. 

SPT injuries are relatively straightforward in their management because the majority of 

the skin remains uninjured. They require appropriate wound care and dressings to proceed down 

a normal healing pathway17. SPT burns contain intact dermal appendages that act as a reservoir 

for epithelial cells18. As such, epithelialization and pigmentation are known to increase radially 

from hair follicles19 (Figure 1.3A). When epidermal cells are available to contribute to healing, 

wounds can heal through a highly coordinated process with overlapping phases that have been 

well described in the literature. The phases of normal wound healing are 4: hemostasis and 

coagulation, inflammation, proliferation, and maturation (Figure 1.3B)20.  

Upon wounding, when blood vessels are exposed to collagen, platelets are activated 

leading to activation of the coagulation cascade. This activation state leads to the secretion of 

cytokines and growth factors such as platelet derived growth factor (PDGF), epithelial growth 

factor (EGF), and transforming growth factor beta (TGFb). The growth factors serve as chemo 

attractants for neutrophils, monocytes, fibroblasts, and endothelial cells. The fibrin clot serves as 
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an initial matrix for these migrating cells. As wound healing progresses from coagulation to 

inflammation, circulating immune cells arrive at the wound bed and release additional growth 

factors and cytokines such as interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-a). 

During this stage, leukocytes phagocytose bacteria and debris. Monocytes differentiate into 

macrophages, and these cells persist in the wound bed until healing. When the inflammatory 

phase decreases, wound healing transitions into the proliferative phase. Here, angiogenesis 

occurs through a vascular endothelial growth factor (VEGF)-mediated signaling mechanism to 

restore vascular patency to the skin. Fibroblasts are also recruited to the wound bed where they 

produce extracellular matrix in the form of collagen. During this phase, epithelial cells also begin 

to migrate from the wound edges and the remaining dermal appendages to complete re-

epithelialization. The wound healing process finally progresses to the maturation and remodeling 

phase. The ECM is broken down and remodeled by matrix metalloproteinases (MMPs) to restore 

normal structure and function20.  

If any of these four phases are disrupted or prolonged, abnormal wound healing may 

result. Burns classified as DPT are often of indeterminate depth, and present a unique clinical 

challenge21. Burns that by clinical examination are classified as DPT, and may have similar 

clinical features, can be divided into two separate categories. One category is those that heal 

within 2-3 weeks without hypertrophy and do not require surgical intervention to achieve an 

optimal outcome22,23. The second category includes those that will have prolonged healing times 

that, without surgical intervention, will heal as hypertrophic scars (HTSs) with sub-optimal 

outcomes24. The ability to distinguish between these two categories of DPT burns is paramount to 

reduce unnecessary surgeries and thus shorten length of stay, reduce costs, and improve 

outcomes related to donor site morbidities.  

Within the category of burns requiring excision and grafting for optimal outcomes are FT 

injuries. The standard of care (SOC) in high income countries such as the United States and the 

United Kingdom is excision and grafting for DPT and FT burns4,25-27. This technique intervenes in 

wounds that would otherwise heal abnormally as HTS without surgical management. Injured and 

dead tissue is excised down to viable tissue and autologous meshed split-thickness skin grafts 
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(mSTSGs) are placed over the prepared wound bed (Figure 1.4A). The harvesting of the mSTSG 

autograft results in a second wound known as the donor site. The autografted and donor sites 

normally heal within two weeks, and good outcomes can be obtained (Figure 1.4B). There are 

challenges associated with providing this SOC to all burn patients. Large TBSA injuries have 

limited available normal, un-injured skin to serve as donor sites. Therefore, in large injuries, burns 

can be excised and grafted with porcine or fish skin xenografts or cadaver skin allografts as 

temporizing agents28-30. These wounds are typically autografted in a series of staged procedures 

as donor sites heal and become available for re-harvest. Co-morbidities that contribute to multi-

organ dysfunction often delay excision and grafting procedures until the patients are stable 

enough for surgery9. Infection and sepsis can likewise complicate and delay these procedures, 

and can also lead to graft failure in wound beds that contain high levels of bacteria9.  

There are also non patient-related complications that result in patients not receiving the 

current SOC. In low income countries, there are resource limitations that do not allow DPT and 

FT burns to be treated with excision and grafting. A large majority of these burns are treated 

conservatively without operative intervention, and hence, these injuries proceed down an 

abnormal healing pathway1. In the setting of a mass casualty burn incident, where there will likely 

be a shortage of experienced burn surgeons, there may also be a chance that DPT and FT burns 

will be healed conservatively31. Lastly, in austere environments common to warfare situations, 

early excision and grafting can be challenging32.  

1.1.3 Definition of hypertrophic scarring 
 Abnormal wound healing can result in the development of HTS, and HTS prevalence has 

been described in as high as 70% of healed burns. HTS can occur in wounds that were allowed 

to heal without mSTSG (Figure 1.5A), in wounds treated with mSTSG (Figure 1.5B), and in 

healed donor sites (Figure 1.5C)33,34. HTS are defined symptomatically as erythematous, raised 

above the surrounding skin, firm, thick, non-pliable, pruritic, painful, and dyschromic (Figure 1.5 

and 1.7A). HTSs are often evaluated using the Vancouver Scar Scale (VSS) and Patient and 

Observer Scar Assessment Scale (POSAS) (Figure 1.6)35. The VSS is a widely used, clinician-

reported scale composed of four metrics: vascularity, pigmentation, pliability, and height. Scars 

with lower scores are characterized as “better” and more similar to normal skin. The POSAS is 
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similar in its evaluation of the above metrics, but it provides additional levels of evaluation that 

take the patient’s opinion of the scar into account and reports on the additional metrics of pain 

and itch36-40. HTS can also be functionally limiting when the scars surround joints and range of 

motion is decreased.  

HTSs have been succinctly summarized as an over-abundant synthesis of collagen and 

under-abundant or absent remodeling process. Despite this oversimplification, there has been a 

large amount of research in the past decade investigating the molecular mechanism behind HTS 

formation41,42. At a structural histologic level, there are several features of HTS including 

increased epidermal and dermal thickness, absence of rete ridges and associated dermal 

papillae, increased cellularity, increased vascularity, and disorganized collagen, the latter of 

which changes organization from the basket weave structure of normal skin to the nodular and 

whorl-like structure of HTS (Figure 1.7B; Figure 1.8). There are also several molecular hallmarks 

of HTS including upregulation of overall collagen with shifts in the ratio of type I and type III 

collagens43,44 in superficial and deep dermis generally resulting in higher levels of type III collagen 

in HTS. TGFb1, insulin-like growth factor 1 (IGF1), connective tissue growth factor (CTGF), 

biglycan, and versican are also upregulated, while decorin, MMPs, and nitric oxide are 

downregulated41,45-47(Figure 1.7C). There are several risk factors for the development of HTS; the 

primary factor is prolonged healing time22,23. There is also evidence that certain genetic pre-

dispositions put the patient at risk for the development of HTS48,49. Accordingly, patients of Asian, 

Hispanic, African American, or African descent are at greater risk for development of scar and for 

increased scar severity23,50. HTS is thought to undergo a yearlong remodeling process, after 

which symptoms almost always improve. Despite this improvement however, HTS never returns 

to the status of uninjured skin, and symptoms may persist throughout the patient’s lifetime. Due to 

the highly pervasive nature of HTS, and the fact that large TBSA injuries are now survivable, a 

shift in focus has put HTS rehabilitation and recovery at the forefront of current research efforts 

by burn providers.  

1.1.4 Current treatments for hypertrophic scarring 
 There are currently limited treatment options for burn HTS, and as such, prevention 

based on appropriate acute management of the injury is of paramount importance. When HTS 
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develops despite good acute management, there are several treatment strategies that are 

employed including pressure therapy achieved by wearing compression garments and laser 

therapy with fractional ablative carbon dioxide (CO2) laser.  

Pressure therapy is a widely used technique for treating HTS that has been the SOC for 

almost 50 years. Acceptance of this treatment modality is based mainly on anecdotal experience 

as the mechanism of action is not fully understood 51. In a recent evidenced-based practice 

review by Sharp et al., pressure therapy is recommended as a successful scar treatment which 

results in improved aesthetic outcomes by reducing scar height and erythema 51-56. Patient 

compliance and duration of treatment are important factors in the success of pressure therapy 57.  

Our lab has studied the effect of compression on HTS extensively58,59 and revealed its 

mechanism of action to be primarily related to the induction of changes in collagen levels and 

types60, elastin levels61, and MMP levels62. Additionally, we have demonstrated that pressure 

therapy not only acts through mechanical forces, but induces changes in the HTS at the cellular 

level that induce remodeling63. Despite pressure therapy’s success in treating some symptoms of 

scar, patients often have sub-optimal functional and cosmetic outcomes even after treatment, 

which lead them to seek additional care.  

CO2 fractional ablative laser therapy (a relatively new technology developed in the past 

two decades) has gained traction in the past decade for the treatment of HTS. This therapy has 

been shown to improve patient scar scale scores on the VSS and POSAS. In addition to clinical 

improvements, histological and molecular evaluations of treated HTS reveal changes in 

inflammatory responses, matrix remodeling, and overall scar structure64,65. Even more recently, 

laser channels have been used to deliver drugs such as corticosteroids and 5-fluorouracil to HTS 

66,67. Before the advent of laser therapy, surgical management of HTS was the most common 

approach. Today, surgical techniques are used in conjunction with laser techniques. HTSs can be 

excised and the defects can be closed primarily or with additional skin grafting. The risk 

associated with this techniques is that it can beget additional scars68. The Z-plasty and W-plasty 

surgical techniques, named for the shapes of the incisions, are also68 commonly used to relieve 

high tension in scars that occur across joints. Finally, there are many adjunct techniques that are 



 7 

utilized in scar rehabilitation including silicone gel sheeting69, scar massage70, and drug 

therapies45. 

The current treatments described above have varied effectiveness for relieving symptoms 

of HTS such as thickness, pliability, and pain, but are ineffective for the treatment of dyschromia. 

In fact, most research into HTS focuses on methods of targeting dermal remodeling, and does not 

focus on the epidermis. This focus is due to the fact that HTSs are often characterized by 

fibroblast cells and ECM that make up the dermis45,71. These cells are the general focus of most 

research because they contribute to the thick, non-pliable, and contracted symptoms of HTS72. A 

less well-studied HTS feature is the dyspigmentation or dyschromia that occurs in the cells of the 

epidermis, namely the keratinocytes and melanocytes. In addition to the functional limitations of 

HTS, the aesthetic symptoms of HTS can also have severe psychosocial effects on patients 

which contribute to challenges with social reintegration and lead to decreased quality of life, and 

are, therefore, of importance to study73-78. In addition, dyspigmentation is difficult to predict, 

heterogeneous with regions of hyper- and hypo-pigmentation, can persist without improvement 

over time, and is pervasive amongst patients with baseline dark skin pigmentation79.  

1.2 Epidermal structure and function and previous treatment strategies for dyschromia 

based on surgical intervention 

1.2.1 Epidermis structure and function 
 The epidermis is the outermost layer of the skin and comprises only a small portion of its 

overall structure, encompassing <10% of normal skin volume80. Despite its limited volume, it is a 

complex structure that is composed of five layers of ectoderm-derived stratified epithelial cells: 

the stratum basale, stratum spinosum, stratum granulosum, stratum corneum, and the 

desquamating layer (Figure 1.9)81. The layers are a continuum of differentiated keratinocytes. The 

first three layers, beginning with the stratum basale (which is directly adjacent to and in contact 

with the papillary dermis) are nucleated layers and contain new cells in the process of 

differentiation. As the cells differentiate through a Ca2+-dependent mechanism, they become 

anucleated and end up as cornified cells (corneocytes) that form a protective barrier82. Epidermal 

cells are replenished from epidermal stem cells that reside in the basal layer and originate from 

the bulge of the hair follicle. Once an epidermal stem cell is a resident of the basal layer of the 
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epidermis, it is unipotent and can only differentiate to produce daughter keratinocyte cells81. The 

main function of the epidermis is to act as a barrier from the external environment, and hence 

damage. Epidermal integrity is maintained by cell-cell and cell-matrix connections made by 

desmosomes, adherens junctions, hemidesmosomes, and other structures comprised of a variety 

of integrins, glycoproteins, and proteoglycans81. Epidermal integrity is important for the 

maintenance of skin homeostasis, and yet damage can occur due to bacteria, fungi, viruses, 

ultraviolet (UV) radiation, heat, or chemical exposure. The structure of the epidermis in normal 

skin is such that the basal layer of keratinocytes forms rete ridges in a predictable pattern which 

contribute to its attachment integrity (Figure 1.9). The epidermis is primarily comprised of 

keratinocyte cells (90%) with melanocyte presence in the basal layer of the epidermis (9%). 

There are also immune-related antigen-presenting cells (Langerhan cells) in the epidermis 

(1%)80; despite their localization, these three epidermal cell types are derived from different 

lineages as described below. 

1.2.2 Melanocytes structure and function 
 Melanocytes are derived from the neural crest and ultimately reside in the skin, mucous 

membranes, and retinal pigmented epithelium83. Their neural crest derivation is evident based on 

their morphologic similarity to neurons (Figure 1.10). Melanocytes distribute evenly along the 

dermal-epidermal junction and there is no difference in melanocyte cell number, size, or shape 

between light and dark skin84. There are, however, regional variations within individuals with the 

face and foreskin containing the largest number of melanocytes per area and the abdomen and 

lower extremities containing the fewest cells85. Melanocyte precursor cells, termed melanoblasts, 

reside in the hair bulb and can be mobilized upon injury to re-pigment healing skin (Figure 1.11). 

When dermal appendages are destroyed in FT injuries, melanocytes repopulate healing wounds, 

however, the origin of these cells is not well studied and is currently unknown. Presumably, a pool 

of melanocytes migrates from the wound edges. It is also possible that blood-derived cells hone 

to the wound bed, differentiate, and form a second pool of melanocytes. Melanocytes are 

characterized by the presence of two or more dendritic processes85.  They are in contact with 

many keratinocytes and are able to interact with these cells through the extension of dendrites 
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into a network of epidermal cells. One melanocyte often interacts with up to 30 keratinocytes 

(Figure 1.12).  

 The melanocyte and the keratinocytes with which it interacts form the multicellular 

“epidermal melanin unit”85. The two cell types work in a unit to determine the pigmentation 

phenotype of skin. Constitutive skin pigmentation is apparent and can be observed in people of 

different races where, at baseline, without response to damage, there are different levels of 

pigmentation in people with different genetic backgrounds86. The induction of pigmentation can 

also occur when keratinocytes regulate exposure to the outside environment by processing and 

secretion of damage-associated environmental signals. Melanocytes then receive these protein 

signals and respond by upregulating pigmentation machinery within the cell. When pigment is 

produced, melanocytes package it into melanosomes, transfer it back to keratinocytes along their 

dendritic processes, and keratinocytes house melanin where it is used in a variety of functions 

(Figure 1.13)86. It is clear that pigmentation develops due to an increased rate of melanogenesis, 

and not proliferation of melanocytes85.  

1.2.3 Current treatment options for burn hypertrophic scar dyschromia 
 Pigmentation occurs in keratinocytes and melanocytes, and as such, these cells form the 

basis of the investigation when attempting to develop treatments for dyschromia in burn-related 

HTS. The first suggested treatments were reported in the 1980s87,88. Onur et al. used a technique 

whereby they employed dermabrasion in the hypo-pigmented HTS area to ablate the epidermis 

and grafted this area with thin (0.2-0.3 mm) skin grafts. They were able to show “adequate 

repigmentation” in their case series of 18 patients. Despite their positive results, the authors 

claim, “areas of skin depigmentation following trauma or deep burns rarely recover their 

pigmentation, the restoration of which is also singularly difficult”. 

In 1991, investigators in the United States published a similar study89. In this study, the 

hypo-pigmented HTS area was also prepared using dermabrasion. An “epidermal” sheet graft 

was then taken at a depth of 0.0006 inches (0.015 mm) using a dermatome. This method used a 

much thinner graft that contained only epidermis so as to limit donor site dyschromia. The treated 

scars were then examined and classified into one of four categories: judged to have 0-5% 

residual depigmentation (excellent outcome), 6-10% (good), 11-15 (fair), and >15% (poor). 86% 



 10 

of patients had a good result and 13% had an excellent result. The same group extended their 

findings in a 1996 publication of the same title where they added an additional 21 patients to their 

case series90. Their findings were similar and somewhat improved over their previous study with 

62% of re-pigmented grafts rated as good and 34% rated as excellent with no loss of 

repigmentation even at one year. Similar studies continued to occur, one reported substituting 

dermabrasion with flash-scanned CO2 laser to prepare the HTS area for thin split-thickness 

grafting91. The papers described above report outcomes for patients treated exclusively for  hypo-

pigmented HTS. As time went on, this technique was also used to treat hyper-pigmentation92,93. 

In 199694 and 199795, concise reviews were published in Burns and the Journal of Burn Care and 

Research, respectively.  They summarized the limited treatment options for postburn 

dyspigmentation. They described thin STSG after dermabrasion as the only surgical technique 

that was available at the time. The only other treatments that were mentioned were medical 

tattooing and temporary makeup96-99. Even as late as 2016, a paper was published showing the 

results of a retrospective chart review of patients who underwent dermabrasion and thin STSG 

from 1997-2007100. Today, in many centers around the country, many patients are told that their 

only option for treatment of dyschromia is to use makeup or tattooing. Thin STSG treatment has 

benefits as discussed above, however, complications can occur. Some patients have 

experienced hyper-pigmentation of the grafted site and donor site after sun exposure and cyst 

formation beneath grafts88. In addition, in patients with large TBSA injuries, who have extremely 

limited areas of normally pigmented skin, surgical correction is not an option. Lastly, there are 

only a few surgeons in the United States who perform this operation.  

With this literature in mind, it is clear that none of these treatment methods are based on 

mechanistic science. They rely on the transfer of cells or tissues from unaffected areas of the 

body to the HTS site. They can also lead to pigmentation abnormalities at the donor sites. As 

such, we sought to investigate the mechanism of action of HTS dyschromia to develop treatments 

with a mechanistic basis that may be more efficacious, tissue sparing, and more widely applicable 

than prior methods.  
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1.3 Pigmentation signaling cascade in normal skin in response to UV light 

1.3.1 Canonical pigmentation signaling 
Although the mechanism by which HTSs become dyschromic is not well understood, the 

mechanism by which normal, uninjured skin makes pigment in response to UV light is well 

characterized in the current literature. As has been a framework for the treatment of other 

diseases of dyspigmentation such as Waarenburg syndrome, Hermansky-Pudlak syndrome, 

oculocutaneous albinism, and piebaldism, there are lessons to be learned from the biology of 

melanocytes and keratinocytes and normal pigmentation mechanisms that may be clues as to the 

development of pathologies101. 

The canonical and primary mechanism whereby normal skin makes pigment in response to 

damage from UV light is illustrated and described below (Figure 1.14). When UV light causes 

damage to the DNA within keratinocytes, tumor protein 53 (p53) transcription is increased within 

the cell102-105. p53 then acts as a transcription factor for the gene pro-opiomelanocortin (POMC) 

within keratinocytes, increasing its transcription and hence, protein expression106-112. POMC then 

gets proteolytically cleaved to its products: adrenocorticotropic hormone (ACTH) or α-melanocyte 

stimulating hormone (α-MSH), and these molecules get secreted from the keratinocytes108,109,112-

125. These signaling molecules bind G-protein coupled receptors on melanocyte membranes  

(melanocortin 1 receptors; MC1R) 111,126-130. The binding of ACTH or α-MSH to MC1R then 

activates the secondary messengers of MC1R, specifically adenylcyclase, which converts ATP to 

cAMP 116,131-133. cAMP can then activate protein kinase A (PKA) by binding to its regulatory 

regions, freeing the catalytic domains. PKA goes on to phosphorylate cAMP response element 

binding protein (CREB). p-CREB can then bind to the promoter region in the gene encoding 

microphthalmia transcription factor (MiTF), among others, and increase its transcription 129,132-139.  

Simultaneously, damaged keratinocytes also signal to melanocytes through a secondary 

mechanism. In response to UV, Stem cell factor (SCF) is upregulated and secreted by 

keratinocytes, fibroblasts and endothelial cells 140-142 and binds to a receptor tyrosine kinase on 

melanocyte membranes, the stem cell growth factor receptor (c-KIT)121,143. The binding of the 

ligand to the receptor dimerizes and activates the receptor by autophosphorylation; this 

dimerization activates the mitogen-activated protein (MAP) kinase pathway within melanocytes.  
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 MAP kinases ultimately go on to phosphorylate the MiTF. p-MiTF can then bind to the M-

Box promoter region of the three genes that are essential for the production of eu-melanin, 

specifically, tyrosinase (TYR)104,117,144-147, tyrosinase related protein 1 (TYRP1)132, and tyrosinase 

related protein 2 (TYRP2), also referred to as dopachrome tautomerase (DCT)132. TYR is the 

rate-limiting enzyme for melanogenesis. TYR hydroxylates tyrosine to L-3, 4-

dihydroxyphenylalanine (L-DOPA), and further oxidizes L-DOPA to DOPAquinone.  

DOPAquinone then undergoes spontaneous oxidation to form DOPAchrome. TYRP2 serves as a 

dopachrome tautomerase and catalyzes the reaction of DOPAchrome to 5,6-dihydroxyindole-2-

carboxylic acid (DHICA). Last, TYRP1 catalyzes the reaction of DHICA to the formation of eu-

melanin (Figure 1.15)148.  

Once eu-melanin is produced, it is then packaged into lysosome-like organelles called 

melanosomes, and melanosomes are transferred back to keratinocytes via the dendrites through 

the protease activated receptor 2 (PAR2). The newly synthesized melanin then acts as protection 

for DNA within keratinocytes by absorbing the UV light that would otherwise cause damage to the 

DNA (Figure 1.14)149-151. 

Melanocytes can exist in an “activated” phenotype with many dendrites present or an 

“inactivated” phenotype with almost no dendrites (Figure 1.16). Eumelanin is transferred along 

dendrites, which are formed specifically to facilitate this transfer152-154. The formation of dendrites 

(dendritogenesis) is a hallmark of melanogenesis. Dendritogenesis is dependent on actin and 

microtubule function as is evidenced by the detrimental effect that actin polymerization-disrupting 

and microtubule-disrupting agents have on melanocyte morphology. Similar to melanogenesis, 

dendritogenesis can be induced by UV irradiation155, α-MSH156, endothelin-1 (ET-1)157, and nerve 

growth factor (NGF)158.  Therefore, dendrite presence can act as a surrogate for melanocyte 

activity. 

1.3.2 Non-canonical pigmentation signaling 
It is important to note that melanogenesis can occur by additional non-canonical signaling 

mechanisms involving myriad ligands and receptors including NGF, ET-1, granulocyte 

macrophage colony-stimulating factor (GM-CSF), and others159. In short, melanogenesis is a 

complex process with redundant mechanisms in place.  
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Keratinocytes are not the only cells that are in contact with melanocytes. Fibroblasts can 

also influence pigmentation through distinct mechanisms160. There are a number of paracrine 

factors secreted by fibroblasts that are known to up-regulate melanogenesis including neuregulin 

1 (NRG1)161 and clusterin162 (CLU). In contrast, there are a number of other paracrine factors 

known to downregulate melanogenesis including dikkopf 1 (DKK1)163 and cysteine rich 

angiogenic inducer 61 (CYR61)164(Figure 1.17). 

1.3.3 Melanocyte markers 
One of the challenges of studying dyschromia is in identifying melanocytes in samples of 

interest. In the early years of melanocyte research before immuno-staining was a common 

technique, melanocytes were primarily identified by treatment of the sample with DOPA84. As 

technology has improved, the most common technique used today is immuno-staining of cells165. 

In many papers, there is a common thread that melanocyte markers of choice are 

transcriptionally regulated by MiTF. Melanoma antigen recognized by T cells 1 or protein melan-A 

(MART1/MELANA) is an example, as it is the most commonly used marker to identify 

melanocytes165,166. However, since MART1 is transcriptionally regulated by the transcription 

factor MiTF137, it would not identify non-pigment-producing melanocytes. Additional examples of 

this concept are seen in studies using MiTF, TYR, TYRP1, or DCT as “markers” of melanocytes. 

To avoid this issue, a melanocyte marker that is not pigment-dependent was chosen. S100 

calcium-binding protein B (S100b) is a melanocyte marker that has been studied in relation to 

normal skin, as well as melanoma165,167,168. S100 proteins are calcium-binding proteins that are 

involved in both extracellular and intracellular signaling related to proliferation, differentiation, 

homeostasis, inflammation, and migration, as well as other mechanisms169. S100b is most 

commonly known as a marker for astrocytes which are glial cells of the brain and spinal cord. The 

protein binds to tubulin, microtubule-associated proteins, actin-binding proteins, calponin, 

intermediate filaments, annexin 6, p53, and many other proteins. S100b was therefore used in 

this work as a marker for melanocytes in normally pigmented skin as well as hyper- and hypo-

pigmented scar.  
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1.4  Figures 

 
Figure 1.1 Skin is composed of two main layers, the epidermis and the dermis.The dermis can be 

further broken down to the papillary and reticular dermis. 
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Figure 1.2 Depth of injury is defined by the layer of skin to which thermal injury penetrates.SPT 
injuries extend through the epidermis and papillary dermis, DPT injuries extend into the reticular 
dermis, and FT injuries extend down to subcutaneous tissue. Skin is not only composed of skin 

cells, but of a number of dermal appendages including hair follicles and blood vessels. 

 
Figure 1.3 SPT injuries heal through a normal process that is highly coordinated.An example of a 

SPT injury course of healing in a red Duroc pig model. Scale bar= 2.54 mm 
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Figure 1.4 FT burns are treated by excision of the dead tissue and autologous skin grafting which 

results in a donor site wound (A).At days 3 and 10 post-grafting, wound healing occurs without 
scarring (B). 
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Figure 1.5 HTS can result from a variety of injuries.HTS can result in wounds that are not treated 
with autologous skin grafting (A), treated with mSTSG (B), from donor sites (C). One of the main 

symptoms of HTS that can be observed is dyschromia. 
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Figure 1.6 HTSs are assessed using the VSS (A) and POSAS (B).These scales rate symptoms 
of vascularity, pigmentation, pliability, and height, as well as pruritus and pain, by the provider 

and the patient. 
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Figure 1.7 There are three categories of hallmarks of HTS.  These are clinical (A), histologic (B), 
and molecular (C).  

 
Figure 1.8 Hematoxylin and &Eosin (H&E) showing histoarchitecture of HTS and skin.Regions of 
hyper- (top) and hypo (middle)-pigmentation share many of the hallmark characteristics of HTS 

compared to normal skin (bottom). Hyper- and hypo-pigmented scar and normal skin FFPE 
biopsies were stained with H&E. Scale bar= 500 μm at 1.25X (A), 100 μm at 5X (B), 50 μm at 

10X (C), and 20 μm at 40X (D). Brackets indicate thickness (A). Circle indicates collagen 
organization (B). Arrows indicate rete ridges (C). 
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Figure 1.9 Epidermal structure.The epidermis is composed of 5 layers and is consists primarily of 

keratinocytes. Melanocytes reside in the basal layer and can be found in rete ridges that are 
formed from dermal papillae. 

 
Figure 1.10 Melanocytes are derived from the neural crest.Normal human epidermal 

melanocytes derived from a health adult donor (A) share similar morphology to mouse 
hippocampal neurons stained for microtubule associated protein 2 shown in red (B). Dendritic 

morphology is the key characteristic. 
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Figure 1.11 Epithelial progenitor cells and melanoblasts are mobilized from dermal 

appendages.In SPT or DPT wounds where dermal appendages remain intact, wound healing and 
pigmentation are associated with hair follicles (A). Epithelial cells and melanocytes are mobilized 
from the hair follicle bulge to re-epithelialize and re-pigment the wound (B). Melanoblasts white 

arrows. Scale bar= 2.54 mm (A). Scale bar=100 µm (B).   

 
Figure 1.12 Melanocytes (red) can interact with up to 30 neighboring keratinocytes (blue) through 

long dendritic processes. 
 



 23 

 
 

 
Figure 1.13 Normal skin cells respond to damage from UV light or other stressors by 

synthesizing and transferring eu-melanin to protect against further damage.Keratinocytes secrete 
damage-associated signals that are received by melanocytes. Melanocytes then initiate signal 

transduction resulting in eu-melanin synthesis. 
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Figure 1.14 Skin pigmentation in response to UV light.tumor protein 53 (p53), 

proopiomelanocortin (POMC), adrenocorticotropic hormone (ACTH), α-melanocyte stimulating 
hormone (α-MSH), melanocortin 1 receptor (MC1R), protein kinase A (PKA) cAMP response 
element binding protein (CREB), microphthalmia transcription factor (MiTF), stem cell factor 

(SCF), stem cell growth factor receptor (c-KIT), tyrosinase (TYR), tyrosinase-related protein 1 
(TYRP1), tyrosinase-related protein 2 (TYRP2), dopachrome tautomerase (DCT). 
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Figure 1.15 Tyrosinase is converted to eu-melanin.Tyrosinase (TYR) hydroxylates tyrosine to L-

3, 4-dihydroxyphenylalanine (L-DOPA), and further oxidizes L-DOPA to DOPAquinone.  
DOPAquinone then undergoes spontaneous oxidation to form DOPAchrome. Tyrosinase-related 

protein 2 (TYRP2/DCT) serves as a dopachrome tautomerase and catalyzes the reaction of 
DOPAchrome to 5,6-dihydroxyindole-2-carboxylic acid (DHICA). Last, tyrosinase-related protein 1 

(TYRP1) catalyzes the reaction of DHICA to the formation of eu-melanin. 
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Figure 1.16 Melanocytes can exist in an activated form with multiple dendrites, or an inactivated 

form with few or no dendrites present. 
 

 
Figure 1.17 Fibroblasts can also influence pigmentation.Fibroblasts are in contact with 

melanocytes from below the basal layer of the epidermis as opposed to keratinocyte presence 
from above.  
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2 Chapter 2: Modeling dyschromic hypertrophic scar in Duroc pigs: initial findings2 
2.1 Introduction 

To study the mechanistic etiology behind dyschromia in burn HTS, an appropriate animal 

model of the disease process is essential. There are multiple HTS models; however, the red 

Duroc pig full thickness wounding model results in HTS that is most similar to human HTS by 

clinical, histologic, and molecular characteristics. 

Dyschromic HTSs were created by full thickness excisional wounding on the flanks of 

Duroc pigs. Re-epithelialization was monitored by digital imaging. Non-invasive skin probes were 

used to measure scar elasticity, stiffness, pigmentation, and vascularity. Biopsies of scar and skin 

were taken to measure epidermal and dermal thickness. Further, hyper- and hypo-pigmented 

biopsies of scar were formalin fixed, paraffin embedded, and immuno-fluorescently stained for 

S100b and α-MSH, markers of melanocytes and their activation status.  

HTS develops in Duroc pigs due to prolonged healing times. Wounds were fully re-

epithelialized by day 42. HTSs had increased elasticity, stiffness, and height compared to 

uninjured skin. Dyschromia was apparent with regions of hyper- and hypo-pigmentation. 

Heterogeneous pigmentation developed and was not consistent within or between animals, and 

no obvious wound characteristics correlated with the development of dyspigmentation. 

Surprisingly, S100b-positive melanocytes were identified in formalin-fixed paraffin embedded 

FFPE sections in hypo- and hyper-pigmented scar. Hyper-pigmented scar had elevated protein 

levels of α-MSH compared to hypo-pigmented scar.  

These data serve to further characterize the Duroc pig model and shows further 

similarities to human HTS. Future work with additional biologic replicates and additional assays is 
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needed to confirm melanocyte presence in regions of hypo-pigmentation. Future work is also 

needed to evaluate the entire pigmentation signaling cascade to evaluate differential expression 

of markers of interest, in addition to α-MSH.  

There is no perfect animal model for the study of HTS170,171. Studying patient samples is 

most likely the best recapitulation of the disease process; however, this strategy has the 

drawback that it is a snapshot in time. These samples do not provide any information as to the 

natural history of HTS formation, as they must be taken after a scar is already formed. 

Additionally, HTS samples from patients are most likely at the severe end of the spectrum 

because the samples can most often only be collected during HTS excisions. Murine species are 

not acceptable models because of the “loose-skinned” nature of these animals (Figure 2.1)172. 

They also have a panniculus carnosus which allows them to heal by contraction instead of by 

granulation tissue deposition and re-epithelialization. As such, murine species do not form HTS 

and are not an acceptable model. Non-animal models for wound healing and scar formation have 

also been suggested173. These include in vitro models utilizing co-cultures of HTS-derived cells 

and organotypic culturing of biopsies of HTS. Ex vivo models utilizing excised human skin have 

also been proposed. While these models are useful for certain research questions, the drawback 

of not having the full in vivo system is clear.  

A number of animal models for HTS have been proposed, including nude mouse models 

of xenografted human normal skin or HTS, the rabbit ear model, the Yorkshire pig model, and the 

red Duroc pig model. Each of the models has its own inherent pros and cons and each can be 

useful depending on the details of the specific research question. In addition, some papers claim 

that there is no universally accepted animal model for HTS, and hence, there is discord in the 

literature about methods for HTS creation even within the same species.  

Nude mouse models of xenografted normal human skin have been used to create 

human-like HTS174-176. Although the skin was normal, and not HTS when it was xenografted, the 

skin forms scar that has many of the morphologic and histologic criteria of HTS. Additional 

models have been developed over time where the normal skin is “scratched” to create a wound in 

the skin that then forms additional HTS177.  While these models are useful, and they have shown 
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retention of the HTS and pigmentation phenotype even 1-year post-xenografting, the etiology of 

HTS is not the same as the etiology of full thickness wounding or burn injury. Lastly, this model 

relies on the availability of large amounts of normal human skin, a resource that is not universally 

available. 

The rabbit ear model likewise has its pros and cons178. It involves creating a small (6-8 

mm) full thickness excisional wound in the ear of New Zealand white rabbits. Because the rabbit 

ear does not contain a panniculus carnosus, the small wounds heal with fibrosis and share some 

of the hallmarks of HTS including increased thickness, vascularity, and cellularity. In most papers, 

6-8 scars are created on each ear and treatments are applied to each HTS as an individual 

biologic replicate. The model is affordable and has been used successfully to investigate a 

number of drug treatments; however, not many of these have made the leap to clinical 

treatments. This model does not acknowledge the potential local-regional effects of drug 

treatments on HTSs. Lastly, the overall skin structure of the rabbit ear is not similar to human skin 

because it sits upon a bed of avascular cartilage178. The model’s main limitation is the size of the 

scars for study, which are small. In addition, dyschromia is not evident in these scars.  

The Yorkshire pig model is useful for modeling HTS similar in phenotype to scars from 

patients with baseline light skin pigmentation24,179-183. These scars are often described as “port-

wine” scars due to their erythematous nature due to increased vascularity. They have increased 

thickness compared to normal skin (~2X), decreased tensile strength, different collagen 

architecture, increased vascularity, increased TGFb expression, increased presence of 

myofibroblasts, and decreased presence of rete ridges24. This model is useful for certain research 

questions related to the prevention and treatment of scars that are present in patients with light 

skin pigmentation. On the other hand, the scars are not as thick as human HTS and they are not 

raised above the surrounding tissue. This phenomenon is most likely because fibroblasts derived 

from Yorkshire skin have an inherently less fibroproliferative phenotype compared to Duroc pig 

fibroblasts71. Fibroproliferation was demonstrated by Duroc pig fibroblast increased actin stress 

fiber formation and adhesion complexes, decreased cell migration, increased cell contraction, and 

differential expression of HTS-related genes of interest (α-smooth muscle actin (SMA), type I 
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collagen, decorin, and TGFb) compared to Yorkshire pig fibroblasts. Lastly, the Yorkshire pig 

model for HTS is insufficient for certain research questions because there is no melanin-related 

dyschromia in this model.  

In the 1970s, Silverstein et al. reported HTS development in red Duroc pigs after deep 

dermal wounding. They never published their model however, and it was not widely adapted. In 

2003, Zhu et al. published an examination of a number of wounding thicknesses and the resulting 

HTS that developed under different conditions in female red Duroc pigs184. They found that the 

creation of 8 cm by 8 cm (3.1 inches by 3.1 inches) DPT or FT wounds with a total dermatome 

setting of 0.06” to 0.09” led to the development of HTS that was thick, hypercontracted, and 

hyper-pigmented. In addition, there was disorganized collagen structure and many of the genes 

of interest known to be dysregulated in human HTS were appropriately dysregulated. The same 

group went on to publish a number of papers demonstrating the clinical, histologic, and molecular 

similarities of Duroc pig HTS to human HTS185-189. Around the same time period, another group 

published similar findings in Duroc pigs190,191. Gallant et al. used females or castrated males and 

created 2 cm by 2 cm (0.8 inches by 0.8 inches) full thickness wounds using a scalpel to remove 

the full-thickness skin down to subcutaneous fat. Multiple small wounds were created in 2 rows of 

10 wounds per flank. These HTSs ultimately developed to be hyper-pigmented at day 70.  

It was around this time after the publication of these novel Duroc pig HTS model papers 

that our lab became focused on developing a similar model for HTS. We began modeling with 

Duroc pigs to study PT wounds in relation to donor site healing dynamics192 and wound healing 

accelerating agents193. These wounds were created at a total dermatome setting of 0.06” and 

were 7.62 cm x 7.62 cm (3 inches x 3 inches). These partial thickness wounds healed without the 

thick fibroproliferative nature of HTS; however, some hyper-pigmentation was observed. We then 

continued our investigation into the creation of FT wounds to generate HTS. During this project, 

where the primary goal was to study pressure delivery, HTSs were generated by FT wounding 

with a total dermatome setting of 0.09” and size of 10.16 cm by 10.16 cm (4 inches by 4 inches)60-

63,194,195. Throughout the course of this work, dyschromia, with regions of hyper- and hypo-

pigmentation, was apparent196.  
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From 2012, when our lab began with this model, to present day, multiple labs have 

adopted the Duroc pig as a model for HTS formation. There is still no universal method for the 

creation of scars as some labs use excisional techniques at different depths and with different 

instruments197-199, burn techniques200-203, and burn, excision, and auto-grafting techniques65,204-206. 

Many scar models use small wound sizes that are not a significant wound burden on the animal. 

The full thickness nature of the injuries created in our model, as well as the large size, helps to 

closely mimic the HTS features that were observed in patients during the parallel timeline that 

experiments were taking place. This chapter will outline our method for forming HTS in Duroc 

pigs for the study of dyschromia, as well as initial findings related to the differences between 

normally pigmented skin and hyper- and hypo-pigmented HTS.  

2.2 Methods 
2.2.1 Animal model and wound creation 

All animal work described was reviewed and approved by the MedStar Health Research 

Institute’s Institutional Animal Care and Use Committee (IACUC).  Juvenile castrated male Duroc 

swine (30-55 kg) were received and handled according to facility standard operating procedures 

under an animal care and use program accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care International and the Public Health Service.  

On the day of surgery, animals were anesthetized with a combination of ketamine (10 

mg/kg) and xylazine (2 mg/kg) that were delivered intramuscularly.  Animals were intubated, 

maintained on isoflurane, placed on a warming blanket, and ventilated while heart rate, blood 

pressure, peripheral oxygen saturation, end-tidal carbon dioxide saturation, and core body 

temperature were continuously monitored.  The body hair was clipped, and the skin was prepped 

with chlorhexidine gluconate scrub.   

Over the course of this thesis work, two separate Duroc pig experiments were carried 

out. In Experiment 1, there were n=4 animals. To create full-thickness wounds, one 10.16 cm x 

10.16 cm (4-inch x 4 inch) square was excised over the rib cage on each side of the animal, at a 

total dermatome setting of 0.090 inches (0.030 in x 3 passes) using a dermatome (Zimmer, Ltd., 

Swindon, UK). A Goulian blade was then used to ensure that the entire square was wounded 
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down to full thickness. In Experiment 2, there were n=3 animals. Instead of one wound on each 

side of the animal, two wounds were created, one more cranial and one more caudal.  

The nature of the excisional wounding procedure creates wounds that are down to the 

subcutaneous fat and removes all viable dermal elements, including hair follicles and shafts, and 

apocrine tissues. Mepilex® Ag dressings (Molnlycke, Gothenburg, Sweden) were applied after 

wound creation and at each dressing change. Animals were fitted with custom-made neoprene 

vests207, which completely covered the applied dressings while still allowing mobility of the 

animal. Buprenorphine (0.005 mg/kg) and fentanyl (25 mcg/hour) were administered for pain 

control at the end of each surgical procedure. Each week, through 133 days, animals underwent 

wound cleansing, imaging, biopsy procurement, dressing changes, and vest replacement. The 

animals were examined at least twice daily to monitor animal health and to identify any signs of 

pain, wound infection, or distress, of which there were no serious events. 

At baseline before excisional wounding, biopsies of normally-pigmented, uninjured skin 

were taken. In addition, beginning at day 35, when re-epithelialization was apparent, through day 

135, the last day of experimentation, distinct regions of hyper- and hypo-pigmented HTS were 

biopsied. Biopsies of surrounding areas of normally pigmented skin were also taken at each time 

point. Skin and scar biopsies were stored in formalin for histology assays.  

2.2.2 Quantifying re-epithelialization 
Post-excision, a digital picture was taken of the wound, and this image was used to 

measure total open wound area. Each week during the assessment, digital pictures were taken. 

ImageJ was used to trace the open wound area and obtain a measurement. Re-epithelialization 

was measured over time.  

2.2.3 Scar characteristic measurements 
 On day 98, scar and skin measurements were taken using an ElastiMeter (elasticity) 

(Delfin Technologies, Stamford, Connecticut), Durometer (stiffness; Electromatic Equipment, 

Cedarhurst, NY), and Skin Color Catch non-invasive probe (SCC) (melanin index and erythema 

index) (Delfin Technologies) (n=4 each of scars and normal skin areas). Additionally, formalin 

fixed biopsies were paraffin embedded (FFPE), sectioned at 5 μm, and stained with H&E. Two 

sections per sample were used to obtain 8 epidermal and 8 dermal measurements per scar or 
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area of normal skin (n=6). Epidermal and dermal thickness were subsequently measured using 

ImageJ software.  

2.2.4 Fontana-Masson staining  
To detect melanin, Fontana-Masson staining was conducted in hyper- and hypo-

pigmented scar from day 135 (n = 3). After formalin fixation for a minimum of 24 hours, they were 

processed in a gradient of alcohols (70%, 80%, 95%, 95%, 100%, and 100%) each for 30 

minutes under vacuum pressure in an automated tissue processor (Leica Biosystems, Buffalo 

Grove, IL). They were then cleared in two changes of xylene for 45 minutes under vacuum 

pressure. Finally, the tissue was infiltrated in three changes of paraffin for 45 minutes under 

vacuum pressure. The tissues were embedded into paraffin blocks. Blocks were cooled on ice 

and were subsequently sectioned at 6 μm and floated on positively charged glass slides 

(ThermoFisher Scientific). The sections were deparaffinized and rehydrated in gradient alcohols, 

ending in distilled water. Next they were treated with successive washes of ammoniacal silver at 

60°C, distilled water, 0.2% gold chloride, distilled water, 2% sodium thiosulfate, distilled water, 

neutral red stain, and distilled water. Finally, slides were dehydrated in successive alcohol 

washes and were mounted with Permount (Thermo Fisher Scientific, Frederick, MD).  

Fontana-Masson stain coloring allowed for analysis by ImageJ Software (NIH, Bethesda, 

MD). Within each pigment type, 2 sections were stained, and within each section, 10 high-

powered field (HPF) images were taken using a Zeiss Axioimager microscope with colored 

camera. The images were adjusted to a red/green/blue stack, the red image was used, a 

threshold was set to 123, and finally, the % of the image stained black was quantified for each 

HPF. A Student’s t-test was used to compare the average % area stained black (melanin 

quantity) between hyper- and hypo-pigmented scars.  

2.2.5 Immunofluorescent staining of S100b and α-MSH 
 Hyper- and hypo-pigmented scar and normally pigmented skin from day 98 were 

sectioned. Slides were deparaffinized and rehydrated through an alcohol gradient and brought to 

phosphate buffered saline (PBS) where they rehydrated for 10 minutes. Antigen retrieval was 

performed using a pressure cooker that achieved a temperature of 95oC for 20 minutes in Tris-

EDTA with 0.05% Tween buffer. Slides were cooled with running water for 5 minutes, and then 
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cell membranes were permeabilized using PBS with 0.025% Triton (PBST) for 10 minutes. Slides 

were blocked with Superblock Buffer in PBS (ThermoFisher Scientific) for 20 minutes. For S100b, 

a mouse monoclonal antibody (Abcam, ab11178) was applied at a dilution of 1:50 and allowed to 

incubate overnight at 4oC. For α-MSH, a rabbit polyclonal primary antibody (ThermoFisher 

Scientific, PA1-36171) was applied at a dilution of 1:200 and allowed to incubate overnight at 

4oC. The next day, slides were rinsed with PBST for 10 minutes and a goat anti-mouse-CY3-

conjugated secondary antibody (Abcam, ab6939) or a  goat anti-rabbit-CY3-conjugated 

secondary antibody (Abcam, ab97035) was applied at a dilution of 1:500 for 1 hour at room 

temperature. Slides were rinsed in 3 changes of PBS and then counterstained with DAPI (1 

μg/mL) for 10 minutes. Slides were rinsed in distilled water for three minutes and mounted in 

aqueous mounting media. Slides with no primary antibody were conducted in parallel at each 

staining session and revealed no positive staining. Slides were viewed with a Zeiss Axioimager 

microscope with multichannel black and white camera equipped with fluorescence filters (Zeiss, 

Oberkochen, Germany).   

2.3 Results 
2.3.1 Hypertrophic scars result from delayed wound closure, and are thick, non-elastic, 

stiff, and dyspigmented 
  The animal model used in this paper results in scars that are characteristically 

hypertrophic. The FT excisional wounds are large enough such that a layer of granulation tissue 

is deposited starting at day 0 continuing through day 21. At day 21, the epithelium begins to 

migrate, and the wounds begin to close (Figure 2.2A). As is characteristic of wounds that go on to 

form HTSs, these wounds did not fully close until day 42 after wounding, rendering them in a 

state of hyper-inflammation that contributes to scar formation (Figure 2.2B). When the scars were 

fully formed at day 98, multiple quantitative measurements of different HTS metrics were taken 

including elasticity, stiffness, pigmentation, height, and vascularity. HTSs were less elastic (52.5 ± 

20.8 vs. 157.1 ± 87.2 instant skin elasticity, n=4 scars, p=0.0059), less pliable (40.1 ± 9.3 vs. 24.4 

± 5.1 durometer units, n=4 scars, p=0.0031), either more or less pigmented (908.4 ± 18.6 or 

621.0 ± 71.7 vs. 845.25 ± 19.6 melanin index, n=4 scars, p=0.001, p<0.001), and thicker (4286.4 

± 833.8 vs. 2708.6 ± 390.7 μm, n=6 scars, p=0.0011) compared to normal skin (Figure 2.2C). 
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Epidermal thickening was also observed in scar compared to skin (92.1 ± 33.06 vs. 82.3 ± 10.8 

μm, n=6 scars), however the difference was not significant. The only characteristic of HTS that 

was not observed in this model was a difference in vascularity, where the erythema index of the 

scar vs. skin was not different (389.3 ± 9.6 vs. 378.6 ± 8.6 erythema index, n=4 scars).  

2.3.2 Development of dyschromia is un-predictable and heterogeneous 
Beginning as early as day 42 post-injury, islands of hyper-pigmentation were observed 

surrounded entirely by areas of hypo-pigmentation (Figure 2.3A). Additionally, hyper-pigmentation 

originated from the edges of the scars and progressed inward becoming darker and more diffuse 

through day 135 (Figure 2.3B). Each scar on different animals developed with heterogeneous 

pigmentation, and the patterns of dyspigmentation were distinct between and within animals 

(Figure 2.3B). Hyper-pigmented scars developed as a result of eu-melanin deposition, while the 

pinkish color apparent in hypo-pigmented scar was a result of blood perfusion. Staining of punch 

biopsies of defined regions of hyper- or hypo-pigmentation by Fontana-Masson shows diffuse 

melanin granules throughout the entire epidermal layer in hyper-pigmented scar, while no staining 

was apparent in hypo-pigmented scar. Quantification of melanin levels using ImageJ software 

revealed significantly more melanin stained in hyper-pigmented vs hypo-pigmented scar (3.49 ± 

0.31 vs 0.95 ± 0.02, n =3, P < .01; Figure 2.3C). The degree of hyper-pigmentation was 

heterogeneous among different scars and did not correlate with any obvious wound 

characteristics. One such characteristic that was investigated was the time to re-epithelialization. 

The open wound area at day 28 (a surrogate for inflammation) and the percent area of hyper-

pigmentation were investigated, and no correlation between the two variables was observed 

(Figure 2.4).  

In Experiment 1 with n=4 pigs with 1 wound per flank, the development of regions of 

hyper- and hypo-pigmentation was un-predictable based on the initial excision (Figure 2.5). In 

Experiment 2 with n=3 pigs with 2 wounds per flank, the scars that were more cranial tended to 

be less contracted with more hypo-pigmentation. The caudal scars were more contracted with 

more hyper-pigmentation (Figure 2.6).  
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2.3.3 Regions of hyper-pigmentation and hypo-pigmentation contain S100b-positive 
melanocytes stained in FFPE sections 

 Cells that reside in the basal layer of the epidermis were labeled with S100b antibody 

and, surprisingly, there were equal numbers of positive cells in the hyper-pigmented regions 

compared to the hypo-pigmented regions (Figure 2.7). S100b-positive cells, presumed to be 

melanocytes, were identified in n=3 pigs. The animal work resulting in these samples occurred 

before the start of the current thesis work (Experiment 0). In each of n=3 pigs, melanocytes were 

identified in FFPE sections regardless of pigmentation phenotype.  

2.3.4 Hyper-pigmented scar has higher levels of a-MSH compared to hypo-pigmented 
scar in FFPE sections 

 α-MSH was positively stained throughout the entire epidermal layer in hyper-pigmented 

scar, while staining was absent in hypo-pigmented scar (Figure 2.8). This staining occurred in the 

same samples listed above in n=3 pigs and was consistent among animals.  

2.4 Discussion 
This work serves to further characterize the red Duroc pig model of HTS and validate it 

against several metrics that are hallmarks of HTS in patients. Non-invasive skin probes 

evaluating elasticity, stiffness, pigmentation, and vascularity are a relatively new technology and 

standard values comparing HTS to uninjured skin have not been reported. The findings, 

highlighting the statistically significant differences between uninjured skin and HTS, help to further 

validate this model as being clinically translatable to patients. The only metric where a marked 

difference was not observed was in vascularity. Vascularity, or the formation of “port wine” scars, 

is a hallmark of HTS in Caucasian populations. The Duroc pig represents a HTS phenotype more 

in line with darker-skinned individuals, and so, the lack of a difference in vascularity is expected.  

Of specific interest to this work is the dyschromia that is can be identified by a SCC non-

invasive skin probe. Normal Duroc pig skin has a melanin index of ~850. Hyper-pigmented scar is 

moderately increased by melanin index to ~900 (not statistically significantly different), although 

the change in pigment is noteworthy by eye. Hypo-pigmented regions of scar have a melanin 

index of ~600, indicating a -1.4-fold change in pigmentation compared to normally pigmented skin 

and -1.5-fold change compared to hyper-pigmented scar (both significantly different). These data 

will prove useful in the future when studying treatments for pigmentation, as the efficacy of the 
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treatment can be non-invasively measured over time. Similarly, doses of treatment can be titrated 

to the patient-specific dyschromia. For example, if a patient has a hyper-pigmented scar with a 

melanin index of 900, and their normally pigmented skin has an index of 850, their treatment 

would be different from someone who had a scar at 900 vs. skin at 700.   

 In a controlled model that closely mimics lesions found in humans, a single molecular or 

cellular defect resulting in the heterogeneous morphology characterizing dyspigmentation in 

HTSs is not readily discernable upon careful examination. Still, upon initial reflection, one might 

have hypothesized that when keratinocytes migrate to form new epithelium from the outer edges 

of the wound, they are not accompanied by neighboring melanocytes when the wound is initially 

closed, leading to an epithelium devoid of pigment-producing cells. The investigation into S100b 

as a marker of melanocytes, was therefore, primarily meant to confirm the hypothesis that hyper-

pigmented scar contains melanocytes, while hypo-pigmented scar does not. Contrary to our initial 

hypothesis, and the dogma that is currently purported, melanocytes were present in regions of 

hypo-pigmentation.  

 The limitation of the FFPE immunofluorescent staining is that it masks melanocyte 

dendritic morphology due to the fixation process, and as such, this staining is not definitively 

convincing. In the context of hypo-pigmentation, it is important to determine whether these lesions 

contain melanocytes in order to design therapeutic strategies.  These initial data suggest that 

melanocytes do not require ectopic replacement; rather, they may only require the correct initiator 

of pigment synthesis and transfer. With this knowledge in hand, it is reasonable to conclude that 

regions of hypo-pigmentation may be able to be treated with stimulators of pigmentation. 

In areas of hyper-pigmentation, there could be many points in the pigmentation pathway 

where an intervention may be appropriate. For example, if α-MSH expression is elevated in 

hyper-pigmented regions, α-MSH inhibitors could be employed. On the other hand, if there is no 

differential α-MSH expression between pigmentation phenotypes, and the problem lies with 

increased expression of pigment-synthesizing genes, then an α-MSH inhibitor would not be a 

useful treatment for hyper-pigmentation. Thus, characterizing and targeting key signaling 
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molecules within the pigmentation pathway may improve the design of potential prevention and 

treatment strategies for hyper- and hypo-pigmentation. 

These data provide a framework for interrogating the entire canonical pigmentation 

pathway beginning with DNA damage in keratinocytes through TYR, TYRP1, and DCT 

expression. The next steps also attempted to add additional biologic replicates to confirm the 

presence of melanocytes in hypo-pigmentation. Additional assays were also performed to confirm 

melanocyte presence. The new additional assays do not have the drawbacks of the FFPE 

immunofluorescent staining.  
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2.5 Figures  

 
Figure 2.1 Porcine skin most closely resembles human skin compared to rat and mouse 

skin.Epidermal and dermal thickness are similar and dermal appendages are present in similar 
densities. 
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Figure 2.2 Excisional wounds form scars that are characteristically hypertrophic.Pictures of 

wounds and subsequent scars were taken each week to monitor healing (A). Open wound area 
was measured using ImageJ software (n=4 scars) (B). Elasticity, stiffness, pigmentation, and 

vascularity were measured using skin probes and epidermal and dermal thickness were 
measured histologically (n=6 scars) *p<0.05 
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Figure 2.3 Dyspigmented scars form with regions of hyper- and hypo-pigmentation.Islands of 
hyper-pigmentation surrounded by hypo-pigmentation develop throughout scar formation. An 

example of such an island is shown from day 63 (A). Dyspigmented scars at day 135 from 
different animals (B). Hyper-pigmented and hypo-pigmented biopsies were stained with Fontana-

Masson stain and melanin was quantified using ImageJ (Scale bar= 20 μm) (C). * p<0.01 
 

 
Figure 2.4 The degree of open wound area early during healing does not correlate with the 

eventual degree of hyper-pigmentation in scars.Open wound area at day 28 was measured using 
ImageJ software (n=20 scars). The % area of hyper-pigmentation was measured at day 70 using 
ImageJ software (n=20 scars). There is no correlation between these two variables (correlation 

coefficient r=0.17). 
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Figure 2.5 The development of dyschromia is not predictable based upon original excision and is 

heterogeneous among and within different animals. 
 

 
Figure 2.6 Wounds created in a more cranial position tend to have less contraction and more 

hypo-pigmentation compared to wounds created in a more caudal position. 
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Figure 2.7 Melanocytes are present in regions of hyper- and hypo-pigmented porcine scar by 

S100b staining of FFPE sections.S100b (green) DAPI (blue). Scale bar=20 µm. 

 
Figure 2.8 a-MSH staining is up-regulated in hyper-pigmented scar and absent in hypo-

pigmented scar.a-MSH (red). DAPI (blue). Scale bar=5 µm. 
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3 Chapter 3: Analyzing the canonical pigmentation signaling cascade in dyschromic 
scar to identify candidates for treatment3 

3.1 Introduction 
HTS occurs frequently after burn injury. Treatments for some aspects of scar morbidity 

exist, however, dyspigmentation treatments are lacking due to limited knowledge about why scars 

display dyschromic phenotypes.  

FT wounds were created on Duroc pigs that healed to form dyschromic HTS. HTS 

biopsies and primary cell cultures were then used to study pigmentation signaling.  Biopsies of 

areas of both pigment types were taken for analysis. At the end of the experiment, melanocyte-

keratinocyte co-cultures were established from areas of differential pigmentation.  

 Heterogeneously dyspigmented scars formed with regions of hyper- and hypo-

pigmentation. Melanocytes were present in both pigment types measured by S100β qRT-PCR 

and immuno-staining and visualized by dendritic cell presence in primary cultures. P53 

expression was not different between the two pigment types. Hyper-pigmented scars had up 

regulated levels of POMC, ACTH, α-MSH, SCF, and c-KIT and MC1R receptors compared to 

hypo-pigmented regions. Many genes involved in dyspigmentation were differentially regulated by 

microarray analysis including MiTF, TYR, TYRP1, and DCT. MiTF expression was not different 

upon further exploration, but TYR, TYRP1, and DCT were up-regulated in intact biopsies 

measured by qRT-PCR and confirmed by immuno-staining.  

This is the first work to confirm the presence of melanocytes in hypo-pigmented scar 

using qRT-PCR and primary cell culture. An understanding of the initial steps in dyspigmentation 
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signaling, as well as the downstream effectors of these signals, will inform treatment options for 

patients with scars and provide insight to where pharmacotherapy may be directed.  

Without mechanistic knowledge of skin pigmentation after traumatic injury, it is difficult to 

prevent the formation of dyspigmented lesions or treat lesions after they have formed. It has been 

acknowledged by burn surgeons that this area of study is of great importance210,211. In the context 

of hypo-pigmentation, it is important to determine whether these lesions contain melanocytes in 

order to design therapeutic strategies.  Previous work showed that melanocytes are in fact 

present in regions of hypo-pigmented scars. Further, regions of hyper- and hypopigmentation 

contain the same numbers of melanocytes, as measured by S100β-positive staining cells in the 

basal layer of the epidermis by FFPE staining. This work seeks to further validate and confirm this 

finding. Additionally, the pigmentation signaling cascade is interrogated to characterize 

differences between hyper- and hypo-pigmented scar.  

3.2 Methods 
3.2.1 Animal model 
 Dyschromic HTSs were created as described above in Chapter 2.   
 
3.2.2 Primary cell culture 

On the last day of experimentation, scars were fully excised down to subcutaneous tissue 

using electrocautery with care taken not cause thermal injury to the epidermis. Additionally, a 

surrounding area of normally pigmented skin was excised in a similar fashion. Extraneous 

subcutaneous tissue was trimmed from the scar and skin such that only dermis and epidermis 

remained. Scars and skin were processed through washes of 100% ethanol (2X), sterile water, 

and PBS (2X) to sterilize them for culture. Each scar was then cut into portions of hyper-

pigmentation and hypo-pigmentation leaving sufficient borders in the hyper-pigmented samples 

so they would not be included in the hypo-pigmented cultures.  The scar, separated into hyper-

pigmented and hypo-pigmented groups, and normal skin pieces were then cut to 0.5 cm by 0.5 

cm pieces and were incubated in 1X dispase solution (CELLnTEC, Switzerland) with 10 μg/mL 

gentamycin and 0.25 μg/mL amphotericin B overnight at 4oC. The following day, the skin and scar 

pieces were removed from dispase and rinsed with PBS. The epidermis was peeled from the 

dermis resulting in epidermal sheets. Some epidermal sheets were reserved for en face staining 

as described below, and some epidermal sheets were processed to obtain cells. For the cell-
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destined epidermal sheets, the epidermal pieces were added to a conical tube with PBS. The 

dermal pieces were discarded. Epidermal pieces that were too large were further cut using a 

scalpel. The suspension was then pipetted up and down 50 times through a serological pipette to 

release basal cells into suspension. The suspension was then passed through a 70 μm filter. The 

filtered suspension was pelleted and reconstituted in CnT-40 media with antibiotics (CELLnTEC). 

Cells were seeded onto CellBIND® 6-well plates (Corning, Tewksbury, MA) at a seeding density 

of 4X104 cells/cm2. Non-adherent cells were rinsed away with PBS after 48 hours, and the cells 

remained in culture for 3 days with media changes every 24 hours.  

3.2.3 En face staining 
Hyper- and hypo-pigmented epidermal sheets were stained with a melanocyte marker, 

S100β by an en face staining technique adapted from a previously described method212. Epidermal 

sheets were fixed in ice-cold methanol for 10 minutes. The sheets were then rehydrated in PBS for 

30 minutes, followed by blocking in 3% non-fat dry milk in PBS for 1 hour. Sheets were then 

incubated with primary antibody diluted in 3% milk (1:50) (Abcam, Cambridge, MA). The following 

day, sheets were rinsed with 1% BSA in PBS for 1 hour. Secondary antibody (anti-mouse-CY3 at 

1:100; Abcam) was then applied and incubated for one hour. Sheets were subsequently PBS-

washed, and DAPI was applied at 1 µg/mL for 10 minutes. Sheets were rinsed in distilled water for 

5 minutes, and lastly, mounted on slides with fluoroshield (Sigma Aldrich, St. Louis, MO) with the 

basal side of the sheet facing upwards. Sheets that had no primary antibody applied were stained 

in parallel, and no positive staining was identified. Sheets were viewed under DAPI and CY3 

fluorescent filters to create a composite image using a Zeiss microscope with Zen software (Zeiss, 

Oberkochen, Germany).  

3.2.4 RNA isolation 
3.2.4.1 Skin biopsies 
 Skin biopsies were removed from All-protect reagent and were incubated in lysis buffer 

from the RNeasy-Fibrous tissue kit (Qiagen, Valencia, CA). Samples were lysed for 5 minutes at 

45 Hz using steel beads to homogenize the sample (Qiagen). The lysates were then placed on 

ice for 5 minutes, and the homogenization was repeated two more times. The manufacturer’s 

protocol was then followed for extraction of RNA.  
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3.2.4.2 Cells 
 After media aspiration, each well of the 6-well plate was incubated with 1 mL of Trizol 

reagent (Thermo Fisher Scientific, Halethorpe, MD). A phenol-chloroform extraction was 

performed per the manufacturer’s protocol, and the aqueous phase was mixed with 100% ethanol 

and loaded onto an RNeasy column (Qiagen). The column was processed following the 

manufacturer’s protocol for the RNeasy Fibrous Tissue kit, following loading of the sample onto 

the column.  

3.2.4.3 Quantity and quality 
RNA was quantified using a Nanodrop 2000c (Thermo Fisher Scientific, Frederick, MD) 

and the 260/280 ratio was between 1.8 and 2.0 before the sample was used in downstream 

assays. The samples were also evaluated using the Bioanalyzer (Agilent Technologies, Santa 

Clara, CA) and were only used in downstream assays if the RNA integrity number (RIN) value 

was above 6.0.  

3.2.5 Microarray 
3.2.5.1 Procedure 

Samples from two pigs with two scars were used in initial microarray analysis (n=4 

scars). The samples came from normally pigmented skin before injury, and from hyper- and hypo-

pigmented scar during mid and late-stage scar formation (days 91-136). A dual dye porcine gene 

expression microarray with 44,000 redundant probes was run on the samples iterated above 

according to the manufacturer’s protocol (Agilent Technologies). 50-200 ng of Cy-5 labeled 

samples were co-hybridized with Cy-3 labeled universal pig reference RNA (Zyagen, San Diego, 

CA). Hybridization was carried out at 55oC overnight and was followed by a series of washes. 

The resulting hybridized slides were scanned using an Agilent DNA microarray scanner using the 

default settings of the Feature Extraction Software (Feature Extraction software, v10.7, Agilent 

Technologies)213.   

3.2.5.2 Analysis 
Probes that were missing values in multiple samples were excluded from feature 

extracted data and were quantile normalized using the Limma Package of R. Hyper-pigmented 

samples were compared to normal-uninjured skin to generate a list of differentially expressed 
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genes (DEGs) (p<0.01). The same was done for hypo-pigmented samples to create a separate 

list of DEGs (p<0.01).  

3.2.6 qRT-PCR 
3.2.6.1 Skin biopsies 

In addition to the samples isolated and run above for the microarray, 4 more pigs, each 

with two scars on their flanks, had samples isolated from hyper- and hypo-pigmented regions of 

scar at day 49 (n=12 wounds). Genes that were differentially regulated, or genes that were of 

interest because they were not differentially regulated, but are associated with pigmentation, were 

explored by confirmatory qRT-PCR. These genes included p53, MITF, TYR, TYRP1, DCT, 

MART1, and S100β as detailed in Table 3.1 Each gene was normalized to an epidermis marker 

gene, Keratin 77 (KRT77) to normalize for the differential amount of epidermis in each of the scar 

samples compared to normal skin. Samples were run and cycled as previously described214. The 

ΔΔCt method was used to analyze the data with the un-injured, normally pigmented skin from day 

0 before excision serving as the control.  

3.2.6.2 Cell culture 
 RNA was isolated from triplicate wells of cells derived from hyper-pigmented areas, hypo-

pigmented areas, and normally pigmented areas from one animal (n=3). Because there was no 

need to normalize to the amount of epidermis in the samples, as was required with the skin 

biopsies, each gene was normalized to the housekeeping gene glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). The ΔΔCt method was again used to analyze the data with epidermal 

cultured cells derived from normally pigmented, un-injured, surrounding skin from day 135 serving 

as the control. 

3.2.7 Immunohistochemistry, immunofluorescence and TUNEL staining 
The primary and secondary antibodies used for immunohistochemical (IHC) or 

immunofluorescent (IF) staining are detailed in Table 3.2. Primary antibodies were either 

fluorescently labeled or histochemically labeled based on the antibody data sheet specifications. 

Staining methods have been previously described 61 with the exception that in the staining of 

MC1R and cKIT receptors, detergents were removed from all staining steps.  

Cyclobutane pyrimidine dimer (CPD) staining was carried out as above for 

immunofluorescent staining with some additional steps based on a previously published protocol 
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described by Premi et al. 215. After antigen retrieval, slides were incubated in 0.3% PBST 

detergent buffer. They were then incubated in 0.07 M NaOH in 70% ethanol for 30 minutes to 

denature DNA and were rinsed 3X with PBS to remove NaOH. The remainder of the 

immunofluorescence protocol was conducted as described. 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was carried out 

according to the manufacturer’s protocol (Trevigan, Gaithersburg, MD).  

3.2.8 Image quantification 
3.2.8.1 Software 

To attempt to normalize between differing epidermal thickness among the sections that 

were stained, a ratio of CY3 fluorescent intensity to DAPI intensity was used for all proteins (p53, 

ACTH, α-MSH, SCF, c-KIT) (CY3:DAPI Ratio). This normalization ensured that there was not 

simply more epidermis within the image, and hence, more staining of the identified proteins. For 

each protein, regions of hyper- and hypo-pigmentation from day 135 were included from 3 pigs in 

the analysis. For each pigment type and pig, 3 separate sections were viewed, and 5 replicate 

pictures of the epidermis were captured as HPFs. The CY3 and DAPI intensity of each HPF was 

acquired using Zen software (Zeiss, Oberkochen, Germany). MITF and cKIT were fluorescently 

labeled with the same number of sections as iterated above, but the analysis was performed by 

manually counting the number of positively stained cells in the basal layer of the epidermis. 

Students t-tests were used to compare the differences in the averages of hyper- vs. hypo-

pigmented scar protein levels using the CY3:DAPI ratios, or the % or # of positively stained cells 

in the basal layer.  

3.2.8.2 Blinded Reviewers 
 Hyper- and hypo-pigmented regions of scar from day 135 were stained for POMC and 

MC1R in each of 3 pigs. Within each pigment type, 2 sections were stained, and within each 

section, 5 high-powered field images were taken using a Zeiss Axioimager microscope with 

colored camera (Zeiss, Oberkochen, Germany). In the analysis of POMC and MC1R-stained scar 

biopsies, 6 blinded, independent reviewers graded the acquired images on a scale from 1-4 

(1=no staining, 2= light staining, 3= moderate staining, 4= heavy staining). Each reviewer was 

provided with examples of representative staining that should result in a score of 1, 2, 3, or 4. The 
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reviewers were then given a PowerPoint presentation that was comprised of un-labeled pictures, 

and they were asked to give a score for each picture. The scores were then un-blinded by the 

author, and an average score for each animal and each pigment type was calculated, and 

student’s t-tests were used to compare the average score between hyper- and hypo-pigmented 

scars.  

3.2.9 P53 antibody optimization 
Previously un-exposed skin from the chin region was exposed to UV light from a Model 

UVM-57 UV lamp (Upland, CA) with peak UV at 302 nm and a Kodacel Filter (Kodak, Paris, 

France) to eliminate UVC exposure from light <290 nm. The UV exposure occurred at a distance 

of 10 cm for 30 minutes. Control skin was covered in multiple layers of dark dressing to keep it 

from exposure. The exposed and non-exposed skin remained in-vivo for 4 hours after exposure, 

and was then FFPE, sectioned, and stained for p53 as described above. In addition, prior to 

staining, p53 antibody was incubated with whole p53 protein (Abcam) at 1X or 10X concentration. 

These antibody, antibody-protein, or protein alone complexes were then added to skin sections to 

evaluate antibody specificity (Supplementary Figures 2 and 3).  

3.3 Results 
3.3.1 Melanocytes are present in regions of both hyper-pigmentation and hypo-

pigmentation based on multiple validation metrics 
 To confirm the presence of melanocytes within areas of hypo-pigmentation, epidermal 

cells were isolated from regions of hyper-, hypo- and normal pigmentation and grown in primary 

cultures. Characteristic cells with dendritic morphology were present in all three pigment types, 

indicating ubiquitous melanocyte presence (Figure 3.1A).  

S100β was used as a melanocyte marker, and levels of its gene transcripts were not 

different between hyper- and hypo-pigmented regions of scar in skin biopsies (n=12, p=0.36; 

Figure 3.1B). Additionally, gene transcription of S100β was not different between pigment types 

in primary cells isolated from regions of hyper- or hypo-pigmentation (n=3, p=0.44; Figure 3.1C). 

As shown in previous work, and confirmed here in additional animals, S100β-positive 

melanocytes, stained by immunofluorescence, are present in both pigment types (Figure 3.1D).  
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Melanocyte presence was further investigated with en face staining. Hyper-pigmented scar 

areas contained 15.5 ± 1.5 melanocytes/HPF and hypo-pigmented scar areas contained 15.3 ± 1.1 

melanocytes/HPF (n=3, p=0.87, n.s) (Figure 3.2). 

3.3.2 DNA Damage Levels are not different in regions of hyper-pigmentation and hypo-
pigmentation 

 CPDs occur when two pyrimidines in DNA react to form a cyclic ring between the two 

nucleotides. The ring interferes with subsequent DNA replication and can lead to mutations in 

cells containing CPDs. These mutations can be carcinogenic and contribute to skin cancer 

(squamous cell and basal cell carcinomas) formation216,217. Skin that has been damaged by UV 

light contains high amounts of CPDs, and this damage leads to melanogenesis. In uninjured, non-

UV-exposed skin, there are relatively few CPDs (Figure 3.3A). It was hypothesized that there 

would be more CPDs in hyper- vs. hypo-pigmented scar. CPD fluorescent staining levels were 

quantified in hyper- vs. hypo-pigmented scars, and there was no significant difference in CY3 

fluorescent levels of CPDs (139.7 ± 25.51 vs. 147.97 ± 13.37, n=3, p=0.79) (Figure 3.3B). The 

UV-light-exposed positive control fluorescent levels were increased ~1.5 fold compared to levels 

in hyper- and hypo-pigmented scars at 232.81 CY3 fluorescent intensity.  

 TUNEL staining was used to observe double stranded DNA breaks which are generated 

during apoptosis. Although TUNEL-positive cells are not induced upon exposure to UV light, 

apoptosis is another common form of DNA damage that can also lead to melanogenesis218. The 

positive control generated appropriate positive staining (Figure 3.4A), and un-injured non-UV-

exposed skin did not contain any TUNEL-positive cells. Likewise, hyper- and hypo-pigmented 

scars were not positive for TUNEL (Figure 3.4B).  

 Additional metrics of DNA damage such as pyrimidine-pyrimidine (6–4) 
 photoproducts and 8-oxo guanine were also stained in hyper- and hypo-pigmented scars, but 

there were no significant differences observed (data not shown).  

3.3.3 p53 levels are not different in regions of hyper-pigmentation and hypo-pigmentation 
 

Levels of p53, the protein downstream of DNA damage in the pigmentation signaling 

pathway, were measured at both the RNA and protein levels.  It was hypothesized that levels of 

this protein would be up regulated in hyper-pigmented regions of scar, leading to the increased 
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pigmentation observed. Interestingly, quantification of p53 gene transcripts in skin biopsies 

revealed levels of p53 were equivalent (n=12, p=0.24; Figure 3.5A); similarly, primary cells 

cultured from these regions of hyper- and hypo-pigmentation displayed equal amounts of p53 

transcripts (n=3, p=0.22; Figure 3.5B). p53 protein level expression was also independent of 

pigmentation, as determined by immunofluorescent staining (n=3, p=0.90; Figure 3.5C). These 

data suggest that the initial trigger in scar dyspigmentation is independent of DNA damage 

followed by subsequent p53 activation. This is in stark contrast to its role in regulating non-scar 

pigmentation after UV light exposure.  

 To confirm that the antibody used for p53 immunostaining was reactive with and specific 

to porcine p53, additional experimentation was performed. Strong, nuclear staining of p53 was 

present in UV-light exposed skin with stronger staining apparent in the upper layers of the 

epidermis, while most of the basal layer cells did not express the protein. Very minimal staining 

was present in the unexposed skin (Supplementary Figure 3.1). Competition with recombinant 

whole p53 protein eliminated antibody binding to the pig antigen in IHC staining, confirming the 

specificity of the antibody (Supplementary Figure 3.2 and 3.3). 

3.3.4 Levels of keratinocyte signaling molecules are up regulated in hyper-pigmented 
scars compared to hypo-pigmented scars 
Since p53 levels were not different in tissue derived from different pigment types, the next 

molecule that was investigated that was hypothesized to be up-regulated in hyper-pigmented 

samples, and thus driving pigmentation, was POMC. While p53 acts as a transcription factor for 

POMC during normal UV-light induced pigmentation, POMC transcription can also be induced by 

additional mechanisms.  

Expression of POMC, its cleaved products (α-MSH and ACTH), as well as levels of cKIT 

and MC1R receptors were all quantified using immuno-staining (Figure 3.6). Levels of POMC in 

keratinocytes of hyper-pigmented scars were significantly greater than those in epidermal cells 

that were hypo-pigmented (2.97± 0.55 vs. 1.15 ± 0.16; n=3, p=0.005; Figure 3.6A). Levels of both 

of POMC’s downstream effectors: ACTH and α-MSH, were fluorescently quantified, and found to 

be significantly higher in hyper- compared to hypo-pigmented scar (ACTH: 6.25 ± 1.02 vs. 2.83± 

1.03; n=3, p=0.01; Figure 3.6B) (α-MSH: 1.89 ± 0.48 vs. 0.91 ± 0.08; n=3, p=0.025; Figure 3.6C).  
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The G-protein-coupled receptor on melanocyte membranes, MC1R, which binds the 

ACTH and α-MSH ligands, was also significantly up regulated in hyper- compared to hypo-

pigmented scar (2.8 ± 0.93 vs. 1.04 ± 0.04; n=3, p=0.03; Figure 3.6D). These data suggest that 

the secondary messengers of MC1R were activated to drive transcription of genes in the 

melanogenesis pathway to produce pigment in hyper-pigmented scars, while no such activation 

was present in hypo-pigmented scar.  

Levels of secreted SCF were also up-regulated in hyper- compared to hypo-pigmented 

biopsies (1.47 ± 0.31 vs. 0.76 ± 0.14; n=3, p=0.04; Figure 3.6E). The receptor tyrosine kinase 

cKIT was also up regulated in hyper- compared to hypo-pigmented scar. There were significantly 

more cKIT-positive staining cells in the basal layer of the epidermis in hyper- compared to hypo-

pigmented biopsies (1.57 ± 0.79 vs. 0.19 ± 0.07; n=3, p=0.04; Figure 3.6E).  Thus, the secondary 

keratinocyte-melanocyte MAPK/MITF signaling axis appears to play a role in dyspigmentation. 

3.3.5 Microarray analysis indicates many differentially expressed genes that are involved 
in pigmentation in hyper- and hypo-pigmented areas 
To investigate gene transcription in the HTS model, a microarray was used to evaluate 

the full porcine transcriptome. Hyper-pigmented samples were compared to normally pigmented, 

un-injured skin, and a list of DEGs in hyper-pigmented biopsies was generated (p<0.01). The 

same analysis was done in hypo-pigmented samples, and the corresponding list of DEGs was 

also generated. As expected, the two phenotypes of dyspigmented scars had 500 genes in 

common that were unrelated to pigmentation. This list of genes included those involved in 

abnormal ECM deposition which were up regulated compared to normal skin (COL1A1, COL1A2, 

COL5A1, COL5A2, COL6A3, COL8A1, COL14A1, COL15A1, COL21A1, COL27A1; 

Supplementary Table 3.1A) and ECM remodeling which were down-regulated compared to 

normal skin (MMP2, MMP7, MMP11, MMP14; Supplementary Table 3.1B). Of interest from the 

list of DEGs that was generated were the 3 main genes involved in melanogenesis: TYR, TYRP1, 

and DCT, as well as their transcription factor MiTF (Table 3.3). Due to the nature of the 

microarray data, and the inability to normalize to an epidermis-specific marker (see below), as 

was possible in the qRT-PCR analysis, the transcript levels of TYR, TYRP1, and DCT appeared 

reduced in scars of both pigment types relative to normally pigmented, uninjured skin. This 
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resulted in an apparent down-regulation of TYR and DCT in both pigment types and identified 

only TYRP1 as differentially regulated in hypo-pigmented scars (Table 3.3). Regardless, levels of 

all three gene transcripts were dramatically reduced in samples derived from hypo-pigmented 

scar, while hyper-pigmented scars were not as different. Expression of these genes were 

therefore further investigated using qRT-PCR and immunostaining. 

3.3.6 MiTF levels are not different in regions of hyper-pigmentation and hypo-pigmentation 
 It was hypothesized that due to increased ligand/receptor binding by ACTH and α-MSH to 

MC1R, levels of MiTF transcripts would be elevated in hyper-pigmented biopsies, and that no 

such up-regulation would be present in hypo-pigmented samples. Surprisingly, no significant 

differences in MiTF transcript levels were observed in different pigment types in intact biopsies 

(12.88 ± 4.15 vs. 8.97 ± 4.63; n=12, p=0.55; Figure 3.7A) or in primary cells derived from them 

(0.39 ± 1.26 vs. 0.39 ± 1.22; n=3, p=0.99; Figure 3.7B). Similarly, the numbers of MiTF-positively 

stained cells in the basal layer of hyper- and hypo-pigmented epidermis were nearly identical as 

determined by immunofluorescence (60.73 ± 0.46% vs. 61.49 ± 2.14%; n=3, p=0.75; Figure 

3.7C).  

3.3.7 TYR, TYRP1, and DCT levels are up-regulated in hyper- compared to hypo-
pigmented scars 

 Despite observing no difference in MiTF gene transcription or protein expression within 

basal epidermal cells, TYR, TYRP1, and DCT were up-regulated in hyper-pigmented biopsies 

compared to hypo-pigmented biopsies as quantified by microarray and qRT-PCR.  

 KRT77 is a common marker that is expressed predominantly in keratinocytes 219. An 

epidermis normalization marker was required in this analysis because of the difference in the 

amount of dermis present in normal skin compared to HTS. HTS has up to 3 times the amount of 

dermis compared to normal skin (Supplementary Figure 3.4A). Because whole, intact biopsies 

had RNA isolated, a correction for the difference in the amount of epidermis:dermis ratio had to 

be considered in the qRT-PCR data. On average, the Ct value for normal skin was higher than in 

scar, indicating a higher ratio of epidermis:dermis in these samples (Ct =26.96 ± 1.05 vs. 31.03 ± 

2.35; n=12, p<0.001; Supplementary Figure 3.4B). KRT77 gene expression was further 

normalized to GAPDH using qRT-PCR and compared to the microarray data for the same 
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samples. These data indicated down-regulated expression of KRT77 by microarray and qRT-

PCR of all scar samples, indicating that this gene was an appropriate epidermal housekeeping 

gene for future analysis (Supplementary Figure 3.4C). The pattern of down-regulation was 

consistent between microarray and qRT-PCR data.  

 When normalized to KRT77, levels of TYR in intact biopsies were significantly higher in 

hyper- vs. hypo-pigmented scar (12.74 ± 7.17 vs. -6.53 ± 3.36; n=12, p=0.034; Figure 3.8A top). 

Levels of TYRP1 were also significantly higher in hyper-pigmented scar compared to both hypo-

pigmented scar and normal skin (14.92 ± 6.46, -2.25 ± 0.84, -0.30 ± 0.59; n=12, p=0.0029, 

p=0.0106; Figure 3.8B top). Levels of DCT in intact hypo-pigmented biopsies were significantly 

lower compared to both hyper-pigmented scar and normal skin (1.92 ± 1.33, -34.98 ± 8.76, -0.23 

± 0.91; n=12, p=0.011, p=0.012; Figure 3.8C top).   

The staining of each protein corroborated the transcript data, and high levels of each 

protein were present in hyper-pigmented scars (Figure 3.8A, B, C, middle), while none was 

present in hypo-pigmented scars (Figure 3.8A, B, C, bottom).  

3.3.8 DCT is the only gene that remains up regulated in cells in culture 
 RNA was isolated from the differentially pigmented primary cultures after 3 days in 

culture to assess their transcription profile for the same genes that were evaluated above. Of the 

genes required to make eumelanin, TYR (Figure 3.6A), TYRP1 (Figure 3.9B), and DCT (Figure 

3.9C), only DCT was differentially expressed. Hyper-pigmented melanocytes showed up-

regulated expression of DCT (1.73 ± 0.21) compared to normal cells, while hypo-pigmented 

melanocytes had down-regulated levels (-11.33 ± 4.30), a significant difference (n=3, p=0.03). 

TYR and TYRP1 were not differentially expressed (p=0.45, p=0.32). These data were interesting 

because it was different from the intact biopsy data. While all 3 genes were significantly different 

in the intact biopsies, only DCT remained up-regulated in hyper-pigmented cells in culture. These 

data could indicate that DCT expression has been stably altered by epigenetic mechanisms, 

which persist in culture, while the other genes are controlled by different shorter-term regulatory 

mechanisms.  
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3.3.9 MART1 is up regulated in hyper-pigmented skin biopsies and primary cell cultures 
MART1 RNA was up-regulated in hyper-pigmented biopsies compared to normal skin (10.78 

± 12.68), and down-regulated in hypo-pigmented biopsies (-53.91 ± 19.88), and this difference 

was significant (n=12, p=0.0083). Additionally, hypo-pigmented biopsies had significantly lower 

amounts of MART1 compared to normal skin (n=12, p=0.045) (Figure 3.10A). Transcript 

expression of MART1 in the cultures followed the same pattern as that seen in the intact biopsies 

where they were elevated levels of RNA in hyper-pigmented cells, and reduced levels in hypo-

pigmented cells (1.66 ± 0.55 vs. -10.86 ± 4.10; n=3, p=0.0319; Figure 3.10B). MART1 expression 

levels in hypo-pigmented cells also differed markedly from those of normally pigmented cells  (-

0.32 ± 1.69 vs. -10.86 ± 4.10; n=3, p=0.0325).  

3.4 Discussion 
The first aim of this experiment was to confirm and extend previous work that showed a 

ubiquitous melanocyte presence despite pigmentation type196. If this claim were validated, a lack 

of melanocytes in hypo-pigmented tissue could not explain the lack of pigment. Indeed, it was 

found, in agreement with previous work, that regions of hypo-pigmentation contained 

melanocytes in equal quantities compared to those residing in regions of hyper-pigmentation.  

One of the complications in identifying melanocytes in the samples was due to difficulties 

in identifying an appropriate melanocyte marker. In human skin, MART1/MELANA is the most 

common marker used to identify melanocytes 165,166; however there is a paucity of MART1 

antibodies available that are reactive with porcine tissue, so immunostaining of this melanocyte 

protein is problematic. Additionally, MART1 is transcriptionally regulated by the transcription 

factor MITF 137. Hence, it was hypothesized that, as was true with HMB45 196, another common 

melanocyte marker, there would be high levels of MART1 in hyper-pigmented melanocytes, but 

none of the protein in hypo-pigmented melanocytes. Thus, even if an appropriate antibody 

reactive with porcine MART1 was available, staining for melanocytes with this antibody may not 

identify them even if they are present in hypo-pigmented tissue. Although antibodies are difficult 

to produce, primers for the MART1 gene in porcine tissue were simple to acquire and gene 

transcription of MART1 was evaluated in intact biopsies as well as the differentially pigmented 

cultures. There was up-regulation of MART1 in hyper vs. hypo-pigmented scar. These data could 
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indicate an epigenetic regulation of MART1 similar to that of DCT, as these genes are the only 

ones that continued to be up-regulated in hyper-pigmented samples in culture. Additionally, 

MART1 is not an optimal melanocyte marker for melanocytes of differential pigment status, and 

S100β was used in all subsequent assays.  

En face staining allows for the visualization of skin, looking directly down at the basal 

layer of the epidermis, as opposed to FFPE staining of skin where a cross section is viewed. The 

counterstaining with DAPI in the epidermal sheets shows the dermal papillae that are prominent 

in hyper- and hypo-pigmented scar, and shows how melanocytes are distributed in a cell density 

that is expected for melanocytes. Overall, the en face  staining of melanocytes was much more 

convincing compared to the FFPE data. The staining with methanol fixation instead of formalin 

fixation retained the morphology of the cell type. As such, the dendritic cells were able to be 

visualized, and the cell type is confirmed to be melanocytes. This experiment also identified 

melanocytes by primary cell culture. Dendritic cells originating from each pigmentation phenotype 

were identified, further confirming the finding.  

The second aim of the experiment was to identify the molecule or molecules that are 

responsible for hyper-pigmentation (the initiator of hyper-pigmentation). In postulating about 

hyper-pigmentation, especially vexing is the concept of islands of hyper-pigmentation present in 

the middle of scars. Islands of pigmentation might be explained if some viable dermal elements, 

including hair follicles and shafts, and apocrine tissues remained intact during wound creation. 

However, during wound creation, every effort was made to remove these elements in full down to 

subcutaneous tissue. Biopsies from multiple areas of the subcutaneous fat wound bed, post-

injury, have been examined for the above structures, and all examination has been negative (data 

not shown). Thus, it is unlikely that pro-proliferative appendages from deep dermis can be 

responsible for the pigmented islands. However, if these dermal appendages were the source of 

the cell type, it still is not clear why these cells become hyper-pigmented.  In normal skin wound 

healing, when melanocytes are mobilized from this same dermal appendage, the cells retain 

normal pigmentation.  
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One possible reason that the cells may become hyper-pigmented is due to the hyper-

inflammatory state induced by the complex milieu of molecules associated with wound healing 

and scar formation/maturation. However, it remains unclear why some regions of scar would be 

subject to inflammation, while others would not. The islands of pigmentation may be explained by 

inflammation, with some areas of scar unexplainably being subjected to different levels of 

inflammation than others. Despite these reservations, in the second aim of our experiment, the 

possibility that regions of hyper-pigmentation were somehow in a state of hyper-inflammation, 

which potentially caused large levels of DNA damage in these regions was explored. The skin 

would then proceed to respond to DNA damage via activation of p53 and upregulation of 

POMC103,105. POMC could then be proteolytically cleaved to its products, which activate 

melanocytes via the MC1R to drive melanogenesis. Again, contrary to the hypothesis, DNA 

damage and p53 were not upregulated in the hyper-pigmented scars compared to hypo-

pigmented scars. However, POMC and all its various downstream targets were upregulated. 

These data seem to hint that HTS dyspigmentation occurs through a mechanism that is distinct 

from the DNA damage and p53 signaling that occurs in response to UV-light in skin.  

POMC has additional transcriptional regulators that may be the trigger for hyper-

pigmentation. For example, POMC can be transcriptionally upregulated by both IL1α and ILlβ 

220,221.  Upon initial investigation, these molecules are not differentially expressed in hyper-

pigmented and hypo-pigmented scars (data not shown). Although the initiator of hyper-

pigmentation in scars has not been discovered here, the authors hope the data reported will 

provide other researchers with a platform to study this pathology. HTS dyspigmentation may 

occur through an as yet undetermined pigmentation mechanism that is distinct from those 

reported in the literature thus far. In the future, if the initiator of hyper-pigmentation can be 

discovered, HTSs will be able to be prophylactically treated with agents that may be able to 

prevent hyper-pigmentation from forming altogether.  

While the pursuit to establish the initiator of hyper-pigmentation continues, the data 

reported here may lead to the development of a treatment for dyspigmented scars that are 

already formed. Patients that still bear their scars many months and years after traumatic injury 
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may be able to seek treatment for hyper-pigmentation. The notable upregulation of SCF, cKIT, 

TYR, TYRP1, and DCT present in hyper-pigmented scar provide targets for treatment moving 

forward. Regions of hyper-pigmentation can potentially be treated by inhibiting tyrosinase 

function222, down-regulating MiTF promoter activity223, interrupting the binding of SCF to c-KIT 

through the use of antibodies and other reagents141,224, decreasing activation of PKA with 

inhibitors225, inhibiting the binding of MITF to E or M-box promoters of TYR, TYRP1, and 

TYRP2226, and inhibiting melanosome transfer227.  

One of the main findings of this work was the identification of POMC as the most up-

stream molecule in the pigmentation signaling pathway that was dysregulated in hyper- and hypo-

pigmented scar. The next steps for studying the initiator of hyper- and hypo-pigmentation is to 

investigate additional mechanisms by which POMC can become dysregulated. The mechanism 

that was chosen for analysis is DNA methylation and will be discussed below in Chapter 4. If DNA 

methylation is dysregulated in hyper- and hypo-pigmented tissues, pharmacotherapies that alter 

methylation could be used to re-program melanocytes from hypo-pigmented areas of scar.  

The other main finding of this work is the ubiquitous presence of melanocytes validated 

and confirmed in additional biologic replicates and with additional animals and additional unique 

assays. In addition, it was shown that melanocytes can be identified with S100b protein 

regardless of pigmentation phenotype. Similarly, MART1/MELANA are not an appropriate 

melanocyte marker for hypo-pigmented melanocytes. With this knowledge in hand, it was 

hypothesized that regions of hypo-pigmentation may be able to be treated with stimulators of 

pigmentation. Potential treatment strategies for hypo-pigmentation were investigated as a next 

step.  
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3.5 Figures 
 
 

 
Figure 3.1 There is ubiquitous melanocyte presence despite pigment type.Phase-contrast 

images of primary cells derived from regions of either hyperpigmentation, hypopigmentation, or 
normal pigmentation at day 135 after 3 days in culture (A). Biopsies of intact regions of 

hyperpigmentation or hypopigmentation were subjected to qRT-PCR for S100β and were 
normalized to the housekeeping gene KRT77 and to normally pigmented skin (mean ± SEM, 

n=12 scars) (B). RNA extracted from primary cell cultures from regions of hyper, hypo, or 
normally pigmented scar or skin was subjected to qRT-PCR for S100β. Samples were normalized 

to the housekeeping gene GAPDH and to normally pigmented skin (mean ± SEM, n=3) (C). 
S100β immunofluorescent staining of melanocytes in the epidermis of regions of hyper and hypo-

pigmented scars (Scale bar= 20 μm) (D). 
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Figure 3.2 Regions of hyper- and hypo-pigmentation contain melanocytes in equal 

numbers.Epidermal sheets from regions of hyper- or hypo-pigmentation were stained for 
melanocyte marker, S100β by en face staining. S100β (red), DAPI (blue). Scale Bar= 50 μm at 
10X (left) or 10 μm at 40X (right). Melanocytes were counted in each region of pigmentation. 

Differences are not significant.  
 

 
Figure 3.3 CPD levels are not different between pigment types.Biopsies of intact regions of 

hyper- or hypo-pigmentation were subjected to immunofluorescence for CPDs (A). CPD 
fluorescent intensity was quantified (Scale bar= 20 μm) (B). 
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Figure 3.4 TUNEL levels are not different between pigment types.Biopsies of intact regions of 

hyper- or hypo-pigmentation were subjected to TUNEL staining. (Scale bar= 20 μm) 
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Figure 3.5 p53 expression is not different between pigment types.Biopsies of intact regions of 
hyper- and hypo-pigmentation were subjected to qRT-PCR for p53 and were normalized to the 
housekeeping gene Krt77and to normally pigmented skin (mean ± SEM, n=12 scars) (A). RNA 

extracted from primary cell cultures from regions of hyper-, hypo-, or normally pigmented scar or 
skin was subjected to qRT-PCR for p53. Samples were normalized to the housekeeping gene 

GAPDH and to normally pigmented skin (mean ± SEM, n=3) (B). p53 immunofluorescent staining 
of the epidermis in regions of hyper- and hypo-pigmented scars (Scale bar= 20 μm) (C). 
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Figure 3.6 Keratinocyte signaling molecules and their receptors are up regulated in regions of 
hyperpigmentation.Levels of POMC (A), ACTH (B), α-MSH (C), MC1R (D), SCF (E), and c-KIT 

(F) from regions of hyper- and hypo-pigmentation from day 135 were visualized using 
immunostaining and quantified using Zeiss software for the immunofluorescent staining and using 

blinded assessor scoring for the immunohistochemistry staining as described in the methods 
(mean ± SEM, n=3). (C, Scale bar=5 μm, all others Scale bar= 20 μm) *p<0.05 
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Figure 3.7 MITF expression is not different between pigment types.Biopsies of intact regions of 
hyper or hypo pigmentation were subjected to qRT-PCR for MiTF and were normalized to the 

housekeeping gene KRT77 and to normally pigmented skin (mean ± SEM, n=12 scars) (A). RNA 
extracted from primary cell cultures from regions of hyper-, hypo-, or normally pigmented scar or 
skin was subjected to qRT-PCR for MiTF. Samples were normalized to the housekeeping gene 

GAPDH and to normally pigmented skin (mean ± SEM, n=3) (B). MiTF immunofluorescent 
staining of the epidermis in regions of hyper- and hypo-pigmented scars and quantification of 

immunofluorescent staining of positively stained cells in the basal layers of the epidermis (mean ± 
SEM, n=3) (Scale bar= 20 μm) (C). 
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Figure 3.8 TYR, TYRP1, and DCT are up regulated in hyper-pigmented samples compared to 

normal skin and down regulated in hypo-pigmented samples.Biopsies of intact regions of hyper- 
or hypo- pigmentation were subjected to qRT-PCR for TYR (A), TYRP1 (B), or DCT (C), and 
were normalized to the housekeeping gene KRT77 and to normally pigmented skin (mean ± 

SEM, n=12 scars) (top). Immunostaining staining of TYR, TYRP1, or DCT in regions of hyper- 
(middle) or hypo-pigmentation (bottom) at day 135 (Scale bar= 20 μm).  *p<0.05 
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Figure 3.9 DCT is the only gene to remain up regulated in primary cultures.RNA was isolated 

from cells derived from regions of either hyper-, hypo-, or normal pigmentation at day 135 after 3 
days in culture. qRT-PCR was performed for TYR (A), TYRP1 (B), and DCT (C) on the samples 

and normalized to housekeeping gene GAPDH and normally pigmented skin (mean ± SEM, n=3). 
*p<0.05 

 

 
Figure 3.10 MART1 gene expression is different between pigment types.Biopsies of intact 
regions of hyper- or hypo-pigmentation were subjected to qRT-PCR for MART1 and were 

normalized to the housekeeping gene KRT77 and to normally pigmented skin (mean ± SEM, 
n=12 scars) (A).  (mean ± SEM, n=3). RNA extracted from primary cell cultures from regions of 

hyper-, hypo-, or normally pigmented scar or skin was subjected to qRT-PCR for Mart1. Samples 
were normalized to the housekeeping gene GAPDH and to normally pigmented skin (mean ± 

SEM, n=3) (B). *p<0.05 
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3.6 Supplemental Figures 

 
Supplemental Figure 3.1 The chosen p53 antibody is reactive with porcine tissue.At day 135, 

previously un-exposed skin from the chin region was exposed to UV light for 30 minutes, 
remained in vivo for 4 hours, and was then fixed and immunofluorescently stained for p53. 

Control skin was from an adjacent region, and was covered to keep from UV exposure during the 
treatment period. (Scale bar= 20 μm) 

 
Supplemental Figure 3.2 p53 whole protein competition eliminates p53 fluorescence in UV-light 

exposed skin.All sections used for the p53 competition experiment were from the UV-light 
exposed skin. Recombinant p53 whole protein (1X or 10X antibody concentrations) was 

incubated with the antibody prior to application during staining. Antibody only (A), antibody + 1X 
whole protein (B), antibody + 10X whole protein (C), protein only (D), or secondary control (E). 

(Scale bar= 20 μm) 
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Supplemental Figure 3.3 Krt77 was used as an epidermis normalization marker.Normal skin and 

scar at day 49 stained with Fontana-Masson (A) (Scale bar= 500 μm). Ct values from the RNA 
isolated from scar and normal skin after qRT-PCR (B).  RNA from biopsies of intact regions of 

hyper- or hypo-pigmentation were subjected to qRT-PCR for Krt77 and normalized to the 
housekeeping gene GAPDH and to normally pigmented skin (mean ± SEM, n=6 scars) (mean ± 

SEM, n=3). These data were compared to the same samples run on the microarray and analyzed 
in the same manner (C). 
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3.7  Tables 
 

Table 3.1 Primer sequences used in real time RT-PCR to quantify gene expression for keratin 77 
(epidermis house-keeping gene) and pigmentation-related genes of interest in hyper- and hypo-

pigmented scar. 
Gene Accession 

Number 
Forward Primer Reverse Primer Annealing 

Temperature 
p53 NM_213824.3 

 
5’-CAG ACT TGT GGA 
AAC TGC TTC-3’ 

5’- ATC CAG CCA GTT 
CGT GAC-3’ 

53 

MiTF NM_00103800
1.1 
 

5’- TAT CAG GTG 
CAG ACC CAC-3’ 

5’- CAG GAC TTG GTT 
GGC ATG-3’ 

53 

TYR AB207239.1 
 

5’-GAA GCC AAT GCA 
CCC ATT G-3’ 
 

5’- GGT AGC TGT AGT 
CAT AGC CTA GAT-3’ 
 

53 

TYRP1 NM_00102522
6.1 
 

5’- CTG GAT ATG 
GCA AAG CGC AC-3’ 

5’-GAA AGG CAG GTC 
CTT CGT GA-3’ 

53 

DCT NM_00102522
7.1 
 

5’- CCA GAA CTC 
TAC CTT CAG CTT C-
3’ 

5’- GGC TCA TCA CTT 
GAG AGT CC-3’ 
 

53 

MART1 XM_00312191
6.2 
 

5’- AGA CGA AGT 
GGA TAC AGA AGC-3’ 

5’- CAC AGG TCC ACA 
GTT C-3’ 

51 

S100β XM_01399221
6.1 
 

5’- CAT GGA GAC 
ACT GGA CAGC-3’ 

5’-TCA CTC GTG TTC 
AAA GAA CTC G-3’ 

54 

KRT77 XM_00192930
3.2 

5’- CCA AGA ACG 
GGA GCA GAT CA-3’  

5’- TGG TCC AAG TCG 
ACG TGT TT-3’ 
 

52 

GAPDH NM_00120635
9.1 
 

5’- ATG GTG AAG 
GTC GGA GTG AAC-
3’ 
 

5’- GAT GGC GAC AAT 
GTC CAC TT-3’ 

56 
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Table 3.2 Antibodies used in immunostaining for pigmentation-related proteins of interest in 
hyper- and hypo-pigmented scar. 

Protein 
or 

Adduct 

1o Ab 
Company 

1o Ab 
Product 
Number 

1o Ab 
Dilution 

1o Ab 
Species 

Type of 
Staining 

2o Ab 
Dilution 

CPD Cosmo Bio CAC-NM-
DND-001 

1:500 Mouse IF 1:100 

p53 LifeSpan 
Biosciences 

LS-C368613 1:100 Rabbit IF 1:100 

POMC Abcam ab73092 1:250 Mouse IHC 1:100 

ACTH Acris BP5035 1:100 Rabbit IF 1:100 

α-MSH Thermo 
Fisher 

Scientific 

PA1-36171 1:200 Rabbit IF 1:100 

SCF Abcam ab646677 1:100 Rabbit IF 1:100 

MC1R Millipore MABN1142 1:500 Rabbit IHC 1:500 

cKIT Abcam ab5506 1:100 Rabbit IF 1:100 

MiTF Abcam ab122982 1:1000 Rabbit IF 1:100 

TYR Biorbyt Orb11540 1:50 Rabbit IF 1:100 

TYRP1 Abcam ab83774 1:250 Rabbit IF 1:100 

DCT LifeSpan 
Biosciences 

LS-B6758 1:250 Rabbit IF 1:100 

S100β Abcam ab11178 1:50 Mouse IF 1:100 
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Table 3.3 Hyper- and hypo-pigmented scar gene expression was compared to un-injured skin 
gene expression. Genes involved in dyschromia were identified as being significantly differentially 

expressed and fold change from un-injured skin is presented (p<0.01) 
Gene Hyper-pigmented  

(Fold Change) 
Hypo-pigmented  
(Fold Change) 

MITF -2.107 -2.192 
TYR -7.258 -38.784 
TYRP1 --- -76.177 
DCT -12.659 -227.338 
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3.8 Supplementary Tables 
 

Supplemental Table 3.1 DEGs common to hyper- and hypo-pigmented scars.Top 50 
upregulated DEGs (A). Top 50 downregulated DEGs (B). 

A.  
# Gene Symbol Gene Name Fold Change 

Hyper 
Fold Change 

Hypo 
1 RGS4 regulator of G-protein signaling 4 18.97 11.66 
2 HOXA11 homeobox A11 15.38 18.20 
3 ANGPTL2 angiopoietin-like 2 14.39 12.80 
4 COL5A1 collagen, type V, alpha 1 13.85 2.84 
5 CTHRC1 collagen triple helix repeat 

containing 1 
13.35 15.44 

6 ASPN asporin 11.00 10.44 
7 AKAP5 A kinase (PRKA) anchor protein 5 9.73 12.09 
8 COL6A3 collagen, type VI, alpha 3 9.53 8.06 
9 COL1A2 collagen, type I, alpha 2 9.16 8.11 
10 RGS22 regulator of G-protein signaling 

22 
9.13 7.77 

11 TNC tenascin C 8.98 10.22 
12 SIX1 SIX homeobox 1 8.44 5.62 
13 VMP1 vacuole membrane protein 1 8.02 8.06 
14 IGFBP4 insulin-like growth factor binding 

protein 4 
7.14 9.30 

15 TMEM26 transmembrane protein 26 6.56 8.03 
16 VCAN versican 6.51 5.68 
17 RBM24 RNA binding motif protein 24 6.46 4.22 
18 CCL8 chemokine (C-C motif) ligand 8 6.39 5.25 
19 ELMSAN1 ELM2 and Myb/SANT-like domain 

containing 1 
6.32 7.22 

20 NES nestin 6.31 6.62 
21 COL8A1 collagen, type VIII, alpha 1 6.29 4.85 
22 TRPC1 transient receptor potential cation 

channel, subfamily C, member 1 
6.22 5.05 

23 NNT nicotinamide nucleotide 
transhydrogenase 

6.13 6.57 

24 P311 P311 protein 6.04 6.63 
25 ANGPTL2 angiopoietin-like 2 5.96 5.38 
26 CCDC88A coiled-coil domain containing 88A 5.76 5.74 
27 FBN1 fibrillin 1 5.74 3.94 
28 LOC10015668

9 
collagen alpha-1(XII) chain-like 5.70 6.27 

29 NCOA7 nuclear receptor coactivator 7 5.67 4.86 
30 CAMK4 calcium/calmodulin-dependent 

protein kinase IV 
5.67 3.86 

31 SERPINH1 serpin peptidase inhibitor, clade H 
(heat shock protein 47), member 

1, (collagen binding protein 1) 

5.57 5.03 

32 COL27A1 collagen, type XXVII, alpha 1 5.52 7.38 
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# Gene Symbol Gene Name Fold Change 
Hyper 

Fold Change 
Hypo 

33 DOCK10 dedicator of cytokinesis 10 5.46 5.21 
34 FN1 fibronectin 1 5.40 7.50 
35 AFF1 AF4/FMR2 family, member 1 5.37 6.30 
36 MMP11 matrix metallopeptidase 11 

(stromelysin 3) 
5.34 7.85 

37 SEC23A Sec23 homolog A (S. cerevisiae) 5.30 5.29 
38 EVI2A ecotropic viral integration site 2A 5.27 5.23 
39 CCDC88A coiled-coil domain containing 88A 5.26 5.74 
40 ZNF106 zinc finger protein 106 5.24 3.91 
41 CSGALNACT2 chondroitin sulfate N-

acetylgalactosaminyltransferase 2 
5.16 5.75 

42 COL5A2 collagen, type V, alpha 2 5.15 4.85 
43 MED14 mediator complex subunit 14 5.09 3.88 
44 SLC38A4 solute carrier family 38, member 4 5.04 5.39 
45 P4HA3 prolyl 4-hydroxylase, alpha 

polypeptide III 
4.92 4.78 

46 ZNF385D zinc finger protein 385D 4.92 5.42 
47 VWA5A von Willebrand factor A domain 

containing 5A 
4.80 5.21 

48 DNM1 Dynamin 1 4.79 4.62 
49 UGGT2 UDP-glucose glycoprotein 

glucosyltransferase 2 
4.76 4.62 

50 CASP10 Caspase 10, apoptosis-related 
cysteine peptidase 

4.75 3.5 
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B.  
# Gene Symbol Gene name Fold Change 

Hyper 
Fold Change Hypo 

1 PHEROA pheromaxein C subunit -201.57 -280.81 
2 PHEROC pheromaxein A -361.98 -697.11 
3 CRISP3 cysteine-rich secretory protein 

3 
-103.53 -401.67 

4 LOC100158001 ceruloplasmin (ferroxidase)-
like 

-62.07 -78.28 

5 LOC100627093 cytochrome P450 4X1-like -56.99 -80.64 
6 FOXA1 forkhead box A1 -54.17 -74.36 
7 LOC100526118 glutathione S-transferase A1-

like 
-51.75 -51.75 

8 CA6 carbonic anhydrase VI -50.60 -50.60 
9 FOXA1 forkhead box A1 -46.47 -44.05 
10 RLN relaxin -44.52 -50.98 
11 AREG amphiregulin -42.90 -44.56 
12 SELENBP1 selenium binding protein 1 -40.63 -63.58 
13 FA2H fatty acid 2-hydroxylase -39.49 -48.58 
14 TDO tryptophan 2,3-dioxygenase -36.68 -40.41 
15 FOXA1 forkhead box A1 -31.81 -74.36 
16 FAM26D family with sequence similarity 

26, member D 
-31.04 -40.03 

17 CRNN cornulin -30.53 -34.82 
18 CLDN17 claudin 17 -28.54 -28.79 
19 LOC100526118 glutathione S-transferase A1-

like 
-27.13 -124.55 

20 SLC15A1 solute carrier family 15 
(oligopeptide transporter), 

member 1 

-26.19 -20.54 

21 GABRP gamma-aminobutyric acid 
(GABA) A receptor, pi 

-24.48 -33.91 

22 LTF lactotransferrin -23.87 -36.40 
23 KRT85 keratin 85 -21.26 -31.21 
24 PLET amphiregulin -19.48 -55.68 
25 AKR1C1 aldo-keto reductase family 1, 

member C1 
-18.78 -34.18 

26 RPTN repetin -18.77 -26.52 
27 DAPL1 death associated protein-like 1 -17.76 -52.95 
28 CLDN8 claudin 8 -17.47 -10.08 
29 FABP7 fatty acid binding protein 7, 

brain 
-17.42 -17.78 

30 PMAP-23 antibacterial protein -17.32 -20.51 
31 SLC15A1 solute carrier family 15 

(oligopeptide transporter), 
member 1 

-17.02 -35.53 

32 RAB25 RAB25, member RAS 
oncogene family 

-16.83 -18.47 
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# Gene Symbol Gene Name Fold Change 
Hyper 

Fold Change Hypo 

33 RHOV ras homolog family member V -16.82 -16.16 
34 CHAC1 ChaC, cation transport 

regulator homolog 1 (E. coli) 
-16.12 -22.17 

35 KRT75 keratin 75 -15.70 -18.29 
36 CDSN corneodesmosin -15.57 -17.61 
37 GALP galanin-like peptide -15.50 -14.22 
38 PLET placenta expressed transcript 

protein 
-15.30 -149.43 

39 OTUB2 OTU domain, ubiquitin 
aldehyde binding 2 

-15.06 -19.47 

40 SEZ6L seizure related 6 homolog 
(mouse)-like 

-14.99 -20.40 

41 KRT31 keratin 31 -14.90 -17.41 
42 LOC100154257 uncharacterized 

LOC100154257 
-14.19 -18.03 

43 UCP3 uncoupling protein 3 
(mitochondrial, proton carrier) 

-13.88 -19.82 

44 LOC404703 prepro-beta-defensin 3 -13.86 -16.39 
45 DLX3 distal-less homeobox 3 -13.84 -9.06 
46 CCNA1 cyclin A1 -13.76 -14.55 
47 AKR1C1 aldo-keto reductase family 1, 

member C1 
-13.27 -18.60 

48 SELENBP1 selenium binding protein 1 -12.79 -14.58 
49 MMP7 matrix metallopeptidase 7 

(matrilysin, uterine) 
-12.52 -22.00 

50 BAMBI BMP and activin membrane-
bound inhibitor homolog 

(Xenopus laevis) 

-12.49 -14.50 
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4 Chapter 4: Promoter methylation status in pro-opiomelanocortin (POMC) does not 
contribute to dyspigmentation in hypertrophic scar4 

4.1 Introduction 
The mechanism by which cells make pigment is controlled at the apex of the pathway by 

POMC, which is proteolytically cleaved to its products a-MSH and ACTH. a-MSH and ACTH 

secreted by keratinocytes binds to MC1R, expressed on melanocytes, to initiate melanogenesis. 

POMC protein expression is upregulated in hyper- vs. hypo-pigmented scar by an unknown 

mechanism in a Duroc pig model of HTS. POMC RNA levels, as well as the POMC gene 

promoter methylation status was investigated as a possible mechanism. DNA was isolated from 

biopsies obtained from distinct areas of hyper- or hypo-pigmented scar and normal skin. DNA 

was bisulfite-converted, and amplified using two sets of primers to observe methylation patterns 

in two different CpG islands near the POMC promoter. Amplicons were then sequenced, and 

methylation patterns were evaluated. POMC gene expression was significantly downregulated in 

hypo-pigmented scar compared to normal skin, consistent with previously reported protein 

expression levels. There were significant changes in methylation of the POMC promoter, 

however, none that would account for the development of hyper- or hypo-pigmentation. Future 

work will focus on other areas of POMC transcriptional regulation or additional distinct options for 

the treatment of hypo- and hyper-pigmentation. This work confirms that POMC signaling is absent 

in hypo-pigmented scar and may be able to be exogenously replaced as a treatment.  

In a recent paper reporting data from the Burn Model System National Database, 92% of 

781 adult burn patient respondents said that they had a scar that was lighter or darker than their 

normal skin at discharge 77. This number increased to 93% of respondents at 2 years post-burn. 
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Donor sites can also heal as dyspigmented HTS, a clinical problem that has not been addressed 

33,34. The mechanism through which this dyspigmentation occurs is not yet clear.  

In contrast, un-injured skin produces pigment through a well characterized mechanism 

that has been described in the literature. Ultraviolet light causes damage to DNA within 

keratinocytes. The resultant DNA damage triggers p53 gene and protein expression. P53 then 

acts as a transcription factor for a number of genes, including POMC, upregulating its expression 

105. POMC is proteolytically cleaved to a-MSH and ACTH, which are secreted by keratinocytes 

and bind to specific G protein–coupled MC1R receptors on melanocyte membranes. This ligand-

receptor binding then initiates melanogenesis within melanocytes by upregulating key enzymes of 

the melanin biosynthetic pathway 228. Prior work sought to characterize this normal signaling 

pathway in the context of dyspigmentation in HTS 209. It was hypothesized that areas of hyper-

pigmentation had greater levels of DNA damage, and as such, p53 expression, leading to 

increased POMC expression, and ultimately increased melanin. Contrary to the hypothesis, DNA 

damage was not different between pigment types, nor was p53 gene or protein expression. The 

most upstream signaling molecule that was differentially expressed was POMC, where there 

were high levels of POMC in hyper-pigmented scar, and low levels of POMC in hypo-pigmented 

scar 209. In addition, POMC cleavage products, a-MSH and ACTH (which can each be identified 

from POMC due to their unique and distinct protein sequences, and associated antibodies)229, 

also had high expression in hyper- vs. hypo-pigmented scar. After ruling out HTS 

dyspigmentation occurring through a traditional DNA damage/p53 pathway, a different hypothesis 

was constructed. It was hypothesized that POMC differential expression was being regulated 

through epigenetic mechanisms, mainly through methylation patterns.  

Epigenetics encompasses the link between genotype and phenotype and includes 

processes that alter gene expression by mechanisms other than changing DNA sequences 

directly. These processes include DNA methylation, histone modifications, non-coding RNAs 

(transfer RNAs, ribosomal RNAs, small RNAs (micro RNAs (miRNAs), silencing RNA (siRNAs), 

small nucleolar RNAs (snoRNAs), etc.), and alterations in higher-order chromatin structure 230. 

Epigenetic changes can occur within cells as the result of exposure to numerous 
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microenvironmental factors related to the health and disease states that occur during wound 

healing. In eukaryotes, DNA methylation occurs at cytosine residues within CpG dinucleotide 

sequences of DNA and is a modification that may be maintained throughout DNA replication. In 

general, hypermethylation leads to the suppression of gene expression, while hypomethylation 

leads to increased gene expression. DNA methylation is controlled by the opposing actions of 

DNA methyltransferases and Ten-eleven translocation demethylation enzymes. DNA methylation 

can be stable and heritable, leading to its link to many human diseases, such as autoimmune 

diseases (rheumatoid arthritis, systemic lupus erythematous, and multiple sclerosis), metabolic 

disorders (type I and II diabetes, obesity-related disorders, and cholesterol disorders), 

psychological disorders (autism spectrum disorder, Rett syndrome, schizophrenia, and 

Parkinson’s disease), and most types of cancers (thyroid carcinoma, leukemia, ovarian, 

esophageal, breast, lung, hepatocellular carcinoma, and squamous cell lung cancer) 231. 

Likewise, DNA methylation patterns are hallmarks of tumor development and progression to more 

malignant staging 232.  

POMC gene expression is silenced by hypermethylation in other disease states such as 

in Cushing’s syndrome, alcoholism, tobacco dependence, and cancer 233-236, or it can be over 

expressed through hypomethylation such as in thymic carcinoids 237. In patients, as well as the 

Duroc pig model, HTS dyspigmentation is maintained over extended periods of time, often never 

resolving, even when other symptoms improve over the natural course of scar remodeling. The 

prospect that lasting epigenetic alterations in skin could result from microenvironmental changes 

initiated during wound healing was intriguing and was tested here. It was hypothesized that 

upregulated POMC expression in hyper-pigmented scar regions might be explained by increased 

levels of POMC mRNA as a result of POMC promoter hypo-methylation, compared to normally-

pigmented skin. Likewise, low levels of POMC in hypo-pigmented scar, could be the result of 

hyper-methylation and reduced POMC mRNA expression. A red Duroc pig animal model of HTS 

was therefore used to study methylation patterns in hyper- and hypo-pigmented scar compared to 

normally-pigmented skin. If differences in methylation could be observed, this information could 

be used to alter methylation and thus, alter pigmentation. 
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4.2 Methods 
4.2.1 Animal model 
 HTSs were created in Duroc pigs as previously described.  

4.2.2 DNA, RNA, and melanin isolation 
Flash frozen 3 mm punch biopsies of baseline, normally pigmented skin and hyper- and 

hypo-pigmented scar were thawed, and a scalpel was used to cut the epidermis from the dermis. 

The epidermis of 3 separate biopsies were combined into one tube for isolation. The biopsies 

were incubated in Buffer RLT (Qiagen). Samples were lysed for 5 minutes at 45 Hz using a 

Tissue Lyser (Qiagen), followed by sample cooling for 5 minutes on ice. This cycle of lysis was 

repeated 2 additional times. After lysis, the supernatant was centrifuged for 3 minutes at 10,000 x 

g. The pellet was dissolved in 1 N NaOH, incubated for 30 minutes at 100 oC, and melanin was 

measured by absorbance at 405 nm normalized to a standard curve with synthetic melanin 

(Sigma Aldrich, Allentown, PA). The supernatant was further processed using the manufacturer’s 

instructions for the DNA/RNA/Protein AllPrep Kit (Qiagen). DNA and RNA were quantified using a 

Nanodrop on the dsDNA and RNA settings, respectively.  

4.2.3 qRT-PCR and immuno-staining 
 qRT-PCR was performed on hyper-, hypo-, and normally pigmented biopsies using a 

previously published protocol 209. Primers for POMC (accession number X00135.1) and GAPDH 

(accession number NM_001206359.1) are detailed in Table 1.The immunohistochemistry for 

POMC and the immunofluorescence for a-MSH and ACTH were performed as previously 

described 209. The protocol used primary antibodies specific for POMC (Abcam, Cambridge, MA, 

ab73092) at a 1:250 dilution, a-MSH (Thermo Fisher Scientific, Waltham, MA, PA1-36171) at a 

1:200 dilution, and ACTH (Acris, Rockville, MD, BP5035) at a 1:100 dilution. Each antibody was 

stained individually in different samples and the immunogens for each of the antibodies were 

distinct, resulting in no cross-reactivity among the 3 proteins that were stained.  

4.2.4 Bisulfite conversion 
2 µg of dsDNA was used as input in the EZ DNA Methylation Lightning Kit (Zymo 

Research). The manufacturer’s instructions were followed to isolate bisulfite-converted DNA (BS-

DNA). In brief, lightning conversion reagent buffer was added to DNA and cycled for 8 minutes at 

98 oC and 54 oC for 60 minutes. The product was then added to the spin column in the presence 
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of binding buffer. The column was washed, and then L-desulfonation buffer was added and 

incubated for 20 minutes. The column was again washed, and the BS-DNA was eluted, and was 

quantified using the Nanodrop on the ssDNA setting.  

4.2.5 qPCR and amplicon cleanup and quantification 
500 ng of BS-DNA was used as input and incubated with 5 µL of 10X standard Taq 

reaction buffer, 1 µL of 10 µM dNTPs, 2.5 µL of 20 µM forward primer, 2.5 µL of 20 µM reverse 

primer, and 0.25 µL of Taq DNA polymerase (New England Biolabs). Two sets of primers were 

used for the amplification of each of 2 separate CpG islands. Island 1, which was distal to the 

transcription start site (TSS) at -1651 bp to 1321 bp, was detected with primers as detailed in 

Table 1 (Invitrogen, Carlsbad, CA). Island 2, which was proximal to and overlapped the TSS at -

91 to 125 bp was detected with primers as detailed in Table 1.  

Optimum annealing temperatures were determined by gradient temperature reactions, 

followed by 2% agarose gel electrophoresis for 1 hour at 125 V. The qPCR reactions were cycled 

through 95 oC for 30 s, followed by 34 cycles of 95 oC for 30s, annealing temperatures of 61.3 

(island 1) or 63 oC (island 2) for 30s, and 72oC for 50 s. The final extension temperature was 

followed by 72oC, for 5 minutes, followed by 4 oC hold.  

10 separate amplicon replicate reactions for each CpG island were combined and 

purified using the manufacturer’s protocol for the GeneJET PCR purification kit with the optional 

isopropanol step (ThermoFisher). The purified amplicons were then quantified using the Qubit 

dsDNA HS assay kit (ThermoFisher). 500 ng at 20 ng/µL was sent for sequencing (Genewiz Inc., 

South Plainfield, NJ). Bisulfite conversion, PCR amplification, and purification were modeled after 

methods from Tabu et al. 238. 

4.2.6 Sequencing data analysis 
Raw FASTQ files were obtained from GeneWiz Inc. Files were then assessed for quality 

and sequencing bias using TrimGalore! filtering for any Phred score <20. This meant that for 

Island 1, the first eighteen base pairs of the 5’ end and the first base pair of the 3’ end were 

clipped to eliminate bias. For Island 2, the first six base pairs of the 5’ end were clipped as well as 

the first two base pairs of the 3’ end due to bias. Bisulfite and reference genomes were prepared 

from NCBI Sus scrofa 11.1 using the Genome Short-read Nucleotide Alignment Program 
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(GSNAP) 239,240. Trimmed FASTQ files were aligned to respective regions in the bisulfite 

converted and reference genomes. Samtools was used to sort and index BAM output files from 

GSNAP 241. MethylDackel was used to filter aligned sample files for a Phred Score of >20 and 

compare an indexed reference genome to the sorted sample files to extract methylation 

percentages from each CpG site 242,243.  

4.3 Results 
4.3.1 Full thickness injuries result in dyspigmented hypertrophic scars 

Excisional wounds result in HTS that is hyper- or hypo-pigmented compared to the 

surrounding normal skin (Figure 2A). By SCC, the hyper- or hypo-pigmented areas had 

significantly more or less melanin, respectively, than the normal skin (n=8 scars, p<0.001) (Figure 

2B). This in vivo melanin determination was corroborated by melanin extraction in the biopsies 

(n=3, p<0.001) (Figure 2C,D).  

4.3.2 POMC gene and protein expression is dysregulated in dyspigmented hypertrophic 
scar 
qRT-PCR data revealed approximately -15-fold downregulation of POMC in hypo-

pigmented HTS compared to normal skin (n=3, p<0.05; Figure 3A). These data were confirmed at 

the protein level using distinct antibodies for POMC, a-MSH, and ACTH (Figure 3B-E). Melanin 

and POMC gene levels in hyper-, hypo-, and normally- pigmented areas was compared using a 

two-way ANOVA with multiple comparisons and Sidak’s correction for multiple comparisons. 

4.3.3 POMC promoter methylation status does not contribute to reduced POMC RNA and 
protein levels, and dyspigmentation 
BS-DNA PCR amplification was confirmed by agarose gel electrophoresis where crisp 

bands were detected at 425 and 368 bp for POMC promoter islands 1 and 2 (Figure 4A,B). 

Annealing temperatures for both sets of primers were approximately 10oC higher than the 

predicted annealing temperature provided by the primer manufacturing company. The bisulfite-

conversion kit that was used converts unmethylated cytosine to uracil, which are read as thymine 

when PCR-amplified and sequenced, while methylated cytosines remain unconverted (Figure 

4C). The sequenced amplicons were further confirmed to be the POMC product of interest by 

aligning the sequence to the NCBI Sus scrofa v11.1 using GSNAP as detailed in the methods. 

This alignment confirmed the sequences that were read were of the POMC promoter islands and 

the primers were specific. 



 84 

These data revealed differences in methylation of CpG islands in the POMC promoter 

present in the hypo- and hyper-pigmented scars compared to the normally pigmented skin. There 

were more changes in methylation in Island 1, more distal to the TSS. In Island 1, there were 10 

CpG sites where methylation occurred at positions  -1651, -1638, -1530, -1525, -1521, -1433, -

1385, -1372, -1348, and -1321 bp relative to the TSS (Figure 5A). The amount of basal 

methylation at these sites in the normally pigmented skin was anywhere from 38-94% 

methylation. At certain sites, such as -1638, there is a clear difference in methylation between the 

normal (59%) and the hyper- (23%) and hypo-pigmented (23%) percent methylation. The 

hypomethylation in the hyper- and hypo-pigmented areas compared to normal is present at 6 

other sites as well. At site -1651 and -1530, there is hypermethylation in the hyper-pigmented 

site, and hypomethylation in the hypo-pigmented site compared to normally pigmented skin.   

In Island 2, there were 14 CpG sites where methylation occurred at -91, -65, -47, -15, -8, 

29, 31, 35, 41, 63, 82, 99, 112, and 125 bps (Figure 5B). The amount of basal methylation at 

these sites ranged from 3-32%. At -91 bps, there was unchanged methylation in the hyper-

pigmented site, and hypomethylation in the hypo-pigmented site. At the majority of the remaining 

sites, there were very slight changes in methylation patterns with most remaining within 3-5% of 

each other despite pigmentation status.   

4.4 Discussion 
POMC protein expression is upregulated in hyper-pigmented scar and down regulated in 

hypo-pigmented scar through an unknown mechanism. It was hypothesized that hyper-pigmented 

regions would show increased POMC RNA expression and hypomethylation of the POMC 

promoter, with the opposite being true for hypo-pigmented regions. POMC RNA levels did in fact 

reflect the levels of protein that were previously reported, and confirmed here, with an 

approximate -15-fold downregulation of POMC in hypo-pigmented regions compared to normal 

skin. The analyzed CpG regions of the promoter did not support the hypothesis that DNA 

methylation is the primary mechanism of POMC regulation. There were some interesting changes 

in methylation in scar compared to skin in Island 1; however, these changes did not correlate to 

pigmentation status. Based on these data, it is probable that POMC promoter methylation is not a 

contributor to the development of dyspigmentation in HTS.  
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POMC expression can be regulated by gene transcription, mRNA stability, translation 

initiation, or post-translational processing and modifications. The gene expression data for POMC 

suggests that transcriptional control of POMC is the most likely method by which POMC protein 

expression is differentially regulated. Although transcriptional control of POMC in the pituitary is 

well understood, the mechanisms in non-pituitary sites such as skin are not as well defined. In 

skin, POMC can be transcriptionally regulated by additional mechanisms such as through 

Interleukin-1a (IL-1a) 221 and IL-1b 220. Another signaling pathway that has particular relevance to 

HTS and has an effect on POMC transcriptional regulation is TGFb that acts through the Smad 

pathway 244. Transcription factors bind to response elements within the promoter and can induce 

positive or negative expression of a particular gene. POMC has several transcription factors 

known to be active in the pituitary including Tpit, Pitx1, Stat3, NeuroD1, and IKZF1. While 

transcription factor binding in skin is less well-known, these may play a role in dyspigmentation.  

miRNAs bind to complimentary sequences on the 3’ UTR of mRNA after transcription and 

affect mRNA’s translation capabilities or lead to mRNA degradation. This binding ultimately leads 

to downregulation of protein synthesis for the effected mRNAs. Several miRNAs have been 

implicated in the control of pigmentation such as miRNA 137 which targets MiTF 245, miRNA-330-

5p which targets TYR 246, and miRNA-211 which targets TGFbR1 247, as well as others 228. 

Despite the known role for miRNAs in the regulation of pigmentation, miRNA control of POMC 

expression in the skin is not well studied. In contrast, several miRNAs have been found to bind to 

POMC mRNA in cells involved in the hypothalamic-pituitary adrenal axis 248. The one study with 

probable relevance to skin pigmentation found that miRNA-488 bound to POMC mRNA and had 

an effect on coat pigmentation in mice 249. Coat pigmentation is analogous to skin pigmentation, 

and as such, there is evidence that miRNAs may play a role in dyspigmentation.  

The pathways describe above should be considered as potential initiators of dyschromia 

and studied in future work. If these mechanisms can be discovered, they can be leveraged to 

prevent and treat dyschromia in burn patient scars. This treatment will ultimately lead to improved 

quality of life for burn survivors. Although the initiator of dyschromia was not discovered, these 

data confirmed that POMC gene and protein expression are extremely down-regulated in hypo-
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pigmented tissue compared to normally pigmented skin and hyper-pigmented scar. These data 

suggest that if POMC can be exogenously replaced, hypo-pigmentation may be able to be 

relieved. Thus, α-MSH, the secreted product of POMC, was studied in subsequent work as a 

potential treatment for hypo-pigmentation. This potential treatment is novel and has an underlying 

mechanistic basis. While hyper-pigmentation may be similarly treated by blocking POMC 

signaling through the use of an antagonist to MC1R, the focus of this thesis work was on the 

treatment of hypo-pigmentation. Hyper-pigmentation will be studied in future work.  
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4.5 Figures 

 

Figure 4.1 Melanin measurements were collected from distinct regions of 
pigmentation.Representative dyspigmented HTS in the duroc pig model from which biopsies were 

isolated (A). Skin color catch was able to distinguish well between hyper-, hypo-, and normally 
pigmented skin (B). Melanin was isolated from biopsies of the differentially pigmented regions 

(C), and was quantified by spectrophotometry (D) (mean ± SEM, n=3 scars, *p<0.05). 
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Figure 4.2 POMC gene and protein expression is down-regulated in hypo-pigmented scar.qRT-
PCR was used to determine differential gene expression of POMC in hyper-, hypo-, and normally 
pigmented areas of scar. GAPDH was used as a housekeeping control and normally pigmented 
skin was used as the reference control (A). FFPE biopsies were stained for POMC (brown) (B), 

ACTH (green) (C), or (α-MSH) (green) (D). POMC protein gets cleaved to its products as detailed 
(E). (Scale bar= 20 μm) (mean ± SEM, n=3 scars, *p<0.05). 
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Figure 4.3 BS-DNA was amplified using PCR primers for the POMC promoter.PCR amplification 
was verified by gel electrophoresis (A). The POMC promoter contains 2 CpG islands where 

methylation patterns can be analyzed. Island 1 occurs distal to the transcription start site, while 
island 2 is situated proximal to the TSS (B). Workflow for bisulfite conversion and PCR 

amplification is shown (C). 
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Figure 4.4 Methylation of the POMC promoter.Methylation patterns of the POMC promoter in 
hyper-, hypo-, and normally pigmented scar and skin for Islands 1 (A) and 2 (B) . Green is low % 

methylation and red is high % methylation. 
 

4.6 Tables 
 
Table 4.1 Primer information for POMC and GAPDH gene expression and POMC promoter 
methylation.  
 
Gene Forward Primer Reverse Primer Annealing 

Temperature 
POMC 5’-CTG CTT GGA AGA TGC 

CGA GA-3’  
 

5’-GAT GCA CGC CAG CAA 
GTT AC-3’ 

53oC 

GAPDH 5’-ATG GTG AAG GTC GGA 
GTG AAC-3’  
 

5′-GAT GGC GAC AAT GTC 
CAC TT-3′ 

56oC 

POMC 
Island 1 

5’-
GAGATGGGAATGGGGTTTT
T-3’ 

5’- 
ACCTTTCCTCCTTCCAACCA-
3’ 

61.3oC 

POMC 
Island 2 

5’- 
AGGTTTGTTTTATATTGGG
GTGT-3’ 

5’-
CCCCTCTTTCTCTTCCCTCT-
3’ 

63oC 
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5  Chapter 5: Potential treatment strategies for hypo-pigmentation in the context of burn 
hypertrophic scars5 

5.1 Introduction 
Dyspigmentation in burn scars can contribute to the development of psychosocial 

complications after injury, and can be detrimental to social reintegration and quality of life for burn 

survivors. While treatments for skin lightening to treat hyper-pigmentation have been well 

reviewed in the literature, skin-darkening strategies to treat hypo-pigmentation have not. The use 

of ectopic synthetic analogues of α-MSH to initiate melanogenesis will be discussed. This 

strategy is based upon exogeneous replacement of POMC which is absent in hypo-pigmented 

scar. A proposed future direction of research in laser-assisted drug delivery of inducers of local 

melanin production, with the hope of developing a targeted, effective approach to 

dyspigmentation in HTS is also discussed. 

The best treatment strategy for dyspigmentation in burn HTS has not been extensively 

discussed in the literature, and there are no current options for treating hypo-pigmentation that do 

not involve the transfer of cells from an unaffected area requiring surgery. However, there are 

many treatments for skin darkening in the context of cosmetic pigmentation or for other 

dermatologic disorders that could be repurposed for treating hypo-pigmentation in burn scars. 

The evidence reviewed is meant to provide a background for thinking about treatments that are 

already available that could be slightly altered and used in burn care.  Because treatment 

strategies for hyper-pigmentation are relatively well defined 251,252, this review will focus on hypo-

pigmentation. The treatment strategy discussed is based on the assumption that melanocytes are 

present in the scar based on the data from Chapters 2 and 3. The mechanistic basis behind using 
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α-MSH as a treatment is based on the absence of POMC signaling in hypo-pigmented scar 

based on the data from Chapter 4.  

5.2 Initiating melanogenesis with ectopic synthetic analogues of α-MSH 
 

If melanocytes are present in regions of hypo-pigmented scar, then melanocyte stimulation 

could be an effective means to return pigment, which can be achieved with synthetic analogues of 

α-MSH to initiate signaling. This initiation would bypass the need for stimulation with UV light, which 

would otherwise cause damage to this subset of vulnerable keratinocytes that are not protected by 

melanin.  

 One such synthetic analogue of α-MSH is 4-norleucine, 7-D-phenylalanine α-MSH 

(Nle4DPhe7 α-MSH (NDP α-MSH)). It has been used as a cosmetic skin darkener for many years. 

The amino acid substitutions in NDP α-MSH contribute to its ability to resist enzymatic digestion, 

resulting in its long half-life in vivo 253. In 1994, Hunt et al. demonstrated the ability of NDP α-MSH 

to stimulate melanogenesis in cultured human melanocytes, showing the dose-dependency of this 

“drug” 153.  

 In 1991, a clinical trial used subcutaneous NDP α-MSH in healthy Caucasian men to induce 

tanning 254. This study was the first to show significant skin darkening following administration of 

NDP α-MSH with few harmful side effects. At this time, NDP α-MSH was referred to as Melanotan-

I (MTI). Future clinical trials evaluated the ability of MTI to confer increased UV protection255 256. 

The results were promising, as MTI increased melanin content over a 3-month period. Barnetson 

and colleagues also exposed patients to 3X their original baseline minimal erythema dose (MED) 

before and after 90 days of treatment with MTI. There was a lower number of sunburned cells and 

thymine dimers after exposure to 3X MED at day 90 compared to day 0 in treated skin, suggesting 

a UV-protective effect of MTI. This piece of data is particularly relevant to burn patients because 

they are often counseled to stay out of the sun entirely after their injury, although this is a detriment 

to social reintegration and quality of life 210.  

Following these clinical trials, MTI was marketed as afamelanotide, and was used to treat 

Erythropoietic Protoporphyria (EPP), a genetic disorder that leads to dermal pain upon exposure 

to UV light 257.  Eu-melanin is protective in these patients. Afamelanotide was administered as a 
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slow-release subcutaneous implant (marketed as SCENESSE®) and resulted in an increased 

melanin level, subsequently decreasing symptoms of EPP. Importantly, clinical trials demonstrated 

the long-term safety and efficacy of afamelanotide in increasing melanin density, making it a 

promising treatment for hypo-pigmentation 258-260.  

Afamelanotide has also been used in clinical trials to treat vitiligo. A 2013 study by Grimes 

et al. reported the results of 4 patients who were treated with slow-release dermal implants of 

afamelanotide and showed higher re-pigmentation rates compared to patients receiving UV therapy 

alone 261. The small case report was expanded upon in 2015 with a multicenter randomized clinical 

trial by Lim et al.  which reported similar findings 262.  

The use of NDP α-MSH to treat hypo-pigmented burn scar is possible if there are functional 

melanocytes within these regions. The long history of the peptide’s use, grounded in basic science 

evaluation of the peptide and its efficacy in clinical trials, make it a unique treatment option. 

However, its use in the heterogeneous burn scar will need to be optimized. The use of a slow-

release dermal implant for the delivery of this compound is not appropriate, as it would lead to 

systemic administration of the drug instead of a scar-targeted, regional approach. CO2 fractional 

ablative LASER drug delivery may be one such scar-targeted delivery approach, as many burn 

scars are already being treated with LASER therapy in an attempt to alleviate additional symptoms 

of scar such as height and contracture 263. The LASER generates pores through which the drug 

can travel and be directed to the epidermal/dermal junction using specific LASER settings that 

would need to be optimized before treatment (Figure 4.1) 264-266. These pores are known to re-

epithelialize and re-establish barrier function within 48 hours of LASER therapy 267. As such, the 

scar would be treated with LASER therapy, and then a topical application of NDP α-MSH would be 

applied directly following the treatment.  Although LASER drug delivery is most likely a good option, 

it is only one drug delivery technique, and others, such as drug delivery after microneedling or scar-

targeted injections could be considered as well. 

5.3 Discussion 
The heterogeneous nature of pigmentation within burn scars is one the challenging aspects 

of their treatment. In treating hypo-pigmentation with inducers of melanogenesis, there is the risk 

that the scar may then become hyper-pigmented. Appropriate NDP α-MSH concentration and 
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dosing must be tested to alleviate this risk. The stimulation of melanocytes with NDP α-MSH was 

first tested in vitro with melanocytes derived from burn patient hypo-pigmented scars (Chapter 6 

and 7). Next, stimulation with this drug was tested in vivo in a nude mouse xenograft model of 

porcine hypo-pigmented cells (Chapter 8).  

 
 
5.4 Figures 

 
Figure 5.1 CO2 Fractional Ablative or Microneedling Drug Delivery of NDP α-MSH. CO2 

Fractional Ablative Drug Delivery generates many shallow channels (red triangles) in the scar 
(inset) that will allow NDP α-MSH (grey diamonds) to penetrate the epidermis to reach the MC1R 
on melanocytes. NDP α-MSH can be applied topically following laser therapy. Binding of NDP α-

MSH to this receptor will then lead to pigment synthesis, and secretion of the pigment to the 
surrounding keratinocytes. In scar that does not have channels (circled), NDP α-MSH has 

minimal ability to penetrate the epidermis. E (epidermis), EDJ (epidermal-dermal junction), D 
(dermis). 
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6 Chapter 6: Melanocytes are present in regions of hypo-pigmentation in patient 
samples6 

6.1 Introduction 
Currently, there are limited clinical treatments for dyschromia in burn HTSs. Initial pilot 

work in a Duroc pig model showed that melanocyte quantity does not influence pigmentation. 

Regions of scar that are light or dark have equal numbers of melanocytes. This study aims to 

confirm melanocyte presence in regions of hypo- and hyper-pigmentation. If melanocytes are 

present, pigmentation stimulators may be a useful therapy.  

Following IRB approval, patients with dyschromic HTSs were enrolled and demographic, 

injury and treatment details, and melanin indices by SCC probes were collected. Punch biopsies 

were taken of distinct regions of hyper-, hypo-, or normally pigmented scar and skin. A subset of 

biopsies were FFPE and sectioned and stained with H&E to observe overall scar architecture or 

with Fontana-Masson stain to characterize melanin differences. An additional subset of biopsies 

were processed with dispase to obtain epidermal sheets (ESs). ESs were stained using en face 

staining with melanocyte marker, S100b.  

5 patients were enrolled, and the cohort included patients with Fitzpatrick skin types 5 

(n=2) and 3 (n=3). HTSs ranged from 4 to 395 months old, and dyschromia developed mainly due 

to healing by re-epithelialization and was refractory to prior scar treatments. By SCC, regions of 

hyper-, hypo-, and normal pigmentation had significantly different melanin indices (864.9 ± 19.8 

vs. 627.1 ± 30.3 vs. 786.5 ± 21.4, p<0.01). S100b en face staining showed that regions of hyper- 

and hypo-pigmentation contained the same number of melanocytes (14.6 ± 3.1 vs. 14.5 ± 3.2 
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melanocytes/HPF (n=5, p=0.99), but these cells had different dendricity, or activity (3.9 ± 0.5 vs. 

0.4 ± 0.2 dendrites/cell (n=5, p<0.0001).  

While traditionally, it may be thought that hypo-pigmented regions of burn HTS display 

this phenotype because of the absence of pigment-producing cells, these data show that 

melanocytes are present in these scar regions. The cells are present, but they are inactive in 

pigment production. Samples from the Duroc pig model and patients are congruent in this finding 

and the clinical translatability of the pig model is highlighted. Patients’ quality of life may be 

improved with the development of treatments for hypo-pigmentation. 

It is not an unreasonable a priori assumption that hypo-pigmented regions of HTS are the 

result of a paucity of melanocytes with the opposite being true for hyper-pigmented regions. In an 

animal model of HTS, it has been demonstrated that dyschromia persists regardless of melanocyte 

number suggesting that hypo- or hyper-activity of this cell type may be the etiologic factor in HTS 

pigmentation diathesis (Chapter 3) 209.   

While the use of Duroc pigs is an accepted animal model for HTS, adapting it for the study 

of dyschromia is novel. Confirmation of similarities between porcine and human dyschromic lesions 

is essential moving forward to assess the translatability of the porcine model. Additionally, the 

porcine model used in this set of experiments is an excisional wounding model, not a burn model. 

It is possible that melanocyte repopulation in healing wounds could have different etiologic factors 

in full thickness burns vs. full thickness excisional wounds. Therefore, the presence of melanocytes 

was confirmed in regions of hypo-pigmented scar in patient samples where the original injury was 

a burn wound. This confirmation would further validate the use of the porcine model to study 

pigmentation-related treatments moving forward. 

6.2 Methods 
6.2.1 Patient enrollment and sample collection 
 All patients were consented and enrolled under a protocol approved by the MedStar 

Health Research Institute’s Institutional Review Board (IRB) under study #00000430. Inclusion 

criteria included males and females >18 and cutaneous trauma resulting in dyschromic scar. 

Exclusion criteria included dyschromic scar solely to the face, genitalia, or hands, known allergy 

to lidocaine, pregnancy, and/or prisoner status. Digital images of patient scars were captured. 
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Non-invasive skin probes were used to measure melanin using a SCC probe. 3 mm punch 

biopsies of distinct regions of hyper- and hypo-pigmented scar and normally pigmented skin were 

collected and processed as described below.  

6.2.2 Histology 
 FFPE biopsies were H&E and Fontana-Masson stained as previously described 209.  

6.2.3 Generation of epidermal sheets 
 3 mm punch biopsies were sterilized through successive washes with 100% ethanol (2X), 

water, and PBS (2X). They were then submerged in 1X dispase solution (CELLnTEC, 

Switzerland) with 10 µg/mL gentamycin and 0.25 µg/mL amphotericin B and were incubated 

overnight at 4oC. The following day, the epidermis was peeled from the dermis. It was fixed in ice-

cold methanol for 10 minutes for en face staining.  

6.2.4 En face staining 
Hyper- and hypo-pigmented epidermal sheets were stained with a melanocyte marker, 

S100β, by an en face staining technique as described above in Chapter 3. 

6.3 Results 
6.3.1 Full thickness skin injury can result in dyspigmented hypertrophic scar 
 HTSs in Duroc pigs are predominantly hyper-pigmented on the periphery with hypo-

pigmentation in the middle of the lesions. Patient dyschromic scars are more variable compared to 

animal lesions due to the variable nature of their injuries (Figure 6.1A). Dyschromia develops on all 

areas of the body (Figure 6.1A,Table 1). By SCC, there are significant differences in melanin index 

in hyper- vs. hypo-pigmented scar and between hyper-pigmented scar and normally pigmented 

skin (p<0.05).  

6.3.2 Staining of patient-derived biopsies show the structural and microscopic 
pigmentation differences in the epidermis between different phenotypes 

 
H&E staining revealed that hyper- and hypo-pigmented scar had decreased rete ridge 

presence, increased epidermal and dermal thickness, increased cellularity, increased vascularity, 

and more disorganized collagen structure compared to normal skin (Figure 6.2). These features 

identify them as being representative of the known histologic features of HTS. In all patients, the 

same structural patterns were observed. Fontana-Masson staining confirmed that regions of 

hypo-pigmentation did not contain melanin (Figure 6.3). Regions of hyper-pigmentation had 
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diffuse melanin staining that closely resembled melanin distribution in normally pigmented skin. In 

all patients, the same melanin patterns were observed in the different phenotypes. 

6.3.3 Regions of hyper- and hypo-pigmentation contain melanocytes in equal numbers by 
en face staining 
Melanocytes were ubiquitous in regions of both hyper- and hypo-pigmentation, with 14.6 

± 3.1 cells/HPF vs. 14.5 ± 3.2 cells/HPF (n=5, p=0.99), respectively (Figure 6.4). Melanocytes are 

distributed in a cell density that is expected for skin, and is consistent with staining for 

melanocytes in porcine HTS. S100β-positive cells were identified in hypo- and hyper-pigmented 

scar in all patients (n=5) (Supplemental Figures 6.1, 6.2, 6.3, and 6.4). Hyper-pigmented regions 

had activated melanocytes with 3.9 ± 0.5 dendrites/cell, while hypo-pigmented regions had 

inactive melanocytes with 0.4 ± 0.2 dendrites/cell (Figure 6.4B). 

6.4 Discussion 
Dyspigmented HTS obtained from burn patients has many similarities to dyspigmented 

HTS obtained from a red Duroc pig animal model of scar following excisional wounding. The 

overall histological structure of the hyper- and hypo-pigmented scar was compared to the normal 

skin to show the hallmark characteristics of HTS in these tissue samples. Additionally, the 

samples were stained in an effort to examine if any gross structural differences could be seen in 

the tissues that could contribute to the development of differential pigmentation. Hyper- and hypo-

pigmented areas had similar thicknesses, and were both thicker than normal skin. They likewise 

had a similar collagen structure in the dermis. Rete ridge number and conformation in the 

epidermis was markedly reduced in both scar pigment types compared to normal skin. However, 

hyper-pigmented scar contained more rete ridges compared to hypo-pigmented scar, possibly 

suggesting that the attachment proteins of the epidermis are more developed in hyper-pigmented 

scar. This difference may indicate that hyper-pigmented regions of scar are functionally more 

similar to normal skin, while hypo-pigmented regions look immature in their differentiation of the 

epidermis. While these comparisons contribute to the characterization of the scar tissue, at 

present they do not appear to directly relate to causes of the dyspigmentation.  

Another similarity between porcine and patient samples is the presence of melanocytes 

in regions of both hyper- and hypo-pigmentation in similar cell densities, as identified by en face 
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staining. Hyper-pigmented melanocytes have an “activated” phenotype with many dendrites 

present, while hypo-pigmented melanocytes have an “inactivated” phenotype with almost no 

dendrites.  

Overall, the results would suggest that the use of the red Duroc pig animal model of 

dyspigmented HTS is useful moving forward, and may be most useful in the study of treatment 

mechanisms for this pathophysiology, which are currently poorly understood. Prevention 

strategies may need to be studied using a burn model of HTS so that the initiator is more similar 

to the patient condition. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 100 

6.5 Figures 

 
Figure 6.1 Heterogeneous dyschromia with hyper- and hypo-pigmentation develops after burn 
injury in patient HTS.Examples of HTS from 5 patients (A). SCC non-invasive skin probe was 

used to measure melanin in the different pigmentation phenotypes (B) (mean ± SEM, n=5 scars). 
 

 
Figure 6.2 H&E staining reveals structural architecture of hyper- and hypo-pigmented patient 
HTS compared to normal skin.Punch biopsies of distinct regions of hyper- (A), hypo- (B), and 

normally-pigmented (C) scar and skin were taken and were FFPE and H&E stained. (Scale bar= 
100 μm for 10X, top and 20 μm for 40X, bottom ). 
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Figure 6.3 Fontana-Masson staining reveals melanin deposition in hyper- and normally-

pigmented patient HTS.No melanin is present in hypo-pigmented scar areas. Punch biopsies of 
distinct regions of hyper- (A), hypo- (B), and normally-pigmented (C) scar and skin were taken 

and were FFPE and were Fontana-Masson stained. (Scale bar= 100 μm for 10X, top and 20 μm 
for 40X, bottom ). 

 
Figure 6.4 Regions of hyper- and hypo-pigmentation contain melanocytes in equal 

numbers.Epidermal sheets from regions of hyper- or hypo-pigmentation were stained for 
melanocyte marker, S100β by en face staining. S100β (red), DAPI (blue). Scale Bar= 50 μm at 
10X (left) or 10 μm at 40X (right) (A). Melanocytes were counted in each region of pigmentation 
(B, top). Melanocyte dendrites were counted in each region of pigmentation (B, bottom). Images 
are from Patient #1 from Table 6.1. (Scale bar= 50 μm for 10X, top and 20 μm for 40X, bottom) 

(mean ± SEM, n=5 scars, ***p<0.001). 
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6.6 Supplementary Figures 

 
Supplemental Figure 6.1 Regions of hyper- and hypo-pigmentation contain melanocytes in 

equal numbers.Epidermal sheets from regions of hyper- or hypo-pigmentation were stained for 
melanocyte marker, S100β by en face staining. S100β (red), DAPI (blue). Scale Bar= 50 μm at 
10X (left) or 10 μm at 40X (right) (A). Melanocytes were counted in each region of pigmentation 
(B, top). Melanocyte dendrites were counted in each region of pigmentation (B, bottom). Images 
are from Patient #2 from Table 6.1. (Scale bar= 50 μm for 10X, top and 20 μm for 40X, bottom ). 

 
Supplemental Figure 6.2 Regions of hyper- and hypo-pigmentation contain melanocytes in 

equal numbers.Epidermal sheets from regions of hyper- or hypo-pigmentation were stained for 
melanocyte marker, S100β by en face staining. S100β (red), DAPI (blue). Scale Bar= 50 μm at 
10X (left) or 10 μm at 40X (right) (A). Melanocytes were counted in each region of pigmentation 
(B, top). Melanocyte dendrites were counted in each region of pigmentation (B, bottom). Images 
are from Patient #3 from Table 6.1. (Scale bar= 50 μm for 10X, top and 20 μm for 40X, bottom ). 
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Supplemental Figure 6.3 Regions of hyper- and hypo-pigmentation contain melanocytes in 

equal numbers.Epidermal sheets from regions of hyper- or hypo-pigmentation were stained for 
melanocyte marker, S100β by en face staining. S100β (red), DAPI (blue). Scale Bar= 50 μm at 
10X (left) or 10 μm at 40X (right) (A). Melanocytes were counted in each region of pigmentation 
(B, top). Melanocyte dendrites were counted in each region of pigmentation (B, bottom). Images 
are from Patient #4 from Table 6.1. (Scale bar= 50 μm for 10X, top and 20 μm for 40X, bottom ). 

 
Supplemental Figure 6.4 Regions of hyper- and hypo-pigmentation contain melanocytes in 

equal numbers.Epidermal sheets from regions of hyper- or hypo-pigmentation were stained for 
melanocyte marker, S100β by en face staining. S100β (red), DAPI (blue). Scale Bar= 50 μm at 
10X (left) or 10 μm at 40X (right) (A). Melanocytes were counted in each region of pigmentation 
(B, top). Melanocyte dendrites were counted in each region of pigmentation (B, bottom). Images 
are from Patient #5 from Table 6.1. (Scale bar= 50 μm for 10X, top and 20 μm for 40X, bottom ). 
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6.7 Tables 
Table 6.1 Subject demographics, injury details, and acute burn and HTS management.For race, 

AA=African American, A=Asian, H=Hispanic. For acute burn management, A=Excision and 
autografting, B=Excision and xenografting, C=Wound care and healing by secondary intention, 

outside hospital, D=Graft failure and healing by secondary intention. For previous scar 
treatments, 1=Custom compression garments, 2=Fractional ablative CO2 laser scar revision with 

topical drug delivery of triamcinolone, 3=Burn scar excision and graft placement, 4=Burn scar 
release and local tissue rearrangement, 5=Steroid injection. 

 
 

Subject # 1 2 3 4 5 
Age at time of 

sampling 63 35 55 37 52 

Gender F M M M M 
Race AA A AA H AA 

Fitzpatrick skin 
type 5 3 5 3 5 

Age of scar 
(months) 15 395 19 11 15 

Mechanism of 
Injury Fire/flames Unknown Scald Fire/flames Flash 

Location of 
dyspigmented 

scars 

R. chest 
flank and 

axilla 
R. posterior 

axilla R. wrist R. thigh L. elbow 

Acute burn 
management of 

specific scar area 
A,B Unknown C A,D B 

Previous scar 
treatments 1,2,3,4,5 2,3,4 1,2 1,2 1,2 
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7 Chapter 7: Melanocytes originating from hypo-pigmented areas of scar can be 
stimulated to make melanin in a synthetic pathway in vitro7 

7.1 Introduction 
 In previous work, it was shown the hypo-pigmented regions of scar contain 

melanocytes. In this chapter, a series of experiments were conducted to determine if hypo-

pigmented melanocytes have the ability to re-gain pigmentation, or if these cells are forever in a 

state of non-pigment production. Hypo-pigmented melanocytes were isolated from a HTS that 

was collected during a pre-planned surgical excision. Cells were grown in culture media that 

contained α-MSH. Cells were grown for 77 days and melanin was observed under bright field 

microscopy over time. After this experiment was conducted, a new subset of patients were 

consented and enrolled (n=3). Biopsies were collected from areas of hyper-, hypo-, and normally 

pigmented scar and skin and were treated with dispase. Melanocytes were isolated from these 

biopsies and grown in culture in media that did not contain α-MSH. Melanocytes were then 

treated with NDP a-MSH, a pigmentation stimulator. mRNA was isolated from cells, and qRT-

PCR was used to evaluate gene expression of melanin-synthetic genes, TYR, TYRP1 and DCT.  

Primary cell cultures of melanocytes were derived from hyper-, hypo-, and normally 

pigmented scar in all samples. Throughout the 77-day time course, hypo-pigmented melanocytes 

re-gained pigmentation to a level similar to hyper-pigmented cells grown in a parallel time course. 

When hypo-pigmented melanocytes were treated with NDP a-MSH, cells produced melanin 

visible by bright-field microscopy, while controls did not (n=3). TYR, TYRP1, and DCT gene 

expression were upregulated in treated cells compared to controls (TYR= 0.83 ± 1.25; TYRP1= 

2.91 ± 0.51; DCT=3.49 ± 3.21-fold change over control, n=3). Hypo-pigmented melanocytes are 
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able to be re-programmed to re-gain pigmentation. By treating the cells with a pigment stimulator 

in vitro, cells can be induced to re-pigment.  

The overall goal of studying dyschromia in HTS is to develop treatments that are mechanistic in 

nature and may be tissue sparing or alleviate the need for surgery. The canonical pigmentation 

signaling cascade was therefore leveraged when a pigmentation stimulator was chosen. NDP a-

MSH, a synthetic form of a-MSH, has been used in vitro and in vivo to study the initiation of 

pigmentation. As discussed in Chapter 5, this compound has been used in clinical trials to induce 

tanning in healthy volunteers, in patients with EPP, and in patients with vitiligo. In this set of 

experiments, the hypothesis that supplying hypo-pigmented cells with a-MSH or NDP a-MSH 

could lead to re-pigmentation was tested. In this pathway, a-MSH gets secreted from 

keratinocytes, binds to MC1R, and the ligand/receptor binding initiates signal transduction in the 

melanocyte to start gene transcription of the 3 genes required for converting tyrosine to eu-

melanin (TYR, TYRP1, and DCT) (Chapter 1, Figure 1.14). This treatment was chosen based on 

the information that POMC (the parent molecule of a-MSH) signaling is absent in hypo-pigmented 

scar and likely requires exogenous replacement. This hypothesis was tested in primarily-derived 

patient cells from hyper-, hypo-, and normally pigmented scar and skin. These cells were 

stimulated with a-MSH or NDP a-MSH and their response was evaluated.  

7.2 Methods 
7.2.1 HTS tissue collection 

During a scar excision and grafting procedure 15 months post-burn, HTS was collected 

under an approved IRB protocol for discarded skin. The scar was processed in the laboratory 

where 3 mm punch biopsies were taken of hyper- and hypo-pigmented areas, as well as of 

normal skin. These biopsies were FFPE for histological assays. Larger pieces of hyper- or hypo-

pigmented scar areas were sterilized in a laminar flow hood and processed to obtain epidermal 

sheets for tissue culture as previously described in Chapter 3. 

7.2.2 Primary cell culture in media containing a-MSH 
 

Cells were isolated as described above in Chapter 3 209. Briefly, epidermal sheets were 

disaggregated by pipetting to release single cells. The suspension was pelleted and reconstituted 
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in CnT-40 complete media that contained 0.2 µg/mL (0.120 µM) a-MSH. After the cells were 

allowed to attach overnight, melanocytes were selected from the keratinocyte-melanocyte co-

culture by differential trypsinization of melanocytes with 0.00125% trypsin diluted in EDTA for 2 

minutes. Cells were then seeded onto a 10-fold reduced surface area with 1.4 mM calcium 

chloride to differentiate any keratinocytes and remove them from the culture. Media was then 

changed every other day and cells were imaged under bright field microscopy with consistent 

lighting throughout a 77-day time course. Hypo-pigmented melanocytes proliferated more slowly 

compared to hyper-pigmented melanocytes. To achieve confluence, these cells had to be grown 

for extended periods of time. Fibroblast cells contaminated the culture at day 22, and fibroblasts 

were removed from the cultures using magnetic activated cell sorting with anti-fibroblast beads 

(Milltenyi Biotec, 130-050-601). This process was carried out according to the manufacturer’s 

protocol for LS columns.  

7.2.3 Hypertrophic prospective tissue collection 
 

Another subset of patients were consented and enrolled for prospective tissue collection 

as described above in Chapter 6 (n=3). A subset of biopsies were used for H&E and Fontana-

Masson staining as iterated above. A subset of biopsies were treated with dispase to obtain 

epidermal sheets.  

7.2.4 Primary cell culture in media that did not contain a-MSH and cell treatments 
Cells were isolated as described above in Chapter 3 209. Briefly, epidermal sheets were 

disaggregated by pipetting to release single cells. The suspension was pelleted and reconstituted 

in specialized CnT-40 media (CNT-40(s)) that was ordered from the manufacturer and did not 

contain α-MSH. The cells resulting from each 3 mm punch biopsy were seeded into 2 wells of a 

twelve-well plate (Corning, Tewksbury, MA). Non adherent cells were rinsed after 48 hours.  

Cells were grown in fresh CNT-40(s) media for 72 hours. Media was then aspirated, and one of 

the hypo-pigmented wells was treated with 10 µM NDP α-MSH (Tocris Bioscience, Bristol, UK). 

The untreated well had an equivalent volume of water added. Fresh media containing treatment 

or control was replaced at 24 hours and 48 hours after the initiation of treatment. At 72 hours, 
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cells were imaged under brightfield microscopy, and cells were lysed with Trizol Reagent 

(Thermo Fisher Scientific, Halethorpe, MD). 

7.2.5 RNA isolation and qRT-PCR 
 RNA was isolated from cells using a phenol-chloroform extraction and purification method 

as previously described209. qRT-PCR was performed using primers for TYR (NM_000372.4), 

TYRP1 (NM_000550.2), and DCT (NM_001922.3) (Qiagen, Valencia, CA). GAPDH 

(NM_002046.7) was used as a housekeeping gene (Forward primer: 5’-CAA TGA CCC CTT CAT 

TGA CCT C -3’, reverse primer: 5’-AGC-ATC-GCC-CCA-CTT-GAT-T-3’). Reactions were cycled 

as previously described. The DDCt method was used to analyze the data with the untreated hypo-

pigmented cells as the control.  

7.3 Results 
7.3.1 Heterogeneous injury types result in heterogeneous dyschromic HTS with regions of 

hyper- and hypo-pigmentation 
 Three additional patients were enrolled and had pictures taken, non-invasive skin probe 

SCC measurement of melanin, and tissue biopsies collected. The scar dyschromia was variable 

depending on the initial injury (Figure 7.1 and Table 7.1). By Skin color catch, there are significant 

differences in melanin index in hyper- vs. hypo-pigmented scar and between hyper-pigmented scar 

and normally pigmented skin (p<0.05) (Figure 7.1B). H&E (Figure 7.2A, 7.3A, and 7.4A) and 

Fontana-Masson (Figure 7.2B, Figure 7.3B, and Figure 7.4B) staining was used to characterize 

scar architecture and confirm the absence of melanin-producing melanocytes from hypo-pigmented 

regions of scar. 

7.3.2 Regions of hyper- and hypo-pigmentation contain melanocytes by primary cell 
culture in patient samples 
In each of the 3 hypo-pigmented scar samples, melanocytes were isolated and grown in 

culture (Figure 7.1C, 7.2C, 7.3C). These melanocytes were hypo-pigmented by brightfield 

microscopy compared to the melanocytes isolated from the normally pigmented skin and hyper-

pigmented scar. When hyper- and hypo-pigmented epidermal cells were seeded into culture, both 

pigmentation types resulted in cells that have characteristic melanocyte morphology. The hypo-

pigmented melanocytes do not retain their “inactivated” phenotype when put into culture.  

7.3.3 Hypo-pigmented melanocytes can be stimulated to produce melanin in media 
containing α-MSH 
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  When cells were initially seeded into primary cell culture, hypo-pigmented cells did not 

contain a lot of melanin, and were easily viewable under phase contrast microscopy, but were 

dim by bright field microscopy until imaging at day 9 (Figure 7.5). In contrast, hyper-pigmented 

melanocytes contained melanin and could be viewed under bright field microscopy. Over time, 

hypo-pigmented cells proliferated and re-pigmented, and melanin was identifiable by bright field 

microscopy in the cells at days 14, 34, and 77 (Figure 7.5) in culture. Pigmentation in the once 

hypo-pigmented cells progressed to a level that was similar to the hyper-pigmented cells, but 

never reached hyper-pigmented levels. There was a steady increase in pigmentation over time 

(Figure 7.6). 

7.3.4 Hypo-pigmented melanocytes can be stimulated to produce melanin by NDP α-MSH 
through the up-regulation of TYR, TYRP1, and DCT  

 In each of the 3 cell lines derived from the different patients, when hypo-pigmented cells 

were treated with NDP α-MSH, there was an increase in pigmentation that was identifiable by 

bright field microscopy in the treated wells. The controls, which were treated with equal volumes 

of water, did not have this increase in melanin (Figures 7.7). Treated cells had up-regulated levels 

of TYR, TYPR1, and DCT compared to controls (TYR= 0.83 ± 1.25; TYRP1= 2.91 ± 0.51; 

DCT=3.49 ± 3.21-fold change over control, n=3)(Figure 7.8).  

7.4 Discussion 
This portion of the study required additional patient enrollment because of the amount of 

tissue biopsies that were collected was based on scar size. If the scar was >100 cm2, 2 tissue 

biopsies could be collected from each pigmentation phenotype. One biopsy was bisected and used 

for histology and molecular analysis. The other biopsy was processed with dispase to obtain an 

epidermal sheet. In Chapter 6, all patients (n=5) had the epidermal sheets fixed in MeOH for en 

face staining. In this chapter, all epidermal sheets were used to isolated primary cells (n=3).  

Primary cell culture of melanocytes with dendritic morphology is another confirmation of 

the presence of these cells in hypo-pigmented scar. The cells of interest are confirmed to be 

melanocytes based on their morphology. In Chapter 6, it was noted that melanocyte morphology 

in hypo-pigmented regions of in-tact epidermal sheets by en face staining seemed to be inactive 

with no or few dendrites being present.  
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This activation status is subject to change, as was demonstrated when the cells were 

seeded into culture medium containing melanogenesis agonists such as α-MSH that stimulated 

dendritogenesis in hypo-pigmented melanocytes. This finding was the first observed positive data 

towards the hypothesis that these cells can be reprogrammed to produce melanin. It was of 

course possible that hypo-pigmented melanocytes are a cell type that no longer function and 

could never re-gain pigment or proliferate. On the contrary, it was hypothesized that hypo-

pigmented melanocytes are functional. From the literature, it is clear that normal melanocytes that 

are stimulated with α-MSH upregulate transcription of MC1R to have receptors that can bind the 

ligand that was exogenously administered 269. If hypo-pigmented melanocytes retain this ability to 

up-regulate MC1R, it may be the case that hypo-pigmented lesions may be re-pigmented through 

the use of pigmentation initiators, as discussed in Chapter 5268. 

The administration of α-MSH to the hypo-pigmented cells in the sample that was 

passively collected was not intentional. After it was observed that the cells gained dendrites after 

plating, the manufacturer of Cnt-40 media (Cellntec) was contacted, and it was disclosed that 

there are low levels of α-MSH (0.12 µM) in the basal media. This low level of α-MSH did not result 

in drastic changes in pigmentation during a short time-course. However, over a period of about 2 

months, cells re-gained pigmentation to similar levels as the hyper-pigmented cells that were 

grown in a parallel time course. The logical criticism to this work is that there were no cells that 

were grown without α-MSH in the media. Therefore, additional tissue biopsies were collected, 

and these cells were grown in specialized media from the manufacturer that did not contain α-

MSH. These cells were exogenously treated with 10 µM NDP α-MSH for a total of 72 hours with 3 

changes of media, each change containing a new dose of the treatment. After 72 hours, there 

was a marked increase in melanin in the treated cells, and no such increase in the control cells. 

This increase in melanin was confirmed to be through the upregulation of the 3 genes required for 

melanogenesis, TYR, TYRP1, and DCT.  

These data confirm that hypo-pigmented melanocytes can be stimulated with NDP α-

MSH to re-gain pigmentation in vitro. The in vitro environment is very different from the in vivo 

HTS environment, and does not entirely recapitulate the multitude of cell types and non-cellular 
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components that may contribute to dyschromia. Therefore, the next logical step in this work was 

to test the treatment of hypo-pigmented scar cells with NDP α-MSH in an in vivo system. The 

system that was chosen was a nude mouse model of xenografted porcine dyschromic scar cells.  
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7.5 Figures 

 
Figure 7.1 Heterogeneous dyschromia with hyper- and hypo-pigmentation develops after burn 
injury in patient HTS.Examples of HTS from 3 patients (A). SCC non-invasive skin probe was 

used to measure melanin in the different pigmentation phenotypes (B) (mean ± SEM, n=3 scars, 
*p<0.05). 
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Figure 7.2 Staining reveals structural architecture and melanin deposition in hyper- and hypo-
pigmented patient HTS compared to normal skin.Melanocytes were cultured from biopsies 

regardless of pigmentation phenotype. Punch biopsies of distinct regions of hyper- (I), hypo- (II), 
and normally-pigmented (III) scar and skin were taken and were FFPE and H&E stained (A). The 
same biopsies were Fontana-Masson stained (B). The sample biopsies were treated with dispase 

to isolate epidermal cells which were seeded in culture. Images were taken under bright field 
microscopy at a fixed light intensity after 3 days in culture. (C). Images are from Subject #6 in 

Table 7.1. (Scale bar= 100 μm for 10X, and 20 μm for 40X). 
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Figure 7.3 Staining reveals structural architecture and melanin deposition in hyper- and hypo-

pigmented patient HTS compared to normal skin.Melanocytes were cultured from biopsies 
regardless of pigmentation phenotype. Punch biopsies of distinct regions of hyper- (I), hypo- (II), 
and normally-pigmented (III) scar and skin were taken and were FFPE and H&E stained (A). The 
same biopsies were Fontana-Masson stained (B). The sample biopsies were treated with dispase 

to isolate epidermal cells which were seeded in culture. Images were taken under bright field 
microscopy at a fixed light intensity after 3 days in culture. (C). Images are from Subject #7 in 

Table 7.1. (Scale bar= 100 μm for 10X, and 20 μm for 40X). 
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Figure 7.4 Staining reveals structural architecture and melanin deposition in hyper- and hypo-
pigmented patient HTS compared to normal skin.Melanocytes were cultured from biopsies 

regardless of pigmentation phenotype. Punch biopsies of distinct regions of hyper- (I), hypo- (II), 
and normally-pigmented (III) scar and skin were taken and were FFPE and H&E stained (A). The 
same biopsies were Fontana-Masson stained (B). The sample biopsies were treated with dispase 

to isolate epidermal cells which were seeded in culture. Images were taken under bright field 
microscopy at a fixed light intensity after 3 days in culture. (C). Images are from Subject #8 in 

Table 7.1. (Scale bar= 100 μm for 10X, and 20 μm for 40X). 
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Figure 7.5 Melanocytes isolated from hypo-pigmented scar can be stimulated to produce melanin 
in media containing a-MSH.Punch biopsies of distinct regions of hyper- and hypo-pigmented scar 

were taken during a pre-planned surgical excision and were treated with dispase to isolate 
epidermal cells which were seeded in culture in media containing a-MSH. Images were taken 

under bright field microscopy at a fixed light intensity for 77 days. 
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Figure 7.6 Melanocytes isolated from hypo-pigmented scar can be stimulated to produce melanin 
in media containing a-MSH.Punch biopsies of distinct regions of hypo-pigmented scar were taken 

during a pre-planned surgical excision and were treated with dispase to isolate epidermal cells 
which were seeded in culture in media containing a-MSH. Images were taken under bright field 

microscopy at a fixed light intensity for 77 days. 
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Figure 7.7 Melanocytes isolated from hypo-pigmented scar can be stimulated to produce melanin 
by exogenous treatment with NDP a-MSH.Punch biopsies of distinct regions of hypo-pigmented 
scar were taken and were treated with dispase to isolate epidermal cells which were seeded in 

culture in media that did not contain a-MSH. After 3 days in culture, cells were treated with 10 µM 
NDP a-MSH for 72 hours. Images were taken under bright field microscopy at a fixed light 

intensity after 72 hours. Images are from Subject 6 (top), 7 (middle), and 8 (bottom). 
 

 



 124 

 
Figure 7.8 TYR, TYRP1, and DCT gene expression are up-regulated in hypo-pigmented 

melanocytes after exogenous treatment with NDP a-MSH.Punch biopsies of distinct regions of 
hypo-pigmented scar were taken and were treated with dispase to isolate epidermal cells which 
were seeded in culture in media that did not contain a-MSH. After 3 days in culture, cells were 

treated with 10 µM NDP a-MSH for 72 hours. RNA was isolated and qRT-PCR was performed for 
TYR, TYRP1, and DCT. GAPDH was used as a housekeeping control (mean ± SEM, n=3). 
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7.6 Tables 
 
Table 7.1 Subject demographics, injury details, and acute burn and HTS management.For race, 

AA=African American, A=Asian, H=Hispanic. For acute burn management, A=Excision and 
autografting, B=scar resulting from creation of donor site). For previous scar treatments, 

1=Custom compression garments, 2=Fractional ablative CO2 laser scar revision with topical drug 
delivery of triamcinolone. 

Subject # 6 7 8 
Age at time of sampling 52 38 52 

Gender F M M 
Race AA AA AA 

Fitzpatrick skin type 6 5 5 
Age of scar (months) 6 8 4 
Mechanism of Injury Fire/flames Unknown Electrical injury 

Location of dyspigmented 
scars R. thigh L. shoulder R. thigh 

Acute burn management of 
specific scar area 

A (hypo), B 
(hyper) A B 

Previous scar treatments 1,2 1,2 -- 
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8 Chapter 8: Hypo-pigmentation in hypertrophic scar can be treated with synthetic 
alpha melanocyte stimulating hormone in vivo in a nude mouse model of xenografted 
porcine hypertrophic8  

8.1 Introduction 
Burn injuries often result in HTS with dyschromia. The mechanism behind dyschromia in 

HTS has not been studied, and, as such, treatment strategies for this morbidity are lacking. In 

previous work, it was shown that regions of hypo-pigmented scar contain melanocytes, and it is 

their activation status that contributes to phenotype, not the absence of this cell type. 

Normal skin cells make melanin through keratinocyte secretion and ligand binding of α-

MSH to MC1R to initiate melanogenesis by TYR, TYRP1, and DCT. In previous work, it was 

shown that α-MSH expression is upregulated in hyper-pigmented scar and is absent in hypo-

pigmented scar. In primary cells derived from patient hyper-, and hypo-pigmented scars, 

melanocyte presence was confirmed, and these cells responded to stimulation with exogenous 

synthetic α-MSH by upregulating TYR, TYRP1, and DCT and producing melanin in vitro. A nude 

mouse model of xenografted porcine dyschromic HTS was developed as a model system to test if 

supplying hypo-pigmented cells with exogenous α-MSH will reverse pigment loss in vivo. 

             Dyschromic HTSs were created in Duroc pigs. Epidermal scar cells (keratinocytes and 

melanocytes) were derived from regions of hyper-, hypo-, or normally pigmented scar or skin. 

Dermal fibroblasts (DFs) were isolated separately. Excisional wounds were created on nude mice 

and a grafting dome was placed. DFs were seeded on day 0 and formed a dermis. On day 3, 

epidermal cells were seeded onto the dermis. The grafting dome was removed on day 7 and 

hypo-pigmented xenografts were treated with synthetic α-MSH delivered with microneedling. On 

day 10, the xenografts were excised and saved. Sections were stained using H&E to assess 
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xenograft structure. RNA was isolated and qRT-PCR was performed for melanogenesis-related 

genes TYR, TYRP1, and DCT.  

             The seeding of HTSDFs formed a dermis that is similar in structure and cellularity to HTS 

dermis from the porcine model. When hyper-, hypo-, and normally-pigmented epidermal cells 

were seeded, a fully stratified epithelium was formed by day 14. H&E staining and measurement 

of the epidermis showed the average thickness to be 0.11 ± 0.07 µm vs. 0.06 ± 0.03 µm in normal 

pig skin. Hypo-pigmented xenografts that were treated with synthetic α-MSH showed increases in 

pigmentation and had increased gene expression of TYR, TYRP1, and DCT compared to un-

treated controls (TYR: 2.7 ± 1.1 vs 0.3 ± 1.1; TYRP1: 2.6 ± 0.6 vs 0.3 ± 0.7; DCT 0.7 ± 0.9 vs 0.3 

± 1 fold change from control; n=3). 

  The developed nude mouse skin xenograft model can be used to study treatments for 

dyschromia. Hypo-pigmented regions of burn scar can be stimulated to make melanin by 

synthetic α -MSH in vivo.  

In the previous chapter, it was shown that hypo-pigmented melanocytes could be stimulated 

by NDP α-MSH to produce melanin in vitro. The next step in the testing of the hypothesis was to 

move from in vitro work with cells only to an in vivo animal model. Ideally, treatments for hypo-

pigmentation would have been tested directly in the most similar model to the human phenotype. 

Models of HTS are resource intensive and can be difficult to work with, as they require pigs as a 

model system and require many animals for the creation of just a few individual scars. 

Additionally, when testing treatments for scars, it is not only the local-regional effect that must be 

studied, but the systemic effect of such treatments that may impact the whole animal, and 

therefore all of the scars. Thus, if “pseudo” HTSs can be created on the back of athymic mice, 

multiple different treatments can be tested to optimize methods with larger sample sizes. Further, 

cells from areas with different pigmentation phenotypes can be isolated and studied 

independently without effects from their neighboring differentially pigmented scar areas.  The 

reason for xenografting the scar cells onto athymic mouse wound beds is to allow for the support 

of the fully functioning dermal/subdermal system of the mouse to provide vascularization and 

structure to support the cells. The cells will then form a more translatable stratified skin and the 
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xenografted “scars” can be studied intact, as opposed to just cells in culture, which may not 

behave identically to those in vivo.   

There are several experimental conditions that required optimization before testing can occur 

in the pig model. There is no previously optimized dose for NDP α-MSH that could be used in 

vivo. Previous testing in healthy volunteers, vitiligo patients, and EPP patients have used either a 

subcutaneous dose in initial studies254-256,270, or a systemic slow-release dermal implant in later 

studies258-262. These systemic techniques for drug delivery are not ideal for the treatment of hypo-

pigmentation in HTS because they would result in further dyspigmentation in normal skin and 

hyper-pigmented scar. Instead, a topical, scar targeted approach was desired. Synthetic α-MSH 

has minimal ability to penetrate the epidermis and does not induce pigmentation after topical 

application271,272. Therefore, a method for drug delivery based on a new concept in HTS treatment 

where ablative fractional lasers are used as a drug delivery enhancement technique was 

used66,67,266,273. As discussed in Chapter 5, ablative fractional lasers produce microchannels in the 

skin or scar at pre-determined depths in a symmetrical pattern. The drugs can then be delivered 

topically and penetrate the epidermis and dermis depending on the depth of the channel. Due to 

logistic and cost constraints of working with the fractional ablative laser, a microneedling 

technique for drug delivery was chosen. Microneedling creates similar channels in skin and scar 

and allows for topical application following channel creation274-276.  

The dose of drug to give with a new delivery technique also had to be optimized. Also, if 

multiple different doses were used to treat multiple scars on one animal, there is the potential for 

a systemic contribution of the drug. Therefore, to proceed with testing different treatments, a nude 

mouse model of porcine xenografted cells was chosen. Nude mice are ideal for xenografting 

because they lack an immune system, and hence, do not reject the cells when grafted277.  A 

xenograft model that has been used extensively in our lab in prior experiments was modified for 

use in the current experiment. This model has been used previously to create human skin 

xenografts with primary human fibroblasts and immortalized primary human keratinocytes derived 

from neonatal foreskin. In this prior work, the effect of sulfur mustard on the death receptor 

pathway and apoptotic processes was studied in human xenografts278. Another project studied 
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the dysregulation of inhibitor of DNA binding 2 (Id2) in relation to the regulation of proliferation, 

differentiation, apoptosis, and carcinogenesis in genetically modified keratinocytes279. The model 

has also been used to create xenografts from freshly isolated, cultured, or genetically modified 

human cell lines in work from multiple other groups280. These groups have studied a number of 

epidermal tumor cell lines, as well as freshly isolated cells from neonates. Lastly, this model has 

been used to study melanoma cells with relation to cell-cell interactions controlled by Smad7. In 

this work, primary human fibroblasts and keratinocytes derived from neonatal foreskin were used. 

1205Lu melanoma cells were used as the cells of interest281.   

 The work in the current thesis is novel because the cells of interest were derived from 

adult pigs, not neonates. Previously reported upon use of the model relied exclusively on 

neonatal-derived, genetically immortalized, or cancer cell lines. The modified model was first 

developed with normally pigmented cells derived from un-injured skin. Then, the hypothesis that 

synthetic α-MSH could be used as a treatment for hypo-pigmentation was tested in hypo-

pigmented xenografts in vivo.  

8.2 Methods 
8.2.1 Culturing primary cell lines 
8.2.1.1 Pig hypertrophic scar epidermal cells consisting of melanocytes and keratinocytes 

On day 134 post-injury, HTS was excised and used within 1 hour of excision. Epidermal 

sheets were peeled from the dermis and epidermal cells, consisting of melanocytes and 

keratinocytes, were isolated from regions of hyper-, hypo-, or normal pigmentation as described 

previously in Chapter 3 (Figure 8.1). The cells were cryopreserved in 90% FBS and 10% DMSO 

using a cryochamber (Corning, Corning, NY) at an approximate rate of -1oC/min and were 

subsequently stored in LN2 until thawing and use in the xenograft model. One 4 inch by 4-inch 

HTS on a duroc pig resulted in enough cells to create ~12 nude mouse xenografts (6 hypo- and 6 

hyper-pigmented) depending on the percentage of the different pigmentation phenotypes in each 

of the scars.  

8.2.1.2 Pig hypertrophic scar and normal dermal fibroblasts 
In hyper-, hypo-, and normally-pigmented skin and scar, after the epidermal sheets were 

peeled, the dermal pieces were further processed with 1 mg/mL collagenase (MP Biomedicals) at 

37oC  C for 4 hours. The resulting cell suspension was raised to a volume of 40 mL with PBS and 
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was shaken vigorously to release single cells. The final suspension was then passed through a 

45-µm filter. The single cell suspension was spun at 600g for 5 minutes, and the resulting cell 

suspension was reconstituted and seeded at a density of 4000 cells/cm2. Nonadherent cells were 

washed away after 24 hours, and the cells were then grown and subcultured at 37 oC  and 5% 

CO2 in the media detailed previously. Cells were cryopreserved in freezing media containing 80% 

complete media, 10% FBS, and 10% DMSO using a cryochamber (Corning, Corning, NY) at an 

approximate rate of -1oC/min and were subsequently stored in LN2 until thawing.  

8.2.2 Animal model 
8.2.2.1 3D printing of domes 

The company that manufactured the domes in previous literature is now out of business 

and there is no current manufacturer280,281. As such, domes were 3D printed as a substitute. 

Domes were designed using Blender (Amsterdam, Netherlands) version 2.79. Ultimaker Cura 

software version 3.6.0 was used for slicing (Geldermalsen, Netherlands). eSUN eLastic TPE 85A 

1.75 mm Flexible 3D printer filament in natural white was used as the material (INTSERVO, Cary, 

NC). Domes were 3D printed using a Qidi (Ruian, China) X-one 3D printer with a 400 µm nozzle 

at 212°C on a heated print bed at 95°C. The diameter of the hole in the flange was 1 cm. A 2 mm 

biopsy punch was used to create a hole in the top of the dome to allow for evaporation of cell 

media. Domes were sterilized in the autoclave at 105oC, just below the melting temperature of the 

material.  

8.2.2.2 Dome placement and fibroblast cell seeding 
NCr-Foxn1nu mice (Charles River Laboratories, Wilmington, MA) at an age of 5-8 weeks 

were used. All animal procedures were conducted in a laminar flow hood with sterile materials. 

On the day of cell seeding (day 0), anesthesia was induced by 5% isoflurane in an induction box. 

After an appropriate plane of anesthesia was reached, the animal was transferred to a nose cone 

and maintained on 3.5% isoflurane for the remainder of the experiment. The skin was surgically 

prepped using Chloraprep (Becton Dickinson, Franklin Lakes, NJ). A 1 cm in diameter full 

thickness circular excisional wound was created using curved scissors (Figure 8.2A). The bottom 

flange of the dome was then placed under the skin (Figure 8.2B). Buprenorphine was 

administered intraperitoneally at 0.05 mg/kg for pain relief. This administration was done prior to 
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cell seeding so that the animal would not have to be turned supine after cell seeding. On the day 

of cell seeding, cells were thawed in a 37oC water bath and were transferred to 10 mL of 

complete media for rinsing of the DMSO. The cells were then re-pelleted in complete media and 

counted. 8e6 fibroblast cells were re-suspended in 50 µL of a mixture of 50% Matrigel (Corning) 

and 50% Cnt-40 media. An iteration of the procedure where the cells were reconstituted in 500 

µL of media was also performed and deemed to be far inferior to 50 µL (Table 8.1, Group 1). 

Additionally, normal cell media without Matrigel was attempted, however there were problems 

with cell leakage, and thus that method was discontinued (Table 8.1, Group 2). Likewise, the 

problem of leakage was attempted to be controlled with medical grade glue (Dermabond) (Table 

8.1, Group 3) and with commercially available superglue (Table 8.1, Groups 4 and 5), but these 

methods were toxic to cells and did not create a xenograft.  

The suspension was aliquoted onto the open wound area with care taken to hold the 

flange in place to prevent leakage while the gel formed. After 60 seconds, the top portion of the 

dome was put into place over the flange such that the mouse skin was sandwiched between the 

top of the dome and the flange. Two 5-O proline sutures were then tied onto opposite sides of the 

dome to prevent it from moving (Figure 8.2C). The animal was recovered on heat and returned to 

normal housing once normal movement was observed.  

8.2.2.3 Epidermal cell seeding 
On day 3, animals were anesthetized as described above and maintained on isoflurane 

via nose cone. The right suture was removed, and the top portion of the dome was moved to the 

side. On the day of cell seeding, cells were thawed in a 37oC water bath and were transferred to 

10 mL of complete media for rinsing of the DMSO. The cells were then re-pelleted in complete 

media and counted. 1-2e6 epidermal cells were re-suspended and seeded in 50 µL of a mixture 

of 50% Matrigel and 50% Cnt-40 media as described above. The dome was then re-sutured in 

place and the animal was recovered. An iteration of the model where fibroblasts and epidermal 

cells were seeded on the same day was attempted and resulted in primarily dermis generation 

with minimal epidermis, and hence was not used (Table 8.1, Groups 1-6).  

8.2.2.4 Dome removal 
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On day 7, the animals were anesthetized as described above and maintained on 

isoflurane via nose cone. The top of the dome was removed and discarded. The bottom flange 

was carefully removed, using a scalpel is necessary, with care taken not to disturb the fragile 

xenograft layer. The xenograft was photographed, and samples were taken. The xenograft was 

covered with an occlusive Tegaderm dressing (Cardinal Health, Dublin, OH) and the dressing 

was sutured in place at multiple contact points to prevent the animal from tampering with the 

xenograft.  

8.2.2.5 Sample collection and processing 
 On day 14, the animals were anesthetized as described above and maintained on 

isoflurane via nose cone. A necropsy was carried out and exsanguination was performed via 

cardiac stick. Once death was confirmed, the xenograft was excised and tied into a histology 

cassette to maintain the xenograft orientation. The cassette was then put into 10% neutral 

buffered formalin for fixation. Following fixation, the xenograft was paraffin embedded, sectioned, 

and stained with H&E (Figure 8.3).  

8.2.2.6 Optimization of treatment parameters 
 A number of different cell types (hyper-, hypo-, and normally pigmented scar and skin) 

and treatment parameters were tested throughout the course of the model development. 

Xenograft were successfully created using normally-pigmented epidermal cells and normal 

porcine dermal fibroblasts (NPDF) (Table 8.1, Group 7). Subsequently, hyper-pigmented (Table 

8.1, Group 8) and hypo-pigmented (Table 8.1, Group 9) xenografts were also successfully 

created. Once xenografts were successfully created, normal porcine epidermal cells were used to 

test treatments. A dosage of 10 µM NDP a-MSH was chosen as an initial starting point for 

treatment based on the dose applied in vitro to cells. This dose was given as a treatment on day 

7 and day 10. Punch biopsies were collected on day 10 and used for molecular analysis by qRT-

PCR. Additional samples were collected on day 14. This group of animals indicated that a signal 

occurred at day 10, however, it was not significant (Table 8.1, Group 10). Finally, a dosage of 100 

µM NDP a-MSH was delivered on day 7 and the samples were collected on day 10 (Table 8.1, 

Group 11) (Figure 8.4). A response was seen in the normally pigmented epidermal cells, and 

therefore, the remainder of the groups used this treatment were hypo-pigmented epidermal cells 
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(Table 8.1, Groups 12-14). The different groups were used to collected samples intended for 

different assays. The optimized parameters and treatment metrics are detailed in Table 8.1.  

8.2.2.7 Treatment with NDP α-MSH 
 A subset of animals with either normally-pigmented (n=3) or hypo-pigmented (n=9) 

epidermal cells and HTSDFs were treated with NDP a-MSH. On day 7, channels were created in 

the xenograft with a microneedler with 1.5 mm needles (Petunia Skincare). 50 µL of 100 µM NDP α-

MSH was applied. Tegaderm dressing was applied after 60 seconds to allow the liquid to 

penetrate the skin. Samples were collected on day 10. 2 mm punch biopsies were collected and 

were formalin-fixed and paraffin embedded. The remainder of the xenograft was stored for 

molecular work (Table 8.1, Groups 11-14).  

8.2.2.8 Sample processing and gene expression analysis 
From the FFPE samples, sections were created and stained using H&E as described in 

Chapter 3. Images were obtained to qualitatively characterize skin and scar xenograft structure 

and epidermal thickness.  

From the samples preserved for molecular work, the RNeasy fibrous tissue kit was used 

to isolate and quantify mRNA from the xenografts as described in Chapter 3. Melanin was also 

isolated from a group of tissues as described in Chapter 4. In brief, the pellet was dissolved in 1 N 

NaOH, incubated for 30 minutes at 100 oC, and melanin was measured by absorbance at 405 nm 

normalized to a standard curve with synthetic melanin (Sigma Aldrich).  

100 ng of RNA at a concentration of 10 ng/uL of mRNA was run with primers, reverse 

transcriptase, and SYBR green as described in Chapter 3. An increased amount of template 

mRNA had to be used due to the low percentage of the xenograft that makes up the epidermis, 

and the relatively low proportion of the epidermis that consists of melanocytes. An iteration of this 

protocol was run with 10 ng of total mRNA and the Ct values were too low to interpret. Primers to 

TYR, TYRP1, DCT, and GAPDH are detailed in Chapter 3. The DDCt method was used with the 

untreated shams serving as the control and GAPDH as the housekeeping gene.  
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8.3 Results 
8.3.1 Normally-pigmented porcine skin cells can be used to generated porcine xenografts 

in nude mice 
After the optimization of printing of domes, seeding volume, and cell leakage (Table 8.1), 

normally pigmented porcine epidermal cells and normal porcine dermal fibroblasts were used to 

create xenografts. The xenografts were imaged at day 10 (Figure 8.5, top). Samples were 

collected on Day 14 and were FFPE and stained with H&E.  The xenografts contain an epidermis 

and a dermis, and the epidermis looked similar to uninjured pig skin (Figure 8.5 middle) with the 

presence of epidermal rete ridges and associated dermal papillae. When these different samples 

were measured using ImageJ, it was concluded that a stratified epidermis in similar thickness to 

uninjured pig skin was created (Figure 8.5 bottom). The xenograft was 0.11 ± 0.07 µm vs. 0.06 ± 

0.03 µm in normal pig skin, a difference that was not significant.  

8.3.2  Hyper- and hypo-pigmented scar cells can be used to generate porcine xenografts 
in nude mice 

This optimized model was also tested using hyper-pigmented scar epidermal cells. These 

cells resulted in similar xenografts to the normally pigmented xenografts (Figure 8.6, top). The 

histo-architecture of these xenografts revealed a xenograft similar in structure to hyper-pigmented 

scar in the pig model. There were very few rete ridges, and the epidermis was thicker compared 

to the normally pigmented skin xenograft (Figure 8.6 bottom). Last, the model was optimized 

using hypo-pigmented scar epidermal cells. These cells resulted in very similar xenografts at the 

gross (Figure 8.17, top) and histologic level (Figure 8.7, bottom). 

8.3.3 Normally pigmented xenografts can be stimulated to produce melanin by synthetic a-
MSH in vivo   

 Normally pigmented xenografts were treated with microneedling and a 100 µM topical 

application of NDP α-MSH, and samples were collected at day 10, 3 days after treatment (Figure 

8.12). Samples were saved for molecular analysis of the tissues and qRT-PCR was performed for 

TYR, TYPR1, and DCT. In the treated group, there was up-regulation of TYR (4.4 ± 2.3 vs. -0.3 ± 

1.1), TYRP1 (1.37 ± 0.27 vs. 0.33 ± 0.78), and DCT (2.54 ± 2.54 vs. -0.3 ± 0.95) compared to the 

untreated controls (n=3) (Figure 8.8). 
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8.3.4 Hypo-pigmented xenografts can be stimulated to produce melanin by synthetic a-
MSH in vivo 

 Hypo-pigmented xenografts were treated as above, and samples were collected at day 

10 for molecular analysis of melanin levels (Figure 8.9, top). Treated xenografts had 5.43 ± 1.41 

mg of melanin/g of tissue, while controls had 1.55 ± 0.74. (Figure 8.9, middle). In a separate 

group, treated in the same manner, qRT-PCR was performed for TYR, TYPR1, and DCT. In the 

treated group, there was up-regulation of TYR  (2.7 ± 1.1 vs 0.3 ± 1.1), TYRP1  (2.6 ± 0.6 vs 0.3 

± 0.7), and DCT (0.7 ± 0.9 vs 0.3 ± 1) fold change from control (n=3) (Figure 8.9, bottom). 

8.4 Discussion 
 

A nude mouse xenograft model is suitable for studying HTS in vivo. The seeding of normal 

fibroblasts and normally-pigmented epidermal cells created a full thickness skin equivalent that 

contained an epidermis and dermis. This structure was similar to normal skin in its approximation 

of rete ridges. The presence of melanocytes in this skin structure was confirmed when the 

normally-pigmented xenografts were treated with synthetic NDP a-MSH. There was up-regulated 

gene transcription of the 3 genes required for melanin synthesis after treatment. Melanocytes are 

the only cell type that have this pigmentation machinery; thus, the cell type was present. In 

addition, the primers that were used are specific and unique to porcine sequences, and thus, the 

xenograft tissues were composed of porcine cells, not mouse cells.  

HTS fibroblasts and hyper- and hypo-pigmented epidermal cells also created full thickness 

skin with a stratified epithelium. These skin structures likewise contained melanocytes of pig 

origin for the reasons described above. The use of microneedling to create channels in the skin 

through which the topical application of the drug could be delivered was a success in this model. 

One of the reasons why it needed to be tested in vivo was to test if this treatment could work to 

penetrate the epidermis and cause a response in melanocytes. This work confirms that hypo-

pigmented melanocytes do not lose the ability to make melanin. They are simply in a state of non-

pigment production, and can be signaled to synthesize melanin with synthetic NDP a-MSH.  

There are several limitations to this model. One limitation is that, although the xenografts 

resemble skin upon histological examination, the xenografts do not entirely resemble normal 

porcine skin upon visual inspection. Although this is true, skin was deduced to be present when, 
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after 5-10 minutes after dome removal on day 7, the cells dried and the cornified layer typical of 

keratinocytes could be easily viewed (Supplemental Figure 8.1). Another limitation is that the 

melanin that was made through transcription of TYR, TYPR1, and DCT could not be readily seen 

upon gross examination of the xenografts. This could be due to a loss of melanin after 

melanocyte production. Another possibility is that melanin levels did not reach those that could be 

accumulated for visual inspection. The advantage to this model is that it allowed for the 

confirmation of the hypothesis that hypo-pigmented cells could be stimulated to produce melanin 

related genes. Melanin was also detected using biochemical methods. However, future work will 

be aimed at using this treatment in the Duroc pig model. Non-invasive skin probes, as discussed 

in Chapters 6 and 7, will be used to not only study transcription of melanogenesis genes and 

melanin detectable by biochemical assays, but melanin that is visible to the naked eye, and thus, 

a suitable treatment for hypo-pigmentation.  
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8.5 Figures 
 

 
Figure 8.1 Dyspigmented epidermal cells are isolated from porcine HTS as shown.Scars are 

excised on the terminal experimental day (A). Scars are cut into pigmentation phenotypes and 
sorted (B). Scars are further cut and treated with dispase to isolate epidermal cells (C) which 

were cryopreserved until use in the xenograft model. 
 
 
 
 
 

 
Figure 8.2 The dome placement and cell seeding xenografting procedure is detailed.A full 

thickness excision is performed on the dorsum of the mouse (A). The bottom flange is placed (B). 
The cells are seeded, and the top dome is secured with suture on either side (C). 
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Figure 8.3 The xenografting procedure including dome removal and sample collection is detailed. 
 
 
 
 

 
Figure 8.4 The xenografting procedure including dome removal, treatment, and sample collection 

is detailed. 
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Figure 8.5 Normally pigmented skin epidermal cells and normal porcine dermal fibroblasts were 
used to create a xenograft that is histologically similar to uninjured pig skin.Macroscopic pictures 

of xenografts at day 10 (top). Un-injured porcine skin (A). Animal 1 (B). Animal 2 (C). Animal 3 (D) 
(middle). N=3. Epidermal thickness was measured using ImageJ. (Scale bar= 20 μm) (bottom) 

(mean ± SEM, n=10 measurements). 
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Figure 8.6 Hyper-pigmented scar epidermal cells and HTS dermal fibroblasts were used to 

create a xenograft that is histologically similar to hyper-pigmented pig scar.Macroscopic pictures 
of xenografts at day 10 (top). Punch biopsies of the xenografts were taken at day 14 and were 

FFPE and stained with H&E. Animal 1 (A). Animal 2 (B). Animal 3 (C). N=3 (bottom) (Scale bar= 
20 μm). 
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Figure 8.7 Hypo-pigmented scar epidermal cells and HTS dermal fibroblasts were used to create 

a xenograft that is histologically similar to hyper-pigmented pig scar.Macroscopic pictures of 
xenografts at day 10 (top). Punch biopsies of the xenografts were taken at day 14 and were 

FFPE and stained with H&E. Animal 1 (A). Animal 2 (B). Animal 3 (C). N=3 (bottom) (Scale bar= 
20 μm). 
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Figure 8.8 Normally pigmented skin xenografts treated with microneedling and NDP a-MSH had 

TYR, TYRP1, and DCT gene expression up-regulation compared to controls.Macroscopic 
pictures of xenografts at day 10 (top). Animal 1 (A). Animal 2 (B). Animal 3 (C). Xenografts had 

RNA isolated and qRT-PCR performed for TYR, TYRP1, and DCT. GAPDH was used as a 
housekeeping gene (bottom) (mean ± SEM, n=3 xenografts/group). Differences are not 

significant. 
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Figure 8.9 Hypo-pigmented scar xenografts treated with microneedling and NDP a-MSH had 

TYR, TYRP1, and DCT gene expression and melanin up-regulation compared to 
controls.Macroscopic pictures of xenografts at day 10. Animal 1 (A). Animal 2 (B). Animal 3 (C) 
(top). Xenografts had melanin (middle) and RNA (bottom) isolated and qRT-PCR performed for 
TYR, TYRP1, and DCT (n=3). GAPDH was used as a housekeeping control (mean ± SEM, n=3 

xenografts/group). Differences are not significant. 
 
8.6 Supplementary Figures 

 
Supplemental Figure 8.1 Epidermal cells can be identified by the cornification that is present 
after exposing the xenograft to the air for 5 minutes.Upon removal of the dome and flange, the 

xenograft was exposed to air for 5 minutes and the cornified cells can be viewed. 
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8.7 Tables 
 

Table 8.1 Optimization of porcine xenograft in nude mouse model and treatment dosages and timing. 
Group Seeding 

Volume (uL) 
Leakage 
Prevention 

Cell Seeding 
Technique 

Dermal Cell Type Epidermal 
Cell Type 

1 500 None 1 step NHDF NHE 
2 50 None 1 step NHDF NHE 
3 50 Dermabond 1 step NHDF NHE 
4 50 Superglue 1 step NPDF NPE 
5 50 Superglue 1 step NPDF NPE 
6 50 Matrigel 1 step NPDF NPE 
7 50 Matrigel 2 step NPDF NPE 
8 50 Matrigel 2 step HTSDF (P) Hyper-PE 
9 50 Matrigel 2 step HTSDF (P) Hypo-PE 
10 50 Matrigel 2 step NPDF NPE 
11 50 Matrigel 2 step NPDF NPE 
12 50 Matrigel 2 step HTSDF (P) Hypo-PE 
13 50 Matrigel 2 step HTSDF (P) Hypo-PE 
14 50 Matrigel 2 step HTSDF (P) Hypo-PE 

 
 

Group Treatment # of 
animals 
(sham/ 
treatment) 

Type of Sample Collected Variable optimized or experiment 
performed 

1 None 3 N/A Seeding volume 
2 None 3 N/A Seeding volume 
3 None 3 N/A Cell leakage 
4 None 3 N/A Cell leakage 
5 None 3 N/A Cell leakage 
6 None 3 Day 14: Formalin-fixed Cell leakage 
7 None 3 Day 14: Formalin-fixed Seeding method 
8 None 3 Day 14: Formalin-fixed Epidermal cell pigment type (hyper) 
9 None 3 Day 14: Formalin-fixed Epidermal cell pigment type (hypo) 
10 Day 7 and Day 

10: 10 µM NDP 
α-MSH + 
microneedling 

3/3 Day 10 and 14: 
Formalin-fixed 
Punch bx for molecular 
work 

Treatment dosage and timing of 
sample collection. 

11 Day 7: 100 µM 
NDP α-MSH + 
microneedling 

3/3 Day 10: 
Molecular preservation 
Punch bx for FFPE 

Treatment effect on normal cells? 

12 Day 7: 100 µM 
NDP α-MSH + 
microneedling 

3/3 Day 10: 
Molecular preservation 
Punch bx for FFPE 

Treatment effect on hypo-pigmented 
cells? 
 
Type of sample collected. 

13 Day 7: 100 µM 
NDP α-MSH + 
microneedling 

3/3 Day 10: 
Molecular preservation 
 
Punch bx for FFPE 

Treatment effect on hypo-pigmented 
cells? 
 
Type of sample collected. 

14 Day 7: 100 µM 
NDP α-MSH + 
microneedling 

3/3 Day 10: 
Molecular preservation 
 
Punch bx for FFPE 

Treatment effect on hypo-pigmented 
cells? 
 
Type of sample collected. 

 
Abbreviations: Normal human dermal fibroblasts (NHDF). NHE (normal human epidermal cells). Normal 
porcine dermal fibroblasts (NPDF). NPE (normal porcine epidermal cells). Hypertrophic scar dermal 
fibroblasts-porcine (HTSDF (P)). Hyper-pigmented porcine epidermal cells (Hyper-PE). Hypo-pigmented 
porcine epidermal cells (Hypo-PE). Formalin-fixed paraffin embedded (FFPE). Yellow highlight indicates 
optimization of a certain variable that was carried throughout the remainder of the experiment.  
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9 Chapter 9: Summary of findings and future directions in the Duroc pig model and the 
treatment of patient scars9 

9.1 Summary of main findings 
 
 The main finding of this work is that hypo-pigmented regions of HTS contain melanocytes that 

can be stimulated with synthetic NDP a-MSH to upregulate melanogenesis machinery. This concept was 

studied in an in vitro cell culture model and in an in vivo nude mouse model of xenografted porcine HTS 

cells. This treatment has a mechanistic basis due to the absence of POMC signaling in hypo-pigmented 

HTS. The foundation and new findings for this thesis work are summarized below: 

1. Burn injuries are a significant healthcare challenge worldwide that result in hundreds of 

thousands of patients annually. 

2. Acute burn management has improved over the past several decades leading to burn injury being 

a survivable injury even with large TBSA involvement. 

3. Despite good acute burn management, HTSs can develop when the phases of normal wound 

healing are interrupted or prolonged due to any number of patient complications. HTS has been 

reported to occur in as high as 70% of healed burns. 

4. HTSs are raised, red, pruritic, contracted, firm, thick, non-pliable, and can be dyschromic. 

5. HTSs have been described as an over-abundant synthesis of ECM and under-abundant or 

absent remodeling.  

6. Most treatments for HTS focus on the dermis, as the dermal cells and ECM contribute to most of 

the symptoms of scar. 

 
9 Authors: 
Bonnie C. Carney, BS1,2, Dean S. Rosenthal, PhD 1 Jeffrey W. Shupp, MD1,2,3,4 
 
Affiliations: 
1Department of Biochemistry and Molecular and Cellular Biology, Georgetown University School of 
Medicine, Washington, DC. 2Firefighters’ Burn and Surgical Research Laboratory, MedStar Health 
Research Institute, Washington, DC. 3The Burn Center, Department of Surgery, MedStar Washington 
Hospital Center, DC. 4Department of Surgery, Georgetown University School of Medicine, Washington, 
DC  
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7. A less well studied symptom of HTS is the dyschromia of the epidermal cells. No current 

treatments seek to treat dyschromia based on mechanistic interventions and there are no 

mechanistic studies of dyschromia in the current literature.  

8. The epidermis is composed of keratinocytes and melanocytes which together form the epidermal-

melanin unit. This unit responds to damage from UV light to make melanin in the skin through a 

well-characterized process.  

9. Normal skin makes melanin by the up-regulation and secretion of a-MSH from keratinocytes to 

melanocytes. Melanocytes receive this signal through MC1R, and initiate signal transduction in 

melanocytes to undergo melanogenesis. Melanocytes then transfer melanin back to keratinocytes 

through dendritic processes, resulting in skin pigmentation. There are also multiple redundant 

mechanisms by which pigmentation signaling can occur. 

10. The red Duroc pig model is the most appropriate model to study dyschromic HTS in vivo. S100b 

is a melanocyte marker that is not controlled by MiTF, and hence, is a suitable marker to study 

melanocytes in states of variable pigment production. 

11. Full thickness excisional wounds result in un-predictable, heterogeneous dyschromic HTS in red 

Duroc pigs. 

12. Despite what may be assumed, and what has been purported, melanocytes are present in 

regions of hypo- and hyper-pigmentation by S100b staining in FFPE sections. 

13. Hyper-pigmented scars have higher levels of a-MSH compared to hypo-pigmented scars in FFPE 

sections. 

14. Melanocytes are present in regions of hypo- and hyper-pigmentation by S100b staining in FFPE 

sections in additional animals.  

15. Melanocyte are also present by gene transcription of in-tact biopsies and primary cell cultures of 

melanocytes.  

16. Melanocytes are also present by en face staining of hypo- and hyper-pigmented pig scars. 

17. The first molecule in the pigmentation signaling cascade that is up-regulated in hyper- vs. hypo 

pigmented scar is POMC, and this may be the key to treating dyschromia in scars.  
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18. TYR, TYPR1, and DCT are likewise, up-regulated, and may be able to be treated with a 

pharmacotherapy.  

19. The POMC promoter was hypothesized to have hyper-methylation in hypo-pigmented scar, 

however, the current data suggests that this is not the mechanism for POMC down-regulation.  

20. Although the mechanism for POMC down-regulation was not discovered, POMC’s down-stream 

protein cleavage product, a-MSH, was confirmed to be dysregulated in dyschromic scar, and this 

protein was used to study treatments for hypo-pigmentation. 

21. There is a synthetic form of a-MSH, NDP a-MSH, that has been studied in vitro and in multiple 

clinical trials. It has been shown to induce pigmentation. This compound could be used to treat 

hypo-pigmentation using a scar targeted approach.  

22. Melanocytes are present in regions of hypo- and hyper-pigmentation by S100b en face staining of 

samples derived from burn patients.  

23. Melanocytes are present in regions of hypo- and hyper-pigmentation by primary cell culture of 

melanocytes derived from burn patients.  

24. Melanocytes derived from patient hypo-pigmented areas of scar can be stimulated to up-regulate 

pigmentation genes and make melanin by treatment with NDP a-MSH in vitro. 

25. Melanocytes derived from porcine hypo-pigmented areas of scar can be stimulated to up-regulate 

pigmentation genes by treatment with NDP a-MSH in vivo in a nude mouse model of porcine 

xenografting. 

9.2 Future directions in the Duroc pig model 
 The next future step in this work is to create additional HTSs in the Duroc pig model that can be 

used to test the treatment. Microchannels will be created in the scars with a micro-needler, and the 

synthetic NDP a-MSH will be delivered as a topical agent to the specific hypo-pigmented scar areas. The 

histologic, molecular, and cellular assays described in this thesis work will be used to evaluate responses 

to the pigmentation stimulator. Non-invasive skin probes measuring melanin, as well as gross pictures will 

be used to quantitatively and qualitatively determine melanin differences in treated and un-treated scars. 

This work is on-going in our laboratory. Dosages of treatment, including concentration and timing may 

require further optimization in this model, as the xenograft model is slightly different. It is also possible 
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that the additional HTS milieu of ECM and cell types contribute to dyschromia. When cells are isolated in 

vitro, they may be able to be stimulated, however, when they are in contact with additional cell types, 

such as fibroblasts, endothelial cells, and keratinocytes, they may not be able to be stimulated. Despite 

this possibility, it is hypothesized that treatments in the pig model will be successful, and these data will 

be used to justify a clinical trial in patient scars.  

9.3 Future directions in patient scars and potential translational applicability to clinical practice 
As described in Chapters 6 and 7, patients with dyschromic HTS are currently being enrolled into 

an observational clinical trial to evaluate the melanocyte presence in their HTSs. As such, a pre-curated 

list of patients who could be approached about enrollment in a clinical trial to test treatments for their 

dyschromia is available. If the treatments are successful, treatment of HTSs with pigmentation stimulators 

to treat hypo-pigmentation can be incorporated into existing HTS treatment algorithms and offered to 

patients who are interested. It is hypothesized that hyper-pigmented scars could be treated in a similar 

manner with antagonists of MC1R (agouti signaling protein 1, ASIP))282. This treatment will also be 

developed in the laboratory using patient derived cells, the nude mouse xenograft model, the duroc pig 

model, and ultimately in patients.   
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