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ABSTRACT 

 

Introduction: One of the main aims of ongoing wound healing research is to identify 

improved methods for accelerating epidermal repair and/or wound closure. 

Previously, the impact of nerve growth factor (NGF) on human skin wound healing 

has been tested in various assays, however the results were inconclusive. Therefore, 

instead of using in vitro cell culture assays or animals this study opted to assess the 

effects of NGF in experimentally wounded, organ cultured human skin, since this ex 

vivo assay mimics clinical wound healing conditions under preclinical conditions more 

closely than cell culture or 3D skin “equivalent” assays 

Aims: My main aim was to study epidermal repair in human skin wounds ex vivo in 

the presence or absence of NGF, NGF-neutralising antibody or the neurotrophin 

receptor antagonist, K252a. In addition, I aimed to examine the protein expression of 

endogenous NGF and its cognate receptors; TrkA and p75NTR in healthy human skin 

and over the course of healing ex vivo, and understand how this might be affected by 

NGF treatment. 

Methods: Utilising human skin excised during routine surgery, a partial-thickness 2 

mm wound was created within a 6 mm full-thickness skin biopsy (punch-in-a-punch 

design) and cultured at the air liquid interphase in serum-free Williams E (WE) media 

for up to six days. Wound healing was assessed by quantitative histomorphometry 

and en face planimetry. In order to assess epidermal repair by planimetry 

(longitudinally), organ cultured skin was co-treated with 5-chloromethylfluorescein 

diacetate (CMFDA) daily and images were taken under a fluorescence upright 

microscope. The wound bed was treated with the assigned treatments (NGF, K252a 

and NGF neutralising antibody) on a daily basis. Tissue was processed for 

immunohistochemistry and immunofluorescence microscopy with antibodies against 

the proliferative marker Ki-67, or against NGF, TrkA, p75NTR, CD68 (macrophage 

marker) and CD1a (Langerhans cell marker).  Quantification of endogenous NGF in 

human skin organ culture was performed using enzyme-linked immunosorbent assay 

(ELISA).     
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Results: Wound healing could be quantified ex vivo via CMFDA fluorescence, which 

yielded rapid and robust results when compared to histological assessment. CMFDA 

also successfully traced cells during epidermal repair and indicates that epithelial 

migration in human skin wounds occurs via a collective migration mechanism.  NGF 

treatment had no beneficial effect on the re-epithelialisation of acute human wounds 

ex vivo under the current assay conditions. There was little fluctuation in NGF protein 

expression and of its cognate receptors in wounded human skin in organ culture, 

suggesting that human skin ex vivo already contains abundant of NGF and its 

receptors. This was confirmed by ELISA. 

This study also localised and quantified for the first time the changes of endogenous 

NGF and its cognate receptor in wounds and confirmed that NGF expression was 

independently expressed even in denervated human skin ex vivo.  However, 

inhibiting TrkA-mediated signalling with K252a or neutralising endogenous NGF with 

a specific antibody, revealed significantly impaired epidermal repair. 

Conclusion: This study confirms that the chosen design for studying experimentally 

wounded human skin ex vivo is well-suited to interrogate candidate wound healing-

promoting agents. Moreover, this thesis project introduces and accurate, yet simple, 

fluorescent dye-based new method for rapidly assessing human epidermal repair ex 

vitro. The study also provides evidence that endogenous NGF and TrkA-mediated 

signalling are required for normal epidermal repair, even in the absence of functional 

skin innervation, at least under ex vivo conditions. However, the addition of excess 

exogenous NGF does not accelerate epidermal repair under the examined assay 

conditions. This raises the possibility that topical NGF administration may promote 

human skin wound healing only under conditions of relative NGF deficiency. The 

current thesis project, therefore, suggest to test healing impaired human skin (e.g. 

leg ulcers) in the future for insufficient NGF skin content, in which case NGF therapy 

might beneficial. 
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CHAPTER 1 

INTRODUCTION 

1.1 The structure of human skin 

Skin is the largest organ of the body and provides the primary protection to the 

underlying tissue and internal organs (internal physiological environment) from the 

external non-physiological environment (Byrd et al., 2018, McGrath and Uitto, 2010, 

Murphrey and Zito, 2018), with the ability for self-maintenance and self-repair except 

for appendages (Agache et al., 2017, Braun and Prowse, 2006). Anatomically, skin can 

be divided into three layers (Yagi and Yonei, 2018): epidermis, dermis and 

hypodermis and is accessorized with skin appendages (Figure 1.1). In general, skin is 

built from varieties of cells such as keratinocytes, fibroblasts, adipocytes, 

melanocytes, Merkel cells, Langerhans cells, macrophages and mast cells; the skin’s 

connective tissue, is complemented by, extracellular matrix (ECM) molecules such as 

collagen and by numerous growth factors; the skin is also densely innervated and 

highly perfused (Martin, 1997, Agache et al., 2017, Menon et al., 2012, Ng and Lau, 

2015, Eming et al., 2014, Yagi and Yonei, 2018). 
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Figure 1.1: Anatomy of human scalp skin. Human scalp skin consists of epidermal 
layer, dermis and subcutaneous layer. Skin also contains skin appendages like hair 
follicles, sebaceous glands and sweat glands. Bar – 500 µm. Histology [H&E] and 
image generated by  Nur Azida Mohd Nasir. 
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1.1.1 Epidermal layer 

The epidermal layer consists of 95% of stratified epithelium that can be subdivided 

from inside to outside into stratum basale (also known as the stratum germinativum 

or basal layer), stratum spinosum, stratum granulosum (granular layer), stratum 

lucidum (a clear layer that can be observed on thickened skin) and stratum corneum 

(horny layer) (Yagi and Yonei, 2018) (Figure 1.2).  

Stratum basale is the deepest layer of epidermis composed of a single layer of 

columnar cells that contains stem cells which proliferate and produce new cells (Yagi 

and Yonei, 2018). The cells at the basal layer divide at a high rate and differentiate, 

migrating upward to form the stratum spinosum. The stratum basale is crucially 

required for re-epithelialisation during wound repair. Other cells that reside in the 

basal layer are melanocytes, Langerhans cells and Merkel cells (Yagi and Yonei, 2018).  

The stratum spinosum is so-called due to the shape of cells following shrinkage of the 

microfilaments (prickle cell) (Yousef and Sharma, 2018) and intercellular junctions 

rich in desmosomes (McGrath and Uitto, 2010) and also produced lamellar granules 

(Wertz, 2018). The complex process of keratinization starts at this layer. The cells in 

this layer migrate superficially, becoming the granulosum layer, and contain 

keratohyalin granules to bind intermediate keratin filaments together. While the 

stratum basal provides lividity to the skin, the stratum corneum is formed by 

corneocytes (flattened and elongated) which are non-living cells derived from 

terminally-differentiated basal cells which migrate (from basal spinosum  

granulosum) superficially until they reach the outermost surface of the skin 

(Murphrey and Zito, 2018).  
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Formerly cell layers from the stratum granulosum, these corneocytes are contained 

within cross-linked keratin filaments and surrounded by a cornified enveloped and 

an outer lipid coating (derived from sebaceous gland secretion and epidermal lipids) 

(Ludovici et al., 2018). Even though this layer contains dead cells, the stratum 

corneum acts as a primary barrier to protect the human body from the external 

environment (Elias, 2012, Menon et al., 2012, Ng and Lau, 2015, Archer, 2010, 

Murphrey and Zito, 2018, Danzberger et al., 2018). 

 

 

 

Figure 1.2: Human skin epidermal layers. The epidermis of thick skin has five layers 
named stratum basale, stratum spinosum, stratum granulosum, stratum lucidum and 
stratum corneum. Cartoon prepared by Nur Azida Mohd Nasir. 
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1.1.2 Dermal layer 

The main components that build up the dermis are fibroblasts, myofibroblasts, 

collagen, other ECM molecules, skin appendages such as hair follicles, sweat glands, 

sebaceous glands, sensory nerves and vasculature that extend from the hypodermis 

layer to the dermo-epidermal junction to nourish the epidermis and also act as waste 

removal (Yousef and Sharma, 2018, Thulabandu et al., 2018) (Figure 1.1). The dermis 

can be sub-divided into papillary dermis and reticular dermis. The papillary dermis 

has thinner and looser collagen arrangement compared to the reticular dermis and is 

attached to the basal epidermal layer by papillae that interdigitate at the dermo-

epidermal junction (Ng and Lau, 2015, Yousef and Sharma, 2018).  The reticular layer 

is rich in vasculature and nerve networking also containing elastin fibres to provide 

elasticity to the skin. The collagen fibres not only provide structure but also tensile 

strength. 

1.1.3 Subcutaneous layer 

The subcutaneous layer also called the hypodermis is comprised of adipocytes (Figure 

1.1). This is the deepest layer of the skin and important for body thermoregulation; 

it also cushions the underlying integuments as well as the internal organs. Within this 

layer reside hair follicles, nerves and the vasculature system to nourish the dermis 

and epidermis (McGrath and Uitto, 2010, McGibbon, 2010, Yousef and Sharma, 

2018). 

1.2 Wound repair 

A wound can be described as a disruption of skin protection (Martin, 1997, Sen and 

Roy, 2013). This protection can be breached in various ways including thermal injury 
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(Rafla and Tredget, 2011), surgical incision or excision, infections, chemicals, 

immunological reactions, radiation, abrasions or lacerations. The disruption will allow 

the skin’s normal floral and microorganisms from outside to invade the exposed 

tissue (Roth and James, 1989, Tüzün et al., 2015). Hence, an immediate mechanism 

is needed to protect the affected area and to counter the invasion of the 

microorganism to prevent infection. In 1919, wound healing was defined as a 

composite process involving many activities and interaction with definite 

quantitative factors (Loeb, 1919). Later, the definition of wound healing was re-fined 

as the well-orchestrated and overlapping stages of haemostasis, inflammation, 

proliferation and migration, and remodelling (Figure 1.3) (Sen and Roy, 2013, Martin, 

1997, Rieger et al., 2015, Janis et al., 2010, Eming et al., 2014, Morton and Phillips, 

2016, Wang et al., 2018, Singh et al., 2017). 

1.2.1 Type of wounds 

Generally, there are two major wound types which are acute (Stunova and 

Vistejnova, 2018) and chronic wounds (Dreifke et al., 2015, Qing, 2017). The term 

acute refers to normal skin disruption accidentally or intentionally such as traumatic 

lesions (abrasion or laceration), burn wounds, or surgical wounds. Depending on 

injury size and depth, this type of wound could heal within a week or over several 

months with optimal treatment provided in a timely manner (Mirastschijski et al., 

2013, Martin and Nunan, 2015). An abrasion is a superficial wound when one loses 

nothing other than their epidermis. It can be caused by sun burn or grazes and healed 

within 3-5 days (Odland and Ross, 1968), while lacerations are more severe than 

abrasions due to tears in the soft tissue or the wound extending into the papillary 

dermis layers due to a blunt trauma or burns (partial-thickness burn). This wound can 
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be painful since it exposes the Meissner corpuscle which responds to pressure and 

touch (Heimbach et al., 1992, Johnson and Richard, 2003). This type of affected tissue 

is also called a superficial partial-thickness wound. If the injury extends into the 

reticular dermis, this wound can be classified as a deep partial-thickness wound.  

In contrast, wounds are classified as full-thickness when the penetration extends to 

the subcutaneous tissue. Here, the dermis and adipose tissue will be exposed. This 

type of wounds may close by primary intention (if the wound is clean, well 

vascularised and the tissue margins are approximately precise), by suture or by 

delayed wound closure after preparation of the wound bed (if the wound needs 

debridement, or the bone, ligament or tendon has been exposed) with split-skin 

grafting or full-thickness skin grafting (Salcido, 2017, Mirastschijski et al., 2013, 

Nawaz and Bentley, 2011). 

Generally, a wound is classified as chronic when it fails to heal after 4 weeks with less 

than 20-40% reduction of wound area after optimal therapy, or within 3 months or 

longer (Mirastschijski et al., 2013, Sen and Roy, 2013). The three major categories of 

chronic wounds are venous and arterial ulcers, diabetic ulcers and pressure ulcers 

(Nunan et al., 2014, Morton and Phillips, 2016). The epidermal keratinocytes become 

hyperproliferative and non-migratory across the wound bed due to chronic 

inflammation, cellular senescence, infection and worse by formation of biofilm due 

to unresolved infection (Eming et al., 2014, Morton and Phillips, 2016, Martin and 

Nunan, 2015).  
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1.3 Phases of wound repair 

1.3.1 Haemostasis and inflammation phase 

Haemostasis (Figure 1.3-1.4) is the primary action (immediately after injury and 

lasting a few hours) to stabilize the blood fluidity during injury involving the blood 

vessels (Sen and Roy, 2013, Delavary et al., 2011). During this stage, the injured blood 

vessels vasoconstrict to seal the injured vessels and thromboplastic product is 

produced from the exposed sub-endothelial cells, forming a haemostatic plug 

(clot)(Mirastschijski et al., 2013, Wallace and Bhimji, 2018, Martin, 1997). 

Haemostasis is accomplished once the clot formed of platelet and fibrin fibres is 

stable. The clot then serves as growth factor, cytokine and chemokine reservoirs 

(Wallace and Bhimji, 2018, Sen and Roy, 2013). Chemoattractants released by de-

granulating platelet-fibrin complexes (PDGF,IGF-1, EGF, TGF-β) are very potent for  

the recruitment and activation of inflammatory cells as well as fibroblasts, 

endothelial cells and vasoconstrictors at the wound site (Sen and Roy, 2013, 

Mirastschijski et al., 2013, Colman et al., 2006, Janis et al., 2010).  

During the inflammatory phase (Figure 1.3-1.4), the vasodilated blood vessels 

become more permeable causing erythema (rubour), heat (colour), swelling (tumour) 

and pain (dolour). These phenomena are due to the secretion of prostaglandin (PG 

12, PG A, PG D and PG E) and bradykinin C3a and C5a (from the coagulation and 

complement cascades)(Delavary et al., 2011). The increment of vascular permeability 

will further attract neutrophils and monocytes, and stimulate mast cells to produce 

histamine and leukotrienes. On the other hand, the appearance of endothelial cells 

will break cell-to-cell contact, thus increasing infiltration of inflammatory cells and 
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leakage of plasma protein to the wound site (Mirastschijski et al., 2013, Sen and Roy, 

2013, Gonzalez et al., 2016). 

Taking advantage of vasodilated blood vessels, neutrophils released through the 

vessel wall by diapedesis (Filippi, 2016) are the first white cells to arrive within 24-48 

hours (Singh et al., 2017). TNF-α, IL1-β and IL-6 mediators are released and stimulate 

VEGF and IL-8. Neutrophils are scavengers for cellular debris, bacteria and other 

foreign bodies. After 2-3 days, neutrophils are primed by macrophages to 

phagocytose necrotic tissue, bacteria and cellular debris (Singh et al., 2017). The shift 

is necessary as prolonging the action of neutrophils may delay wound healing (Dovi 

et al., 2003). Monocytes known as macrophages outside the blood vessels secrete 

multiple growth factors to attract and stimulate local endothelial cells, fibroblasts and 

keratinocytes to begin wound repair (Mirastschijski et al., 2013, Sen and Roy, 2013, 

Delavary et al., 2011). Depletion of macrophages will cause poor debridement 

(removal of dead tissue), delayed fibroblast proliferation and inadequate 

angiogenesis (Lucas et al., 2010). Interestingly, Jameson et al found that γδ T cells (a 

major component of the T cell repertoire) play a role in detecting stress or damage 

within keratinocytes. Upon detecting antigens from nearby damaged keratinocytes, 

γδ T cells produce factors such as FGF7 and FGF 10 to help keratinocyte proliferation 

(Jameson et al., 2002). 

1.3.2 Proliferative phase 

The proliferative phase of repair (Figure 1.3-1.4) is a continuation from the 

inflammatory phase.  Macrophages activate fibroblasts to release growth factors 

from the local extracellular matrix (ECM) migrating to the wound via a deposited 
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fibrin-fibronectin matrix (Martin, 1997, Stunova and Vistejnova, 2018). In clean non-

infected wounds, fibroblasts become the dominant cells within 3-5 days so as to 

synthesize and secrete the ECM (Singh et al., 2017, Thulabandu et al., 2018). The 

initial wound matrix is primarily composed of fibrin and glycosaminoglycan (GAG) and 

hyaluronic acid (Singer and Clark, 1999, Olczyk et al., 2014). The GAG scaffold holds 

the collagen type I and III previously deposited by fibroblasts. At this stage, the wound 

bed contains a dense capillary network clinically known as neo-angiogenesis giving 

the granulation tissue a pink, soft and granular appearance (Mirastschijski et al., 

2013, Gonzalez et al., 2016, Janis et al., 2010). 

At the same time contraction pulls the surrounding skin toward the open wound, thus 

decreasing wound size and amount of scarring. The main players to pull the 

surrounding skin toward the wound for contraction are the myofibroblasts (Chitturi 

et al., 2015, Gabbiani et al., 1971). Clinically, contraction will disturb the mobility and 

function of affected organs as the tissue becomes shortened or distorted 

(Mirastschijski et al., 2013).  

Wound repair would not be completed without re-epithelialisation.  This process 

starts within 24 hours after injury (Mirastschijski et al., 2013, Balañá et al., 2015). The 

basal epidermal layer of the skin contains a pool of progenitor cells that contribute 

to epidermal haemostasis. These progenitors are self-renewing and differentiate into 

keratinocytes that migrate to the skin surface, guided by glycoproteins (tenascin & 

fibronectin). This process will continue until the newly-generated cells (wound 

tongue) come in contact with other wound tongue (Balañá et al., 2015, Martin, 1997). 

Another major influence in epithelial migration are matrix metalloproteinases 
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(MMP). MMPs modify the wound matrix to dissolve the basal epidermal keratinocyte 

hemidesmosomes thus allowing epidermal migration through the wound matrix 

(Caley et al., 2015).  

1.3.3 Remodelling phase 

 

In general, after three weeks of acute injury, the stronger vascular scar tissue 

(inactive fibroblasts, dense collagen, fragments of elastic tissue and ECM 

components) replaces the temporary granulation tissue (Mirastschijski et al., 2013, 

Robson et al., 2001, Reinke and Sorg, 2012). The tensile strength is reduced 20-30% 

compared to the normal strength (Morton and Phillips, 2016). At this stage, collagen 

deposition and degradation is determined by fibroblasts, neutrophils and 

macrophages mainly by the production and activity of metalloproteinases (MMP1, 

MMP2, MMP3 and MMP9) (Sen and Roy, 2013, Janis et al., 2010), and regulated by 

tissue inhibitor of metalloproteinase (TIMP) (Caley et al., 2015). The scar produced at 

the end of this stage has no epidermal appendages, and a different collagen pattern 

densely packed at the wound site. This remodelling phase (Figure 1.3-1.4) may last a 

few months or longer than a year until the scar has matured (Canady et al., 2013). 
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Figure 1.3: Diagrammatical representation of a wound healing timeline. Normal 
wound healing occurs in timely manner with overlapping phase of haemostasis and 
inflammatory, proliferation and remodelling. These phase of wound healing trigger 
differences vascular and cellular responses that will create major events in healing 
process. Diagram modified from (Mirastschijski et al 2013).  
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Figure 1.4: Diagrammatical of wound healing phases. Wound healing occurs 
through co-ordinated phases. Following wounding to the skin (A), a Haemostasis and 
inflammatory phase starts within seconds after an injury occurs (B), and is followed 
by the proliferation phase and re-epithelialisation to close the wound (C). Wound 
closure is completed by the remodelling phase (D). Epi-epidermis, De-dermis, SC-sub-
cutaneous (drawn by author Nur Azida Mohd Nasir). 

 

1.4 Experimental models of wound healing 

Before a treatment can be translationally used on patients, researchers have to carry 

out various experiments at the laboratory phase to gain a better understanding of 

the basic wound healing mechanism. Presented here are the experimental models of 

wound healing used in laboratory: in vitro, ex vivo and in vivo using animal or human 

cells or/and skin. Some researchers will start their experiment using in vitro models 

which may consist of a simple and inexpensive assay, yet reliable and reproducible 

such as a scratch assay (Liang et al., 2007, Chen et al., 2014, Ueck et al., 2017, Schenck 
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et al., 2017). The assay is performed on monolayer cells in culture using the tip of 

pipette (or sharp edge) to remove a strip of cells, thus leaving a gap (Liang et al., 

2007). Cells from the gap edges cells migrate towards the gap centre thus mimicking 

epidermal migration seen in the in vivo and ex vivo models. The scratch wound 

closure can be assessed either by the percentage of wound closure or number of cells 

migrating into the gap/wound (Liang et al., 2007, Schenck et al., 2017).  

Given the limited physiological and clinical relevance of the scratch assay, researchers 

have complemented it by establishing the skin equivalent and gel contraction assays. 

The skin equivalent (also known as reconstituted skin cultures) normally consists of a 

few layers of epidermal keratinocytes with dermal substitutes but a lacking 

inflammatory cells, nerves and blood vessels (Egles et al., 2010, Safferling et al., 2013, 

Herman and Leung, 2009, Yildirimer et al., 2017). The skin equivalent model used for 

wound healing study displays epithelial migration across the wound bed which results 

in wound closure (Safferling et al., 2013, Egles et al., 2010). In contrast, the gel 

contraction assay is done by culturing cells inside collagen and the assessment is 

carried out by the percentage of gel contraction or surface area (Elgharably et al., 

2013, Hashimoto et al., 2018, Ngo et al., 2006).  

In vitro models by monolayer or bilayer of cells (same or different cells) allow direct 

quantitative investigation on specific cells in wound healing but the in vitro model 

incorporated with dermal substitute enhances the results, generating more 

information (Ud-Din and Bayat, 2017).  

Other options exist in terms of wound healing models. The ex vivo skin organ culture 

model offers more advantages compared to the in vitro assays mentioned above. This 



31 
 

model can be created from animal (Meier et al., 2013, Ueck et al., 2017) or human 

skin (Kratz, 1998, Mendoza-Garcia et al., 2015, Xie et al., 2010, Xu et al., 2012). 

Human skin ex vivo organ culture offers more advantages in terms of the whole skin 

structure, containing various cells including mast cells, inflammatory cells, 

Langerhans cells, Merkel cells and others (Kratz, 1998, Egles et al., 2010).  

In the past 20 years, wounded human skin organ culture has become an invaluable 

tool to understand basic mechanisms of human wounds in translational pre-clinical 

studies (Kratz, 1998, Stojadinovic and Tomic-Canic, 2013, Xu et al., 2012, Meier et al., 

2013, Mendoza-Garcia et al., 2015, Tomic-Canic et al., 2007). Kratz shows that ex vivo 

skin models can be used to study different wound types including burn wounds 

(Kratz, 1998), while Ueck et al., and Meier et al., suggest that ex vivo pig (Ueck et al., 

2017), frog and human (Meier et al., 2013) skin can be used for drug screening and 

develop porcine ex vivo hyperglycaemic wound healing model (Ueck et al., 2017). The 

ex vivo models evaluate more than just one cells type but also the surrounding cells 

and tissue following the application of test agents or experimentally induced changes 

in growth/culture conditions (Ud-Din and Bayat, 2017). Furthermore, the skin 

substitute and ex vivo human skin assay can reduce the use of animals in experiments 

(Stephens et al., 2013, Andrade et al., 2015, Ansell et al., 2012). 

Animal study is still the best option to carry out in vivo wound healing experiments 

despite the well-known controversies surrounding animal work in order to at least 

approximate the very complex, clinically relevant human wound healing conditions 

in vivo (Dunn et al., 2013, Ansell et al., 2014, Moreira et al., 2015, Wong et al., 2011, 

Dovi et al., 2003, Grada et al., 2018).  
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However, animal models also have important limitations. Firstly, even animal skin, 

like pig skin that provides the greatest level of morphological similarity to human skin, 

still shows major differences in anatomy, physiology, microbiology and drug 

responses. The pig is also expensive to manage requiring surgically and 

anaesthesiologically skilled researchers (Seaton et al., 2015). While mice are easier 

and cheaper to manage the skin structure i.e. the existence of the panniculus 

carnosus muscle is quite different from that of humans (Driskell et al., 2014, Nicu et 

al., 2018), therefore results obtained from mouse experiments routinely require 

confirmation in the human system before the results generated with them can be 

accepted as clinically relevant reach a translational status (Grada et al., 2018, Gerber 

et al., 2014). 

1.5 Wound healing assessment 

 

Systematic and standardised wound assessment is vital to monitor the healing 

process. Through the assessment it can indicate if the wound is healing or progressing 

towards a chronic wound status so that appropriate countermeasures can be 

prepared. Wound assessment can also be used indirectly to monitor the efficacy of 

therapies used as a treatment so that the time required for healing can be predicted 

(Meaume and Humbert, 2017, Gethin, 2006). 

In a clinical setting, initial assessment is done on the skin surrounding the wound site, 

appearance of erythema, rubour, colour or dolour because these can all be indicators 

of wound infection (Kramer et al., 2018, Frantz, 2005). Further inspection will be on 

the wound exudates (quantity and quality). Patients are also asked if they experience 

any pain and itchiness at the wound site. Appearance of the wound area itself is 
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important whether it is filled with healthy tissue or necrotic tissue (Jones, 2018, 

Frantz, 2005).  

In term of wound closure assessment, the standard assessment for wound closure or 

re-epithelialisation in clinical trials (including in vivo models) is normally assessed 

using a transparent grid film (acetate tracing) where it is placed on the wound surface 

and the wound edge is traced. This is then followed by counting the grid box to know 

the changes in wound area, or by photographs with a ruler on the wound surface to 

calculate the wound dimension based on length and width (Plassmann, 1995, Gethin 

and Cowman, 2006, Chang et al., 2011, Samad et al., 2002, Meaume and Humbert, 

2017, Zhang et al., 2018). Continuing from this assessment, punch biopsy (might be 

obtained in clinical trials) and wound excision (in animal study) can be assessed by 

histology.  

The assessment using grid paper is similar with planimetric techniques, however the 

use of this grid paper is believed to interrupt or damage the new epithelial layer 

(Gethin and Cowman, 2006) and it is impossible to recognise a thin layer of new 

epithelial layer by naked eye.  

In contrast, histology assessment is widely accepted as a gold standard to assess 

wound re-epithelialisation. It can be done by measuring a single-plane tissue section 

(centre of the wound)(Ueck et al., 2017) or by measuring multiple sections within the 

same wound, (Safferling et al., 2013) or by measuring the whole wound tissue section 

from the same wound (Wang et al., 2016).  Assessment by one or multiple tissue 

sections will only provide relative wound closure. The histological assessment on 

wound closure/re-epithelialisation is normally conducted by measuring the distance 
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between wound edges or measuring the distance of new epithelial tongue migration 

on a one-plane tissue section (Gupta and Kumar, 2015). Since the result only comes 

from one plane of the tissue section, it is highly unlikely that it is an accurate method 

to measure the whole wound closure. Researchers know that wounding occurs in 

different shapes and at distinct depths, and healing also does not happen in a uniform 

pattern even within the same wound (Figure 1.5) and (Glinos et al., 2017). Based on 

Figure 1.5 it is impossible to point out where exactly the wound centre lies, or from 

which side the section should be made.  

Therefore, it is better to measure the wound closure or re-epithelialisation in 

planimetry and some more in real time manner to obtain accurate results.  In a recent 

study by (Glinos et al., 2017), the use of optical coherence tomography adds a new 

flavour to wound healing assessment in laboratory. The findings are very useful since 

they can measure and asses the wound re-epithelialisation planimetry longitudinally 

in a real-time manner. However, the apparatus used is very expensive. Several other 

different studies on ex vivo and organotypic or skin equivalent models reported the 

use of UV auto-fluorescence (Wang et al., 2016), Magnetic Resonance Imaging (Lone 

et al., 2015), infra-red and Raman spectroscopy (Pielesz et al., 2017), and fringe 

projection for revealing wound topography (Ferraq et al., 2007).   
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Figure 1.5: Representative images of wound closure in the ex-vivo model. The new 
epithelised tissue can be seen using dissecting microscope but healing at the centre 
of the wound cannot be determined precisely. These images also show the irregularity 
of wound shape and hence one has to decide at which plane one would want to 
section the explant (Images by Nur Azida Mohd Nasir). 

 

 

 

 

1.6 Neurotrophins and their receptors in human skin 

Neurotrophins (NT) are structurally- and functionally-related proteins promoting 

either neuronal or non-neuronal cell survival, differentiation or cell death (Levi-

Montalcini and Angeletti, 1968, Levi-Montalcini et al., 1954, Levi-Montalcini, 1987). 

NTs exist as either/both matured and pro-neurotrophins. Matured NTs comprise of 

noncovalent associated dimers of ~13500 Da protomers (Bothwell and Shooter, 

1977) made of two pairs of antiparallel β-strands (as their backbone) which create an 

elongated shape and are stabilised by three disulphide bonds (Figure 1.6)(McDonald 

and Chao, 1995). 

Nerve growth factor (NGF) was among the first growth factors discovered by the Levi-

Montalcini study (Levi-Montalcini, 1987), whereas BDNF was found while 

experimenting on target-derived trophic factors that were needed for developmental 
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survival of neural crest-derived and placode-derived peripheral sensory neurons 

(Barde et al., 1982).  The other NT family members discovered later are NT-3 and NT-

4. Neurotrophins mediate their action via tropomyosin-related kinase family and pan-

75NTR neurotrophin receptor (p75NTR) (Huang and Reichardt, 2003). NGF most 

specifically binds to the high affinity receptor known as TrkA (~140 kDa 

(p140))(Kaplan et al., 1991) and the low affinity receptor, p75-NTR (~75 kDa) 

(Raychaudhuri et al., 2004, Pincelli et al., 1994b, Johnson et al., 1986, Chao and 

Hempstead, 1995) that also binds to other neurotrophins (Pincelli et al., 1994a, 

Micera et al., 2007, Chao and Hempstead, 1995). In contrast, NT-3 binds to TrkC while 

BDNF and NT-4 both bind to TrkB (Bothwell, 1995, Chao and Hempstead, 1995).  

 

 

 

 

Figure 1.6:  X-ray crystal structures of the neurotrophins. The X-ray crystal structures 

of the neurotrophins. NGF (cyan), the BDNF (purple), NT3 (orange) and NT4 (blue). 

Image adapted from (Allen et al., 2013). 
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1.6.1 Nerve growth factor 

NGF has mainly been studied in neuronal development (Levi-Montalcini and 

Angeletti, 1968, Levi-Montalcini et al., 1954), although this conventional belief about 

NGF has changed in recent years. The NGF molecule consists of three subunits of 

alpha, beta and gamma (α2, β, γ2: molecular weight 130kD)(Wiesmann and de Vos, 

2001)(Figure 1.7) , however only the beta subunit (2.5S)(26.5 kDa) harbours biological 

activity (Levi-Montalcini, 1987, Sofroniew et al., 2001).  

 

Figure 1.7: Structures of NGF and its high molecular weight and monomeric forms. 
Ribbon diagram showing the structure of the 7S NGF complex (A). The dimer of β-NGF 
is depicted in red, two copies of α-NGF are shown in green, and two copies of γ-NGF 
in blue. Ribbon diagram depicting the structure of the NGF monomer (B). The 
secondary structure elements are labelled and depicted according to (McDonald et 
al., 1991). The termini as well the loop regions, L1-L4 are labelled in red, and the 
cysteine-knot motif near the top of the molecule are shown in gray and yellow ball-
and-stick rendering (B). Images adapted from (Wiesmann and de Vos, 2001).    
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In addition to its importance in neuronal system development, NGF also acts as a 

growth factor in non-neuronal cells across various tissues including skin (Sivilia et al., 

2008, Truzzi et al., 2011, Botchkarev et al., 2006) by promoting tissue morphogenesis, 

regulating proliferation and HAS direct involvement in tissue repair (Botchkarev et 

al., 2004, Sariola, 2001, Paus et al., 1994, Hirose et al., 2016) as well as in immunology 

(Otten et al., 1994). Many other studies have reported that inflammatory cells are 

capable of synthesising and releasing NGF (Leon et al., 1994, Barouch et al., 2000, 

Solomon et al., 1998, Braun et al., 1998, Raychaudhuri and Raychaudhuri, 2004, Sivilia 

et al., 2008, Hasan et al., 2006, Skaper, 2017). 

NGF can be secreted by and/or detected by most cells in the skin (Pincelli et al., 

1994a, Murase et al., 1992) because the skin itself is a well-known neurotrophic organ 

(Albers and Davis, 2007) since NGF acts through autocrine and paracrine loops (Di 

Marco et al., 1993, Yaar et al., 1991) as well as the neuroendocrine immune system 

(Sivilia et al., 2008). NGF also has effects upon hair follicle morphogenesis 

(Botchkareva et al., 1999, Botchkareva et al., 2000) and a study by Adly and 

colleagues reported that NGF was expressed in the human epidermal scalp and hair 

follicle. Additionally, they also showed that NGF and TrkA was highly expressed in the 

anagen hair follicle (central region of the anagen hair follicle), sebaceous and sweat 

glands, but found at low levels in catagen or telogen phases. A recent study by (Blais 

et al., 2013) shows that NT-3 and GDNF are expressed solely in epidermal cells, while 

NGF and BDNF were expressed in both epidermis and dermis.  

Several studies showed the effect of NGF to enhance and accelerate wound healing 

in animals (Sivilia et al., 2008, Lawman et al., 1985, Kawamoto and Matsuda, 2004, 
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Chen et al., 2014, Pincelli and Yaar, 1997, Cellini et al., 2006, Li et al., 1980, Costa et 

al., 2002, Shi et al., 2003, Blanco-Mezquita et al., 2013, Chiaretti et al., 2002) (Table 

1), in human studies (Lambiase et al., 1998, Landi et al., 2003, Tuveri et al., 2000, 

Generini et al., 2004, Cellini et al., 2006, Bernabei et al., 1999, Bonini et al., 2000) 

(Table 2) and in vitro studies (Chen et al., 2014, Blanco-Mezquita et al., 2013, Paus et 

al., 1994, Schenck et al., 2017)(Table 3). 

A study conducted by Cellini et al. showed that NGF plays an active role in tissue 

remodelling and repair. It not only hastens wound repair of surgery to the cornea but 

recovers its surface sensitivity as well. It was reported that NGF was increased as well 

as TrkA. The NGF influence epithelial and keratinocytes proliferation, fibroblast 

migration and endothelial tropism to the wound area and reduce cellular apoptosis 

by inhibiting mitochondrial cytochrome C release hence accelerate healing (Cellini et 

al., 2006).  

Later, Sivilia et al., reported that NGF and p75 was increased during the inflammation 

(on day 21) after complete Freud’s adjuvant (CFA) injection in rats then the 

expression decreased until it rose again on the 88th day. On the 21st day, the 

expression of NGF was higher followed by protein expression in cells in the dermis as 

well as in the epidermis cytoplasm of single cells or small cell clusters whereas, high 

expression on the 88th day is related to sensory neuropathy (Sivilia et al., 2008). 

The effect of NGF (topical application) on mouse and rat cutaneous wounds has been 

studied (Matsuda et al., 1998, Chen et al., 2014), and showed that NGF accelerates 

cutaneous wound healing. The Matsuda study also showed that NGF accelerates 

wound healing under both normal and diabetic conditions, whereas Chen et al., 
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showed that NGF accelerates healing by promoting fibroblast migration to the wound 

site. This migration was stimulated by signalling pathways such as PI3K/Akt, JNK, and 

ERK. However, there is no study on neurotrophins and their receptors during human 

wound healing. 

NGF was also reported to upregulate substance P (Skoff and Adler, 2006) and 

calcitonin gene-related peptide in neurons and mature sensory neurons (Lindsay and 

Harmar, 1989) and is highly increased in nerves in the inflammatory area (Pincelli and 

Yaar, 1997, Shi et al., 2013). The release of these neuropeptides during inflammation 

can induce mast cells to secrete histamine as well as dilate the blood vessels which 

cause tissue oedema (Theoharides et al., 2012). This may indicate that NGF is 

involved in the inflammatory stage of wound healing as well. The study by (Burbach 

et al., 2001) shows that treatment with substance P and neurokinin A promotes 

increased NGF expression in human and murine keratinocyte cultures. The study 

conducted by (Galkowska et al., 2006) suggested that the insignificant differentiation 

in expression of SP, CGRP, fibroblasts and leukocytes in ulcer tissue causes reduction 

in recruitment of immune cells and consequently impairs the formation of 

granulation tissue. 

1.6.2 Brain derived neurotrophin factor 

 

The brain-derived neurotrophic factor (BDNF) was discovered by (Barde et al., 1982) 

whilst they were searching for NGF target-derived trophic factor. Even though BDNF 

is widely expressed in mammalian tissues, there are very few studies on BDNF and 

human skin. BDNF has mostly been studied for its role in promoting nerve healing 

(Lopatina et al., 2011) and touch, dome study as well as its effect upon hair follicle 
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innervation (Albers et al., 1996). A study by Botchkareva et al. (2000) identified that 

BDNF was prominently expressed in keratinocytes of the hair plug and in the basal 

epidermal keratinocytes during hair follicle morphogenesis and within the hair follicle 

itself (Botchkareva et al., 2000). BDNFs are expressed in the developing skin, 

influence the development and survival of specific types of sensory afferent by 

activating the TrkB receptor. A mouse study where BDNF was overexpressed in the 

developing skin exhibited increased hair follicle innervation, Meissner corpuscle size 

and Merkel cell number (LeMaster et al., 1999). Another study on BDNF carried out 

by (Rössing et al., 2011) shows that serum BDNF concentrations and protein 

expression (IHC) were significantly elevated in patients with chronic urticaria 

compared to normal skin. 

1.6.3 Neurotrophin 3 

After the discovery of NGF and BDNF, researchers noticed that some conserved 

regions of NGF and BDNF transcripts can be used to create new primers that allow 

joint amplification; both NGF and BDNF sequences were amplified by polymerase 

chain reaction and thus, an additional neurotrophin member was discovered called 

neurotrophin 3 (NT-3) (Hohn et al., 1990, Jones and Reichardt, 1990). NT-3 works 

specifically through its high-affinity receptor TrkC but sometimes it can interact via 

TrkA and B at a low affinity (Teng and Hempstead, 2004). NT-3 is highly expressed in 

ovaries, and is widespread in all human tissues (Ip et al., 1992). 

1.6.4 Neurotrophin 4 

The youngest member of the neurotrophin family (Hallbook et al., 1991, Berkemeier 

et al., 1991), Neurotrophin-4 (NT-4; also called NT-4/5 or NT-5) shares the same high 
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affinity receptor with BDNF which is TrkB (Klein et al., 1992). Studies on the 

distribution of NT-4 in human tissue showed that highest levels can be found in 

prostate, while lower levels can be found in thymus, placenta, skeletal muscle and 

testis, with no presence in brain tissue (Ip et al., 1992). A murine study showed that 

overexpression of NT-4 can increase sensory innervation to dermal papillas of the 

foot pad, hair follicles and Meissner corpuscles (LeMaster et al., 1999). 

1.6.5 Neurotrophin Receptors  

The tropomyosin-related tyrosine kinase (Trk) is a neurotrophin receptor discovered 

from a colon-derived oncogene (Kaplan et al., 1991, Martin-Zanca et al., 1986). This 

receptor is involved in many aspects of cell development, survival, differentiation and 

migration in neuronal (Deinhardt and Chao, 2014) or non-neuronal tissues (Kermani 

and Hempstead, 2007). Trks are activated by ligand-induced formation of non-

covalently associated receptor dimers (Jing et al., 1992) and bind neurotrophins with 

high affinity and specificity. The NGF/TrkA complex is formed when the ratio is 2:2, 

TrkA/NGF/p75NTR, 1:2:1, NGF/p75NTR, 2:1 and finally, p75NTR can form a 

homodimer without the ligand (Figure 1.8)(He and Garcia, 2004).  
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Figure 1.8: The neurotrophin-receptor complexes. Diagram of various neurotrophin, 
p75, and Trk receptor complexes, including potential model of p75–Trk–neurotrophin 
trimolecular complex. NGF is depicted as tubes, and the receptors are depicted as 
surfaces. From high to low TrkA/p75 ratio, the complex could choose to be 2:2 
NGF/TrkA, 1:2:1 TrkA/NGF/p75, 2:1 NGF/p75, and finally an unliganded p75 dimer. 
Modified from (He and Garcia, 2004). 

 

There are three Trk neurotrophin receptors: TrkA, TrkB and TrkC. The function 

between neurotrophins-receptors are carried out through major signalling cascades 

i.e. the mitogen-activated protein kinase (MAPK), phospholipase Cγ (PLC PLCγ), 

extracellular signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K) 

pathways (Beattie et al., 2000, Paoletti et al., 2009, Chetty, 2019). 

In contrast, p75NTR regulates three other signalling pathways: NF-κB, Jun kinase 

pathways (JNK) and Rho (Meakin and Shooter, 1992, Mohamed and El-Remessy, 

2015, Allen et al., 2013). These signalling pathways are involved in transcription, 

translation and trafficking of proteins (Bothwell, 1995, Yoshii and Constantine-Paton, 

2010, Segal, 2003).  

 

1.6.5.1 Tyrosine kinase receptor type A 

The tyrosine kinase receptor A (TrkA) also known as neurotrophin receptor kinase 

(NTRK1) is a high affinity receptor for NGF (Segal, 2003). This type I transmembrane 

protein was discovered by merging tropomyosin into tyrosine kinase domain in   
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colon cancer-derived oncogene (Martin-Zanca et al., 1986).The organisation of TrkA 

structure consists of an extracellular (N-terminus) and intracellular domain (C-

terminus). The extracellular domain is important for ligand binding consisting of 

immunoglobulin-like domain and two cysteine-rich domains that flank a leucine-rich 

motif (Wiesmann et al., 1999, Jullien et al., 2002). 

Several signalling cascades can be activated when NGF binds to TrkA (Figure 1.8); The 

mitogen-activated protein kinase (MAPK), phospholipase Cγ (PLC PLCγ), extracellular 

signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K) pathways 

(Beattie et al., 2000, Paoletti et al., 2009, Chetty, 2019, Allen et al., 2013). 

 

Figure 1.9: NGF/TrkA signal transduction pathways in survival and differentiation 

of neurons. TrkA (blue bars) signaling is best characterized for activation of MAPK, 

PI3K and PLC γ pathways mediated mainly by the phosphorylation (black spheres) of 

two tyrosine residues in the cytoplasmic domain, Tyr490 (Y490) and Tyr785 (Y785). 

NGF dimers (purple spheres) bind to the extracellular ligand-binding domain of two 

TrkA monomers promoting homodimerization, activation of the tyrosine kinase 

domain in the activation loop, and trans-phosphorylation of Y490 and Y785. 

Phosphorylation of these residues recruits pro-differentiation and pro-survival 

adaptor and signaling molecules and activates the SHC-Ras-MAPK, PI3K-AKT, and 

PLCγ-PKC signaling pathways. Figure adapted from (Marlin and Li, 2015). 
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In normal skin, TrkA mRNAs are highly expressed in basal epidermal cells, and 

dispersed throughout the granular and spinosum layer of epidermis (Terenghi et al., 

1997, Pincelli et al., 1997), hair follicles, skeletal muscles and sweat glands 

(Shibayama and Koizumi, 1996). In contrast, in glabrous skin TrkA protein expression 

is primarily located in the stratum basale and throughout the epidermis, sweat 

glands, blood vessel walls (muscular layer), Schwann and perineurial cells and 

periaxonic cell (Meissner’s and Pacini’s corpuscles), nerve bundles and sensory 

corpuscles (Bronzetti et al., 1995). In scalp skin, TrkA protein is well-known to be 

expressed in the epidermis and hair follicle (Adly et al., 2006). Study by (Micera et al., 

2001) showed that TrkA protein expression is detected in lung tissue as well as skin.  

In diabetic skin, the expression of TrkA mRNAs is higher throughout the epidermis  

compared to normal skin (Terenghi et al., 1997). This result suggests that the 

upregulation of TrkA occurs as a result of a decreased activity in autocrine 

neurotrophins.  

  

1.6.5.2 Tyrosine kinase receptor type B 

The tyrosine kinase receptor type B (TrkB) or neurotrophin receptor kinase 2 (NTRK2) 

is a high-affinity receptor for BDNF and NT-4 (Klein et al., 1992, Segal, 2003). TrkB is 

a key factor for neural differentiation and cell survival (Allen et al., 1999).  In the skin 

TrkB is present in the basal and upper (granular) layers of the epidermis (Shibayama 

and Koizumi, 1996). It was also shown to be expressed in diseased skin such as chronic 

urticarial as well as normal skin (Rössing et al., 2011). During hair follicle 

morphogenesis, TrkB is expressed in keratinocytes of the hair plug and epidermis 
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(hair morphogenesis stage 1-2), in the developing ORS (hair morphogenesis stage 5-

6), strictly in the distal ORS, dermal papilla fibroblasts and hair matrix (hair 

morphogenesis stage 7-8) (Botchkareva et al., 2000).  Peters et al., suggests that TrkB 

–mediated signalling promotes the switch between anagen and catagen via TGFβ2 

(Peters et al., 2005).  

1.6.5.3 Tyrosine kinase receptor type C 

The tyrosine kinase receptor type C (TrkC) or neurotrophic receptor tyrosine kinase 3 

(NTRK3) is a high-affinity receptor for NT-3 (Segal, 2003). In neurons, TrkC receptors 

are expressed by larger-size neurons compared to TrkA which is expressed in small-

sized unmyelinated neurons (Moqrich et al., 2004). In the skin TrkC is present in the 

basal and upper (granular) layers of the epidermis (Terenghi et al., 1997, Shibayama 

and Koizumi, 1996) and skeletal muscle (Shibayama and Koizumi, 1996). Terenghi et 

al., also demonstrated that TrkC mRNA is expressed at higher levels within diabetic 

skin. During hair follicle morphogenesis, TrkC and NT-3 are expressed by follicular 

keratinocytes and the dermal papilla (Botchkarev et al., 1998). Further investigation 

by Botchkarev et al. (2000) supports the involvement of TrkC in hair follicle 

maintenance since TrkC is co-expressed with p75NTR and gradually disappears during 

the transition from anagen to catagen (Botchkarev et al., 2000).  

1.6.5.4 p-75 neurotrophin receptor (p75NTR) 

P75-NTR is a low-affinity receptor that binds to all neurotrophins with low affinity and 

specificity but p75NTR is also the high affinity receptor for proNGF. The p75NTR was 

identified from tumour necrosis receptor superfamily long before Trks were 

discovered (Johnson et al., 1986). p75NTR is built up from four cysteine-rich motifs, 
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a single transmembrane domain and cytoplasmic domain including ‘death’ domain 

which is a specific feature for TN receptor superfamily members (He and Garcia, 

2004). As per its family name (TN), NGF/p75NTR is mostly known to activate the 

apoptosis signalling cascade (cell death programming) but this receptor is also able 

to regulate and increase the affinity of Trk receptors for individual neurotrophins 

(Bothwell, 1995, Chao and Hempstead, 1995, Bibel et al., 1999, Zaccaro et al., 2001, 

Chao, 1994, Negrini et al., 2013). The ligand-receptor NGF/p75NTR can activate 2 

major signalling cascades: nuclear factor-κB (NF-κB) and c-Jun kinase (JNK) (Figure 

1.10), which can subsequently activate either gene transcription or programmed cell 

death through their different signalling branches (Meakin and Shooter, 1992, 

Mohamed and El-Remessy, 2015). 
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Figure 1.10: Schematic representation of the multiple pathways of proNGF/NGF and 

NGF/Trka/p75NTR signaling pathways. Mature NGF binds to tyrosine kinase TrkA 

receptor in combination with p75NTR causing autophosphorylation of TrkA receptor 

and activation of P13K/Akt pathway leading to cell proliferation, cell survival and 

angiogenic response. ProNGF preferentially binds to p75NTR, in combination with its 

co-receptor sortilin, to activate multiple pathways depending on the interaction of the 

intracellular domain (ICD) and a given adaptor protein. Interaction of p75NTR ICD 

with NFkB results in activation of proinflammatory cytokine production. Interaction 

of ICD with RhoA/MAPK pathway resulting in neuronal death, cytoskeleton 

arrangement and BRB breakdown. Interaction of the ICD with the neurotrophin 

interacting factor (NRIF) will activate c-Jun kinase (JNK) resulting in endothelial cell 

(EC) apoptosis and formation of acellular capillaries, surrogate marker of ischemia. 

Adapted from (Mohamed and El-Remessy, 2015). 
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Interestingly, p75NTR is the first growth factor receptor expressed by fibroblasts in 

the murine hair bulb before it differentiates into dermal papilla cells (Botchkareva et 

al., 1999). It has also been shown that p75-NTR plays a negative role in hair 

morphogenesis. Adly and colleagues found p75-NTR expression to reside within 

human epidermis scalp skin as well as hair follicles (Adly et al., 2010). Contrastingly, 

in human glabrous skin p75NTR protein is localised primarily in the stratum basal and 

sweat glands, Schwann and perineurial cells and periaxonic cell (Meissner’s and 

Pacini’s corpuscles), nerve bundles and sensory corpuscles (Bronzetti et al., 1995). A 

study by Botchkarev et al. (2006) showed that p75-NTR is expressed in mouse and 

human skin (Botchkarev et al., 2006) and p75NTR signalling is critically important for 

apoptosis as well as in modulating catagen phase (Botchkarev et al., 2000).  

1.7 The role of neurotrophins and its receptors on wound healing 

Wound healing is a research topic of worldwide interest. A multitude of studies have 

been carried out to find the best wound treatments i.e. drugs, dressing or gene 

therapy and wound management strategies (Enoch et al., 2006, Yamaguchi and 

Yoshikawa, 2001, Halim et al., 2018, Ansell et al., 2014, Gethin, 2006, Loeb, 1919, 

Martin, 1997).  Among those studied treatments for wound healing there is nerve 

growth factor (NGF). It has been underestimated or ignored as a potential key factor 

in wound healing (Eming et al., 2014, Gurtner and Chapman, 2016, Harn et al., 2017, 

Moore et al., 2018), despite the substantial evidence for NGF being beneficial for 

promoting wound healing in humans (Tuveri et al., 2000, Bernabei et al., 1999) and 

animals (Muangman et al., 2004). For example, Matsuda et al., showed that NGF 

provides beneficial effects for wound healing in diabetic impaired and normal mice 
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while Muangman et al., reported that only diabetic mice may benefit from NGF 

treatment to achieve faster wound healing. 

Previously, in vitro (scratch assay) and ex vivo studies (Table 1.1) have shown that 

NGF treatment accelerates migration as well as promoting cell proliferation. A recent 

study carried out by Schenck et al., demonstrates that recombinant human NGF 

(rhNGF) accelerates wound healing by promoting human oral mucosal proliferation 

and migration (Schenck et al., 2017). The same effect of NGF treatment was reported 

on telomerase-immortalised human corneal epithelial cells (HCLE) (Blanco-Mezquita 

et al., 2013). Meanwhile, dermal fibroblasts in a culture scratch assay showed that 

NGF induces cell migration but not proliferation (Chen et al., 2014), whereas an ex 

vivo study on mouse skin also showed that NGF treatment stimulated epidermal 

proliferation (Paus et al., 1994). However, the effective dose of NGF used in various 

scratch assays was highly varied (between 50 – 250 ng/mL) and the differential effects 

reported may be dependent on cell types and densities. 

The efficacy of NGF in accelerating wound healing was also demonstrated in animal 

studies (Table 1.2). The effect of NGF was further explored in animal studies not just 

in normal healing, but also in impaired healing experienced by diabetic subjects. The 

study conducted by (Chen et al., 2014) demonstrates that topical treatment of 10-20 

µg of NGF applied daily accelerate cutaneous wound healing in rats. They also 

showed that NGF promotes migration of epidermal keratinocytes (re-

epithelialisation) resulting in thicker granulation tissue as well as an increase in 

collagen content. Another study on rats also showed that wounds treated with NGF 

incorporated in collagen gel healed faster than the control group (Nithya et al., 2003). 
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The effectiveness on NGF was also tested in hens’ corneal wound healing as a result 

of laser ablation; encouragingly, NGF treatment accelerates corneal epithelium 

migration and enhances proliferation faster compared to control groups (Blanco-

Mezquita et al., 2013).  

There are a few studies that investigate the effect of NGF upon wound healing in mice 

(Li et al., 1980, Matsuda et al., 1998, Muangman et al., 2004, Shi et al., 2003). 

Matsuda et al., and Muangman et al., both studied the roles of NGF in impaired 

wound healing in diabetic mice. Their findings showed the beneficial effects of NGF 

in treating diabetic wound healing. In addition, Muangman et al., also found that NGF 

treatment did not benefit normal wound healing in mice. NGF has also been proven 

to stimulate beneficial healing in combined injuries in mice. Irradiated and wounded 

mice that were treated with NGF either topically or administered intraperitoneally 

displayed significantly accelerated wound healing and enhanced survival (Shi et al., 

2003).  

In the early 1980s, one group has reported the beneficial effect of high molecular 

weight (HMW) NGF in sialodenectomised wounded mice which showed accelerated 

wound healing (Li et al., 1980). A different experiment also showed that dose-

dependent NGF administration induces and accelerates cellular events that are 

associated with wound healing. They suggested that this might be due to the 

chemotactic effect of NGF upon inflammatory cells (Lawman et al., 1985). The effects 

of NGF spawn across different species; for instance, NGF has been reported to 

improve lameness in goats, a condition that is associated with cutaneous ulcers, 

abscesses and granulomas. Therefore, topical application of NGF to the ulcers not 
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only promoted ulcer healing but also improved quality behaviour of these goats 

(Costa et al., 2002). 

Tables 1.1 and 1.2 show the various uses NGF in vitro and in some mammals to treat 

wound healing. However, it remains unclear whether and to which extent NGF 

treatment affects epidermal repair in wounded human skin.     

Limited clinical evidence suggests that local administration of NGF accelerates the 

repair of corneal ulcers and promotes the recovery of corneal surface sensitivity 

(Cellini et al., 2006, Aloe et al., 2008, Lambiase et al., 2007, Lambiase et al., 1998).   

Previously published evidence in support of NGF as a promoter of human skin wound 

healing is based on small case report series or was sub-optimally controlled (Table 

1.3). Moreover, these studies exclusively assessed the overall healing outcome, not 

specifically epidermal repair, and did not examine how the expression of NGF and its 

receptors changes during normal and pathological human skin wound healing as a 

consequence.  

Case reports on the use of NGF have mainly focus on treating diabetic ulcers or 

chronic wounds (Bernabei et al., 1999, Generini et al., 2004, Landi et al., 2003, Tuveri 

et al., 2000). Their reports demonstrated that NGF accelerates wound healing but in 

a case report by Generini et al., the healed wound can relapse after treatment and 

NGF is not beneficial to treat wounds found in systemic sclerosis patients This might 

suggest that the action of NGF is selective and not suitable for use in all wounding 

scenarios. One randomised double-blinded placebo control trial showed that NGF 

significantly reduced the ulcer area in a pressure ulcer. However, this study was 

insufficiently controlled with basic salt solution as placebo and the patients’ in the 
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trial were elderly, conditions that might favour the action of NGF compared to a 

younger cohort. 

In a single human case study, NGF promoted skin re-vascularisation in a child with 

crush syndrome (Chiaretti et al., 2002), in line with NGF’s recognised effects of 

promoting vascular endothelial growth factor and neo-vascularisation in rodents 

(Calza et al., 2001). 

1.8 Impact of wound care on patient’s lifestyles and economics 

Research on wound healing remains important because delayed wound healing has 

a great impact on patients’ health and lifestyles, while economically it is a strain on 

healthcare providers (Olsson et al., 2019). In the UK it is estimated that £5.3 billion is 

spent by the NHS on wound care annually (Guest et al., 2015, Phillips et al., 2016, 

Guest et al., 2017), which is in the context of an entire NHS budget of around £120 

billion (https://fullfact.org/health/spending-english-nhs/). Meanwhile, the United 

States, spends more than US$25 billion annually on wound treatment (Sen et al., 

2009, Nussbaum et al., 2018, Frykberg and Banks, 2015). The huge financial burden 

on patients and health systems might be reduced if one can find better treatments 

to hasten wound healing. Chronic wounds normally take many months to heal 

(Frykberg and Banks, 2015, Nunan et al., 2014), so these in particular will result in 

significant ongoing costs such as regular dressing changes. For patients with chronic 

wounds there is a significant impact on their overall health and lifestyle (Goldberg 

and Beitz, 2010). For example, the non-healing wound might interfere with sleep due 

to the itchiness, pain and reduce mobility (Goldberg and Beitz, 2010, Gould et al., 

2015, Smith et al., 2015). Moreover, the immobility and odour from a chronic wound 

https://fullfact.org/health/spending-english-nhs/
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may lead to social isolation, which may impact on their mental wellbeing 

(https://www.england.nhs.uk/rightcare/wp-

content/uploads/sites/40/2017/01/nhs-rightcare-bettys-story-narrative-full.pdf). 

Patients might also need to take medical leave, presenting a cost to their employer 

(InformedHealth.org[Internet], Update 2018 Jun 14).  

Therefore, further basic science research is urgently required to understand what 

causes wounds to develop into chronic ulcers, and to uncover mechanisms that will 

promote repair. This will enable the development of better treatments that can 

improve quality of the patient’s life and reduce the economic burden (Gould et al., 

2015).  

  

 

 

https://www.england.nhs.uk/rightcare/wp-content/uploads/sites/40/2017/01/nhs-rightcare-bettys-story-narrative-full.pdf
https://www.england.nhs.uk/rightcare/wp-content/uploads/sites/40/2017/01/nhs-rightcare-bettys-story-narrative-full.pdf
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Table 1.1: NGF treatment on wound healing in in vitro and ex vivo studies 

Type of cells Source of NGF Treatment Outcome Refs. 

Human oral mucosa 
keratinocyte 

rhNGF-β 50 ng/mL Healed-induced 
proliferation and 
migration  

(Schenck et al., 2017) 

Human fibroblast Unknown 100 ng/mL Healed -Induced 
migration 

(Chen et al., 2014) 

Telomerase-
immortalized HCLE 

Murine 250 ng/mL  Healed – induced 
migration and promotes 
proliferation 

(Blanco-Mezquita et al., 
2013) 

Mouse skin organ 
culture 

Mouse 10 -200 ng/mL Stimulated epidermal 
keratinocytes 
proliferation 

(Paus et al., 1994) 
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Table 1.2: NGF treatment on wound healing in animal studies 

Species Form of NGF Wound Treatment 
Normalised 
wound 
dose* 

Length of 
treatment 

Outcome Refs. 

Rats Unknown 
(Likely produced 
recombinantly) 

10, 20 or 40 µg/ dosed 
daily topically to dorsal 
skin 

0.025-0.1 
µg/mm2 

10 days Accelerated healing with all 
doses though 10 and 20 µg/mL 
doses showed more pronounced 
effect 

(Chen et al., 
2014) 

Hens Murine NGF 0.08 µg/wound, dosed 5 
times daily for 5 days as 
drops. Study used a 
model of laser ablation 
injury to eye 

1.41 x10-5 
µg/mm2 

7 days Accelerated re-epithelialisation 
and enhance proliferation 

(Blanco-
Mezquita et 
al., 2013) 

Mice  Murine 1, or 10 µg/dosed daily 
topically to dorsal skin 
wounds. 

0.035-
0.354µg/m
m2 

30 days Accelerated re-epithelialisation 
with high and low NGF doses in 
diabetic mice. No difference in 
non-diabetic mice. 

(Muangman et 
al., 2004) 

Mice Human placenta 50 µg/0.2 mL normal 
saline/ dosed daily 
intraperitoneal 

 5 days 
(Intraperiton
eal) 
 

 Accelerated wound closure in 
wound healing and survival in 
irradiated mice 

(Shi et al., 
2003) 

Mice Human placenta 250 µg/mL normal 
saline / dosed daily to 
dorsal skin 

 5 days 
(topical) 

 Accelerated wound closure in 
wound healing and survival in 
irradiated mice 

(Shi et al., 
2003) 

Rats Murine 1 µg/1.2 mg 
collagen/cm2 

 10 days Treatment group healed 1 week 
earlier than control group 

(Nithya et al., 
2003) 
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Mice Murine 2.5S 
NGF 

1 µg dosed daily to 
dorsal skin wounds 

0.051 
µg/mm2 

3 days Accelerated wound closure in 
both diabetic and non-diabetic 
animals. 

(Matsuda et 
al., 1998) 

Goats Mouse 1 µg/100 mL  3 weeks Healed (Costa et al., 
2002) 

Mice Murine HMW 
NGF 

0.1 mL of 150 nM NGF 
injected into air sacs 
(chemotaxis model) 

N/A as no 
skin wounds 

3 days Chemoattract to inflammatory 
cells 

(Lawman et 
al., 1985) 

Mice Murine HMW 
and 2.5S NGF 

50 µL of 110µg/mL 
HMW NGF or 
27 µg/mL 2.5S NGF. 
Dosed 12 hourly to 
dorsal skin wounds in 
sialoadenectomised 
mice. 

0.11 
µg/mm2 
HWW NGF 
or 0.027 
µg/mm2 2.5S 
NGF. 
Equivalent 
molar ratios 
were used 

3 days Accelerated wound contraction 
with HMW NGF but not 2.5S 
NGF 

(Li et al., 1980) 

*normalised wound dose 
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Table 1.3: NGF treatment on wound healing in human studies 

Types of 
wound 

Source 
of NGF 

Treatment 
Days of 
treatment 

Study type Outcome Refs. 

Surgical 
wound on 
cornea 

Murine 10 µg per eye, 4 
times daily for 3 
weeks 

3 weeks Clinical trial Healed  (Cellini et al., 
2006) 

Diabetic foot 
ulcer 

Murine 2.5 
µg/50µL/25mm3 

4 weeks Case report (n=3) Healed but relapse within 5-15 
weeks after starting the 
treatment 

(Generini et 
al., 2004) 

Pressure ulcer Murine 
2.5S 
NGF 

50 µg/mL 6 weeks *Randomised, 
double-blind, placebo 
control trial (n=36) 

Reduction of ulcer area (Landi et al., 
2003) 

Crush 
syndrome 

Murine 10 µg/mL 8 hourly/7 
days 

Case report (n=1) Improve ischaemic skin 
revascularisation 

(Chiaretti et 
al., 2002) 

Vasculitis 
ulcer 

Murine 50 µg/day 8 weeks Case report (n=8) Ulcers healed in rheumatoid 
arthritis patients but failure to 
heal in systemic sclerosis patients  

(Tuveri et al., 
2000) 

Pressure Ulcer Murine 200 µg/mL 15 days Case report (n=1) Reduced ulcer size (Bernabei et 
al., 1999) 

Human 
corneal ulcer 

Murine 200 µg/mL 34 – 56 
days 

Case report (n=12) Healed the ulcers (Lambiase et 
al., 1998) 

*Insufficiently controlled since NGF was compare with balanced salt solution only, number of patients and patients’ age. 
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1.9 Hypothesis 

As NGF and its cognate receptors are highly expressed in epidermal keratinocytes, 

and function to maintain skin homeostasis during inflammation (Sivilia et al., 2008), 

the working hypothesis for this project is that NGF signalling is important for human 

wound re-epithelialisation to progress efficiently. Therefore, it is predicted that re-

epithelialisation will be impaired when NGF signalling does not occur, while it may be 

accelerated when NGF signalling is enhanced.   

Moreover, many different skin cell types (i.e. dermal, epidermal and immune) can 

produce and utilise NGF to regulate their activities (Botchkarev et al., 2006; Pincelli 

et al., 1994; Pincelli and Yaar, 1997), therefore the hypothesis is that NGF will act 

pleiotropically to affect many aspects of wound repair in addition to re-

epithelialisation. 

It is not fully understood why clinical trials in treating human wounds with NGF 

treatment did not yield consistent positive results even though this was achieved in 

in vitro and in animal studies (Chen et al., 2014, Li et al., 1980, Matsuda et al., 1998, 

Muangman et al., 2004, Paus et al., 1994). There are several potential reasons for this 

including intrinsic differences between animals and humans, or that the preclinical 

models being used do not properly reflect the situation in chronic wounds. However, 

NGF signalling has never been examined in human wounds (acute or impaired), so it 

is not yet known if NGF signalling is altered in chronic wounds, or if there is high 

variability in levels of NGF in chronic wounds between patients. 
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The working hypothesis is that a proportion of chronic wounds are impaired by a lack 

of NGF signalling. If true, NGF may provide an effective treatment for some patients, 

namely those where NGF expression is impaired. 

1.10 Aims of the study 

Previous research using NGF as a wound treatment did not yield consistent results 

when used in humans, despite showing a strong positive effect in animals (Table 1.2). 

The last clinical trial on wound healing using NGF was conducted  some 15 years ago 

(Generini et al., 2004), with the topic of NGF in wound healing receiving little 

attention of late, with only one recent study by Schenck et al., (2017) in human oral 

mucosa keratinocytes wound healing (in vitro).  Therefore, the overarching aim of the 

project is to revisit the topic of NGF in repair, to determine if this once promising 

therapeutic candidate might yet prove beneficial for chronic wounds. 

It would be unethical to manipulate patients to examine the as yet unclear effects of 

NGF and collect skin samples before and after treatment. Therefore, the 1st aim is to 

understand whether human skin wounded ex-vivo, could provide a model system to 

examine NGF effects and NGF-related test agents (though NGF has previously been 

tested in mouse skin organ culture (Paus et al., 1994), its effects on human skin repair 

ex vivo remains to be examined in detail), and to determine the best way to analyse 

the data. If true, this model could be used and manipulated for NGF-related drug 

testing more generally.  

The second aim is to characterise the normal protein expression pattern of NGF and 

its cognate receptors during human skin repair ex-vivo (this expression pattern is so 

far unknown in any human wound setting). 
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Previously in vitro and animal studies showed very promising data that NGF might 

accelerate repair, though this has not been corroborated in robust clinical trials. 

Thirdly, as its main aim, this study therefore also investigates the effect of 

manipulating NGF signalling on human epidermal repair ex vivo, either by adding 

excess exogenous NGF or blocking endogenous NGF/TrkA-mediated signalling.  

Lastly, this PhD project also aims to assess whether adding exogenous NGF alters the 

intracutaneous protein expression level of the endogenous ligand itself and the 

protein expression of its cognate receptors.  

 

1.10 Experimental design flow chart 

Refer to flow chart 
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CHAPTER 2 

MATERIAL AND METHODS 

2.1 Human skin ethics 

All human tissue was obtained through the Manchester Skin Health Biobank (NHS 

REC 14/NW/0185), from consented patients undergoing elective abdominoplasty 

surgery (Table xx: List of donors). This study has been reviewed and approved by the 

Manchester Skin Health Biobank steering committee. All paraffin embedded tissue 

was stored in the Paus Lab (Room 2.202) at the Stopford Building, University of 

Manchester in accordance with the Human Tissue Act legislation. Abdominal skin 

harvested from surgery was kept in transport media and transferred to the lab within 

12-24 hours of tissue harvest and dissected in William’s E medium.   
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Table 2.1: List of donors 

MSHB 
No. 

Donor 
no. 

Date 
received 

Date 
collection 

Sex  Age/ Ethnicity/hospital Skin type Co-morbidity 
(if any) 

Culture 
condition or 
treatment 

Analysed/used for figure: 

0724 1 19/11/15 18/11/15 Female 46/Caucasian/ 
Bradford 

Abdominal  DMEM vs WE Fig 3.1 

0729 2 20/11/15 19/11/15 Female 46/Caucasian/ 
Bradford 

Abdominal  WE w/wo 
serum 

Fig 3.2-3.3 

0751 3 03/02/16 02/02/16 Male  51/Caucasian/ 
Bradford 

Abdominal  NGF Fig 3.6 / Fig 3.21 / Fig 3.31 / 
Fig 3.33 / Fig 3.34 / Fig 3.37 
/ Fig 3.39 

0807 4 06/05/16 06/05/16 Female 25/ Caucasian/ 
Bradford 

Abdominal  Untreated Fig 3.4-3.5 

0887 5 13/09/16 12/09/16 Female 39 
/Caucasian/Bradford 

Abdominal  Untreated/NGF Fig 3.7 / Fig 3.9 / Fig 3.10 

0901 6 22/05/17 22/05/17 Female Unknown/ Unknown/ 
MRI 

Abdominal Morbidly 
obese, Type 2 
diabetes 

NGF Not analysed 

0941 7 17/01/17 17/1/17 Female 36 
/Caucasian/Bradford 

Abdominal  NGF Fig 3.12-3.14/Fig 3.18 / Fig 
3.20-3.21 / Fig 3.31 / Fig 
3.33-3.34 / Fig 3.37 / 3.39 

0945 8 24/01/17  Female 38 /Caucasian/ 
Bradford 

Abdominal  NGF Fig. 3.12—3.20 
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0947 9 26/01/17 26/01/17 Female 43 
/Caucasian//Bradford 

Abdominal  NGF Fig 3.12-3.2 

0983 10 15/05/17 15/05/17 Female  Unknown/ Unknown/ 
MRI 

Abdominal Morbidly 
obese 

K252a Fig 3.20 

0990 11 22/05/17 22/05/17 Female 55/ Unknown/ 
Bradford 

Abdominal  NGF/NNA Fig 3.27 

1040 12 10/10/17 09/10/17 Female 43/ Unknown/ 
Bradford 

Abdominal  K252a Fig 3.10 / Fig 3.15-3.18 / Fig 
3.20-3.21 / Fig 3.23-3.26 

1069 13 13/12/17 12/12/17 Female 36/ Caucasian/  
Bradford 

Abdominal  K252a Fig 3.20 / Fig 3.24 

1088 14 08/02/18 07/02/18 Female 38 
/Caucasian/Bradford 

Abdominal  K252a Fig 3.8 / Fig 3.15-3.21 / Fig 
3.23—3.26 / Fig 3.34 / Fig 
3.37 / Fig 3.39 

1097 15 13/2/18 12/02/18 Female Unknown/ Unknown/  
MRI 

Abdominal  K252a/NNA Fig 3.15-3.20 / Fig 3.24 / Fig 
3.27 

1113 16 19/04/18 18/04/18 Female 47/ 
Caucasian/Bradford 

Abdominal  Untreated-
ELISA 

Fig 3.28 

0624  28/04/15 28/04/15  Unknown/ 
Unknown/Crown Clinic 

Scalp    +ve control for immune 
staining 

0629  05/05/15 05/05/15 Female 62/ Asian/Crown Clinic Scalp   +ve control for 
immunostaining 
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2.2 Human skin organ culture 

2.2.1 Wounded human skin explant preparation 

Once skin arrived in the lab, the adipose tissue was excised and trimmed. Then, full 

skin thickness skin explants were made with a 6 mm punch biopsy (Steifel, UK) after 

a 2 mm partial thickness wound was created in the centre of the explant (Figure 2.1A). 

Skin explants were placed in 6 well culture dishes on top of sterile pads (Millipore, 

Merck, UK) in culture media (Life technologies, UK) (Figure 2.1B). Any explants with 

inconsistent of size (<2 mm>) or depth (which was identified by the appearance of 

adipose tissue inside the wound (Figure 2.1C) of wound were excluded prior to 

culture on day 0 or if found later (i.e. day 1). The skin explants were cultured at an 

air-liquid interface in the desired culture media in an incubator at 37°C with 5% CO2. 

Part of the media inside each culture dish was removed and replaced with 1 mL fresh 

media every day. Only 1 mL of fresh media was added because absorbent pads 

already contained about 1 mL media. Samples were collected on day 1, 2, 3 and 6. 

Some explants were collected on day 0 as a control/normal skin sample. 
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Figure 2.1: Wounded human skin organ culture and culture assay. Six millimetres 
biopsy with 2 mm partial thickness wound in the centre (A). The skin was cultured in 
air-liquid interphase as shown in (B). Representative image of human skin explant 
with full-thickness wound at the centre (indicated by adipose tissue filling) (C). 
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2.2.2 Culture Media 

In an evaluation experiment, two different culture media were used. One media 

comprised William’s E (WE) (Life technologies, UK) supplemented with 1% of 

Penicillin/Streptomycin (Life technologies, UK), 2 mM of L-glutamine (Life 

technologies, UK), 10 µg/mL of insulin (Sigma-Aldrich, USA), 10 ng/mL of 

Hydrocortisone (Sigma-Aldrich, UK). The other media was Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 1% of Penicillin/Streptomycin (Life 

technologies, UK), 2 mM of L-glutamine (Life technologies, UK), 10 µg/mL of insulin 

(Sigma-Aldrich, USA), 10 ng/mL of Hydrocortisone (Sigma-Aldrich, UK).  

For the rest of the experiment William’s E media was used exclusively. To evaluate 

the utility of the ex vivo assay system, some groups were cultured in WE media 

supplemented with 10 % of Foetal Bovine Serum (FBS) (Life technologies, UK) to act 

as a known healing promoter (Nasir et al., 2019, Pastar et al., 2014b, Etxebarria et al., 

2017). For all test treatments and their respective vehicle controls, William’s E media 

was used without serum in the culture system.  

2.3 Intravital fluorescent dye tracers  

2.3.1 Application of dye tracers and imaging 

Throughout this study, 4 µL of 25µM 5-chloromethylfluorescein diacetate (CMFDA) 

(ThermoFisher Scientific, UK) was added to the wound surface for 30 minutes prior 

to imaging. Explants were then washed with PBS, and imaged using a Leica M205 FA 

upright Stereomicroscope using a [5x / 0.50 pLANapo LWD] objective at the 

equivalent of [64x] magnification. Images were captured using a [DFC 565FX (Leica)] 

camera through LAS AF v3.1.0.8587 software (Leica). Specific band pass filter set for 

GFP was used. (Leica, Germany).  
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During this experiment, some unlabelled cells were present on day 0, so for the next 

experiment some wounds were co-treated with the membrane impermeable nuclear 

dye propidium iodide (PI) to identify any cells with damage plasma membranes. One 

microgram per millilitre of PI was co-treated with 4 µL of CMFDA added to the wound 

surface for 30 minutes and washed with PBS prior to imaging as described above.  

Also, in order to test whether CMFDA dye is not labelling specific cells or regions 

another dye CMTPX  (4-({[4-(chloromethyl)phenyl]carbonyl}amino)-2-

(1,2,2,4,8,10,10,11-octamethyl-10,11-dihydro-2H-pyrano[3,2-g:5,6-g']diquinolin-1-

ium-6-yl)benzoate) was added to the wound bed. A combination of CMFDA and 

CMTPX was used to trace cell migration at different timepoints. The CMFDA and 

CMTPX were added to the wound bed and collected at the designated day (Table 2.1). 

Table 2.2: Treatment of wound bed in wounded human skin ex vivo with CMFDA 

and/or CMTPX 

Experiments Day 0 Day 1 Day 2 Day 3 
Collection 
day 

CMFDA/ CMTPX +/- -/+   Day 1 

CMFDA/ CMTPX +/- -/+ -/- -/- Day 3 

CMFDA +    Day 0 

CMFDA + +   Day 1 

CMFDA + + +  Day 2 

CMFDA + + + + Day 3 

(+)-cell tracer was added to wound, (-)-not added. Green represent CMFDA and red 

represent CMTPX. 

 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%224-(%7B%5B4-(chloromethyl)phenyl%5Dcarbonyl%7Damino)-2-(1%2C2%2C2%2C4%2C8%2C10%2C10%2C11-octamethyl-10%2C11-dihydro-2H-pyrano%5B3%2C2-g%3A5%2C6-g%27%5Ddiquinolin-1-ium-6-yl)benzoate%22%5BCompleteSynonym%5D%20AND%2044140618%5BStandardizedCID%5D
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%224-(%7B%5B4-(chloromethyl)phenyl%5Dcarbonyl%7Damino)-2-(1%2C2%2C2%2C4%2C8%2C10%2C10%2C11-octamethyl-10%2C11-dihydro-2H-pyrano%5B3%2C2-g%3A5%2C6-g%27%5Ddiquinolin-1-ium-6-yl)benzoate%22%5BCompleteSynonym%5D%20AND%2044140618%5BStandardizedCID%5D
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%224-(%7B%5B4-(chloromethyl)phenyl%5Dcarbonyl%7Damino)-2-(1%2C2%2C2%2C4%2C8%2C10%2C10%2C11-octamethyl-10%2C11-dihydro-2H-pyrano%5B3%2C2-g%3A5%2C6-g%27%5Ddiquinolin-1-ium-6-yl)benzoate%22%5BCompleteSynonym%5D%20AND%2044140618%5BStandardizedCID%5D
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2.3.1 Analysis of intravital fluorescent dye tracer 

The wound closure experiment using CMFDA was conducted daily. Fluorescent 

images were assessed using Image J (Fiji) for the area of the initial wound at day 0 

(IW0). On subsequent days (where day is denoted by n) the area of initial wound 

(IWn), and the area of open wound remaining (OWn) was measured (see Figure 2.2).  

Epithelial wound closure was calculated from measurements of area of initial wound 

and the open wound remaining and expressed either as the % of wound closure on 

each day, or on the area of healing achieved on each day in mm2.  

Percentage closure = 100 - (OWn / IW0 x 100) 

Area healed = IW0 - OWn. 

Tissue contraction was also calculated by assessing changes to the initial wound 

defect over the wound healing period.  

Tissue contraction = 100 – (IWn / IW0 x 100). 

 

Figure 2.2: Measuring en face wound closure with CMFDA. CMFDA images show a 
distinctive border line which represents initial wound (uninterrupted white line) and 
open wound (white dotted line) which were used to assess wound closure as 
percentage or area of healing. Bar = 500mm.  
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In addition, the neo-epidermis was further assessed by measuring the area of the dim 

band of epidermal tissue towards the migrating front and the remaining brighter area 

(Figure 2.3).  The bright area represents stratified healing (SWn) and the dim area 

represents unstratified epidermis (UWn). The bright area was calculated from 

measurements of the area of initial wound (IWn) and the front of stratified healing 

(SWn) and expressed as area of bright area achieved on each day in µm2.   

Bright area, µm2 = IWn - SWn 

The dim area was calculated from the front of stratified healing (SWn) and front of 

unstratified epidermal (UWn). 

Dim area, µm2 = SWn - UWn 

 

 

Figure 2.3: CMFDA imaging en face highlights different wound regions. CMFDA 
images show distinctive features which provided additional information to be 
assessed. Regions of dimly fluorescent (i.e. newly laid unstratified epidermis) and 
bright areas of epidermis can be delineated (white dashed line). The area of the initial 
wound (uninterupted white line), the area of newly laid unstratified epidermis (white 
dotted line). Bar = 500mm.  
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Virtual histology was performed by measuring the whole length or width (Yellow 

line) of wound at four angles as shown in figure 2.4. This whole length or width was 

subtracted by unhealed length (red dash line) which was also measured at the same 

angle. The mean of these readings was used to calculate the percentage of wound 

closure. 

Percentage of wound closure = (whole length –unhealed area)/whole length x 100. 

 

 

Figure 2.4. Measuring “virtual histology”. The Virtual histology was assessed by 
measuring the whole of wound length (Yellow line) and subtracting the unhealed 
portion (red dash line). Percentage of wound closure = (whole length –unhealed 
length)/whole length x 100. Mean of four readings taken from each explants at 4 
angles as shown. CMFDA images shows a distinctive border line that represents initial 
wound (uninterrupted white line) and open wound (white dotted line), which were 
used to assess wound closure as percentage or area of healing. Bar = 500mm.  
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Tissue from 5 individual donors was used, with 3-4 explants per donor used for each 

treatment. The mean value of the 3-4 replicate explants per donor used for analysis 

(i.e. assessed as n=5 replicate experiments from separate donors).  
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2.4 Culture treatment 

Wounded human skin organ culture (WHSO) was cultured and treated once daily for 

6 days with the respective treatment. Each experiment consisted of normal skin 

(unwounded), untreated group (negative control), treatment, vehicle (s). Each 

condition and timepoint had 3 – 4 per time point (n=3 or 4 explants). Normal tissue 

biopsies were collected on day 0 for comparison. 

2.4.1 Nerve growth factor 

Wound bed (2 mm wound) at the centre of human skin ex vivo was topically treated 

with 10 µL of 25 µg/mL (0.08 µg/mm2) of nerve growth factor 2.5S from murine 

submaxillary gland (Sigma-Aldrich, USA) (NGF). The treatment was made once daily 

effective similar dose been used by Generini et al., case report, the aliquot 0.5 mg of 

NGF in 10 ml of saline solution was dropped on the lesion approximately 50 

µL/25mm3 equivalents to 2.5 µg of NGF or 0.1 µg/mm3. Moreover, in the diabetic 

mice study by (Chen et al., 2014), wounds treated with 10 and 20 µg/mL accelerated 

speed of wound closure while at 40 µg/mL saw no significant difference to the saline 

group.  

2.4.2 TrkA inhibitor 

To investigate the effect of blocking the NGF signalling pathway, K252a (Alomone, 

Israel) was used to block TrkA. K252a is known to be a potent inhibitor of protein 

kinase A, C and G. One milligram of K252a was diluted with 534.76 µL of DMSO as a 

stock solution of 2 mM. For this experiment only 2 µM of K252a was used by diluting 

1 µL of stock solution in 1 mL of culture media. Then 10 µL of K252a was topically 

applied on the ex vivo wound surface organ culture. Vehicle for this group was 0.001% 

DMSO in culture media. 
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2.4.3 NGF neutralising antibody 

To investigate the effect of endogenous NGF and exogenous NGF treatment, ex vivo 

wound bed was treated with NGF neutralising antibody (NNA). NNA has to be applied 

at the same relative dose as NGF treatment or in exces to neutralise NGF. NNA is a 

isotype if IgG1 with molecular weight of about 150 kDa, while molecular weight for 

2.5s NGF is around 30 kDa (26.5 kDa to be exact).  Therefore, 5 µg of NNA was needed 

to 1 µg of NGF. In order to block 25 µg/mL (0.08 µg/mm2) of NGF, ≥300 µg/mL (≥0.4 

µg/mm2) of NNA was needed. NNA stock solution was prepared by diluting 0.25 mg 

of NNA with 125 µL with double distilled water (DDW). 5 µL of NNA stock was then 

topically administered to the wound surface 3.18 µg/mm2. 

2.5 Protein Extraction 

The skin explants from day 0 (normal human skin biopsies) and cultured explants 

from day 1 until day 6 were frozeN down by placing in A cryovial and immersing in 

liquid nitrogen, and kept in -80 °C until required. The explants were weighed and 

minced before being homogenised using a handheld homogeniser (Ultra Turax, 

Germany) on ice. Protein extraction was done using A total protein extraction kit 

(Merck, UK). 50 X Protease inhibitor cocktail (PI) solutions (from the kit) were diluted 

to 1X in TM buffer (from the kit) on ice. The 1X PI was then added to the minced tissue 

at 2.5 mL per gram of tissue and put on ice for 5 minutes. Tissue was homogenised 

for 20 seconds and then put on ice for 15 seconds before being homogenised for a 

second time and cooled down on ice for another 20 seconds. This step was repeated 

if tissue was not well homogenised. Homogenised tissue was then placed on a rocker 

at 4 °C for 20 minutes and centrifuged at 11 000  rpm @ 4 °C for 20 minutes. The 

supernatant was then collected.  
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2.6  ELISA 

NGF levels in the extracts were measured via sandwich ELISA (NGF ELISA kit, Cat 

#OKEH00186, Aviva System Biology, San Diego, USA) with minimum detection level 

of 15.60 pg/mL of NGF as per manufacturer’s instructions. Total protein levels of the 

samples were measured by the density of colour reaction read at 450 nm.  

2.7  Tissue processing  

All samples collected were fixed in 4% of formalin overnight and transferred into 70% 

of industrial methylated spirit (IMS)(Fisher Scientific, UK) for another 24 hours. 

Samples were then put into a Miles Tissue –Tek VIP 3000 processor (Miles, CA) or 

sent to the Histological core facility at the University of Manchester, before being 

embedded with paraffin wax. Table 2.2 shows general steps, solvents used with 

respective temperature and time required for tissue processing. 

 

 

 

 

 

 

 

 

 

 



77 
 

Table 2.3: General tissue processing conditions 

Step Solvents Temperature (°C) Time 

1 70 % IMS 35 60 

2 70 % IMS 35 60 

3 90 % IMS 35 60 

4 100 % IMS 35 90 

5 100 % IMS 35 90 

6 100 % IMS 35 90 

7 50 % IMS: 50 % Xylene 35 30 

8 Xylene 35 30 

9 Xylene 35 30 

10 Xylene 50 60 

11 Wax 60 30 

12 Wax 60 30 

13 Wax 60 30 

14 Wax 60 60 

 

2.8 Histology  

5 µm sections of paraffin embedded tissue were made with a microtome (Leica, 

Milton Keynes, UK), and used for all histology and immunohistology. All incubations 

were conducted at room temperature unless stated otherwise. Prior to staining, 

sections were dewaxed by two immersions in Xylene for 5 minutes each, followed by 

rehydration through graded alcohols for 2 minutes each in 100% IMS, 90% IMS, 70% 

IMS, then 50% IMS and then transferred to tap water. A number of different reagents 

were prepared and used for histological and immunohistological staining (section 2.8 

and 2.9) and are documented in table 2.3. 
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Table 2.4: Preparation of solutions for immunohistology 

Solution Preparation  

PBS 
1 x Phosphate buffer saline was made with 200 ml of 10x stock solution (Fisher 

Scientific, UK), and 1800 ml of dH2O 

TBS 
1 x Tris buffer saline was made with 200 ml of 10x stock solution (Sigma-

Aldrich, UK), and 1800 ml of dH2O 

TBS-T 
1x Tris buffer saline with 0.5% of Tween 20 was generated by adding 10ml of 

Tween 20 (Sigma) to 1xTBS buffer 

TNT 

 (pH 7.5) 

Tris-NaCl-Tween buffer was made with 8.77 g of 0.15M NaCl (Fisher Chemical, 

UK) and 15.76 g of 0.1M Tris-HCl was weighed out on a fine balance. 1000 ml 

of dH2O was added and pH adjusted to 7.5, before  the adition 0.05% of Tween 

20 

TNB 
Tris-NaCl buffer with blocking reagent was made by supplementing 0.5% 

(1g=1%) of blocking reagent into required TNT buffer  

Citrate 

buffer  

(pH 6) 

Citrate buffer was made with 5.88 g of Sodium citrate in 2000 ml of dH2O and 

pH adjusted to 6, before added 0.05% Tween 20 

Tris- 

EDTA 

Tris-EDTA was made with 1.21 g of 10mM Tris Base, 0.37 g of 1mM EDTA in 

1000 ml dH2O and pH adjusted to 9 and 0.5 ml of Tween 20 was added. 

TritonX 
0.5 % or 1% of Triton was made by adding the required percentage of stock 

solution of Triton X-100 (Fison, UK) in the 1 x buffer. 

H2O2 

0.3% of hydrogen peroxide (Sigma Life Science, Germany) was made by adding 

700 µL of 30% hydrogen peroxide in 70 ml of buffer 

Periodic 

acid 

1% solution of periodic acid was prepared by adding 0.5g Periodic acid to 100 

mL dH20  
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2.8.1 Haematoxylin and eosin staining 

Slides were washed in running tap water for 1 minute and incubated with Mayer’s 

Haematoxylin (Sigma-Aldrich, USA) for 7 minutes before being washed in running tap 

water for 2 minutes. Slides were then immersed in 0.2% of acid water for 20 seconds 

and washed for another 1 minute. Slides were incubated with 37mM ammonia 

(Thermo Scientific, USA) for 2 minutes followed by Eosin (Leica,UK) for 3 minutes. 

After that slides were dehydrated by placing into 70% IMS for 20 seconds, 100% IMS 

for 15 seconds and 50:50 Xylene:IMS consecutively before immersion in Xylene twice 

for 1 minute each and mounted using Depex (Serva Electrophoresis, Heidelberg, 

Germany). 

2.8.2 Periodic acid Schiff staining 

Slides were dewaxed and rehydrated with xylene and graded alcohols (as described 

above) and washed with distilled water for 5 minutes. Then slides were incubated in 

1% periodic acid for 15 minutes at room temperature. Slides were washed for 1-2 

minutes in dH20 prior incubated with Schiff’s reagent for 30 minutes. Then slides 

were washed thoroughly in dH20 for 3 x 5 minutes and with running tap water for 5 

minutes and once again rinsed with dH20. Followed by incubation with Meyer’s 

Haematoxylin for 30 seconds and dehydrated by placing into 70% IMS for 20 seconds, 

100% IMS for 15 seconds and 50:50 Xylene:IMS consecutively before immersion in 

Xylene for 10 minutes. Slides were then ready for mounting using Depex. 
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2.9 Immunohistochemistry and immunofluoresence 

In order to develop a number of optimised antibody based staining protocols, several 

factors such as antigen retrieval buffer, washing buffer and signal amplification were 

adapted as required.  

Antigen retrieval of rehydrated slides was performed either with sodium citrate 

buffer pH 6 or Tris-EDTA pH 9. Slides were microwaved for 10 minutes at medium/low 

power, followed by a further 5 minutes at low power. Tris buffered saline (TBS) was 

used for subsequent washes in the staining protocol when using Tris-EDTA. While 

phosphate buffered saline (PBS) was used for washes when sodium citrate buffer 

retrieval was used. 

The antigen retrieval with sodium citrate was done after cell permeabilisation with 

0.5% Triton X (Fison, UK) for 10 minutes and followed by 0.3% hydrogen peroxide for 

10 minutes to quench peroxide enzymes within the tissue. The individual detailed 

protocols for each antibody stain are documented in Table 2.4. 

To ensure non-specific binding generated by the fluorescence conjugated secondary 

antibody, all immunofluorescent staining was conducted in parallel with negative 

controls that were incubated with blocking agent in PBS instead of primary antibody. 

Data from this study was compared to results on human skin found within The Human 

Protein Atlas (http://www.proteinatlas.org/) and the published literature. If there 

was no existing comparison data in which the result could be corroborated, positive 

controls tissues were used as appropriate, to confirm an expected staining pattern 

was observed.  

http://www.proteinatlas.org/
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2.9.1 Chromogenic staining protocol for Ki-67, CD68 and Cytokeratin 6 

Slides were dewaxed and rehydrated with xylene and graded alcohol (as above) and 

washed with distilled water for 5 minutes. Antigen retrieval was performed with Tris-

EDTA (for TrkA and CD1a) or sodium citrate (for Ki-67 and p75NTR) and then slides 

were cooled down for 30 minutes. Slides were washed for 3 x 5 minutes for each 

wash (implied hereafter) with respective washing buffer followed by 10 minutes 

tissue solubilisation with 0.5% of Triton X-100 in washing buffer and washed (Ki-67 

omitted this step). Tissue sections were encircled with a hydrophobic pen and 

incubated with 10% normal goat serum in washing buffer for 30 minutes, followed 

by incubation with respective primary antibodies diluted in 2% NGS overnight at 4°C.  

After overnight incubation, slides were washed and incubated with 1 drop of 

ImmPress reagent anti-primary antibodies IgG for 30 minutes and subsequently 

washed again. Slides were incubated with ImmPact Novared peroxidase substrate for 

2-15 minutes until the required colour developed. Slides were rinsed in distilled water 

to stop the reaction and counter stained with haematoxylin for 7 minutes. Slides were 

then dehydrated through grades alcohols and Xylene (2 mins each of 50% IMS, 70% 

IMS, 90%IMS, 100%IMS, 1:1 mix of 100% IMS and Xylene, Xylene) and mounted with 

Depex medium. For cytokeratin 6, inhibition of endogenous peroxidase activity step 

was skipped before antigen retrieval but tissue was solubilized with 0.5% of Triton X-

100 in washing buffer and washed for 3 x 5 minutes with washing buffer after antigen 

retrieval before proceeding with blocking step. 

2.9.2 Immunofluorescence staining protocol for TrkA, Ki-67, CD1a and p75NTR 

Slides were dewaxed and rehydrated with xylene and graded alcohol (as above) and 

washed with distilled water for 5 minutes. Antigen retrieval was performed with Tris-



82 
 

EDTA (for TrkA and CD1a) and sodium citrate (for Ki-67 and p75NTR) and then slides 

were cooled down for 30 minutes. Slides were washed for 3 x 5 minutes for each 

wash (implied hereafter) with respective washing buffer followed by 10 minutes 

tissue solubilisation with 0.5% of Triton X-100 in washing buffer and washed (Ki-67 

void this step). Tissue sections were encircled with hydrophobic pen and incubated 

with 10% normal goat serum in washing buffer for 30 minutes, followed by incubation 

with respective primary antibodies diluted in 2% NGS overnight at 4°C. After 

overnight incubation, slides were washed and incubated with secondary antibody for 

45 minutes and subsequently washed again. Slides were incubated in 4’, 6-diamidino-

2-phenylindole (DAPI) for 2 minutes and washed before mounting in fluoromount 

mounting medium. While for p75NTR tissue was solubilised in 0.5% of Triton X-100 

in washing buffer for 10 minutes. Slides were washed 3 x 5 minutes (implied after 

this) and blocked with 0.3% H2O2 in washing buffer and washed prior to antigen 

retrieval. 

2.9.3 Immunofluorescence using the Tyramide Signal Amplification protocol for 

NGF 

Slides were deparaffinised and rehydrated through xylene and graded alcohol. After 

washing with distilled water for 5 minutes, antigen retrieval was performed by 10 

mM Tris-EDTA pH 9.0 in a microwave for 10 minutes at medium/low power and 5 

minutes low power setting and cooled down for 30 minutes. Slides were washed 3 

times (5 minutes each) with TNT buffer (pH 7.5) and blocked with 3% H202 in TNT for 

15 minutes at room temperature then washed for 3 times (5 minutes each) with TNT 

buffer. Sections were circled with a hydrophobic pen (PAP pen) and pre-treated with 

Avidin and Biotin (Vector, blocking kit-SP2001) for 15 minutes at room temperature 
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respectively and washed 3 times (5 minutes each) with TNT buffer in between each 

of the pre-treatments. Slides were washed 3 times (5 minutes each) with TNT buffer 

before blocking with 10% normal goat serum in TNT for 20 minutes at room 

temperature and then drained by tapping off the serum. Slides were incubated with 

primary antibody rabbit anti-human NGF beta antibody (1:100) (Abcam, ab6199) 

diluted in 0.3% Triton X100 in TNT and 2% normal goat serum for overnight at 4°C. 

After overnight incubation, slides were washed and incubated with goat anti-rabbit 

biotinylated secondary antibody diluted (1:100) (Vector, BA 1000) in TNT and 2% 

normal rabbit serum (in humidifier chamber) for 45 minutes at room temperature 

and subsequently washed again before being incubated with Streptavidin-conjugated 

HRP (1:100) (Perkim Elmer TSA kit, NEL741001KT) for 30 minutes at room 

temperature. Slides were washed and then incubated with amplification reagent TSA 

Cy5 (1:50 in amplification diluent in TSA) (NEL7450011KT). Slides were washed and 

counterstained with DAPI for 1 minute and finally washed before mounting in 

fluoromount mounting medium. 

2.9.4 Immunofluorescence dual staining protocol for TrkA and CD1a  

Slides were dewaxed and rehydrated with xylene and graded alcohol (as above) and 

washed with distilled water for 5 minutes. Followed by antigen retrieval with Tris-

EDTA and cooled down for 30 minutes. Slides were washed for 3 x 5 minutes for each 

wash (implied hereafter) with respective washing buffer followed by 10 minutes 

tissue solubilisation with 0.5% of Triton X-100 and washed. Tissue sections were 

encircled with a hydrophobic pen and incubated with 10% normal goat serum for 30 

minutes, followed by incubation with respective primary antibodies cocktail diluted 

in antibody diluent overnight at 4°C. After overnight incubation, slides were washed 
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and incubated with secondary antibody cocktails in antibody diluent for 45 minutes 

and subsequently washed again. Slides were incubated in DAPI for 2 minutes and 

washed before mounting in fluoromount mounting medium. 
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Table 2.5: List of antibodies used in this study 

Antibodies Species/v
endor 

Primary 
antibody 
dilution 

Secondary 
antibody/(dilution) 

Antigen 
retrieval 
buffer 

Washing buffer Note  

NGF 
(ab6199) 

Rabbit/ 
Abcam 

1:100 Goat anti-rabbit 
biotinylated  (1:100) 

Tris-EDTA 
pH 9.0 

Tris-NaCl-Tween 
(TNT) 

Tyramide signal amplification kit 
(PerkinElmer) 

TrkA [EP1058Y] 
(ab76291) 

Rabbit/ 
Abcam 

1:200 Goat anti-rabbit (AF 594 
- 1:200) 

Tris-EDTA 
pH 9.0 

Tris buffer saline 
(TBS) 

 

P75NTR 
[EP1039Y] 
(ab52987) 

Rabbit/ 
Abcam  

1:200 Goat anti-rabbit 
(AF 594 - 1:200) 

Sodium 
citrate pH 
6.0 

Tris buffer saline 
with 0.5% Tween 
20 (TBS-T) 

 

Ki-67 
[SP6](Ab16667) 

Rabbit/ 
Abcam  

1:20 Goat anti-rabbit 
(AF 594 - 1:200) 

Sodium 
citrate pH 
6.0 

Phosphate buffer 
saline (PBS) 

 

CD1a [C1A/711] Mouse/A
bcam 

1:100 Goat anti-mouse 
(AF 594 – 1:200) 

Tris-EDTA 
pH 9.0 

Tris buffer saline 
(TBS) 

 

Ki-67 
[SP6](Ab16667) 

Rabbit/ 
Abcam 

1:100 Impress HRP IgG rabbit 
(MP-7401, Vector Lab, 
UK) 

Sodium 
citrate pH 
6.0 

Phosphate buffer 
saline (PBS) 

IHC-ImmPACT NovaRED Peroxidase 
(HRP) Substrate (SK-4805, Vector, 
Lab, UK) 

CD68 (Clone PG-
M1) 

Mouse/D
ako 

1:50 Impress HRP IgG mouse 
(raised in horse) (MP-
7402, Vector Lab, UK) 

Sodium 
citrate pH 
6.0 

Phosphate buffer 
saline (PBS) 

IHC-ImmPACT NovaRED Peroxidase 
(HRP) Substrate (SK-4805, Vector, 
Lab, UK) 

Cytokeratin 6 
[Ks6.KA12](ab18
586) 

Mouse/A
bcam 

1:50 Impress HRP IgG mouse 
(raised in horse) (MP-
7402, Vector Lab, UK) 

Sodium 
citrate pH 
6.0 

 IHC-ImmPACT NovaRED Peroxidase 
(HRP) Substrate (SK-4805, Vector, 
Lab, UK) 
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2.10 Image capture 

Haematoxylin and eosin and chromogenic staining were visualized and photographed 

with a slide scanner, Scanscope (Aperio, Germany). The Keyence Biozero-8000 

microscope (Keyence Corporation, Japan) was used to visualise immunofluorescence 

staining. Some images were also acquired on a 3D-Histech Pannoramic-250 

microscope slide-scanner using a [20x/ 0.30 Plan Achromat] objective (Zeiss) and the 

[DAPI and FITC] filter sets. Snapshots of the slide-scans were taken using the Case 

Viewer software (3D-Histech) at Bioimaging core facilities, University of Manchester. 

During imaging, the exposure from negative control sections was used as a baseline. 

All images were taken at an exposure below or equal to the baseline 

 

2.11 Image analysis 

A minimum of one but usually 2 - 4 tissue sections from each wounded human skin 

organ explant were examined for each antibody or staining. For the protein 

expression of NGF, TrkA, p75NTR and the percentage of Ki-67 immunofluorescence 

staining three regions were identified for assessment; neo-epidermis (also applied 

for measuring neo-epidermal length and area), peri-wound and unwounded as 

described in Figure 2.5A. While for measuring length and area of neo-epidermal (at 

the wound bed or tissue edges) in H&E and assessment for CD68 in chromogenic, 

assessment was made as described in Figure 2.5B. 
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Figure 2.5: Defined regions used for immunohistology assessment of epidermal 
repair ex vivo. Selection of regions for protein expression of NGF, TrkA, p75NTR and 
Ki-67 analysis (A). Neo-epidermis marked the new epithelised tissue. Peri-wound 
represented the tissue at wound edge and unwounded referred to 800-1000 µm from 
wound edge. Selection of regions for assessment in chromogenic or other staining 
staining (B). 
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2.13 Statistical analysis 

All statistical analyses were performed using GraphPad Prism (v 7.0.4), San Diego, 

USA. All data presented include standard error mean (SEM) or standard deviation 

(SD). 

A paired t test was used to assess the compatibility of organ culture in different 

culture media. 

A two-way analysis of variance (ANOVA) with repeated measures was used to analyse 

percentage wound closure, area healed and contraction between groups, over the 6 

days in culture. This analysis allowed for a statistical evaluation of differences in 

healing due to timepoint, or treatment group. In addition, the interaction between 

the two processes determined whether the evolution of healing response over time 

differed between treatment groups. Each analysis makes the assumption that data 

was normally distributed.  

Different statistical analysis was also used to analyse the percentage wound closure, 

area healed as described (Matthews et al., 1990). This approach calculates wound 

closure by area under curve (AUC) and summary measure for all samples (n=8) 

including one with missing data. The missing data occurred due to a technical 

problem with the fluorescence upright microscope on a certain assessment day 

therefore no data was obtained. 

While in immunohistomorphometry analyses, one way ANOVA was applied to all 

assessments. Further details on statistical analyses are described within figure 

legends. 
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RESULTS 

 

Part of the data appearing in chapter 3 has been published in Wound Repair and 

Regeneration. Publication paper can be found in appendix 1 
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3.1 NOVEL APPROACH IN CHARACTERISING WOUND REPAIR IN HUMAN 

PARTIAL THICKNESS WOUND ASSAY 

 

As outlined in chapter 1, the use of human skin organ culture was my favoured 

approach since it provides – despite the absence of functional skin nerves and 

normally perfused skin vasculature - the real/complete human skin structure 

including all cellular constituents of the epidermis and tissue resident inflammatory 

cells and collagen, and hopefully provides a more realistic environment to the in vivo 

situation than other lab-based assays available (Xu et al., 2012, Glinos et al., 2017, 

Mendoza-Garcia et al., 2015, Stojadinovic and Tomic-Canic, 2013, Sarkany et al., 

1965).  

First of all this study needed to optimise the assay conditions of human skin explants 

with partial thickness wounds ex vivo, which later could be used to evaluate NGF. To 

be specific, this study wanted to understand skin organ culture viability over time in 

totally defined serum-free media (Lu et al., 2007, Meier et al., 2013) by assessing the 

histology of the skin as well as of proliferative capacity via Ki-67 immunofluorescence. 

Fluorescent cell tracer dyes CMFDA (green dye) and CMTPX (red dye) have previously 

been used to follow epidermal cell migration in skin equivalents, and so this project 

wanted to apply this approach in order to better understand the re-epithelialisation 

process in human skin. In addition, this study wanted to define the parameters that I 

would use to measure repair, and confirm that these could detect alterations to 

healing.   

 

 



91 
 

3.1.1 Assessing the viability of wounded human skin organ cultures 

In a pilot experiment from one donor, wounded human skin organ was cultured in 

two selected media; DMEM and WE. This preliminary experiment revealed no 

differences in length or area of wound tongue (Figure 3.1). Extending this experiment, 

tissue viability of wounds cultured in these media was measured by the percentage 

of Ki-67 positive cells, which was slightly higher in the neo-epidermal and peri-wound 

regions from wounded human skin explants cultured in WE.  

 

Figure 3.1: Assessment of wounded skin organ culture in DMEM and WE media. 
Wound re-epithelialisation tongue in Dulbecco’s Modified Eagles Medium (DMEM) 
and Williams E medium (WE) on day 3. Wound tongue was measured by length (A) 
and area (B). Wounds organ cultured in WE display a higher percentage of Ki-67 
positive cells in neo-epidermal and peri-wound regions, however no statistical 
analysis was performed since this pilot data was from one donor (n=1) with 4-5 
explants per condition. 
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Since there is no difference in the length or area of the new epithelial tongue (neo-

epidermis) in organ-culture with DMEM or WE, and since the data on the percentage 

of Ki-67 positive cells favoured the use of WE as medium, all subsequent assays were 

performed with WE media.  

In the next experiment the effect of serum in organ-culture wound human skin in WE 

media was investigated. There is no significant effect of serum on the area or length 

of wound tongue (Figure 3.2) for this pilot experiment (n=1). This result was obtained 

from measuring histological section therefore it might not as accurate as result 

obtained from planimetry result. 

 

 

 

Figure 3.2: Effect of serum in wounded human skin organ culture. Wounded human 
skin organ, cultured in WE with or without serum (10% Foetal Bovine Serum). Using 
histology the wound tongue was measured by length (A) and area (B). This experiment 
showed no difference between media with serum (WE/+) or without serum (WE/-) in 
the length or area of wound tongue. Graphs show mean from one donor (n=1) (Refer 
to Table 2.1) with 2-5 explants/day. On day 2, only 2 explants for the WE/- group. 
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Additional data from the same pilot study (Figure 3.2) on proliferative cells (Ki-67 

positive cells) showed there is no significant changes in the percentage of 

proliferative cells in organ culture with or without serum compare between regions 

across timepoints, except in the peri-wound region from wounded human skin ex vivo 

cultured in serum-free media showed significant difference on day 3 compared to the 

one cultured in serum media (p 0.0107) (Figure 3.3). This result might shows that the 

donor perhaps not responding or alternatively there could be a compensatory 

mechanism as the no serum ones needed to proliferate more as they were not 

healing so well. 

 

 

 

Figure 3.3: Effect of serum on proliferative cells in wounded human skin organ 
culture. Quantification of Ki-67 positive cells showed no difference between regions 
and culture media except, Ki-67 positive cells in peri-wound region cultured without 
serum, which was slightly higher on day 3. Graph from n=1 donor (Refer to Table 2.1) 
with 2-5 explants/day. On day 2, only 2 explants for the WE/- group. 
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In the next experiment, wound culture time was prolonged until day 14 (Figure 3.4). 

The results show that organ cultures survived in defined serum-free media optimum 

up to 7 days. During the experiment I observed (by naked eye and under a dissecting 

microscope) the tissue looked ‘healthy’, which was determined by the surrounding 

skin colour. This imprecise and subjective qualitative assessment was followed up by 

histology, which observed that the epidermal layer was thicker on day 1 and 3, but 

then became thinner onwards as observed on day 7 and 14 (Figure 3.4-Panel B).  

Sections stained with Periodic Acid Schiff (PAS) showed that on days 1, 3 and 7 the 

basement membrane was intact, but no intact basement membrane was observed 

histochemically on day 14 (Figure 3.4 – Panel B & C). Panel C also shows the changes 

in epidermal cells arrangement from day 1, 3, 7 and 14. On day 1 the epidermal cells 

can be seen in tightly close arrangement with their neighbouring keratinocytes. By 

day 3 one can observe slightly bigger spaces between cells. This could be due to cell 

shrinkage. By day 7 some cells started to appear like pyknosis (nuclear shrinkage) and 

karyolisis (nuclear fading) (Rowden et al., 1975). From these findings 6 days was 

chosen as the longest culture period for the next experiments.  
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Figure 3.4: Tissue condition across the time points. Panel A shows representative 
images of wounded human skin organ culture across time point (Day 1, 3, 7 &14). 
Panel B shows representative image of tissue section from respective explants with 
Periodic Acid Schiff (PAS) staining. Panel C shows magnified image of basement 
membrane at wound edge (WE) and normal skin (NS) area from the respective 
explants. Red dash box represent magnified area of (WE) and (NS) and yellow dash 
wiggly line showed intact basement membrane between epidermis and dermis. Blue 
bar=100 µm, red bar=50 µm 

 



96 
 

In some explants a skin “blister” phenotype (epidemiolysis) was observed around the 

wound edge of organ culture from day 5 onwards (Figure 3.5). This might be because 

of fluid collection under the new epithelial tissue or this also might be because of the 

infection but this has been rule out since there was no indicator of 

contamination/infection of the culture media (no cloudiness). Further investigation 

showed that tissue viability was preserved optimum until day 7. However this 

condition does not occur frequently, but is included in this report to show that this 

phenomenon can occur under these organ culture condition.  

 

 

Figure 3.5: “Blister” phenotype in wounded human skin organ culture. 
Representative images of wounded human skin organ culture with “blisters” 
phenotype along wound edge across time point (A-D). White arrows identify the 
blister phenotype. Bar=1 mm. 
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The perseverance of tissue viability was confirmed by Ki-67 positive cells distribution 

in organ culture from day 0 – 6 (Figure 3.6).  It shows that the Ki-67 positive cells 

sparsely distribute on day 1 like in normal skin, by day 2 and 3 more Ki-67 positive 

cells can be seen at the wound edge and new-epithelised tissue respectively. This 

report correlates well with the previous report by (Leydon et al., 2014). 

 

 

 

 

Figure 3.6: Proliferative cell distribution across the timepoints. Images show 
representative images of proliferative cells stained with Ki-67 distribution in wounded 
human skin organ culture at different timepoints (white arrow showed toward wound 
area and yellow arrow showed tissue edge) from wounded human skin organ cultured 
in WE/-serum across time points.The Ki-67 +ve cells were scattered in epidermis at 
day 1, at day 2 Ki-67 can be seen to line up at wound edges, while many more Ki-67 
+ve cells were accumulated at peri-wound and neo-epidermal regions by day 3 and 
were decreasing by day 6.  
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3.1.2 Fluorescent cell tracers aid in wound re-epithelialisation assessments 

 

The Ki-67 immunofluorescence in this study showed high levels of cell proliferation 

in the basal epidermis following injury, extending away from the wound. To further 

explore cell behaviour the vital fluorescent cell tracer, CMFDA was then employed. 

This dye should get taken up by viable cells and be retained, which gets passed to 

daughter cells and remain visible for several rounds of cell division (Lu and Rollman, 

2004, Safferling et al., 2013). This dye might allow one to examine localisation within 

ex vivo wound in situ by histology since the dye will be remain in the skin even after 

fixation.  

Wounds treated with CMFDA on day 0 and collected immediately show that epithelial 

cells at the wound edge were labelled (Figure 3.7i). In addition, day 0 labelled cells 

trace to the suprabasal portion of the emerging epithelial tongue on day 1 and day 3, 

with the basal neo-epidermal cells entirely unlabelled (Figure 3.7ii-iii).  
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Figure 3.7: CMFDA was retained in wounded human skin organ tissue and marks 
viable cells at the wound edge. Human ex vivo wounds were cultured in the presence 
of the fluorescent cell tracker dyes. Green CMFDA dye treatment at time of injury (D0) 
shows localisation to the immediate injury site (i). When organ culture was treated 
with green dye on day 0 and collected on day 1 or day 3 (ii-iii) it shows the migration 
of the cells labelled on day 0 and unlabelled cells at the neo-epidermal front as well 
as basal cells. Bar =100 µm. 
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Some unlabelled cells were found at the wound edge on day 0, so in the next 

experiment some wounds were co-treated with the membrane impermeable nuclear 

dye Propidium Iodide (PI) to identify any cells with damage plasma membranes.  This 

revealed some PI +ve nuclei directly at the injury site, which do not express CMFDA. 

Some treated wounds were then cultured until day 1, and no PI +ve nuclei were 

remaining within the wound epidermis (Figure 3.8). 

 

 

 

 
Figure 3.8: Co-treatment with Propidium Iodide revealed cell damage at the wound 
edge on Day 0. Human ex vivo wounds were cultured in the presence of CMFDA and 
Propidium Iodide (PI)(A). Co-treatment at time of injury (D0) identifies live (CMFDA; 
green) and dead (PI; red) cells around the injury site (A: see inset), and these wounds 
traced to day 1 indicate PI labelled cells are no longer present (B). Bar =100µm, 20µm 
(inset image). 
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By using multiple dyes at the same time in this experiment, it shows that CMFDA and 

CMTPX dyes do not label specific cells or regions. These multiple dyes allowed one to 

label cells at the wound surface or any viable cells that been exposed to the dye 

(Safferling et al., 2013). It could label the same cells that had been labelled on the 

previous day or it might label totally different cells, or new unlabelled cells might 

emerge after the first labelling. In this experiment, wounds treated with CMFDA on 

day 0 and CMTPX on day 1 revealed cells at the tip of the epidermal front on day 1 

were predominantly labelled by CMTPX. Moreover, at the wound edges, CMTPX was 

strictly labelled to the outermost surface of the new epidermis. When the same 

treatment with CMFDA (day 0) and CMTPX (day 1) and tissue were collected on day 

3, it shows that bands of green and red staining within the neo-epidermis extending 

to the wound edge with red dye label reaching closer to the neo-epidermal front 

(Figure 3.9).These data showed strong agreement with an “extending shield 

mechanism” for epithelial repair as reported in skin equivalent wounds (Safferling et 

al., 2013). However, the tip of the neo-epidermis at day 3 was highly variable and 

contained a mixture of unlabelled, CMFDA positive cells, CMTPX positive cells and 

also a few double positive cells (Figure 3.9). This region was heterogeneously labelled 

and sometime one can also observed some basal cells have been labelled (Figure 3.9). 

This could be because the dye seeps underneath the forming wound tongue 

therefore it can stain the basal cells (like mentioned above, the dye will label any 

expose viable cells). This experiment concluded that CMFDA or CMTPX dyes stained 

any expose viable cells and does not stain specific cells.  

From here onward, this study opted to use CMFDA only in my experiments. The organ 

culture was treated with CMFDA every day until harvesting day because the 
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fluorescence tends to fade in 72 hours (Figure 3.10). Treating daily labelled the entire 

length of the neo-epidermis. 

 

 

 

Figure 3.9: Epithelial repair of wounded human skin ex vivo progresses via an 
extending shield mechanism. Human ex vivo wounds were cultured in the presence 
of the fluorescent cell tracker dyes and CMTPX. Green CMFDA dye treatment at time 
of injury (D0-Day 0) shows localisation to the immediate injury site (i and ii). 
Treatment on day 1 (D1-Day 1) with red CMTPX reveals previously unlabelled cells at 
the epidermal tip (i). Wounds left till day 3 shows a mixture of red, green and 
unlabelled cells at the neo-epidermal front (ii-see insets).Some cells at basal layer 
might be label due to the dye penetrating underneath the wound tongue on day 1. 
(D). Bar =100um, 50um (all inset images). 
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Figure 3.10: Daily treatment with CMFDA. The CMFDA labelled the entire length of 
neo-epidermis of human ex vivo wounds. The dye needed to be added daily to 
maintain its intensity. Bar =100um. 
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3.1.3 Fluorescent cell tracer dye enables daily wound assessment 

 

From here onwards, CMFDA was then used to visualise the labelled wounded tissue 

in culture by an upright fluorescent microscope. This technique differentiates the 

neo-epidermis from areas of open wound and the surrounding wounded tissue 

without the need for histology (Figure 3.11A) and from the inset of Figure 3.11A one 

can visualise the centripetal migration that cannot be seen when using brightfield 

microscope or without dye. The newly laid epidermis of these wounds in culture is 

not obvious using conventional bright field microscope (Figure 3.11). However, the 

most vital point is this fluorescent cell trace dye allows one to measure the wound 

closure in a longitudinal manner. One can used this combination of technique with 

intravital dye and fluorescent microscope to yield robust and rapid result in wound 

closure assessment. 

 

Figure 3.11: Application of CMFDA in wounded human skin ex vivo culture allows 
visualisation of centripetal forces. This assay can be visualised in en face images 
using an upright fluorescent microscope (A). The fluorescence imaging revealed areas 
of centripetal migration in the wound while this feature might be missed when using 
brightfield microscope (see inset). Using brightfield microscopy the outer wound edge 
is visible, though other features of wounds are not obvious, while moisture within the 
wound adds glare that interferes with imaging (b). Bar- 500 µm (A). 
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Three donors were used for an initial experiment comparing planimetric and 

histological assessment. The fluorescent cell tracer allowed for wound closure within 

individual wounds to be monitored on a daily basis over 6 days. For this experiment 

standard serum-free explants (untreated) were compared to those cultured in the 

presence of 10% Fetal Bovine serum (FBS), to determine whether significantly 

accelerated repair could be correctly detected in this model (Pastar et al., 2014a).  

Figure 3.12 showed daily assessment of wound healing with fluorescent cell tracer, 

where a clear (yet no significant) trend towards increased closure with FBS emerged 

from day 3 onwards. While with histology, organ cultures have to be sacrificed on the 

designated day and the result obtained represented an average of snapshot photo of 

tissue sections from those tissue explants harvested on the designated day (Figure 

3.12C). Histology showed a slight trend towards increased healing with FBS on day 3, 

but no change at the other timepoints. The results show that no significant 

differences were observed between untreated and FBS group when measured by 

either planimetry or histology (Figure 3.12). This could be because of the small 

number of samples used (n=3 donors). 
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Figure 3.12: Planimetry versus histology assessment. Planimetry live imaging with 
green cell tracker can profile epithelial wound closure on the same explant over time. 
Graph showed there are no significant difference in wound closure between untreated 
and FBS group across timepoints (A). Representative images of wound with green cell 
tracker assessed by planimetry (B). Graph showed wound healing assessment by 
histology (C) and representative images of wounds by histology (D). No significant 
difference in wound closure between untreated and FBS group across timepoints. 
Both graphs showed mean data from 3 donors (n=3), each with 4 replicate explants 
per condition. All wounds from donor 8 in the FBS group were fully healed on day 5 
onwards. Error displayed as SEM. Bar = 500µm (for planimetry image), Bar = 300µm 
(for histology image).  
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The effectiveness of planimetry and histology assessments was determined by the 

signal to noise ratio (mean divided by standard deviation) (Ansell et al., 2014). Signal 

(S) is the mean difference between treatment and control group and Noise (N) is the 

standard deviation for the control group .The signal to noise (S/N) ratio analysis 

(Figure 3.13C) revealed that in this experiment there was a high signal to noise for 

both planimetry and histology in wound closure assessment (S/N<2), suggesting that 

under these conditions neither would be likely to yield significant data.    

 

Figure 3.13: Histological assessment shows lower variability compared to 

planimetry. Wound closure of organ culture treated with FBS and untreated was 

assessed by histology (A) and planimetry (B). The histology assessment on wound 

closure showed that healing occurs across the timepoints  but no significant difference 

was detected between groups. Same result was obtained when wound closure was 

analysed by planimetry. No significant difference was observed between treatment 

groups but across timepoints. Data was analysed by one way ANOVA. The signal to 

noise ratio (S/N) was then used to analyse the variability between histology and 

planimetry assessments (C). However, S/N are expressed lower (<2) for both 

assessments;  histology and planimetry .  Graphs show mean +/- SD (n=11-12 

explants) from 3 donors. 
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The correlation between planimetry and histology measurements also was analysed 

using linear regression. Figure 3.14 shows that the measures were highly correlated 

to each other. Additionally, I also compared between virtual histology and histology 

which shows a weaker correlation and also planimetry versus virtual histology was 

highly correlated. Virtual histology was done as shown in figure 2.4. The readings are 

means from four measurements taken on the same wound measured for planimetry 

on the same day. 

 

Figure 3.14: High correlation exists between planimetry and histology assessments. 
Linear regression reveals correlation between assessments by planimetry and 
histology (p=0.0018, p=0.0118 and p=<0.0001) on day 2, 3 and 6 respectively (A). 
Linear regression between virtual histology and histology also showed significant 
(p=0.0090, p=0.05 and p=<0.0001) on day 2, 3 and 6 respectively (B) and assessment 
by planimetry and virtual histology revealed the highest correlation (p=<0.0001, 
p=<0.0001, p=0.0001) on day 2, 3 and 6 respectively(C). Data from 3 donors (n=3), 
each with 3-4 replicate explants per condition. Error displayed as SEM. - Donor 7, 
-Donor 8 and ∆-Donor 9 (Refer to Table 2.1). 
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At this point of experimentation it became clear that the sample size was insufficient. 

The previous analysis was supplemented so that 5 donors were examined via 

planimetry.  

With this expanded data set results reveal that using green cell tracker and 

planimetry assessment not just show that the epithelial healing can be monitored 

longitudinally, but also confirmed that with additional n numbers a clear divergence 

in the evolution of repair with the addition of FBS (i.e. the interaction between time 

and treatment factors), when the % epithelial closure (Figure 3.15B), or the area of 

healed epidermis (Figure 3.9C) was evaluated. These two measures gave similar data. 

Measuring the explants each day also revealed that some wound contraction occurs 

over time (Figure 3.15D). However, this only account for around 20% of total healing 

observed, indicating that re-epithelialisation provides the major healing mechanism. 

The level of contraction between control and FBS treated wounds was unchanged 

(Figure 3.15D). Also, the rate of healing between individual donors is variable; for 

example the mean re-epithelialisation in control wounds fluctuated between 13.45% 

and 58.87% at day 2, and 27.81% and 72.22% at day 4. However, a response to FBS 

was reproducible and acceleration in the rate of re-epithelialisation of between 

31.48% and 76.67 at day 2 and 38.29% and 96.39% at day 4 was observed. 

In addition, quantification of the % re-epithelialisation using a paired t-test showed 

a significantly accelerated healing at both day 2 and day 4, confirming the reliability 

of the model (Figure 3.15E).  
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Figure 3.15: Daily en face fluorescent images longitudinally assesses epithelial 
healing. Human ex vivo wounds were cultured with daily treatments of the green 
fluorescent cell tracker dye CMFDA, with 10% Fetal Bovine Serum (FBS) compared to 
standard media control arm. Daily en face imaging tracks epithelial formation over 
time (A). Quantification revealed a significant acceleration between FBS and control 
in the % epithelial closure (B), and the area of neo-epidermis (C). Slight contraction 
was observed of the wounds in culture, although there was no difference between FBS 
or control wounds (D). Paired analysis demonstrates the variability in healing between 
donors, but that the FBS response is reproducible (E). Data in B-D analysed using 2 
way ANOVA with repeated measures, while E used a paired t test. Graphs show mean 
+/- SEM in B-D and in E the mean of each individual donor (n=5 donors). * P<0.05, *** 
P<0.001, **** P<0.0001. Bar = 500um. 
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Within the daily imaging images, distinct areas of epidermal healing was identified 

with a band of dim expression towards the epidermal front, with brighter areas 

nearer to the margin (Figure 3.16A). As the CMFDA dye accumulates over time and 

based on observations with CMFDA and CMTPX dual labelling (Figure 3.4), one 

hypothesis  drawn was that these dim cells likely reflected newly laid tissue that were 

not labelled until a late timepoint.  These areas might define cornified and non-

cornified regions of the healing epidermis, as described to occur in human ex vivo 

wounds (Lu and Rollman, 2004).  To further explore this, histology of serial sections 

to compare H&E morphology to the CMFDA intensity was conducted, and this 

revealed that the bright area showed cells with a granular appearance also stratum 

corneum can often be identified within the neo-epidermis within the CMFDA bright 

cell population (Figure 3.16B).  

Quantification of these dim and bright regions in my serum-free and 10% FBS treated 

explants, showed a trend towards immature epidermis being laid down more quickly 

with FBS, although this did not reach statistical significance (Figure 3.10D). On the 

other hand, while the increase in extent of more stratified epidermis over time is 

highly significant, we find no change between treatments.  
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Figure 3.16: CMFDA en face imaging can distinguish between healing and non-
healing area. Daily en face imaging shows regions of dim and bright CMFDA intensity 
(A). Histology identifies mature stratified neo-epidermis at the edge of the band of 
bright epidermis (white arrow) (B). Quantification revealed a trend towards increased 
area of dim epidermis in the presence of serum (C). The area of bright epidermis was 
unchanged (D). Graphs D show mean with error expressed as SEM, data analysed 
using two way ANOVA with repeated measures. Bar = 500mm (A) and 100mm (B-C). 
* P<0.05, **** P<0.0001 
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In summary, this chapter discovered that some serum free media conditions i.e. WE-

serum free, can culture wounded human skin explants for up 6 day with no/minimal 

loss of viability. Most importantly, this chapter highlighted that fluorescent dyes can 

labelled cells at the wound edge and suggests the wound heal occurred by the shield 

mechanism. The fluorescent dye used also established a new way to examine ex vivo 

wounds planimetry longitudinally and the planimetry assessment has a high 

correlation to histological measures. This method shows that it can detected changes 

to healing with a known healing promoter i.e. FBS. 
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3.2 INVESTIGATING THE MANIPULATION OF NGF SIGNALLING DURING SKIN 

WOUND REPAIR 

 

This main chapter of the thesis focuses on topical treatment of the wound bed ex vivo 

that should stimulate or inhibit NGF signalling, in order to establish whether this 

pathway influences epidermal repair in the ex vivo skin repair model. Therefore the 

first aim of this chapter was to examine application of NGF exogenously to wounds, 

as this has been used in some clinical trials (see table 1.3). The effect of NGF on 

epidermal repair and proliferation was investigated. 

Next, a known inhibitor for tyrosine kinase receptor A, K252a (natural alkaloid) was 

used to treated the wound and investigate its effect on epidermal repair (Byrd et al., 

2018, McGrath and Uitto, 2010). For this study, the inhibitor for p75NTR has not been 

tested since it was proven before that blocking this receptor does not influence the 

epidermal cells migration in vitro (Pincelli and Yaar, 1997). 

In addition, NGF neutralising antibody was also used to block NGF-TrkA signalling by 

neutralising the endogenous NGF in organ culture and investigate its effect in 

epidermal repair.  

3.2.1 Exogenous NGF does not accelerate epidermal repair in acute wounded 

human skin ex vivo 

 

The rationale that exogenous NGF was topically applied to the wound bed in skin 

organ culture is that topical NGF is the preferred mode of application in human skin 

since subcutaneous or intravenous injection can produce severe adverse effect such 

as pruritus, myalgia and hyperalgesia (Murphrey and Zito, 2018, Agache et al., 2017). 

The NGF could be added into culture media if one wants to mimic the systemic 
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administration. The wound re-epithelialisation was mainly assessed primarily by 

planimetry, as my data shown in Chapter 3 section 3.1 demonstrated this was capable 

of capturing multiple data points for each wound. However, my data also was 

supplemented with histology assessment at day 1, 2, 3 and 6 for three donors (Figure 

3.12). 

Direct application of NGF (25 µg/mL murine 2.5S NGF) to the wound bed imitated 

the clinically most relevant mode of application in an ulcer management setting. 

This is the dose that had been used in Generini et al., (2004) and is cost effective for 

this study – details in chapter 2 section 2.4.1. Due to insufficient availability of 

human skin samples a dose-response could not be established, therefore this study 

had to choose a dose that has already been used in a clinical trial to be tested in this 

model.  

Total wound closure as measured by intravital planimetry over 6 days using cell 

tracker dyes (Figure 3.17A), showed no statistically significant effect of the tested 

dose of NGF experimentally wounded human skin under serum-free conditions ex 

vivo   when measured by the percentage of wound closure (Figure 3.17B). While 

analyses by area of wound closure showed that NGF group significantly delayed 

wound closure on day 1, 4-6 (Figure 3.17C). Neo-epidermis was also measured 

histomorphometry by the length and area of epidermal migration (Figure 3.17D and 

E) also yielded same result as measured by the percentage of reepithelialisation 

(planimetry).  
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Figure 3.17: Assessment of NGF effect on skin wound healing by planimetry and 
histology. Representative images showing the effect of treatments on wound closure 
by planimetry (A). Bar=500 µm. Data analysed by the percentage of wound closure 
showed no significant different between groups of treatment (B) but data analysed 
by the area of neo-epidermis showed vehicle group (1% BSA in PBS) has more neo-
epidermis on days 1 (C). Data in A-C was analysed from 5 donors (3-4 explants in each 
donor)). **-p<0.001, *-p<0.0001. Representative images of epithelial wound closure 
Day 1, 2, 3, 6 (D) (Bar=300µm) by quantitative immunohistomorphometry of keratin 
6+. Newly formed wound epithelium was measured by length (E) and area (F) (n=3) 
revealing no significant effect of NGF compared to vehicle group. A section in the 
centre of each wounded explant shown in Fig. 4.D = Fig 4A (day 6).  
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Previously, repeated measure ANOVA was used to determine the effect between 

groups of treatment across the timepoints (Figure 3.15 and 3.17). However, 

according to (Matthews et al., 1990) there are a few flaws in presenting such data 

with lines joining the means at each time point as presented in the (Figure 3.15 and 

3.17) and placing an indicator of significance by each time point to summarise the 

results of the separate significance test (if any). As mentioned by (Yagi and Yonei, 

2018), by referring to (Martin, 1997) the curve joining the means might obscure the 

variation of the individual curve shapes.  

Therefore this chapter also presents the individual curve for every explant in every 

condition across the time points by the percentage of unclosed wound (Figure 3.18) 

and by the area of wound closure (Figure 3.19). Generally the wound are closing or 

the size was reducing but at variable rates. You can observe this variation (marked by 

blue dashed circle) in donors 3, 4, 5 and 6. This variation can happen within the same 

explant, or different explants at different time point and different treatment group. 

For example explant 10 in NGF group (Figure 3.19) showed a higher peak on day 1 

compared to other explants in the group. 
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Figure 3.18: Individual plots of percentage wound closure against time in two groups 
of treatment with 8 donors (3-4 explants/treatment). Blue dash circle mark the 
variation that occur during wound assessment within the explant itself at different 
timepoints. 
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Figure 3.19: Individual plots of area of wound closure against time in two groups of 
treatment with 7 donors (3-4 explants/treatment). Blue dash circle mark the variation 
that occur during wound assessment within the explant itself at different timepoint. 
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From the individual curves (Figures 3.18 and 3.19) the effect of topical NGF and its 

vehicle was re- analysed as a summary measures of overall healing, by transforming 

the data into an area under curve (Figure 3.20). Again, no significant difference was 

found between NGF treatment and vehicle in the percentage of wound closure (p 

0.4001) and wound closure area (p 0.1864). In my previous analysis (Figure 3.17) only 

result from 5 donors were analysed. This is because repeated measure ANOVA does 

not allow analysis with missing data points. While in another 3 donors there some 

missing data on day 0 due to technical problems with microscope. However, the 

summary measure allows this to be analysed (Agache et al., 2017, Menon et al., 

2012). As shown in figure 3.19, no individual curve for explants 1 – 4 from donor 1 

because no assessment was done on day 1. 

 

 

Figure 3.20: Summary measure analysis reveals no significant difference with NGF 
treatment. Data from the percentage of wound closure (Arbitrary units of AUC) (A) 
and the area of wound closure (µm2)(B) was transformed into area under curved and 
analysed by summary measures. A paired t-test shows that there is no significant 
difference in the wound closure between groups (n=8 donors). 
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Table 3.1: Summary of area under curve analysis of wound closure 

 

3.2.2 NGF does not influence epidermal proliferation 

Next, this study examined whether topical NGF applied to the wound bed of acute 

wounds has an impact on cell proliferation using Ki-67 quantitative 

immunohistomorphometry. The rationale of this experiment is to investigate at the 

cellular level after the treatment. The percentage of Ki-67 positive cell at basal layer 

epidermal keratinocytes was first examined within untreated wounds, which showed 

that unwounded skin regions retained proliferation across timepoints, indicating that 

the tissue retained good viability ex vivo over the course of the experiment (Figure 

3.21). A trend towards lower overall proliferation in culture compared to baseline 

levels was seen, though this was not significant. The percentage of Ki67 positive cells 

was at its peak on day 3 in the neo-epidermal region (p 0.0487) compare to the 

unwound regions, demonstrating that the model displays an upregulation of 

proliferation in response to the injury. When comparing to vehicle-treated wounded 

control explants, NGF treatment did not significantly change proliferation patterns 

within neo-epidermis, peri-wound and unwounded regions (Figure 3.22). The change 

 
n=8 

Area under curve 
(% Wound closure) 

 
n=8 

Area under curve 
( Area of wound closure, 
mm2  ) 

NGF  
mean (SD) 

 
422.4 (63.91)  

NGF 
mean (SD) 

3.05 (1.65) 
 

VEH 
mean (SD) 

 
400.9 (61.80) 

VEH 
mean (SD) 

2.79 (1.67 ) 
 

Ratio of 
geometric mean 

0.9497 Ratio of geometric 
mean 

0.881 

95% Confident 
interval 

0.8288 to 1.088 95% Confident 
interval 

0.7181 to 1.081 

t Test t=0.8958 (df=7) t Test t=1.465 (df=7) 
p value 0.4001 p value 0.1864 
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in pattern was therefore occurring due to the wound healing process itself. In this 

process the Ki-67 positive cells (<10%) can be seen scattered in the epidermis on day 

1 and on day 2 the number become slightly higher and started showing line-up 

pattern like ‘moving toward’ to peri-wound. By day 3, more Ki-67 positive cells (>10%) 

accumulate at neo-epidermal and peri-wound (Figure 3.6). Thus, in healthy wounded 

human skin with normal NGF levels, the, supplementation of the tested dose of 

exogenous NGF did not enhance reepithelialisation.  

Lastly this chapter documented for the first time the localisation of NGF, TrkA and 

p75-NTR protein expression changes in human skin wounds in organ culture. 

 

 

Figure 3.21:  Proliferative cell distribution in wounded human skin ex vivo.  Graph 
shows the percentage of Ki-67 +ve cells in neo-epidermis increased until day 3 and 
decrease to baseline distribution on day 6. There is no significant difference in 
percentage of Ki-67 +ve cells across regions and days, although on day 3, neo-
epidermal and peri-wound regions showed a non-significant trend towards increased 
Ki-67 percentage (p 0.06). Graphs from mean of n=3 donors with 1-3 replicate 
explants per condition, with error displayed as SEM. One explant on day 6 from 
patient MSHB0941 (Refer table 2.1).  Dashed line represents normal skin. p<0.05 is 
significant. 
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Figure 3.22: NGF does not promote epidermal proliferation in human wounded skin 
ex vivo. No changes in the percentages of Ki-67 +ve cells number between treatments 
across timepoints. Graphs from mean of n=3 donors except for day 6 only 2 donors, 
with error displayed as SEM. Dash line represent normal skin. (Refer table 2.1)   

 

 

It is well known that inflammatory cells are involved in wound healing (Ng and Lau, 

2015, Eming et al., 2014, Yagi and Yonei, 2018), with in vivo studies also showing that 

inflammatory cells such as macrophages will influx to the wound site between days 

2-7 (early inflammation phase of wound healing) (Yagi and Yonei, 2018, Yousef and 

Sharma, 2018).  

The chemotactic role and NGF has been shown (McGrath and Uitto, 2010, Wertz, 

2018, Murphrey and Zito, 2018), and so I next investigated the effect of NGF topical 

application on CD68 positive cell distribution. Figure 3.21 shows that there is no 

significant difference in number of CD68 labelled cells per mm2 between NGF and 

vehicle groups in every region analysed, for every timepoints. However, the number 
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of CD68 positive cells within the wound bed in treatment (p <0.0001 and 0.0437) and 

vehicle (p 0.0042 and 0.0063) group is significantly lower on day 1 and 3 compared 

to normal skin respectively. While on day 6 the vehicle group showed a significant 

difference compared to normal skin (p 0.0063).  

In peri-wound area, vehicle group showed significant difference in the number of 

CD68 +ve cells on day 1 (p 0.0472) and day 6 (p 0.0411). Whereby, in unwounded 

region it shows that NGF (p 0.0272) and vehicle (p 0.0384) group have significantly 

lower numbers compared to normal skin on day 1 and only vehicle group (p 0.0217) 

shows a significant difference on day 6 compared to normal skin. Based on these two 

donors the distribution of the CD68 positive cells are more likely to distribute evenly. 

This might also be because the whole explant itself is considered wound or this CD68 

positive cells are the resident cells in the tissue (Figure 3.23). This trend is differing 

from in vivo when macrophages or CD68 positive cells infiltrate wound site highest 

on day 2-7 (Ludovici et al., 2018, Elias, 2012).  
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Figure 3.23: CD68 positive cell distribution in organ cultured skin wounds. Images 

show the analysis regions were measurements were made (upper panel). Graph 

shows quantification of the infiltration and distribution of CD68 positive cells to 

wound area, peri-wound and unwounded regions. Data from n=6-7 explants per 

condition (2 donors). Error displayed as SEM. Grey dash line denotes n umber of CD68 

+ve cells in normal skin. (Refer to table 2.1)   
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3.2.3 Antagonising TrkA-mediated signalling inhibit wound re-epithelialisation 

 

In the previous section 3.2, results show that exogenous NGF administered to ex 

vivo wounds does not accelerate wound re-epithelialisation compared to its vehicle. 

The exogenous NGF might signal through either TrkA, p75NTR, or a combination of 

the two, which might complicate matters. Therefore, this study wondered whether 

specifically antagonizing NGF-TrkA mediated signalling either in the presence of 

exogenous NGF or in explants with no NGF treatment might alter reepithelialisation 

of “healthy” wounded human skin ex vivo. Hence, to address this the well-

established effects of K252a to block TrkA signalling was tested (Menon et al., 2012, 

Ng and Lau, 2015).  

Experiments from this PhD study showed that wounds treated with K252a 

significantly inhibited wound re-epithelialisation as measured by daily planimetry 

(Figure 3.24). This effect could not be rescued by co-treatment with exogenous NGF 

(Figure 3.24). Further investigation on tissue treated with K252a using histological 

sections shows that K252a only inhibits epidermal migration at the wound site where 

topical treatment was applied,  while newly epithelised tissue around the edge of 

explant (tissue edge) was unchanged (Figure 3.25).   

 

 

 

** 
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Figure 3.24:  K252a inhibits epidermal repair. Graph shows that K252a significantly 
inhibits epidermal repair (A).Vehicle for K252a contain 0.001% DMSO in culture 
media. Explants were treated with NGF after the K252a was administered for rescue 
experiment (C). Vehicle for rescue experiment is a mixture of 1% of BSA in PBS and 
0.001% of DMSO in culture media. Representative images showing the effect of 
treatments on wound closure (B &D). Data was analysed on n=12 explants per 
condition from 4 donors. Error displayed as SEM. Bar-200µm. *p<0.05, ***p<0.001, 
****p<0.0001. 
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Further investigation on tissue treated with K252a using histological sections shows 

that K252a only inhibits epidermal migration at the wound site where topically 

treatment was applied,  while newly epithelialised tissue around the edge of explant 

(tissue edge) was unchanged (Figure 4.9).  The wound edge here refer to the new 

epilthelialised tissue at the wound bed and tissue edge refer to wounded tissue at 

the outer of tissue explant (refer to Figure 2.5 in method section). 

 

Figure 3.25: K252a shows topical effect in inhibits epidermal repair. Graph shows 
the effect of K252a on length of new epithelised tissue was specific to the drug 
application site at wound edge (E) in two donors (n=2). Error displayed as SEM. Bar-
200µm. 
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Treatment with K252a does not inhibit proliferative cells in skin wounded organ 

culture. Figure 3.26 showed that the percentage of Ki-67 +ve cells has no significant 

difference between groups across timepoints and regions except in neo-epidermal 

region on day 3 significantly higher compared to unwound region (p 0.0297). 

However, the percentage of Ki-67 +ve cells was significantly low in neo-epidermal and 

peri-wound regions on day 1 and 2 in K252a group (p 0.0016 and 0.0095) respectively, 

and peri-wound on day 2 (p 0.0249) compared to uncultured skin. 

This result might suggest that K252a does not inhibit the proliferative cells but delays 

the activation of proliferation. 

 

 

Figure 3.26: K252a does not inhibit cell proliferation. Graph shows that there is no 
difference in the % of Ki-67 +ve cells between groups across timepoint. However, the 
% of Ki-67 +ve cells was observed higher in neo-epidermal region compared to 
unwounded region on day 3. Data on n=2 donors with 5-6 explants per condition was 
analysed using one-way ANOVA. Black dash line represents normal skin. * p<0.05, 
**p<0.001.  
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3.2.4 Epidermal wound repair is not delayed with a NGF blocking antibody 

 

Since immunostaining results showed that human skin cultured ex vivo expressed 

NGF protein expression as high as normal skin (See section 3.3), therefore to build 

upon the data in figure 3.27 this study used NGF neutralising antibody to investigate 

if the endogenous NGF does influence the wound healing process. This differs from 

the previous experiment in that K252a inhibits TrkA, while the antibody binds NGF 

itself and will prevent both TrkA and p75-NTR signalling. 

Data from this experiment showed that the NGF neutralising antibody used in this 

study does not impair wound closure. NGF was co-treated alongside the 

neutralising antibody, which appeared slightly elevated, though significance of this 

result could not be determined based on the two donors used for this experiment 

(Figure 3.27). 
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Figure 3.27: Blocking NGF signalling through a neutralising antibody does not alter 
epidermal repair. Graph shows that NGF neutralising antibody did not significantly 
alter the rate of wound closure (A). Vehicle for neutralising antibody is PBS. When 
NGF was added alongside neutralising antibody, a non-significant enhancement in 
healing was observed compared to neutralising antibody (B).Vehicle used in (B) is 1% 
BSA in PBS (n=2). Experiment was run with 3-6 replicate explants (pool) per condition 
from 2 donors. Error displayed as SEM. 
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Since results in these experiments on both the use of exogenous NGF and NGF 

neutralising antibody on wound closure does not produce encouraging results, this 

study then investigated the NGF protein level in skin organ culture by ELISA. It shows 

that the biopsies already contained some amount of NGF therefore adding 

exogenous might not enhance epidermal migration (Figure 3.28). In this experiment 

it shows that normal skin does contain endogenous NGF but with inconclusive results 

since this came from just one donor. In my knowledge, there is no previous study that 

has quantified endogenous NGF in human skin. The experiment would need to be 

repeated in the future with many more donors. 

 

Figure 3.28: Endogenous NGF in human skin explants. Graph shows that endogenous 
NGF lowers in uncultured (normal skin) and higher in cultured skin. Analysis was done 
on n=1 donor with 3 normal skin biopsies (uncultured) and 6 skin biopsies (cultured); 
one biopsies for each day. Error displayed as SD. 
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3.3 TOPICAL NGF AND K252A DOES NOT ALTER NGF, TRKA AND P75-NTR 

PROTEIN EXPRESSION INSITU 

 

3.3.1 Protein expression of NGF and its cognate receptors were found to be 

localised within epidermal human skin ex vivo model 

 

It was well known that NGF (Blais et al., 2013), TrkA (Shibayama and Koizumi, 1996) 

and p75-NTR (Di Girolamo et al., 2008) is expressed in human skin (Yaar et al., 1991). 

In this study, the protein expression of NGF, TrkA and p75-NTR in the epidermis of 

normal human abdominal skin (uncultured) and experimentally wounded human skin 

was profiled ex vivo, over a time-course that essentially assessed an acute wound 

healing response in healthy, but organ culture-stressed adult human full-thickness 

skin.  

This study found that the expression of NGF protein was widely expressed in 

epidermis and dermis of human abdominal skin (Figure 5.1). However, this study 

focused on the epidermal layer since this ex vivo model is well established to look at 

aspect of epithelial repair. The intensity of the expression within the epidermis 

intensified from basal layer to stratum corneum layer (Figure 3.29). The similar 

expression was observed in cultured skin on day 3 (unwounded region) (Figure 3.29).  
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Figure 3.29: Localisation of NGF in human skin in situ and ex vivo. NGF protein 
expression was detected in the epidermal layer of abdominal skin and unwound 
region of cultured tissue on day 3. Similar expression also was detected in normal skin 
(unwounded) human organ culture (day 1, 2 & 3).  

 

 

In wounded human skin organ culture, the expression of NGF protein also was found 

within epidermal cells of the healing wound tongue (Figure 3.30) and the similar 

protein expression of NGF also can be found in the suprabasal layer (Figure 3.30) in 

peri-wound and unwounded regions. Unlike the normal epidermis, where expression 

is restricted to the suprabasal layers, expression was found within all layers of the 

neo-epidermis (Figure 3.30). This study also showed that the cells at the front of the 

migrating epithelium are lacking NGF (as indicated by blue arrows in Figure 3.30).  
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The definition of regions can be found in the Methods chapter section 2.11 (Figure 

2.5). One has to bear in mind that the entire wounded human skin organ culture is 

actually “wounded” but for this study; the unwounded region refers to an uninjured 

area in the tissue explant at least 800 - 1000 µm from the peri-wound (which this 

study defined immediately at the wound edge). 

The quantification of the relative intensity of NGF protein expression showed a slight 

reduction of NGF expression at the regenerated epidermis (neo-epidermis). 

However, this finding was statistically unchanged compared to baseline levels 

(uncultured tissue from the same donor), “unwounded” areas of epidermis from 

cultured tissue, or peri-wound epidermis adjacent to the punch (Figure 3.30). The 

trend towards downregulation of NGF protein expression in new-epidermis across 

timepoints might be caused by tissue differentiation and stratification as within 

normal skin the expression was gradually more intense from basal to stratum 

corneum. The presence of NGF protein expression in ex vivo organ compared to 

uncultured skin was expected since NGF can be synthesised independently without 

nerve terminals (Rohrer et al., 1988) and it can be higher in in vivo denervated skin 

since the NGF production cannot be taken up by nerves endings (Mearow et al., 

1993). (Adly et al., 2006, Lopez et al., 1998, Micera et al., 2007) 
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Figure 3.30: Localisation of protein expression of NGF in human skin wounded ex 
vivo. Representative images showing NGF localisation in human skin wounded ex vivo 
over time (above; images). However, no significant difference was observed in NGF 
protein expression between regions over timepoints (below; graph). EPI-epidermis DE-
dermis, Yellow dashed line marks wound edge border, White arrows-point to peri-
wound region, blue arrows indicate the lack of NGF protein expression in neo-
epidermal region and white dashed line to denote neo-epidermal region. Graph 
presented from n=2 donors,  with 1-6 replicate explants per condition per donor  
donors, with error displayed as SEM. Black dashed line denotes relative intensity for 
uncultured skin. Bar-100 µm. 
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Next, this study determined the localisation of the NGF receptors TrkA and p75-NTR 

during repair. In uninjured human skin TrkA protein expression is known to occur 

both within the epidermis and dermis, specifically on the surface of epidermal 

keratinocytes, dendritic cells and melanocytes (Adly et al., 2006, Deinhardt and Chao, 

2014, Lopez et al., 1998, Shibayama and Koizumi, 1996, Zhang et al., 2018). 

Expression of TrkA can be seen at the basal layer of epidermis but in abdominal skin 

the expression (staining intensity) it is thought to be lower compared to scalp skin 

(Lopez et al., 1998). While no quantification across body site was performed, my data 

suggest that expression levels between scalp and abdomen are similar (Figure 3.31A). 

In unwounded and peri-wound regions, the staining can be seen mostly in dendritic 

like-cells (i.e. likely melanocytes, Langerhans cells or γδT cells). Figure 3.32 shows 

TrkA was sometimes co-localised with CD1a. Within the neo-epidermis (Figure 3.31A) 

the staining can be observed starting from day 3 onwards. This study find that the 

overall intensity of TrkA expression is slightly elevated with respect to uncultured 

skin, however, no significant differences in expression within the neo-epidermis was 

observed when compared to unwounded or peri-wound epidermis (Figure 3.31C).  
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Figure 3.31: Localisation of TrkA in human scalp, human abdominal skin and 
wounded organ culture tissue. TrkA protein expression was detected in epidermal 
layer of scalp skin (positive control) and abdominal skin (A); and untreated skin organ 
culture (Day 3) (B). The negative control tissue was stained without primary antibody. 
No significant difference was observed in TrkA protein expression between regions 
over timepoints (C). Graphs n=2 donors, from 1-6 replicate explants per condition per 
donor, with error displayed as SEM, black dash line denote relative intensity for 
uncultured skin. Bar-as indicated in the images and Yellow dash line indicated neo-
epidermis, EPI-epidermis, DE-dermis. 
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Figure 3.32: TrkA co-localised with CD1a. Dual staining TrkA and CD1a showed that 
TrkA was expressed by Langerhans cells. EPI-epidermis and DE-dermis. 
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Meanwhile the expression of p75NTR protein in normal skin was seen at the basal 

layer of epidermis (Figure 3.33 A-B). Interestingly, p75NTR protein expression in skin 

organ culture was generally low compared to baseline p75NTR immunoreactivity in 

all regions, although this difference did not reach statistical significance (Figure 

3.33C). This finding was supported by (Lopez et al., 1998) that p75NTR expression is 

dependable on nerve terminals. 
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Figure 3.33: Localisation of p75NTR in human scalp, human abdominal skin and 
wounded organ culture tissue. p75-NTR protein expression was detected in basal 
layer of epidermal in scalp (positive control) and abdominal skin (A); and untreated 
skin organ culture (B). No significant different was observed in p75NTR protein 
expression between regions over timepoints and normal skin(C). Graphs n=2 donors,  
from 1-6 replicate explants per condition per donor, with error displayed as SEM. 
Black dash line denote relative intensity for uncultured skin. Bar-100 µm and white 
dash line indicated neo-epidermis. 
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3.3.2 Exogenous NGF treatment does not change the protein expression of 

endogenous NGF, or its cognate receptors 

Having determined the expression profile of NGF and its receptors during ex vivo 

repair, this study wanted to understand if any were altered in manipulation of NGF 

signalling experiments that been presented in Chapter 4. Topical NGF application to 

the wound bed did not exert major changes in the protein expression of endogenous 

NGF compared to vehicle treated wounds (Figure 3.34 & 3.35). This was the case for 

neo-epidermis, peri-wound and uninjured epidermis, at all timepoints. 

Immunohistology staining showed that NGF protein was expressed at the wound 

tongue (basal and suprabasal layers) but there was no significant difference with 

treatment groups or timepoints. This could be due to the new epithelial cells 

arrangement and in peri-wound and unwounded regions on the same explant it was 

expressed in suprabasal layer (Figure 3.35). However, the quantification of relative 

intensity on NGF protein expression showed unchanged compared to baseline 

(uncultured tissue from the same donor), regions or treatment groups over 

timepoints (Figure 3.34). 
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Figure 3.34: No expression changes to NGF occur in wounded human organ culture 
with treatment with exogenous NGF. Graphs (above) show mean protein expression 
changes of endogenous NGF in NGF or vehicle organ culture from three different 
patients.  Further, analysis of the protein expression changes following NGF or vehicle 
treatment in organ culture (n=3 donors) revealed no significant different in NGF 
protein expression between analysis regions, or across timepoints (Graph below), with 
error displayed as SEM. Data are normalised to expression in uncultured normal skin 
from the same donor (dashed line). 
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Figure 3.35: Localisation of protein expression of NGF in wounded human ex vivo skin. Representative images showing NGF localisation 
in human skin wounded ex vivo and treated with NGF and its vehicle over timepoints. EPI-epidermis, DE-dermis, Yellow dashed lines mark 
wound edges, red dashed lines mark neo-epidermis, White arrows denote peri-wound region. 
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Next this study turned its attention to the NGF receptors. TrkA protein expression is 

known to occur within epidermis and dermis layer, although in abdominal skin the 

expression is lower compare to scalp skin (Lopes et al, 1998). As previously 

mentioned, in this study that the protein expression of TrkA was expressed highly on 

the dendritic cell-like in skin epidermal layer and lower on other epidermal cells, 

while dual staining with CD1a showed that TrkA labelled Langerhans cells (Figure 

3.32). Both NGF treated groups showed TrkA +ve labelled cells at the peri-wound 

peri-wound and unwounded regions on day 1 (Figure 3.36). On days 2 and 3 TrkA +ve 

labelled cell can also be seen within the neo-epidermal region, while the appearance 

of TrkA +ve labelled cell was slightly decreased on day 6. However, relative intensity 

analysis of TrkA protein expression showed no statistical difference between 

treatment groups over time and compare to normal skin (Figure 3.37). 
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Figure 3.36: Localisation of protein expression of TrkA in wounded human skin ex vivo treated with exogenous NGF. Representative 
images showing TrkA localisation in wounded human skin cultured ex vivo and treated with NGF or vehicle. EPI-epidermis, DE-dermis, 
Yellow dash line-to mark wound edges, White arrows-pointed to the peri-wound region and red dash line to denote neo-epidermis. 
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Figure 3.37: No expression changes of TrkA occurred in wounded human organ 
culture tissue treated with NGF. Graphs (above) show mean expression changes of 
TrkA in NGF or vehicle organ cultures from three different patient. No significant 
difference was observed in TrkA protein expression between regions over timepoints 
in n=3 donors (Grah below), with error displayed as SEM. Dashed line depicts normal 
skin expression level. 
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The data examining p75NTR protein expression during skin repair identified 

expression at the rete-ridges of the basal epidermal layer in unwounded skin, but the 

expression was negligible in ex vivo wounds (Figure 3.33). Treatment with NGF 

revealed localisation of p75NTR in the same regions as was previously noted in 

untreated wounds (Figure 3.38). The intensity of p75NTR expression was quantified 

in NGF and vehicle treated wounds (Figure 3.39). It shows that the relative intensity 

of p75NTR was lower compared to normal skin, in line with my data on untreated 

wounds. However, no significant difference between NGF and vehicle groups was 

found. 
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Figure 3.38: Localisation of protein expression of p75NTR in wounded human skin ex vivo in NGF treated wounds. Representative 
images of p75NTR localisation in human skin wounded ex vivo treated with NGF or its vehicle group over timepoints. EPI-epidermis, DE-
dermis, Yellow dash line-to mark wound edges, White arrows point to peri-wound region and red dash line to denote neo-epidermal 
region.
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Figure 3.39: Quantification of expression changes of p75NTR in NGF treated 
wounded human organ culture tissue. Graphs (above) show mean expression 
changes of p75NTR in NGF or vehicle organ culture from three individual patient. No 
significant different was observed in TrkA protein expression between regions over 
timepoints in n=3 donors (Graph below), with error displayed as SEM. Dashed line-
normal skin.  
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3.3.3 K252a does not change the protein expression of endogenous NGF, or its 

cognate receptors 

 

Lastly in this chapter, changes in the percentage of NGF, TrkA and p75NTR protein 

expression after wound was treated with K252a and its vehicle was examined. 

The relative intensity of NGF protein expression was measured after human wounded 

ex vivo was treated with the TrkA inhibitor. Figure 3.40 showed that there are no 

significant changes in NGF protein expression between both groups and regions 

across timepoints. 

 

 

Figure 3.40: Expression changes of NGF in wounded human organ culture tissue 
treated with K252a. Quantification of the expression change following NGF or vehicle 
treated organ culture revealed no difference in NGF protein expression between 
analysis regions, or across timepoints. Mean of n=1 donor (2-3 explants per 
condition).  Data are normalised to expression in uncultured normal skin from the 
same donor (dashed line). 
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The quantification of relative intensity of TrkA also showed no significant difference 

between K252a treatment and its vehicle group across timepoints and regions (Figure 

3.41). This result suggests that the K252a effect is topical and not systemic as shown 

in Figure 3.25. 

 

 

 

 

 

Figure 3.41: Expression changes of TrkA in wounded human organ culture tissue 
treated with K252a. Quantification of the expression change following TrkA or vehicle 
treated organ culture revealed no significant different in NGF protein expression 
between analysis regions, or across timepoints. Mean of n=1 donor (2-3 explants per 
condition). Data are normalised to expression in uncultured normal skin from the 
same donor (dashed line). 
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Lastly, data on p75NTR protein expression in human skin wounded ex vivo treated 

with K252a showed no significant difference between both groups and regions across 

timepoint (Figure 3.42). The expression was similar to normal expression pattern in 

normal skin (uncultured) and human wounded organ culture, both untreated and 

following NGF application (Figure 3.33C and 3.38). 

 

 

 

 

Figure 3.42: Expression changes of p75NTR in wounded human organ culture tissue 
treated with K252a. Quantification of the expression change following p75NTR or 
vehicle treated organ culture revealed no significant different in NGF protein 
expression between analysis regions, or across timepoints. Mean of n=1 donor (2-3 
explants per condition). Data are normalised to expression in uncultured normal skin 
from the same donor (dashed line). 
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In conclusion, this chapter reveals for the first time that NGF and its high affinity 

receptor TrkA are both found within the healing epidermis of human ex vivo acute 

wounds. This is significant since it establishes the possibility for NGF signalling 

through its high affinity receptor TrkA, during wound re-epithelialisation of human 

skin wounds. In addition, my finding also suggests that production of NGF in skin ex 

vivo is indeed independent of innervation and this is in agreement with (Rohrer et al., 

1988) when their result showed that NGF mRNA expression in denervated embryo 

chick hindlimb is independent of innervation. Furthermore, this finding might 

enlighten their question on whether denervated adult skin contains normal or altered 

NGF.  Previous study by (Mearow et al., 1993) also showed that denervated skin in 

rat increased the NGF concentration because of the absence of nerve terminals to 

taken up and used the NGF. Even in their in vivo study, they showed that NGF mRNA 

was relative to normally innervated skin. Therefore, findings from these experiments 

(Rohrer et al., 1988, Mearow et al., 1993) were fitted to explain the similarity of NGF 

protein expression in my ex vivo organ culture that relative to the NGF protein 

expression in uncultured skin. Whilst, p75NTR need an adequate innervation of the 

skin in order to express p75NTR and TrkA need the innervation to a lesser extent 

(Lopez et al., 1998).  
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CHAPTER 4 

 

DISCUSSION 

This thesis project aims to enlighten and provide new data on the role of NGF in 

epidermal repair by addressing specific aims in Chapter 1 which are: 

1. To understand whether wounded human skin ex vivo, could provide a model 

system to examine drug effects. This present study optimised this model 

incorporated with a vital dye called 5-chlorometylfluorescecne diacetate 

(CMFDA) to enhance the wound assessment method in ex vivo model. 

2. To characterise the normal protein expression pattern of NGF and its cognate 

receptors; TrkA and p75NTR during human skin repair ex vivo.  

3. To investigate the effect of manipulation of NGF signalling on epidermal repair 

by adding exogenous NGF, blocking the high affinity receptor TrkA and NGF 

neutralising antibody into the wound. 

4. The present study also the first to investigate the effect of exogenous NGF on 

the protein expression pattern of endogenous NGF and its cognate receptors 

TrkA and p75NTR in this model.  

Since it is not possible to examine different doses of NGF (or any drug) within an 

individual patient and collect skin samples before and after treatment, this study 

selected the wounded human skin ex vivo model as the most similar to in vivo human 

wounds. Data from Chapter 3 section 3.1 demonstrates that this model can be used 

to track epithelial repair until sacrifice at any desired end-point, and be manipulated 

for drug testing (Nasir et al., 2019). The skin was obtained from patients undergoing 
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an elective abdominoplasty surgery. The harvested skin was then kept in transport 

media until it reached the lab (within 12-36 hours) and further processed to create 

wounded human skin explants, which were then ex vivo cultured in WE media. 

In addition, the ex vivo model preserves the structural anatomy of human skin. This 

model not only provided epidermal keratinocytes and dermal fibroblasts, but also 

contained various cells such as mast cells, merkel cells, macrophages (and other 

inflammatory cells), collagen fibers and some adipose tissues (Mendoza-Garcia et al., 

2015, Balaji et al., 2014, Stojadinovic and Tomic-Canic, 2013, Sarkany et al., 1965). 

For this study, some of the adipose tissue was kept intact with the tissue organ 

culture. The adipose tissue contains stem cells, but may also provide endocrine 

functions for food intake, glucose homeostasis, inflammation and angiogenesis 

(Driskell et al., 2014) and completes the tissue structure. However, if too much 

adipose tissue remains this will tilt the organ culture on the absorbent pad and it will 

be difficult to maintain the wound surface horizontally for planimetric imaging. 

Furthermore, data from Figure 3.34 shows that Langerhans cells are present within 

the tissue. Therefore, it is conceivable that ex vivo wounds may respond more closely 

to the in vivo state than other cell culture approaches, even when compared to 

complex 3D models such as skin equivalents (Balaji et al., 2014, Xu et al., 2012, 

Steinstraesser et al., 2009, Varani, 2012, Stojadinovic and Tomic-Canic, 2013, Sarkany 

et al., 1965).  

As shown in chapter 3 (Figure 3.1) this study investigated the effect of two different 

media on wounded human skin in organ culture. It shows that there is no significant 

difference between two media used in terms of epidermal re-epithelialisation or 
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number of proliferative cells that have been marked by Ki-67 positive staining. The 

differences between DMEM and WE are in terms of the composition of amino acids 

and organic salts. The idea of using William’s E (WE) as a culture media was initially 

because this study has considered to include the hair follicle in analysis of wound 

repair, which this media was initially developed for (Philpott et al., 1994). NGF is 

already known to play an important role in hair follicle morphogenesis and signalling 

(Paus et al., 1994, Botchkarev et al., 2000, Botchkareva et al., 2000, Botchkareva et 

al., 1999). The hair follicles may provide the additional stem cells to accelerate wound 

repair and in addition, NGF synthesised at wound site was known to have a 

chemotaxis to certain cells migration therefore enhance the wound closure. The 

density of hair follicles in abdominal skin is low and so the probability of finding any 

hair follicles in a wound by chance was very low. However, the presence of hair 

follicles could be determined under a dissecting microscope, which would enable 

wounds to be selectively created with the involvement of a hair follicle. Given the 

high level of interest in studying hair follicles in skin repair (Ansell et al., 2011, Argyris, 

1976, Brown and McDowell, 1942, Langton et al., 2008, Ito et al., 2005, Levy et al., 

2007, Jimenez et al., 2012, Liu et al., 2015, Martinez et al., 2017), it would be 

interesting to use the vital dye approach that have been developed in this PhD project 

to examine the involvement of skin appendages to human epidermal healing, for 

which little research currently exists.  

Utilising this method may allow one to investigate cell migration or communication 

between the skin appendage cells and epidermal skin migration into the wound area. 

It was shown by Brown and McDowell (1942) that the hair follicles repairs itself 
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before becoming involved in repair of the epidermis. Later, the Brown and McDowell 

work was supported by Argyris (1976). Several studies using reporter mouse strains 

have shown different cells from the hair follicle tracing into wound neo-epidermis 

(Taylor et al., 2000, Levy et al., 2005). It is also known that the lack of hair follicles 

impairs wound closure (Langton et al., 2008), while wounds made within the growing 

(anagen) phase of hair cycle heal much faster (Ansell et al., 2011). There is also recent 

interest in using hair follicles to accelerate the repair of chronic wounds (Jimenez et 

al., 2012, Martinez et al., 2016). Moreover, other appendages are also likely to 

influence the rate of healing (Rittie et al., 2016). Therefore, using this method will 

provide new evidence on how the communication between skin and skin appendages 

may occur during repair. 

Data from this study showed no significant difference between WE and DMEM. 

Previous studies of ex vivo repair have examined DMEM (Wang et al., 2016, Xu et al., 

2012, Stojadinovic and Tomic-Canic, 2013, Mitbauerova et al., 2012, Liu et al., 2014), 

WE (Lu et al., 2007, Meier et al., 2013), or other different media compositions (Ueck 

et al., 2017, Mitbauerova et al., 2012, Lu and Rollman, 2004, Danso et al., 2015, Wang 

et al., 2016) for tissue culture. This study also chooses not to add serum in the culture 

media since it can mask drug responses one was hoping to assess. Serum in the 

culture media is known to provide growth factors, hormones, binding and transport 

proteins, assistance in attachment and spreading factors, additional amino acids, 

vitamins, trace elements, fatty acids and lipids (Gstraunthaler, 2003, Brunner et al., 

2010). Data from section 3.1.1 clearly shows that serum in the media significantly 

accelerates wound re-epithelialisation in organ culture (Figure 3.15). However, Figure 
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3.15 also showed that the percentage of re-epithelialisation had reached a plateau 

by day 3 or 4. This may be due to suboptimal conditions for repair in the ex vivo 

system, such as insufficient nourishment of the tissue, resulting in the rate of re-

epithelialisation decreasing after several days in culture.  

Since this study focus on the migration of epidermal tongue, partial thickness wound 

is the best option to study wound closure within the optimal time frame for ex vivo 

model. The healing tongue migration can be amongst one of the best indicators for 

wound closure and the easiest way to assess histologically or planimetry. 

It could be argued that animal studies in vivo would have provided a more similar 

environment to examine NGF effect on repair. However, it is unclear how similar 

wound responses across species will be, as compared to mouse skin, human 

epidermis has four layers of epidermal while mouse only has two or three layer of 

epidermal keratinocytes (Gudjonsson et al., 2007, Berking et al., 2002, Gerber et al., 

2014). Moreover, mouse skin has the special panniculus carnosus muscle to assist in 

wound contraction and more skin appendages which can contribute more for wound 

healing (Dunn et al., 2013).  

Data generated during the course of this PhD project has resulted in a highly 

optimised model, which if taken up by others within the field would reduce the use 

of animals in wound healing studies (Ansell et al., 2012, Stojadinovic and Tomic-Canic, 

2013, Ud-Din and Bayat, 2017). Furthermore, using this model incorporated with 

intravital dyes one not just obtains or measures the migration of new epidermal but 

in the near future one might be able to assess specific cell migration or dual staining 
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by tagging inflammatory cells with specific antibody and assessed them longitudinally 

during wound healing. 

However, this ex vivo model and other previous models have their own 

disadvantages. Since the skin has been cut off from the host, it lacks blood supply and 

nerves will degenerate (Stojadinovic and Tomic-Canic, 2013, Mendoza-Garcia et al., 

2015, Ueck et al., 2017, Nasir et al., 2019). Furthermore, when wounds are created 

no blood clot forms to give further protection to the wound as well as prevent blood 

loss (Monroe and Hoffman, 2012). However, given that this skin model has been cut 

off from it host the prevention of blood loss can be disregarded but this could be 

mean that this model can be under stress condition without the blood supply to 

nourish the tissue as well as fewer inflammatory cells that can only be supplied 

through blood vessels (Delavary et al., 2011, Koh and DiPietro, 2011, Koh et al., 2013). 

To its advantage this model does still contain its innate and inflammatory cells that 

reside in the skin or came from ruptured blood vessel during wound or explant 

creation.     

Other than allowing one to manipulate the model for drug testing within the time 

frame requirement, this ex vivo organ culture also enabled monitoring during wound 

healing. Data in Chapter 3 section 3.1.2 showed that by employing the fluorescent 

cell tracer, wound healing in this model could be assessed in real time manner 

(longitudinally), for several healing parameters such as tissue contraction, re-

epithelialisation, or epidermal stratification. This assessment method (planimetry) 

also mimics wound measurement in clinical setting. The planimetry and longitudinal 

wound assessment may be particularly important for revealing where an intervention 
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alters only some aspects of repair. Provided this approach produced rapid and 

reliable result, it may enable researchers to quickly identify which timepoints or 

healing processes would be most instructive for a subsequent more in depth 

assessment. The use of vital dyes also might make it possible to monitor the variable 

wound healing progress between donors. As an example, instead of assessing on a 

particular day, researchers can harvest tissue once the desired level of repair has 

occurred. Examining wounds once the control group shows 50% healing would 

ensure that both positive and negative drug effects to the rate of healing can be 

quantified. It warrants further investigation to determine whether CMFDA 

planimetry imaging could be applied to other translational wound healing models 

such as porcine ex vivo skin wounds, or wounded organotypic human skin constructs. 

Data from this study also highlights that a major advantage of partial thickness ex vivo 

wound model allows one to study the complete re-epithelialisation process across 

the underlying wound bed in real time in situ. This has also been demonstrated by 

other recent studies using alternative visualisation methods (Wang et al., 2016, 

Glinos et al., 2017).  

This study would suggest that it is better to use CMFDA for lineage tracing since this 

colourless dye contains acetates that will be cleaved by cystolic esterase and 

releasing a bright fluorescent product. Furthermore, this process can only happen in 

viable cells. This is confirmed by my data of CMFDA and propidium Iodide dual 

labelling (Figure 3.8).  While on the other CMTPX is a fluorescent ready product it may 

label the damage cells as well. 



 
 

164 
 

While this project has utilised CMFDA and CMTPX, there are several other vital dyes 

that could be employed for labelling cells within the neo-epidermis (Beem and Segal, 

2013, Lu and Rollman, 2004, Chao et al., 2017, Johnson, 1998, Wu et al., 2017, Xia et 

al., 2018). Moreover, by combining fluorescent dyes of different wavelengths this 

study demonstrate that the possibility exists to follow cell migration patterns during 

ex vivo healing. Also, data generated from this study using double labelling suggest 

that re-epithelialisation occurs using the extending shield mechanism previously 

reported for organotypic wounds (Safferling et al., 2013). This is important as skin 

equivalent models are highly simplified and it is unclear how well they replicate 

human in vivo wounds (Xu et al., 2012).  

Data from this study showing multiple label retaining populations towards the neo-

epidermal tip was not previously reported in skin equivalents. This PhD study notes 

however that CMFDA did not labelled any cells within the basal layer and these 

labelled cells therefore appear to be cells that have yet to reach the neo-epidermal 

surface. Given that skin equivalents heal more rapidly and 2 mm diameter wounds 

are fully closed by day 3 (Safferling et al., 2013), this may have been missed 

previously.  

In this current study however, prolonged culture times up to 3 day and 

single/multiple labels added on later days showed some cells were labelled at basal 

layer of wound tongue. This might occur when the dye slipped underneath the wound 

tongue which is not yet tightly attached to the underlying dermal matrix (Figure 3.9). 

One of the advantages of using CMFDA in this study, was that it allowed one to 

observe the irregularity in healing even in the single wound itself (Figure 1.4) and 



 
 

165 
 

appearance of centripetal migration (Figure 3.17- A inset) which is a phenomenon 

one is unable to detect using histology. However, at this stage this study can only 

suggest a few potential factors that are most critical for this phenomenon such as; 1) 

mechanical force, 2) localised areas with higher blood vessel branches or skin 

appendages, 3) increased local concentration of growth factors. Therefore, this 

finding is particularly important as histology of some wounds might achieve an 

entirely different result depending upon the plane of sectioning, further advocating 

planimetry imaging techniques in future studies. An irregularity in the rate of healing 

within experimental (i.e. circular) was also concluded by (Glinos et al., 2017) in their 

recent study.   

Despite this, histology remains an essential tool for researchers in this field in order 

to understand what is happening below the wound surface, or investigating wound 

responses such as proliferation, or activation of target genes. However, combining a 

non-invasive assessment for global wound closure, followed by end-point histology 

will maximise data obtained. Advanced imaging techniques constitutes an exciting 

methodological advance in wound healing research, particularly Optical Coherence 

Tomography (OCT) which holds the prospect of being directly applied to investigate 

patient wounds (Deegan et al., 2018, Greaves et al., 2014). While OCT currently 

remains prohibitively expensive for most ex vivo studies, CMFDA or other approaches 

like UV auto-fluorescence (Wang et al., 2016) may be a valid alternative as suitable 

equipment will be more readily available. The persistence of CMFDA within 

histological specimens may be especially instructive to pinpoint the wound margins, 

which may further aid histological assessment.  



 
 

166 
 

Furthermore since the planimetry wound closure using intravital dye correlated 

highly with the histological assessment of the same wounds (Figure 3.14), this study 

would suggest  and encourage one to replace the laborious and more artefact-prone 

quantitative histomorphometry with this quickly performed and methodologically 

superior intravital planimetry (Nasir et al., 2019).  

Having optimised the assay technique with ex vivo wounds incorporated with vital 

dye monitoring, later it was utilised for drug testing experiments to explore the role 

of NGF. In section 3.2, topical application of NGF was chosen because this is the 

preferred route for skin treatment in chronic wound patients preventing serious 

adverse effect that have been reported when using systemically (e.g. IV, IP) (Apfel et 

al., 1998, Apfel et al., 2000, McArthur et al., 2000). In culture a systemic environment 

could likely be initiated by placing explant directly into the culture media. My data in 

Figure 3.25 highlights that an inhibitor was only active at the site of administration, 

providing some evidence to suggest that my experimental design a topical application 

did not elicit systemic effects. 

The NGF was chosen as a candidate drug to be tested in this model since it was known 

to accelerate epidermal repair in in vitro (Chen et al., 2014, Blanco-Mezquita et al., 

2013, Schenck et al., 2017, Paus et al., 1994),  and in animal studies (Chen et al., 2014, 

Muangman et al., 2004, Matsuda et al., 1998, Costa et al., 2002, Blanco-Mezquita et 

al., 2013, Li et al., 1980, Lawman et al., 1985). However, the use of NGF in treating 

wounds has been discontinued since more than a decade ago when the clinical trials 

yielded inconclusive results (Tuveri et al., 2000, Bernabei et al., 1999). Tuveri et al., 

in their study reported that chronic vasculitis ulcers in systemic sclerosis patients did 
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not benefit from NGF treatment and none of leg ulcers in systemic sclerosis group 

healed after 8 weeks of treatment (Tuveri et al., 2000). While a single case report by 

(Bernabei et al., 1999) on bilateral pressure ulcers on elbows, one wound showed 

only 1/3 reduction in wound size and the other elbow also showed substantially 

unchanged when treated with NGF. Therefore, this study decided to investigate why 

NGF that has been proven effectively to enhance and accelerate epidermal migration 

in in vitro and in vivo study yet becomes less effective in human. By manipulating the 

ex vivo model, this study wanted to test the role of NGF during repair by monitoring 

wound healing in a real time manner, but also to obtain more information than has 

been provided before by using histology to pinpoint where the effect of exogenous 

NGF on the protein expression of NGF (endogenous) and its cognate receptors might 

be is occurring. 

The NGF used in this study was NGF-2.5S from murine submaxillary gland. This 2.5S 

is a β-subunit (an active compound) of nerve growth factor-7S (NGF-7S). It is known 

that murine and human NGF shares a high degree of homology (Paoletti et al., 2015, 

Ullrich et al., 1983, Muangman et al., 2004) and importantly, murine NGF-2.5S has 

been demonstrated to be effective in the treatment of human corneal ulcers 

(Lambiase et al., 2007, Lambiase et al., 2009, Lambiase et al., 1998, Cellini et al., 2006)  

and skin wound healing  (Generini et al., 2004, Tuveri et al., 2000, Bernabei et al., 

1999, Landi et al., 2003, Chiaretti et al., 2002). However data on these studies is not 

robust as shown in Table 1.3 due to low sample number (i.e. case reports). Even in 

the clinical trials the sample size is relatively small and the control arm used normal 

saline which is an inappropriate comparator to the growth factor/drug used in the 
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study. In order to determine whether there is a clinically meaningful difference, larger 

sample sizes are required (Sakpal, 2010, Huang et al., 2015). 

Surprisingly, this study found that topically applied NGF did not significantly alter the 

reepithelialisation of experimentally wounded human skin ex vivo. This finding 

contrasts with the beneficial effects of topically applied NGF on human corneal ulcers 

(Lambiase et al., 2007, Lambiase et al., 2009, Lambiase et al., 1998, Cellini et al., 2006) 

and skin ulcer healing reported in some clinical studies (Generini et al., 2004, Tuveri 

et al., 2000, Bernabei et al., 1999, Landi et al., 2003, Chiaretti et al., 2002).  

However, this PhD research finding is also supported by some other clinical studies 

(Bernabei et al., 1999) and (Tuveri et al., 2000), which reported that NGF did not give 

a beneficial effect in treating skin ulcers.  There are several plausible explanations for 

the failure of NGF in this current study to enhance epidermal repair in the ex vivo 

model. 

One obvious explanation might be that the NGF dose 25 µg/mL tested here was sub-

optimal. However, this is unlikely because the dose is similar to previous studies when 

the size of injury is accounted for (Table 1.3). In particular, in the case report by 

Generini et al., the 0.5 mg aliquot of NGF in 10 ml of saline solution was dropped onto 

a large lesion of diabetic foot ulcers. This equates to 0.1 µg/mm2, which is in line with 

the 0.08 µg/mm2 in my study (Table 1.3). Also, 20 µg/mL NGF was used and proved 

effective in diabetic mice (Chen et al., 2014). Chen et al., also reported that wounds 

treated with 10 and 20 µg/mL accelerated speed wound closure while at 40 µg/mL 

no significant different with saline group (Chen et al., 2014). 
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Since the scarcity of human skin available for the current study made it impossible to 

test a wider range of NGF doses, the possibility that higher (or lower) topical NGF may 

yet turn out to promote epidermal repair remains to systematically explored. Ideally, 

such an undertaking would be complemented by wounded human skin 

xenotransplants on immunocompromised mice (Raychaudhuri and Raychaudhuri, 

2010, Guerrero-Aspizua et al., 2010), which could assess NGF effects on skin re-

innervation and angiogenesis in vivo. Such an approach would also enable an 

examination of potential beneficial effects at much later wound timepoints, which is 

not possible in this ex vivo system. 

 As alluded to above, another conceivable explanation for the failure of NGF to 

promote epidermal repair in my ex vivo model is that the latter lacked functional 

nerves and blood vessels. Perhaps perfusion is essential to permit NGF to exert its 

complex activities appreciated under in vivo conditions (Chen et al., 2014, Li et al., 

1980, Matsuda et al., 1998, Kim et al., 2000). However, studies from cultured human 

epidermal keratinocytes and fibroblasts show profound intrinsic responses to NGF in 

the absence of nerves or blood vessels (Botchkarev et al., 2006, Albers and Davis, 

2007, Pincelli et al., 1994a, Micera et al., 2001), and thus one would have expected 

at least some functional response to NGF stimulation also under organ culture 

conditions. It is known that human keratinocytes or fibroblasts can respond to NGF 

without nerves or blood vessels because NGF also work via autocrine and/or 

paracrine loops (Pincelli et al., 1997).  

Previous work on chick embryo denervated hindlimb skin reported that NGF was 

synthesised independent of innervation (Rohrer et al., 1988) and NGF mRNA was 
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expressed highly in denervated rat skin. Studies done by (Mearow et al., 1993) and 

(Rohrer et al., 1988) might suggest that human skin ex vivo contains an abundance of 

NGF equivalent to uncultured skin, which is supported by my data (Figure 5.3).  

As reported before, keratinocytes, fibroblasts, inflammatory cells, Schwann cells etc.  

can synthesize and release NGF and can use NGF for their activities (Yaar et al., 1991, 

Pincelli et al., 1994a, Di Marco et al., 1991) and apoptosis was induced when 

endogenous NGF was blocked (Pincelli et al., 1997). Here, this study would like to 

speculate that in organ culture with different cell types without blood vessels or 

nerve networking, exogenous and endogenous NGF more likely contributes to 

maintaining skin homeostasis by prevent apoptosis instead of accelerating neo-

epidermal migration. This could be tested by extending the culture period to establish 

if explants remain viable for longer with NGF supplementation to the media. 

Data on Ki-67+ cells in this study showed that NGF has no influence on cell 

proliferation that occurs in timely manner following injury as reported by (Betz et al., 

1993). My data shows that in this assay proliferation peaks on day 3 and slightly 

decreases by day 6. This results could be explained that in some donors the wound is 

almost healed at this point so proliferation rate is returning to normal and this result 

is in agreement with Leydon et al., who reported that Ki-67+ cells only start at day 1 

post-injury, peak at day 3 and remain elevated at day 5 cease to normal distribution 

by day 14 (Leydon et al., 2014). Other than proliferate in timely manner, Ki-67 

distribution also depend on the size of the wound and tissue condition (Leydon et al., 

2014, Frade et al., 2015, Betz et al., 1993).  



 
 

171 
 

According to the data obtained from this study on CFMDA and Ki-67 positive cell 

distribution it suggests that migration begins before proliferation. As showed in 

Chapter 3, epidermal migration was evident in situ on day 1 as basal cells at the 

wound edge were CMFDA-ve. Minimal proliferation was observed through Ki-67 

positive cells at this point, although a few were noted in the peri-wound region.  

Additionally, data on CD68 positive cells in wounded human skin organ culture 

showed that CD68 +ve cells were evenly distributed in the tissue instead of in flux or 

migrating into the wound site. This could be explained that the whole organ culture 

itself is considered a wound or injured tissue or the CD68+ cells are skin resident cells. 

Another explanation is there are no blood vessels that can supply further CD68+ cells 

into wound site as what happen in in vivo condition or it is possible that these cells 

proliferate, differentiate, migrate or die. Therefore, this finding is different from 

distribution reported in in vivo wound models where CD68+ cells or other 

inflammatory cells numbers are higher at the wound site or inflamed area (Hasan et 

al., 2006, Delavary et al., 2011, Koh and DiPietro, 2011).  

However, in vivo studies won’t be able to differentiate between inflammatory cells 

that were in the local environment at the point of injury, and those that came from 

distance sites. Therefore, this study would suggest that ex vivo model will be useful 

to explore more on tissue resident inflammatory cells during wound healing. 

Another possible explanation for the insignificant action of NGF to enhance 

epidermal repair in this study is the competition of NGF and insulin to bind into the 

TrkA receptor and activate the epidermal migration signalling pathway. According to 

(Geetha et al., 2013) their study in PC12 cells suggest that TrkA is also involved in the 
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insulin signalling pathway. Given that TrkA has an NPXY motif and kinase regulatory 

loop similar to insulin receptor (INSR) hence, it was suggested that insulin can bind to 

the kinase regulatory loop on TrkA receptor and activate Akt and Erk5 (Negrini et al., 

2013) that will overlap with NGF/TrkA signalling during stimulation and forms a 

complex in the PC12 cells (Geetha et al., 2013). Since culture media used in this study 

contains insulin throughout the experiment, it could be that insulin already activated 

downstream signalling pathways, meaning that addition of NGF did not further 

promote epidermal repair.  

As shown in Chapter 1 (Figure 1.9) on the NGF signalling pathways, NGF will bind to 

the high affinity receptors and will activate different downstream signalling such as 

proliferation, migration, differentiation and survival. Therefore, having insulin in the 

culture media (which mimics systemic delivery) may have been more effective to bind 

to the TrkA receptors and activate other signalling pathways like Akt and ERK5, 

compared to the exogenous NGF that was administered topically to the wound bed. 

The effectiveness of the topical NGF treatment regime may have been suboptimal 

since the surface area of the wound is far smaller than the exposed dermal area for 

the whole explant. 

The final possibility is that in fact NGF does not act as strong wound healing 

accelerator or enhancer of epidermal migration in humans. This could explain why 

NGF treatment in patients gave inconclusive results (Tuveri et al., 2000, Bernabei et 

al., 1999) or this could be because of the wounded human skin ex vivo have no nerves 

networking due to nerve degeneration and contribute to less p75NTR. According to 

(Negrini et al., 2013), experiments made on PC12 cells demonstrated that 
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cooperation of p75NTR with TrkA is needed to intensify the effect of NGF and alter 

NGF/TrkA signalling pathways in neural cell differentiation. However, this effect in 

human non-neuronal tissue has yet to be further explored.   

In order to try to address the role of NGF, for the next experiments presented in 

Chapter 4, this study examined the effect of TrkA inhibitor, K252a in epidermal 

migration with or without NGF treatment. The K252a isolated from Nocardiopsis sp. 

is a potent inhibitor for protein kinase A, C and G (Inaba et al., 1993, Kase et al., 1987). 

Nevertheless, K252a is suggested to have specific effect to inhibit TrkA (Berg et al., 

1992, Raychaudhuri et al., 2004, Pincelli et al., 1997). One cannot say that K252a is a 

specifically inhibiting TrkA, though it definitely inhibited wound re-epithelialisation in 

this experimental model but in rescue experiments by adding NGF treatment only it 

shows a partial rescue. This might be because of K252a effect topically not 

systemically Figure 3.25. Therefore adding exogenous NGF after might have reached 

the further cells (peri-wound) that has not been inhibited by K252a therefore the 

epithelialisation can still occur. The finding of K252a action on TrkA receptor is similar 

as reported by (Berg et al., 1992) that no protein tyrosine phosphorylation detected 

after pre-treated with K252a and then treated with NGF for 60 minutes. It was also 

suggested that the blocked TrkA cannot be reversed in in vitro and ex vivo models 

where the synthesis of receptors is limited even though it can be re-cycle for a limited 

time (Chen et al., 2005). However, no phosphorylation tests were done to determine 

how their findings might relate to what happened in my study. 

That blocking the NGF high affinity receptor, TrkA, with K252a inhibits re-

epithelialisation  is perfectly in line with the work of Pincelli et al., that shows K252a 
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inhibits keratinocyte migration in vitro (Pincelli et al., 1997), but epidermal migration 

was not impaired when treated with anti-p75NTR monoclonal blocking antibodies. 

This indicates that NGF effects on human keratinocyte migration, i.e. the initial key 

event in reepithelialisation (Wehrens et al., 2016, Meier et al., 2013, Eming et al., 

2014)  may primarily be mediated via TrkA.   

Besides, NGF can bind independently to TrkA (NGF/TrkA) or p75NTR (NGF/p75NTR) 

homodimers or bind to both receptors as heterodimers (NGF/TrkA-p75NTR) and 

activate different signalling pathways such as cell survival, differentiation or 

apoptosis (Levi-Schaffer et al., 2001, Lad et al., 2003, Meakin and Shooter, 1992). 

Even though NGF can bind to TrkA without p75NTR, the presence of p75NTR will 

enhance TrkA affinity binding site and enhance NGF responsiveness towards high 

affinity receptor (Yoon et al., 1998, Hempstead, 2002, Bassili et al., 2010, Negrini et 

al., 2013). Therefore, it seems advisable to explore in suitable skin ulcer patients, 

besides NGF itself, also the usefulness of available small molecule TrkA agonists, such 

as gambogic amide (Jang et al., 2007), which reportedly even up-regulates TrkA 

expression (Shen and Yu, 2015).  

As well as blocking the high affinity receptor of NGF, blocking antibodies were also 

used to neutralise the endogenous NGF in the organ culture. The dose used here was 

the same as exogenous NGF (described in Chapter 2 section 2.4.3). However this dose 

was unable to neutralise the endogenous NGF since there is still some epidermal 

migration after the treatment but when NGF treatment was given after the 

neutralising antibody treatment the epidermal migration was slightly elevated (not 

statistically significant) compare to its vehicle group.  
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Micera et al., showed that NGF neutralising antibody (anti-NGF) impairs wound 

healing in their fibroblast monolayer wound scratch assay. While in this study, data 

showed that adding NGF neutralising antibody did not impair the epithelial healing 

process. This could be explained that this ex vivo model has a three dimensional 

structure and various cell type that may influence the effect of the anti-NGF used in 

this study. The immunolocalisation result in section 3.311 already showed that in 

normal skin NGF was expressed highly in suprabasal layer of epidermal keratinocytes 

and lowly expressed in basal layer therefore, this is incomparable to a monolayer of 

fibroblasts or keratinocytes in cultured assay. This cannot be modelled in a scratch 

assay or other monolayer cell assay, where all cells will behave like basal cells. The 

scratch assay may be conducted under conditions of NGF insufficiency, therefore the 

result obtained showing NGF has a big effect in scratch healing. Another explanation 

could be that the dose of NGF neutralising antibody used here might be low or this 

experiment might need a larger sample number, or maybe the topical administration 

is not suitable for this experiment. The topical application of anti-NGF is unlikely to 

get into cells and therefore can only “mop up” NGF it encounters within the ECM. 

NGF production will be unaffected and one hope that antibody administered is 

enough to quench the NGF once it is secreted, but before it finds a receptor to bind 

to. The NGF neutralising treatment is quite costly and skin samples also difficult to 

obtain and within the limited time frame I was not able to investigate multiple dosing 

strategies for anti-NGF.  However, with enough funding and skin samples one can 

optimise the dose to be used in this ex vivo model again, or at least test it on the 

organotypic skin model with multiple layers of skin cells, with a monolayer of 
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epidermal keratinocytes used as a positive control to see if the neutralising antibody 

is working. 

Therefore, this study  would argue that topically applied exogenous NGF failed to 

promote epidermal repair as healthy human skin itself already contains sufficient 

endogenous NGF, and additional exogenous NGF provide maintenance for skin 

homeostasis. This explanation is supported by the abundant NGF protein expression 

and NGF levels seen in the epidermis throughout the wounded skin explants and at 

all timepoints (Figure 5.3-5.4) and is supported by the work of (Muangman et al., 

2004) who reported that NGF accelerates wound healing in diabetic mice but not in 

non-diabetic mice. This finding also supported by Chen et al., when they reported 

that while adding 20 µg/mL of NGF accelerate wound healing adding more NGF (40 

µg/mL) did not give any beneficial effect compared to control group (Chen et al., 

2014). This study suggested that adding exogenous NGF into healthy skin do not have 

any beneficial effect.  

Taken together, this study suggests that NGF and TrkA-mediated signalling are 

required for the repair of experimentally wounded human epidermis, and that under 

acute wound healing conditions ex vivo this occurs efficiently.  

This conclusion is supported by data acquired by blocking TrkA signalling impairs re-

epithelialisation, yet under normal healing conditions excess exogenous NGF does 

not further enhance epidermal repair, suggesting endogenous, intracutaneous NGF 

levels appear sufficient for optimal epidermal repair to occur in healthy human skin, 

even under the harsh conditions of serum-free skin organ culture. Therefore, NGF 

treatment may primarily benefit patients where endogenous NGF-TRKA signalling is 
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impaired, such as may be the case in chronic skin ulcers or diabetic skin ulcer (Anand 

et al., 1996, Generini et al., 2004, Tuveri et al., 2000, Bernabei et al., 1999, Landi et 

al., 2003).  

For future study one could repeat this experiment using an ex vivo model induced 

into diabetic state. Up to date, this model was only optimised in porcine skin (Ueck 

et al., 2017) therefore one might need to further examine and optimise normal 

human skin ex vivo into diabetic condition or using diabetic human skin. However, 

one has to bear in mind that only certain criteria of diabetic can be inducing at one 

time and culturing diabetic skin also will require different approach either to maintain 

the skin viability, or replicate diabetic metabolic features.  

This present study is the first to systematically profile NGF, TrkA, and p75NTR protein 

expression in experimentally wounded human skin while employing a pragmatic and 

clinically relevant experimental wounding assay. For this study, 

immunohistochemistry (IHC) staining was the best option to be used since this is the 

best methodology for detecting protein expression localisation in tissue (Gustashaw 

et al., 2010, Schlederer et al., 2014). IHC is also used widely by clinical pathologist to 

interpret tissue staining for human disease diagnosis (Schlederer et al., 2014, Walker, 

2006, Taylor and Levenson, 2006). Sclederer et al., found that immunohistochemistry 

provide important information of the localisation of protein expression in tissue 

whether the expression is specific in certain cell or spatial expression in certain cells 

type (qualitative data) and provides semi-quantitative data (Schlederer et al., 2014).  

As shown in 3.3 section 3.3.1 the localisation of NGF protein was detected highly in 

the suprabasal layer but lowly in basal epidermal cells layer in normal skin (Figure 
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3.29), TrkA protein expression was detected in epidermal keratinocytes mainly on 

dendritic-like cells and Langerhans cells (Figure 3.32), while p75NTR was expressed 

at the basal layer of epidermal keratinocytes (Figure 3.33). These expression patterns 

were translated semi-quantitatively by measuring the staining intensity of interested 

region. Whereby, using i.e. western blotting (Mahmood and Yang, 2012, Burnette, 

1981), PCR (Southard, 2014, Stahlberg et al., 2012) or ELISA (Van Weemen and 

Schuurs, 1971, Hnasko et al., 2011) provide information on protein detection, protein 

identification and quantitative data of interested protein/mRNA in cells, culture 

media or tissue lysate.  

However, analysis of protein expression by IHC has its limitation. It is a time 

consuming and laborious process to prepare paraffin tissue sections, staining, 

imaging and images analysis. For this study, two non-serial tissue sections per explant 

was quantified and averaged. Usually 6 image fields (as described in method chapter 

section 2.11; Figure 2.5) were analysed for every section and I have 70 plus explants 

at least for each experiment depending on the number of conditions to be tested. 

Even though no significant changes to the expression pattern with treatments, this 

study confident that these could have been detected if the changes were present. 

The rationale behind examining neo-epidermal, peri-wound and unwound regions 

individually was because all three would allow me to evaluate the importance of NGF 

signalling during repair. Primarily this study wanted to assess the effect of the drug 

intervention on the epidermal migration, so the neo-epidermis determines the new 

tissue that is being laid down. The peri-wound next to the injury site is the starting 

point for epidermal migration (Farooqui and Fenteany, 2005) and proliferation (Yang 



 
 

179 
 

et al., 2017, Moll et al., 1998) after skin receives a trauma (here, it refers to the wound 

that was created at the centre of the tissue explant), So one would assume that many 

physiological or physical changes happen within this area. The unwound region 

served as an internal control, which would indicate if any changes in protein 

expression occurred generally during the period in culture. Farooqui and Fenteany 

(2005) demonstrated that a distance 0-100 µm from the wound margin contained the 

highest percentage of cells protruding, while there was also a higher protrusion area 

(µm2). This means there are more cells that are activated for migration and 

proliferation to close the wound. Their study highlighted that cells migrated to the 

wound bed as cell-sheet and not individually, which is supported by my cell tracing 

data obtained using CMFDA and CMTPX.  This study would suggest that assessment 

of peri-wound (for 100 µm) from wound edge is sufficient to obtain appropriate 

information on proliferation and migration as well as other protein expression 

relating to wound closure assessments. 

Through this ex vivo study it showed that NGF, TrkA and p75NTR protein expression 

demonstrate only minor fluctuations post-wounding whether it was untreated or 

treated with exogenous NGF. This study found that the expression of NGF in neo-

epidermis and stratified epidermal is in line with a previous study in mice by (Matsuda 

et al., 1998). This research showed expression of both NGF mRNA and protein in the 

new epithelium, while in stratified epidermis mRNA for NGF was highly expressed at 

the basal layer, while protein was expressed within the suprabasal layer of epidermis. 

However, the tested NGF dose in my study neither promoted human epidermal 
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keratinocyte migration (epithelial tongue length) nor increased the total area of 

regenerated neo-epidermis.  

In this study, IHC data showed that protein expression of p75NTR was lowly 

expressed. It could be that the abdominal skin has fewer rete-ridges (Fernandez-

Flores, 2015, Penrose and Ohara, 1973, Lawlor and Kaur, 2015) where p75NTR +ve 

cells normally reside. However, the most prominent explanation could be that ex vivo 

organ culture lacks free nerve endings as well as Schwann cells, which I am unable to 

confirm as I did not perform IHC (dual) staining to examine co-localisation.  

Furthermore, research performed by (Zhang et al., 2018) demonstrated that 

overexpressing CD272 (p75NTR) without TrkA neither promoted migration and 

proliferation, nor promoted wound healing in mice. 

Interestingly, the insignificant changes in NGF protein expression in comparison to 

normal skin in this model might complement the study conducted by (Rohrer et al., 

1988) and enlightens on their question of NGF expression in denervated adult skin. 

Rohrer et al., reported that denervated chick embryo hindlimb skin synthesises NGF 

even without innervation. They showed that NGF can be produced independently 

from innervation. In a different study by (Mearow et al., 1993) they showed that NGF 

mRNA expression was also increased in denervated rat skin. The increment of NGF 

mRNA was correlated with the lack of nerve terminals to use the NGF (retrogradely). 

Therefore, protein expression profiling results in this study raises the possibility of 

deficient NGF/TrkA/p75NTR signalling in skin ulcer patients. If confirmed, this 

underscores that activation of these signalling pathways is important for normal 

wound healing of human skin and that these pathways deserve systematic 
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exploration and therapeutic targeting, namely in patients with pathological wound 

healing where this signalling is defective. This study raises the prospect that ulcer 

treatment with topical NGF would primarily benefit those patients where 

endogenous NGF-TRKA signalling is impaired and that screening individual ulcer 

patients for intracutenous NGF/TrkA expression may help to identify those who are 

most likely to profit from NGF therapy. This statement is supported with my 

collaboration with the Tomic-Canic group from Miami University who have been 

profiling NGF expression in diabetic foot and leg venous ulcers using the antibody 

protocols that I have optimised. Their preliminary data suggests that NGF is indeed 

lacking in these wounds (manuscript in preparation). 

In summary, this PhD project has successfully provided a model system that allows 

one to examine epidermal repair and lineage tracing using intravital dyes. It also 

confirms that epidermal repair occurs via an extending shield mechanism for the first 

time in human ex vivo organ culture. This model was then utilised to test NGF effect 

on epidermal repair. This study concluded that topical NGF did not provide any 

beneficial effect on epidermal repair in human skin ex vivo model, nor changed the 

localisation of protein expression of endogenous NGF, TrkA and p75NTR compared 

to vehicle treated wounds, or normal skin (uncultured). However, this project 

managed to document for the first time the localisation of NGF and its cognate 

receptor in wounded human skin in organ culture across time points. NGF and TrkA 

were expressed as highly as seen in normal skin, while p75NTR expression was slightly 

reduced compared to normal skin. Therefore, this study speculates that because 

normal skin contains an abundance of endogenous NGF that adding exogenous NGF 
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does not have beneficial effects on epidermal repair. Thus, this study would suggest 

that chronic wounds where NGF is downregulated such as has been indicated for 

diabetic ulcers are most suitable for NGF treatment.   

 

Findings from this study highlights where future work is warranted. For example, it 

would be important to explore the effect of NGF treatment on epidermal repair 

conducted in human skin wound organ cultures under pathological conditions, which 

could also incorporate intravital dye assessment developed in this project. Of note, a 

recent study has reported using the ex vivo system to study wound healing in the 

presence of bacterial infection (Yoon et al., 2019).  

 

It would be especially interesting to explore the effect of NGF treatment on epidermal 

repair in diabetic wounds ex vivo, given that neuropathy is a key feature of this 

disease. As well as the effect of NGF on altering the epidermal repair rate under 

diabetic conditions, it would be important to determine the level and localisation of 

protein expression of NGF and its cognate receptor. 

In order to test this, the ex vivo model could be cultured under hyperglycaemic 

conditions, similar to those used by (Ueck et al., 2017) in their study using porcine 

wounds ex vivo, by using high levels of glucose in the culture media.Another 

suggestion would be ex vivo wounding and culturing of human skin obtained from 

diabetic patients (i.e. from leg amputation), since there is no published study that has 

yet investigated this as a model. The NGF treatment could then be administered to 
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the wound bed to investigate the ability to accelerate wound repair under chronic 

diabetes condition where peripheral nerve signalling may have been impaired for 

many years.  

Alternatively, it could be tested using an organotypic culture method such as that 

used by (Kabosova et al., 2003). Kabosova et al., (2013) in their study showed that 

protein markers for pathological diabetes do not change their expression pattern 

whether in normal or hyperglycaemic media. Therefore, this study suggests to modify 

the collagen-gel approach used in Kabosova et al., (2013) such that wounded human 

skin organ cultures can be cultured more similarly to diabetic skin. 

The outcome from these suggested experiments would provide additional evidence 

to indicate whether NGF might be beneficial as a treatment for impaired wound 

healing.  
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APPENDIX 2 

 

Real time planimetry assessment of reepithelialisation in wounded human skin 

organ culture  

Nur Azida Mohd Nasir1,2, Ralf Paus1,3 , David M Ansell1,4  
1Centre for Dermatology Research, The University of Manchester, M13 9PT 
Manchester, United Kingdom. 2School of Medical Sciences, Universiti Sains Malaysia, 
16500 Kelantan, Malaysia. 3NIHR Manchester Biomedical Research Centre, 
Manchester, UK.  4Division of Cell Matrix Biology and Regenerative Medicine, The 
University of Manchester. 
 

Wound healing has long been studied in organ-cultured, experimentally wounded 
human skin. While this translationally relevant preclinical wound healing assay neatly 
complements live animal models, one major drawback of the assay is that tissue 
needs to be assessed via serial histology, which is time-consuming and laborious, 
precludes the ex vivo investigation of a single wounded skin fragment over a time 
course, and may generate misleading data, depending on where and how exactly the 
tissue was sectioned and stained. To overcome these limitations, we describe here a 
methodology for assessing total epithelial wound closure (i.e. 
reepithelialisation/epidermal repair) ex vivo in a serum-free organ culture assay using 
full-thickness human skin fragments and intravital cell tracker dyes (5-
chloromethylfluorescein diacetate). This method enables the healing epithelium to 
be examined intravitally and in real time, and to morphometrically measure the total 
area of epidermal repair ex vivo. We show that this simple, rapid and instructive 
method correlates with morphometrically assessed reepithelialisation as measured 
by standard histology and quantitative histomorphometry of fixed and sectioned 
human skin fragments at a given time point. Moreover, we demonstrate the ability 
of this approach to detect significantly accelerated healing in the presence of a 
positive control (10% serum). Given that wounds often reepithelialise often in an 
irregular fashion, which is not detected by histology, the global intravital assessment 
method reported here generated more accurate data on overall epidermal repair ex 
vivo. This methodology also establishes a readout for assessing experimental wounds 
(i.e. global wound closure), which is more akin to that used in standard clinical 
setting. Keywords: Planimetry assessment, wound healing, epidermal repair, organ 
culture, ex vivo 
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APPENDIX 3 

 

A novel approach to assessing wound healing in human skin organ cultures 

D. Ansell, N.A. Nasir and R. Paus 

The University of Manchester, Manchester, U.K. 

Human skin explants provide a sophisticated (three‐dimensional) and translationally 
relevant model to examine several aspects of wound healing, most notably the re‐
epithelialization process. Several groups have established models that incorporate 
injury of one form or another to either skin explants or artificial skin constructs, which 
have been used to evaluate drug activity. However, the widely accepted method of 
assessment of re‐epithelialization is via histology through the centre of the wound, 
which is labour intensive and time consuming, yet provides only a snapshot through 
a single plane of the wound. We have developed a whole‐tissue 
immunohistochemistry methodology that can rapidly evaluate global wound closure 
of an explant wounded with a partial‐thickness excision. This method correctly 
detects significant changes in the rate of repair with positive control agents, 
outperforming standard histology conducted on the same wounds. Moreover, using 
this approach we can appreciate new features of the wound such as the uniformity 
of healing in different regions of the wound, the extent of epidermal stratification, 
and the presence of filopodia. Our methodology may provide a mechanism to 
increase the throughput of wounded explant studies, to permit screening of potential 
wound healing therapies in a human three‐dimensional model. 

  

 

 

 

 


