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Abstract 

In this study the hair follicle structure and surrounding tissue was investigated before, 

during and after the shaving process in order to better characterise the hair follicle 

hysteresis (lag in response) observed during the shaving process. Individual hair 

shafts were loaded with weights designed to mimic the forces generated during the 

shaving process and deformations in nuclear morphology were used as an indicator of 

force transduction. Upon identifying distinct mechanical compartments corresponding 

to regions consistent with the infundibulum, isthmus and suprabulbar regions the 

study then focussed on elucidating how dermal collagen may facilitate this. 

Multiphoton microscopy was utilised to interrogate the extrafollicular collagen and 

the subsequent images were analysed to reveal distinct differences in collagen 

bundling at the infundibulum, isthmus and suprabulbar regions. To model how 

heterogeneities in collagen bundling could impact upon epidermal and follicle 

homeostasis collagen hydrogels were constructed and characterised. Assessment of 

involucrin and Ki67 levels in HaCaT cells by confocal microscopy revealed elevated 

proliferation rates in cells on high density (HD) matrices compared with those on low 

density (LD) matrices which also correlated with increased nuclear volume. HD 

matrices have smaller collagen bundles and therefor represent a less stiff matrix 

compared with the low density LD matrices. ERK1/2, JNK and p38 MAPKs have 

been well reported as effectors on keratinocyte proliferation and differentiation rates 

in response to mechanical cues and so inhibitors of each were used to identify if these 

MAPKs were also important in transducing matrix density/stiffness cues that impact 

upon proliferation and differentiation rates. P38, ERK1/2 and JNK were all found to 

be important in mediating the proliferation advantage derived from the HD matrices, 

with JNK being a potential candidate in linking nuclear dynamics with collagen 

density-mediated proliferation and differentiation rates. JNK was further 

demonstrated as being the dominant player in transducing the proliferation advantage 

conferred by the HD matrix. 
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1.  Introduction 

This thesis is the product of a project with industrial collaboration. The applied 

questions relate to advancing understanding how the different components of the 

follicle and extra follicular collagen behave during and after a force has been applied 

to the follicle. This study also aims to further our understanding of how collagen can 

act as an extracellular cue to keratinocyte derived cells. To understand the biological 

implications of these forces it is therefore important to understand how cells 

mechanically sense and how such sensing could be linked to changes in cellular 

events.  

Our industrial sponsors approached us with a model for how a hair shaft at the surface 

responds to the shaving process and were interested in understanding the hysteresis of 

the follicle with respects to the three-stage retraction process; extension of the shaft 

prior to fracture, followed by an initial rapid retraction (<1 second), followed by a 

slower retraction (several minutes) before coming to rest. Magnetic resonance images 

were provided that demonstrated an attachment to the follicle beneath the skin 

surface, however this revealed little about the dynamicity or composition of the 

structure. 

With limited information available the most logical point to begin with was to address 

a question that would aid in the modelling of follicular response during the shaving 

process and providing insight on how such a process may go beyond simple physical 

ramifications and extend into eliciting biological responses. The first results chapter 

(3.2) poses a new method for identifying variations in force transduction along the 

hair follicle through assessment of change in nuclear morphology within three-

dimensional space. To understand more about the dynamics of the shaving process 

and the roles of different tissue compartments in generating the hysteresis observed by 

P&G, human scalp skin was assessed before follicles were mechanically loaded and 

after follicles were mechanically loaded for differing times. Recovery of nuclear 

morphologies to a native conformation suggested both the existence of mechanically 

distinct regions along the follicle and an opposing pull. 

Identification of distinct mechanical units prompted enquiry into uncovering what 

biological structures could achieve this and what implication this may have for cells 

within the locale. With collagen being the principle component of the dermis, the 
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decision was made to interrogate the structure of collagen using multiphoton 

microscopy techniques as detailed in 4.2. This label-free imaging technique has been 

used in the past to image collagen via the elicitation of second harmonic generation 

(SHG). Collagen comprises repetitive units of non-centrosymmetric molecules 

making it an ideal candidate for SHG. The first obstacle was to establish and identify 

the SHG signal ensuring the theory reported in the literature married up with the 

practical application. Following this a novel type of analysis was developed to 

identify variations in collagen bundling adjacent to the dermal sheath (methods 2.5.3).  

Identification of correlation between heterogeneities in collagen bundling (adjacent to 

the follicle) and localised differences in the level of nuclear deformation produced in 

response to mechanical loading (4.2), highlighted a clear link between matrix density 

and nuclear deformation. A recent study addressed how restriction of available 

substrate drove terminal differentiation with ample substrate producing elevated 

proliferation rates. Importantly it was noted that the substrate composition with 

respects to collagen I, fibronectin and laminin was also inconsequential to the 

experimental outcome. The key factor was the area of available substrate (Gadhari et 

al. 2013; Connelly et al. 2010; Gupta et al. 2016). It therefore stands to reason that the 

outcome is derived from changes in cellular tensegrity as a product of substrate 

restriction (in the context of area available). What is not considered across the many 

studies is how the stiffness of a substrate and by proxy, cellular tensegrity, could 

impact upon proliferation and differentiation rates. 

As the stiffness of a micropatterned plate would be constant irrespective of the 

number of ligands adhered to the surface it was important to address how substrate 

stiffness may impact upon proliferation and differentiation rates. It was therefore 

essential to first develop and characterise collagen matrices that would exhibit 

differing stiffness (chapter 5.0). Although the stiffness was not quantified by atomic 

force microscopy there is sufficient evidence from other studies that demonstrates 

how increased bunding of collagen fibres leads to increased stiffness (Gosline et al. 

2002; C.-K. Hsu et al. 2018; Voorhees et al. 2015; O. V. Kim et al. 2017; S. C. Wei et 

al. 2015; Chaudhuri et al. 2014; Wen et al. 2014; Hofmann et al. 1984). Two matrices 

referred to as LD and HD were generated using controlled conditions. LD matrices 

are indicative of fewer fibres per unit area but increased bundling and therefore 

increased stiffness with HD matrices being the opposite. Ki67 and Involucrin were 
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then used as markers to assess the impact of substrate derived stiffness on 

proliferation and differentiation rates and this data was then correlated against 

changes in nuclear morphology. This posits a possible biophysical link between 

changes in nuclear morphology and proliferation/differentiation rates demonstrating 

the biological significance of mechanically distinct regions along the follicle and how 

substrate derived tissues tensegrity can impact upon proliferation and differentiation 

rates, governing tissue homeostasis. 

1.1 The structure of the Anagen Hair Follicle 

1.1.1 Overview 

Hair follicles are comprised of two principal regions; an upper non-cycling portion 

and a lower cycling portion. Longitudinally the hair is divided into four regions; the 

bulb, suprabulbar, isthmus and infundibulum (figure 1.1). The cycling portion of the 

follicle is represented by the bulb and suprabulbar regions whilst the non-cycling 

region i.e. from the bulge cells upward, comprises the isthmus and infundibulum 

1(Langbein & Schweizer 2005, Sperling 1991). During catagen the cells of the bulb 

and suprabulbar regions undergo a programme of cell death  allowing the dermal 

papillae to move upward, eventually abutting the bulge cells (Stenn et al. 1996; 

Müller-Röver et al. 2001). 
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Figure 1.1: A schematic overview of an anagen hair follicle. The infundibulum 

region spans from the epidermis to the upper most part of the sebaceous gland. The 

infundibulum then follows on from the top of the sebaceous gland down toward the 

base of the bulge. The suprabulbar region extends from the base of the hair follicle 

bulge cells to the upper most part of the bulb region. The bulb region is composed of 

undifferentiated multipotent cells (germinative matrix) and cells that have entered 

programmes of terminal differentiation i.e. those above the line of Auber. The cells of 

the matrix receive cues from the dermal papilla (grey), instructing lineage. The 

cycling portion of the follicle is encased by the collagen rich dermal sheath (grey) that 

is continuous with the basement membrane. 
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The cycling portion of the follicle undergoes morphological changes as it passes 

through phases of growth (anagen), apoptosis (catagen) and metabolic quiescence 

(telogen) (figure 1.2) (Rebecca J Morris et al. 2004; Y.-C. Hsu, Pasolli, and Fuchs 

2011b; Millar 2002; L Li et al. 1992). During anagen, cells from the hair follicle stem 

cell niches (bulge and secondary hair germ), are stimulated by the dermal papillae to 

produce transit amplifying cells that migrate down the outer root sheath, into the 

matrix of the hair bulb where they form the hair germ and undergo proliferation 

(within the germinative matrix) and eventual differentiation to produce the hair shaft, 

inner root sheath and companion layer (figure 1.1). The cells of the proliferative 

matrix form micro-niches as a result of morphogen gradients generated by the SHH 

produced from the K6 positive cells of the matrix and both BMPs and FGFs form the 

dermal papillae and surrounding fibroblasts and adipocytes. The proportion by which 

these cues converge on the undifferentiated cells will dictate the lineage resulting in 

the differentiation of the concentric layers of the hair follicle (Reddy et al. 2001; 

Huelsken et al. 2001; L.-H. Gu and Coulombe 2007a; J. Zhang et al. 2006; Chiang et 

al. 1999; V. Levy et al. 2005; Vidal et al. 2005; Y.-X. Su, Hou, and Yang 2014; 

Blanpain and Fuchs 2006a; Legué and Nicolas 2005; Rompolas, Mesa, and Greco 

2013). The outer root sheath is derived directly from the bulge cells (Cotsarelis, Sun, 

and Lavker 1990; Vidal et al. 2005; Merrill et al. 2001; Jaks et al. 2008; P. Wong and 

Coulombe 2003; Füllgrabe et al. 2015; Rompolas and Greco 2013). The three central 

lineages; the medulla, cortex and cuticle cells form the hair shaft itself, and undergo 

differentiation above ‘the line of Auber’; an imaginary line that extends through the 

widest portion of the dermal papillae below which cells are largely undifferentiated 

(Auber 2012; Rompolas and Greco 2013; Folgueras et al. 2013; Snippert et al. 2010; 

Langbein et al. 2010). The basement membrane resides at the mesenchymal-epithelial 

interface, providing a strong substratum that confers mechanical strength to the 

dermis while protecting the underlying mesenchyme. Continuous with the dermal 

papillae is the dermal sheath that encases the bulb and suprabulbar components of the 

follicle.  
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Figure 1.2:  The hair follicle cycle. HFSC-hair follicle stem cells, HG-hair germ, DP-

dermal papilla. Red-ORS, Purple-CL, Green-IRS, Black-hair shaft. 

During telogen bulge cell HFSCs are in a state of quiescence maintained by K6 

positive bulge cells and surrounding adipocytes and fibroblast that signal via 

diffusible BMPs to retain quiescence. The dermal papillae produce BMP inhibitory 

cues known as FGFs which cause entry into anagen as bulge HFSCs become Wnt 

high causing symmetric division and down-growth of the ORS (red) and hair germ 

(purple). This pushes the DP further from the bulge HFSC niche. Multipotent HFSCs 

within the germinative matrix still receive BMP inhibitory cues from the DP causing 

the growth of the hair bulb and propagation of anagen. As cells migrate further from 

the DP, they undergo programmes of cellular differentiation. forming the concentric 

layers of the follicle (IRS-green, Cp-purple, and ORS-red). Signalling cues (BMPs) 
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from the surrounding adipocytes and fibroblasts counterbalance SHH production 

within the germinative matrix resulting in programmed cell death and entry into of 

catagen. BMP inhibitory cues from the dermal papillae become proximal to the bulge 

HFSCs once again triggering anagen. 

1.1.2   The Hair Follicle Matrix 

The matrix cells comprise seven lineages that terminally differentiate to produce the 

hair shaft; medulla, cortex, hair cuticle and the inner root sheath cuticle, inner root 

sheath (Huxley and Henle layers) and companion layer. These multiple lineages can 

be simplified into two larger groups, the hair shaft, and the inner root sheath-

companion layer complex. The length of the hair fibre is determined by the duration 

of the anagen cycle and its width is proportional to the diameter of the dermal papilla 

(Van Scott and Ekel, 1958; Ibrahim and Wright, 1982; Elliott, Stephenson and 

Messenger, 1999).  

1.1.3 The Inner Root Sheath Cells 

Above Auber’s line the medulla, cortex, and hair cuticle cells are encased by the inner 

root sheath which can be subdivided into three further layers; the inner root sheath 

cuticle, Huxley and Henley layers (Sengel and Mauger 1976; Langbein et al. 2010). 

During anagen the three layers of the inner root sheath terminally differentiate, 

exhibiting extensive desmosomal remodelling and unique expression of keratins 

(Nanba, Hieda, and Nakanishi 2000; Donetti et al. 2004). The inner root sheath 

undergoes proteolytic separation by matriptase action at the level of the isthmus to 

enable the hair shaft to grow into the hair canal, emerging from the skin without 

becoming ingrown (K List and Haudenschild 2002; Karin List et al. 2006).  

1.1.4   The Companion Layer 

The outermost matrix derived layer is the companion layer, derived from the upper 

most matrix cells (Paus et al. 1999; Müller-Röver et al. 2001). The companion layer is 

heavily anchored to the Henley layer via an array of desmosomes. Both the Henley 

and companion are further anchored to the growing hair follicle via cytoplasmic 

extensions generated in the Henley that extend through all three layers to create the 

inner root sheath complex. The more expansive complex, referred to as the 

Fl𝑢̈gelzellen, was identified as a barrel structure using electron microscopy 

(Clemmensen, Hainau, and Hansted 1991). The inner root sheath-companion layer 
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complex moves with the hair until it reaches the isthmus where the cells are apoptosed 

and sloughed off within the follicle canal (M Ito 1986, 1988; Langbein et al. 2002; Z. 

Wang et al. 2003). The companion layer is also anchored to the outer root sheath via 

desmosome that undergo dynamic reorganisation to effectuate migration of matrix 

cells from the bulb region up the follicle i.e. As the matrix cells terminally 

differentiate to form the hair shaft they migrate upward. The associated inner root 

sheath cells must therefore move in line with the matrix cells requiring junctional 

rearrangement (Hanakawa et al. 2004; M Ito 1986; Winter et al. 1998). Desmogleins 1 

and 3 have been demonstrated as crucial components of the desmosomes of the 

companion layer in mice that creating a linkage to the outer root sheath and inner root 

sheath with loss of these resulting in loss of anagen hairs (Hanakawa et al. 2004). 

Hanakawa also found that the separation between the outer root sheath and inner root 

sheath occurred at a level where loss of the anagen hair preserved proliferating matrix 

keratinocytes within the follicle. 

1.1.5   The Outer Root Sheath 

Derived directly from bulge cells, the outer root sheath is the outermost epithelial 

compartment. Isolated outer root sheath cells from the suprabulbar and bulbar region 

have been cultured to form “autologous epidermal equivalents” (Tausche et al. 2003). 

Additional studies demonstrated that  label retaining cells can be found migrating 

along the outer root sheath to form the germinative matrix of the bulb region 

(Cotsarelis, Sun, and Lavker 1990; Ohyama et al. 2006; L.-H. Gu and Coulombe 

2007b; Heidari et al. 2016; Takeo, Lee, and Ito 2015; Aragona et al. 2017). In this 

context the outer root sheath appears to behave as a highway for cells to move 

between the bulge and matrix to regenerate the hair follicle at the onset of anagen. 

The high colony forming capacity of the outer root sheath cells demonstrate how this 

epithelial compartment is utilised for the trafficking of transit amplifying cells to form 

the matrix while the ability to form epidermis in vivo suggests this layer also provides 

a highway to the epidermis to aid in maintenance of the interfollicular epidermis 

(Oshima et al. 2001; Alexandrescu, Kauffman, and Dasanu 2009; Tausche et al. 2003; 

Commo, Gaillard, and Bernard 2000; Heidari et al. 2016; Aragona et al. 2017). The 

bimodal functionality of the outer root sheath cells is also likely to play a role in 

wound healing, where the properties of proliferation and stemness contribute toward 

the replacement of lost epidermis and epidermal homeostasis (Argyis and Trimble, 
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1964; Coulombe, Kopan and Fuchs, 1989; Guo, Degenstein and Fuchs, 1996; Ito et 

al., 2005). More recent lineage tracing studies and Cre-inducible systems have shown 

outer root sheath cells to migrate outward from the pilosebaceous unit and into the 

epidermis upon wounding, contributing to the regeneration of the interfollicular 

epidermis. However, they are not essential for epidermal homeostasis nor 

reepithelialisation of wounds as illustrated in absence of this function. In this sense 

the outer root sheath cells can be seen as providing a recovery advantage and source 

of progenitors in the event of wounding. Absence of stem cells within the ORS has 

been demonstrated as causing delayed re-epithelisation after wounding (S Werner et 

al. 1994; Ansell et al. 2011; Tscharntke et al. 2007; Garcin and Ansell 2017; Lough et 

al. 2013). 

1.1.6   The Dermal Papilla 

The dermal papilla is a derivative of the dermal condensate that is a key player in the 

epithelial-mesenchymal interactions during morphogenesis. It is pivotal in 

orchestrating placode formation via its interaction with the overlying epithelium 

providing BMP inhibitory cues (SHH), resulting in eventual down growth of the 

epithelial placode cells into the primitive mesenchyme (putative dermis) (Tsai et al. 

2014; Y. Zhang et al. 2008; Millar 2002). Many of the inductive properties observed 

by the dermal condensate during development are also evident postnatal; in particular 

the  ability to propagate anagen via stimulation of the secondary germ and bulge cells 

(Kulessa, Turk, and Hogan 2000; J. Zhang et al. 2006; Oshimori and Fuchs 2012).  

The dermal papilla is closely associated with the bulge derived matrix cells, separated 

only by a basement membrane, enabling for easy passage of diffusible cues that in 

part mediate the differentiation of the various terminal lineages of the hair follicle. 

Extending out from the dermal papilla and encasing the bulbar/suprabulbar region of 

the follicle are the trichogenic dermal sheath cells, so called due to their capacity to 

enhance follicular regeneration in the event of damage to the lower cycling portion of 

the follicle i.e. can produce follicles de novo (Yamao et al. 2015). 

1.2 Biomechanical Implications of Hair Follicle Organisation 

Throughout anagen the inner root sheath is anchored to the outer root sheath via an 

interface with the companion layer. This interface is known to exhibit dynamic 

changes in adhesion with respect to anagen, catagen and telogen for the cycling 
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portion of the follicle. The dynamic nature of this anchorage was investigated via the 

ablation of cell-cell junctions known as desmosomes. It was shown that the co-

expression of desmogleins 1 and 3 at the  IRS-Cp-ORS interface was responsible for 

hair shaft anchorage during anagen (Langbein et al. 2010).  

Cuticle ruffling has been observed on plucked hairs that would coincide with a level 

consistent with the infundibulum. It has been proposed that this highly keratinized 

layer could provide a degree of elasticity or dampening to the retraction of the shaft 

back into the follicle (Chapman 1997). However, the study that inferred this lacked 

any form of imaging that could capture the dynamics that might imply this 

relationship. These studies do not however consider the role of the abutting tissues, 

namely type 1 collagen in hair follicle anchorage and hysteresis. Neither do they 

consider the structural difference of the different follicular compartments. 

A key feature at the onset of anagen is the down-growth of the proliferative matrix to 

reform the bulb and suprabulbar regions. Pulse chase experiments show cells initially 

migrating down into the hypodermis along the outer root sheath, reforming the matrix 

of the hair follicle. The cells then proliferate, differentiate and migrate in the opposite 

direction to produce the mature hair shaft (Y.-C. Hsu, Pasolli, and Fuchs 2011a; 

Lough et al. 2013; Rompolas and Greco 2013). Much attention has been given to 

diffusible cues as being key governing factors in this morphological event. However, 

it must be considered that the physical environment plays a role in governing the 

polarity of cells during this morphogenic event as cellular tensegrity could be affected 

by changes in extracellular matrix composition and tensioning. For example, different 

collagen environments within the skin may be a factor in establishing polarity for 

cells within the follicle.  

1.3   The Hair Follicle Growth Phase:  Anagen 

Anagen is the process in which the cycling portion of the follicle is regenerated from 

multipotent stem cells found within the bulge stem cell niche. These cells are 

stimulated to divide symmetrically by the dermal papilla (DP) resulting in expansion 

of the outer root sheath (L.-H. Gu and Coulombe 2007b; Rabbani et al. 2011; V. Levy 

et al. 2005; Paus, Stenn, and Link 1989; J. Zhang et al. 2006; Z. Wang et al. 2003). As 

a consequence, the DP is pushed further from the bulge HFSC niche preventing 

signalling between the DP and bulge. Cells within the bulge become quiescent whist 
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HFSCs in contact with the DP are continually stimulated by the DP resulting in 

growth of the hair bulb and establishment of the germinative matrix from which all 

components of the hair shaft, IRS, Cp are derived (Y.-C. Hsu, Pasolli, and Fuchs 

2011b; Füllgrabe et al. 2015; Rompolas and Greco 2013; Tsai et al. 2014; Huelsken et 

al. 2001; Schmidt-Ullrich and Paus 2005; R J Morris and Potten 1999; Cotsarelis, 

Sun, and Lavker 1990). Before this process can begin the stem cells of the follicle 

must first be stimulated to exit quiescence (telogen) (figure 1.3.1). 

Quiescence in HFSCs within the bulge is retained by BMP6 produced by K6 positive 

HFSCs in addition to BMP4 from fibroblasts and BMP2 from adipocytes (Clavel et 

al. 2012; Kobielak et al. 2003; Deng et al. 2015; Huelsken et al. 2001; Song et al. 

2018). At the onset of anagen FGF7 and FGF10 produced by the dermal condensate 

derived DP cells eventually counterbalance BMP signalling from the K6 positive 

bulge cells and surrounding adipocytes and fibroblasts resulting in the production of 

Wnt-high HFSCs within the bulge SC niche (Guo, Degenstein, and Fuchs 1996; 

Richardson et al. 2009; Sheen et al. 2015; Petiot et al. 2003; Oshimori and Fuchs 

2012). Wnt-high cells produce SHH further stimulating the DP to produce FGFs 

counterbalancing the BMP signalling promoting symmetric division of HFSCs and 

growth of the ORS/germinative matrix. This feedback loop is demonstrated in figure 

1.3. However, Wnt-high cells are not susceptible to SHH themselves ensuring they 

retain their stemness allowing the germinative matrix to persist during anagen 

(Ouspenskaia et al. 2016; Tsai et al. 2014; Rabbani et al. 2011; Merrill et al. 2001). 

The proliferating HFSC of the ORS cause downgrowth of the ORS into the 

hypodermis which also has the effect of moving the DP signalling centre further from 

the bulge HFSC niche, preventing signalling between the DP and bulge HFSCs. This 

allows the bulge cells to return to a quiescent state but retains the proliferative 

capacity of the HFCS that have remained proximal to the DP (Nowak et al. 2008; 

Ouspenskaia et al. 2016; Chang et al. 2003; Tsai et al. 2014). As cells divide away 

from the DP they are exposed to a ratio of FGFs from the DP and BMPs from the 

surrounding adipocytes and fibroblasts and matrix HFSCs. These signals are believed 

to be central in governing the specification of the concentric layers of the follicle via 

canonical Wnt signalling (Tsai et al. 2014; Xing et al. 2011; Cribier et al. 2004).  
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Once the cells have divided laterally and formed the germinative matrix of the bulb 

region of the follicle, the cells begin will divide asymmetrically to retain the 

germinative matrix (propagating anagen) while producing terminally differentiating 

progeny that specify as the move above the line of Auber, forming the concentric 

layers of the follicle and hair shaft(Ouspenskaia et al. 2016; Y.-C. Hsu, Pasolli, and 

Fuchs 2011b; Glover et al. 2017) . What is still unclear however, is what gives cells 

polarity as there are three directions of migration/division. The first is the symmetric 

longitudinal division/migration that promote the down-growth of the ORS. The 

second is the lateral divisions that establish and retain germinative matrix. The third is 

the vertical divisions/migration away from the germinative matrix to produce the 

differentiated components of the follicle (hair shaft, IRS and Cp). 

 

Figure 1.3: FGF and BMP signalling during the telogen to anagen transition. BMPs 

retain quiescence which are counterbalanced by FGFs from the DP. The results in the 

formation of Wnt-high HFSCs that will produce SHH stimulating symmetric division 

of Wnt-low HFSC and growth of the ORS/germinative matrix. In a feedback loop 

(green) SHH signalling increases FGF signalling from the DP, retaining the 

population of Wnt high HFSCs proximal to the DP. The Wnt-high cells remain slow 

cycling since they are resistant to SHH.  
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1.4   An Overview of Skin: Composition, Morphology and Homeostasis 

The structure of skin can be simplified into three principal layers; the epidermis, 

dermis and subcutaneous fat (hypodermis). The epidermis is an essential barrier to the 

external environment, with the dermis and subcutaneous fat acting as supporting 

tissues that provide key nutrients and inductive cues driving regeneration of damaged 

tissue and retention of the epidermal barrier. The dermis comprises a rich extracellular 

matrix (ECM) which serves as a bioactive scaffold, composed predominantly of 

collagen and elastin. (Xu et al. 2014; X. Li et al. 2014; Hao et al. 2014). 

1.4.1   Epidermal Homeostasis During Adult Life 

The epidermis is subject to continual physical and chemical assault throughout its life 

and has evolved accordingly to renew itself whilst retaining its barrier function. This 

is achieved by the careful balance of quiescence and proliferation for epithelial stem 

cell and that of the subsequent transit amplifying cells that will undergo a programme 

of differentiation as they separate from the basal membrane and migrate in a columnar 

fashion through the suprabasal (or spinous) transition (Hohl 1990; Azuara-Liceaga et 

al. 2004; Merrill et al. 2001; Sabine Werner and Smola 2001; Ghazizadeh and 

Taichman 2001; Lechler and Fuchs 2005). It is imperative that for each cell lost 

another is ready to take its place in a way that the supply must match the demand 

without over supplying. Cells dividing uncontrollably become malignancies whilst 

those not dividing sufficiently will result in tissue degradation and eventual necrosis 

(see Blanpain & Fuchs 2009 for review). Central to this process is epidermal stem 

cells from which transit amplifying cells are derived as a result of asymmetric cellular 

division (Lechler and Fuchs 2005).  All subsequent derivations are derived from the 

transit amplifying to form the various epidermal skin compartments (Merrill et al. 

2001; Blanpain et al. 2006; Watt 2002; Beck and Blanpain 2012). The ability of stem 

cells to transition between a proliferative state and a quiescent state poses many 

questions as to how this can be achieved. Further to this what cues promote 

proliferation of transit amplifying cells and subsequent differentiation. 

Cells at the basement membrane express genes encoding the intermediate filament 

proteins keratin 5 and 14 (K5 and K14) which link via plectin to integrin subunit 

𝛼6𝛽4 creating the cell-extracellular matrix attachment. Such markers are associated 

with cells of the stratified squamous epithelial pertaining a proliferative potential i.e. 

cells of the epidermis directly adjacent to the basement membrane (E. Fuchs and 
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Green 1980; Pierre A Coulombe and Lee 2012; Seltmann et al. 2013; de Pereda, Lillo, 

and Sonnenberg 2009). As cells lose adhesion with the basement membrane and 

migrate through the spinous layer, they undergo a programme of terminal 

differentiation characterised by a shift in gene expression (S.-H. Kim, Turnbull, and 

Guimond 2011; Borradori and Sonnenberg 1999; Lechler and Fuchs 2005). This is 

manifested as a change in protein expression profile e.g. intermediate filament 

expression  of K5 and K14 is lost and instead genes encoding the intermediate 

filaments K1 and K10 are expressed (Judah et al. 2012) which form strong 

connections with desmosomes providing structural integrity to the skin barrier (figure 

1.4) (Santos et al. 2002; Tsuruta, Hopkinson, and Jones 2003a; Pierre A Coulombe 

and Lee 2012; Seltmann et al. 2013).  

As keratinocytes undergo a programme of differentiation, they eventually transform 

into granular cells that deposit proteins beneath the plasma membrane that cross-

linked forming a strong scaffold for specialised lipid bilayers from the lamellar 

granules to extrude into (figure 1.4).  This phase of terminal differentiation leads to 

the production of a well-oiled stratum corneum, protecting the differentiating spinous 

cells and dividing basement cells from chemical, biological and physical damage 

while retaining tissue and interstitial fluids and oils (Blanpain et al. 2006; M. I. Koster 

and Roop 2007; Candi, Schmidt, and Melino 2005). 
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Figure 1.4: Junctional and keratin changes of the epidermis. Cells attach to the 

basement membrane via hemidesmosomes and focal adhesions. The basal cells 

express K5/K14 indicative of their proliferative potential and are adjoined to adjacent 

cells by desmosomes and adherens junctions. As the basal cells migrate upward and 

undergo a programme of terminal differentiation their keratin profile changes in 

favour of highly branched keratin dense networks that confer structural strength. Cells 

in the stratum granulosum form tight junctions and hemidesmosomes forming strong 

cell-cell contacts and loose adherens junctions.  
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1.5   An Overview of the Extracellular Matrix 

Collagens and elastin are the primary structural constituents of the ECM: Collagens 

produce fibrillar networks that resist plastic deformation of elastic fibres (Gosline et 

al. 2002). As the name suggests elastin fibres confer elasticity to tissues enabling 

them to resist rupture from repetitive mechanical stress (Rauscher and Pomès 2012). 

However as previously alluded, their role is not only to resist mechanical forces but 

also as a mechano-sensing and mechano-transducing network. In part achieved 

through their interaction with cell membrane receptors such as integrins, linked to the 

cells actin cytoskeleton (S.-H. Kim, Turnbull, and Guimond 2011). This cellular-

extracellular interface enable the ECM to influence diverse cellular processes 

including proliferation, differentiation, migration, adhesion and apoptosis (Connelly 

et al. 2010; S. A. Ibrahim, Hassan, and Götte 2014; Bonni 1999; S. Y. Li, Mruk, and 

Cheng 2013; Goetsch, Kallmeyer, and Niesler 2011; Watt 2002; S.-H. Kim, Turnbull, 

and Guimond 2011).  

Interspersed between the collagen and elastin fibres of the ECM are a plethora of 

growth factors, cytokines, glycosaminoglycans (GAGs), proteoglycans (PGs), 

proteases and chemokines (Gattazzo, Urciuolo, and Bonaldo 2014; Culav, Clark, and 

Merrilees 1999; Kozel et al. 2006). The hydrophilic regions within PGs and GAGs 

sequester water molecules to this rich proteinaceous milieu, giving rise to a protective 

cushion that resists impact damage (Culav, Clark, and Merrilees 1999).  

1.5.1   Collagen 

Collagen is the most abundant protein within animals (~30%) and features heavily as 

a connective tissue, conferring tensile strength to tissues and in some cases, such as in 

tendons, a degree of elasticity (Shadwick 1990). Connective tissue acts as a 

supportive network as exemplified in bone, tendons and dermis (Shadwick 1990).  

Collagens form a conserved superfamily of proteins characterised by the triplet repeat 

Gly-x-y for which Gly represents glycine and x and y can be any other amino acid but 

in most cases are proline and hydroxyproline respectively (Brodsky and Persikov 

2005; Bella et al. 2006). Collagens are a tripartite structure of three α-chains that align 

in a helical register to generate fibrils. The composition of the α-chains is how a 

collagen is classified, however the α-chains may contain non-collagenous regions that 

produce breaks within the helical register, enabling the formation of more 
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geometrically diverse and tissue specific structures as in the case of the bone, tendons 

and dermis). The structural heterogeneities of collagens enable their participation in a 

variety of cellular processes such as migration, adhesion, proliferation, tumour 

suppression and molecular filtration (see Wess 2005 for review). 

1.5.2   Elastin 

The primary function of elastin  is to allow tissues to undergo repetitive stretching 

while returning to its original dimensions (Gosline et al. 2002). This protein evolved 

in conjunction with the close loop circulatory systems, to accommodate for the high 

pressures of pulsatile blood flow, meaning  it is only present within the ECM of 

vertebrates, with the exception of lamprey and hagfish (Gordon and Hahn 2010). 

Elastins exhibit an extremely low turnover under normal conditions and so must be 

capable of withstanding thousands of cycles of elongation and contraction (Muiznieks 

and Keeley 2013). It is not known if increased cycling or deformation of elastic fibres 

stimulate elastin neogenesis within the ECM or if collagen has a role in sensing this 

plastic deformation in a feedback loop that regulates neogenesis of both itself and 

elastin. 

Elastin is encoded by a single gene in mammals, bird and reptiles, containing 34 

exons and is secreted from the cell in its monomeric from, tropoelastin. Tropoelastin 

is a 60KDa alternately spliced, hydrophobic protein. The primary structure of elastin 

is characterised by alternating hydrophobic and cross-linking domain. Crosslinking 

regions typically comprise lysine residues in one of two arrangements: 1) KA-type 

domains where the lysines are flanked mostly by valines; 2) KP-domain where lysine 

residues are arranged within a proline-glycine rich region (Muiznieks and Keeley 

2010; Chung et al. 2006; Gosline et al. 2002).  

Hydrophobic regions contain high proportions of glycine, proline, valenine and 

alenine arranged in tandem repeats of: GV, GVA and PGV (Chung et al. 2006; 

Tamburro, Bochicchio, and Pepe 2003; Lonsdale-Eccles et al. 1984; Muiznieks and 

Keeley 2010; Itoh and De Camilli 2006; Rauscher and Pomès 2012). 

1.5.3   Fibrillins 

Fibrillins are a family of large extra cellular glycoproteins (~350KDa) that form the 

primary constituent of multiprotein microfilaments (typically 10% elastin). Three 

isoforms (fibrillin-1,-2,-3) exist in humans which are expressed within embryonic 
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tissues (Sabatier et al. 2011), however only fibrillin-1 persists at notable level  

throughout adulthood (Sabatier et al. 2011; Corson et al. 2004). These proteins are 

composed of over 30 tandem calcium-binding EGF domains, infrequently 

interspersed by TGFβ-binding proteins that are rich in cysteine (Hubmacher, 

Tiedemann, and Reinhardt 2006). This arrangement makes this protein a good 

candidate as a potential mechano-sensor and transducer.   

Fibrillin rich microfibrils associate with a range of proteins during elastic fibre 

formation, including elastin, latent transforming growth factor-β binding proteins 

(LTBPs), matrix-associated glycoproteins (MAGPs), members of the fibulin family 

and PGs (Baldock et al. 2001; Sabatier et al. 2009; Yadin et al. 2013; RITTY et al. 

2003; Vehviläinen, Hyytiäinen, and Keski-Oja 2009). With the capacity to interact 

with such an array of proteins, fibrillin acts as a structural organiser of elastic fibres in 

addition to its role in the regulation of tissue maintenance through interactions with 

TGFβ growth factor (Baldock et al. 2001; RITTY et al. 2003; Ramirez and Sakai 

2010; Massam-Wu et al. 2010; Chaudhry et al. 2007; Qian and Glanville 1997).  

1.6 An Overview of Mammalian Map Kinase Signalling 

Mitogen-activated protein kinases (MAPKs) are a highly conserved group of enzymes 

unique to eukaryotic cells that aid in the transduction of extracellular stimuli to affect 

key regulatory targets within cells. Such stimuli include receptor-mediated, adhesion-

mediated, chemical and physical stress induced. These stimuli impact upon tissue-

homeostasis by altering proliferation, differentiation and apoptosis rates. This ability 

to transduce information of the physical environment to the nucleus allows for 

epigenetic control over cellular behaviour, allowing for cells and tissues to respond to 

changes within their physical environment.  

The MAPK cascade comprises three tiers of regulatory kinases; a MAPK, a MAPK 

kinase (MAPKK) or MEK kinase (MEKK) and a MAPKK kinase of MEK kinase 

(MAPKKK or MEKKK) (English et al. 1999). These can be activated by either small 

heterotrimeric GTP-binding proteins (G-proteins) or STE20 kinases (putative yeast 

MAPKKKK) (S. J. Gutkind 2000; Dan, Watanabe, and Kusumi 2001). Kinases that 

MAPKs are targeted to specifically are collectively known as MAPK-activated 

protein kinases (MAPKAPK) and are inactivated by MAPK phosphatases (Martín et 

al. 2005; Keyse 2010). 
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Yeast models have been exploited for their ease of genetic analysis to uncover much 

about the function and regulation of the MAPK pathways (Herskowitz 1995). 

However, with the advent of genetically modified mice, specific antibodies and 

inhibitors, the functionality of the MAPK pathways within mammals has been 

dissected. What is abundantly clear is that the MAPK pathways regulate almost all 

cell processes from proliferation and differentiation through to adhesion and 

migration. 

1.6.1   General Functions of MAPKs 

Regulation of gene expression by extracellular signals is mediated by MAPK 

signalling modules (Treisman 1996). MAPKs in the main phosphorylate Ets 

transcription factors that are linked to induction of fos genes, whose products 

heterodimerise with Jun proteins to form activation protein 1 (AP-1) complexes 

(Treisman 1996). JNKs phosphorylate Jun proteins causing them to adopt an active 

conformation enabling heterodimerisation with c-Fos to form the AP-1 complex. 

Phosphorylation allows for activation without effecting DNA binding (Tuula Kallunki 

et al. 1996). The p38 proteins have a catalytic effect on MEF2C (MADS box 

transcription factors) and related family members (Tuula Kallunki et al. 1996). In all 

of these cases the MAPKs are targeted to transcription factors pre-bound to DNA 

demonstrating how cell surface receptor activation can exert epigenetic control over 

cellular behaviour. ERKs in general are involved in the regulation of mitosis. 

However, it is not only through direct action on transcription factors that the MAPKs 

are able to regulate gene expression. Only part of the active MAPK module is 

translated to the nucleus whilst other parts remain within the cytoplasm where they 

are targeted to post-transcriptional mechanisms. For example JNK is important in 

stabilising messenger RNA of IL-2 in activated T-cells (C. Y. Chen et al. 2000). p38 

has also been found to be important in stabilising specific messenger RNAs (Winzen 

1999; Lasa et al. 2000). 

1.6.2   MAPKs in Keratinocyte Differentiation 

The p38 MAPK isoforms p38α,β and δ are expressed in keratinocytes (Dashti, S R et 

al 2001). Although information regarding the different isoforms is limited it has been 

found that p38δ is in abundance in keratinocytes (Dashti, Efimova, and Eckert 2001).  

Ocadaic acid has been used to stimulate p38δ specifically through its potent inhibition 
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of protein phosphatases 2A, 1, and 3 (A H Schönthal 1998). Ocadaic acid binds the 

catalytic subunit of phosphatase 2A supressing its enzymatic activity (Bialojan and 

Takai 1988). The inhibition of phosphatase activity in keratinocytes results in 

accumulation of hyper phosphorylated p38 proteins which leads to stimulation of the 

signalling cascade which in turn produces alteration in gene expression (Axel H. 

Schönthal 1995; Haystead et al. 1989; Sassa et al. 1989; Connelly et al. 2011; Kramer 

et al. 1996). 

Efimova et al, 2003 demonstrated not only that p38δ is specifically stimulated by 

ocadaic acid but provide the first evidence that p38 is co-precipitated with ERK1/2. 

Not only this but how increased p38δ activation leads to reduced ERK1/2 activity and 

vice versa. This was also linked increased binding of AP1 and CAATT enhancer 

binding protein factors to the involucrin (hINV) promotor. These responses are 

maintained in the presence of SB203580 that inhibits p38α and β suggesting a central 

role for the p38δ isoform (Kumar et al. 1997; Cuenda 1997). This evidence suggests 

that p38δ directly regulates ERK1/2 activity via formation of the p38δ-ERK1/2 

complex and is the major regulator driving suprabasal hINV gene expression. It is 

also worthy to note however that the increased phospho-ERK1/2 was also 

accompanied by increased phosphor c-Jun which suggests increased JNK1/2 activity. 

1.6.3 MAPKs in Keratinocyte Proliferation 

The ERKs have been shown as an important regulator of cellular proliferation. ERK 

1/2 phosphorylates the rate limiting enzyme carbamoyl phosphate synthetase II which 

is essential for pyrimidine nucleotide biosynthesis (Graves et al. 2000). Further to this 

ERKs have also been found to promote cell-cycle progression through inhibition of 

the cell-cycle inhibitory kinase MYT1 (Palmer, Gavin, and Nebreda 1998). By 

contrast ERKs have also been implicated in stalling of meiotic cells at metaphase II 

by activating a cytostatic factor (Bhatt et al. 1999; Gross et al. 1999). ERKs can also 

stimulate proliferation indirectly through upregulation of the AP1 activity with the 

concomitant induction of cyclin D1 (Treinies et al. 1999; Connelly et al. 2011; 

Barnum and O’Connell 2014; Arai, Kanda, and Miura 2002). Independently this 

pathway is insufficient to stimulate DNA synthesis and so it requires the synergy of 

phosphatidyl-inostol-3-OH kinase (PIK). Incidentally this kinase is activated by 

autocrine growth factors whose expression is ERK responsive (Treinies et al. 1999). 

Autocrine factors are important responders of MAPK signalling (Wasserman, 
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Freeman, and Matthew 1998), enabling for a single MAPK cascade to elicit multiple 

signalling pathways simultaneously (Minden, Lin, McMahon, et al. 1994).  

A study into squamous cell carcinomas by Masatoshi et al (2013) demonstrated how 

ERK1/2 upregulation was the cause of abnormal rates of proliferation. The increased 

ERK1/2 levels were found to correspond with increased rates of proliferation with 

attenuation by siRNAs targeted specifically to ERK1/2 returning proliferation rates to 

a normal level.  

1.6.4   An Overview of Integrin Mediated MAPK Signalling 

Integrins provide a physical connection between extracellular matrix components and 

the cell cytoskeleton. Integrin binding has been demonstrated as influential over cell 

behaviour with respects to proliferation, differentiation, motility and apoptosis. The 

integrin family of cell surface receptors have been well established as integral to cell 

adhesion being the principal recipients of extracellular matrix ligands such as 

collagen, lamins and fibronectin (Watt 2002; Gullberg and Lundgren-Akerlund 2002; 

Y. Chen et al. 2017; Raghavan, Vaezi, and Fuchs 2003; Borradori and Sonnenberg 

1999). Integrins function as bridges that connect the ECM with the actin-cytoskeleton. 

Complex mechanisms govern the integrin-actin interaction of which the Rho family 

of Ras-related GTP-ases play a large part in transducing (Buhl et al. 1995; Tapon and 

Hall 1997; Nobes and Hall 1999; Westwick et al. 1997). The ability of integrins to 

bind ECM components is regulated not only by Rho and Ras family members but by a 

plethora of other proteins found within the cell membrane such as the caveolin 

integral membrane proteins (Y. Wei et al. 1999; Wary et al. 1998, 1996). Regulation 

of these interactions has profound impacts upon cytoskeletal organisation, cell cycle 

progression, pro-apoptic cues, and cell motility.  

These cellular changes are mediate by integrin signalling that can be broadly 

categorised as direct or indirect signalling. Direct signalling is the product of the 

association of several integrins with the concomitant activation of cytoplasmic 

tyrosine kinases such as focal adhesion kinases (FAK) and serine threonine kinases 

(such as those in the mitogen activated protein kinases), which induce ionic transients 

(e.g. Ca2+, Na+/H+), and stimulate lipid metabolism (e.g. phosphatidylinositol-4,5-

bishphosphate (PIP2) synthesis) (Aplin et al. 1998; K.-J. Lee et al. 2017; Raghavan, 

Vaezi, and Fuchs 2003; Gadhari et al. 2013).  Activation of kinases allows for the 
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physical extracellular environment to exert control over cellular behaviour via the 

MAPK cascades for example. The indirect signalling is a form of collaborative 

signalling in which the integrins modulate signalling cascades elicited by other cell 

surface receptors, in particular by receptor tyrosine kinases (RTKs). Evidence would 

suggest that signalling originating from the cell surface is dependent upon association 

with integrin complexes (Y.-X. Su, Hou, and Yang 2014; Gahmberg et al. 2009; X. 

Chen et al. 2014). 

The cytoplasmic tails of integrins lack enzymatic activity and hence transduce signals 

via associated adaptor proteins that connect the integrin with cytoplasmic kinases, 

membrane associated growth factor receptors and the cytoskeleton (Judah et al. 2012; 

Wary et al. 1996; D D Schlaepfer, Broome, and Hunter 1997). Integrins have an 

intimate relationship with the actin cytoskeleton inducing formation of actin stress 

fibre formation from focal adhesion sites and linking ECM substrates (e.g. collagen) 

with keratins (Watt 2002; Raghavan, Vaezi, and Fuchs 2003; Gullberg and Lundgren-

Akerlund 2002; Greiner et al. 2013; Walko, Castañón, and Wiche 2015). Integrins 

will bind to the ECM forming lateral connections with adjacent integrins to form an 

adhesion complex. This complex promotes the polymerisation of actin from the site of 

clustering (Machesky and Hall 1997; Burridge and Chrzanowska-Wodnicka 1996b; 

Lyman et al. 1997). The organisation of actin into larger stress fibres promotes further 

integrin clustering increasing integrin adhesion with the ECM (Burridge and 

Chrzanowska-Wodnicka 1996a). In this regard integrins are a means for cells to 

detect and interact with the cells ECM. A recent study demonstrated how availability 

of G-actin impacts upon proliferation rates via its negative influence over the serum 

response factor activity (Gadhari et al. 2013; Koegel et al. 2009). This suggests that 

increased F-actin as a result of increase integrin-collagen binding could sustain a 

proliferation advantage in keratinocyte derived cells.  

1.6.5 Integrins Transduce Via MAPK Signalling Cascades 

There is evidence for both integrin-mediated stimulation of MAPK however it is still 

ambiguous as to how this is mediated with three models currently being proposed. 

The first model suggests the clustering of integrins at the membrane signal via FAK, 

to SH2-domain adaptor proteins, to guanine nucleotide exchange factors, to Ras 

which activates downstream MAPK cascades (Elbediwy et al. 2016). This model is 

analogous to that proposed for the stimulation of MAPK cascades by growth factors, 



30 

 

with FAK replacing RTK. In support of this hypothesized model is the auto 

phosphorylation of FAK as a product of integrin mediated adhesion. This in turn leads 

to the recruitment of Src, further tyrosine phosphorylation of FAK and p130CAS and 

the binding of SH2-domain proteins including Shc and the Grb2/Sos adapter protein-

exchange factor complex (David D. Schlaepfer et al. 1994; David D. Schlaepfer and 

Hunter 1997; Polte and Hanks 1997; Vuori et al. 1996). The formation of this adapter 

with FAK might suggest further signalling to MAPKs. More direct evidence was 

provided when the overexpression of FAK led to Src- and Ras-dependent activation 

of MAPKs (David D. Schlaepfer and Hunter 1997).  

However, such overexpression studies posit cause for concern as such artificially high 

levels of expression can alter the function of kinases. The ability of MAPK cascades 

to elicit different responses is in part reliant upon the ability to stimulate cascades in 

an analogue fashion. FAK may only be stimulating MAPK as a result of this 

overexpression and not directly as a result of integrin mediated adhesion. Contrary to 

the direct involvement of FAK other studies argue that FAK is not involved in 

stimulation of MAPK as no activation was observed when FAK was constitutively 

expressed in epithelial cells (Frisch 1996). Again, this illustrates how artificial 

expression of kinases involved in multiple pathways can trigger a change in function 

and produce an entirely different outcome. Another mechanism postulates that FAK is 

in fact redundant in the activation of MAPK, instead proposing the activation of Ras-

Raf by the caveolin-Shc-Grb2-Sos complex upon engagement of integrin-ligand 

interaction (Samarakoon and Higgins 2018).  

1.6.6 Transduction of Matrix Stiffness in Keratinocyte Derived Cells 

The epidermis and anagen hair follicle are maintained under homeostatic conditions; 

the follicle reaches a maximum length during anagen from which a hair shaft is 

differentiated whilst the skin continually replaces cells that are sloughed off at its 

surface. Many molecular mechanisms have been detailed that govern these processes 

but what is still unclear is how this homeostasis is achieved. One such mechanism that 

would enable for rapid communication between cells is a physical link mediated by 

the cell-cytoskeleton-cell-ECM interactions. Alterations in this via loss of tension 

could act as a means of providing instructive cues to cells on both the need for 

proliferation and on the plane within which the division is needed (providing 

polarity).  
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Many studies looking into the impact of mechanical transduction on cellular 

behaviour focus on long term exposure to a force for example by cyclic stretching or 

exposure to pressure over several hours (Y. Li et al. 2011; Greiner et al. 2013; Yano 

et al. 2004; O. V. Kim et al. 2017). With varied effects from cell type to cell type 

there is no straightforward relationship between physical forces and cellular outputs. 

However, a theme that persist throughout is how alterations in stress/strain values 

across a cell over prolonged periods produces biological outputs with respects to 

alterations in proliferation, differentiation and migration (Gupta et al. 2016; Y. Wang 

et al. 2012; Greiner et al. 2013; Moriya et al. 2011; S Kippenberger et al. 2000; Y. Li 

et al. 2011).  

Mechanical loading has been shown to elicit changes in cellular proliferation rates, 

differentiation, protein expression and gene expression. The outcome of the physical 

output appears to be the product of both the cellular context and the source type. For 

example, cyclic stretching of fibroblasts can propagate the production of MMPs, type 

I collagen and proliferation whilst prolonged stretching has the opposite effect  in 

keratinocytes producing a reduction in proliferation rates (Barkhausen et al. 2003; 

Greiner et al. 2013; K. Zhang et al. 2016; Voorhees et al. 2015; Ruiz and Jarai 2011; 

JH-C Wang and Thampatty 2006; S Kippenberger et al. 2000). Considering that the 

forces generated by shaving are dissipated over a matter of seconds/minutes it is not 

likely that these forces will produce the biological outputs reported on and so what is 

more interesting is to consider the roll of different established physical environments 

and how these could impact upon hair follicle homeostasis and epidermal homeostasis 

with respects to governing proliferation and differentiation. 

HaCaT cells have been shown to exhibit elevated proliferation rates in response to an 

increased substrate stiffness. MTT assays and flow cytometry were used to evaluate 

cells cultured on high stiffness (Youngs modulus=1.6 MPa) and low stiffness 

(Young’s modulus 0.05 MPa) polydimethyl siloxane (PDMS) substrates. The key 

findings from this study were that the stiffness mediated proliferation was 

independent of Wnt/𝛽-catenin pathway but dependent on FAK-ERK 1/2 pathway. In 

addition to this nuclear transduction was noted via the increased expression of Lamin 

A/C (Gupta et al. 2016). These findings are additive to earlier findings that recorded 

elevated 𝛽-catenin levels to coincide with increased proliferation rates suggesting that 

although 𝛽-catenin is capable of eliciting increased proliferation rates via the 
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canonical Wnt pathway (figure1.5) it is not the dominant means by which 

proliferation is driven in keratinocyte derived cells (Novak et al. 1998; Andl et al. 

2004; Kobielak et al. 2007; Van Mater et al. 2003).  

 

 

Figure 1.5: Canonical Wnt signalling.  

Wnt binds to the G-protein coupled receptor frizzled (FZD) causing recruitment of the 

AXIN complex (APC-AXIN-GSK-3) via Dvl. The kinases GSK-3 and CK1 then 

phosphorylates the receptor LRP5 of the membrane which in turn sequesters 

additional AXIN causing further phosphorylation of LRP5. This amplification step 

results in receptor-AXIN complex clusters forming at the membrane, blocking 

ubiquitination and subsequent proteosomal degradation of 𝛽-catenin. 𝛽-catenin will 

therefore accumulate in the cytoplasm where is will eventually be translocated to the 

nucleus. Once in the nucleus 𝛽-catenin binds to and activates the TCF/LEF 

transcription factors. CK1 and CK2 have been postulated as kinases that prepare 𝛽-
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catenin for interaction with GSK-3 (G. Wu et al. 2009; Tsai et al. 2014; Rao and Kühl 

2010; Lim et al. 2016; Ding and Dale 2002; Gwak et al. 2012) . Wnt signalling has 

also been linked to the activity of Groucho (a family of transcriptional regulators), 

CtBP (a transcriptional corepressor) and HDACs (histone deacetylases) which form a 

complex network of factors that contribute to the epigenetic modification of DNA 

(see MacDonald et al. 2009 for review).  

In the FAK-ERK pathway the integrin associated FAK is autophosphorylated in a 

matrix dependent manner (figure 1.6). The phosphorylation of the FAK modulates the 

catalytic activity and physical association with Src homogy 2 (SH2)-containing 

proteins including the Grb2-Sos complex (Schaller et al. 1994; J. G. Wang et al. 2005; 

F. Liu, Sells, and Chernoff 1998; Hanks and Polte 1997). The Grb2-Sos complex is a 

key regulator of Ras which has downstream impacts on both JNK and ERK1/2 

activity, both of which have been shown to be involved in transducing proliferation 

cues in keratinocytes (Lamarche et al. 1996; D’Souza-Schorey, Boettner, and Van 

Aelst 1998; Clark and Hynes 1996; Brenner et al. 1996; Mishima, Inoue, and Hayashi 

2002; Sun et al. 2015; Ip and Davis 1998).  

 

Figure 1.6: Integrin-mediated MAPK signalling that transduces proliferative cues. This 

figure is a simplified break down of how an ECM interaction with an integrin could elicit 

cellular proliferation via MAPK signalling. 

As the autophosphorylation of FAK is ECM dependent there is a potential source of 

modulation whereby increased access to substrate would enable increased integrin 

clustering which in turn produces increased FAK activity with down-stream activation of 

JNK and ERK eliciting proliferation Earlier studies have shown how increased integrin 

clustering leads to increased phosphorylation of p125fak which has also been reported to 

signal via Ras eliciting increased ERK1/2 activity (Bauer et al. 1993).  

β-Catenin is known for its involvement in intercellular adhesion structure called adherens 

junctions and was later found to be a key member in the Wnt signalling pathway. Wnt 

signalling causes it’s translocation to the nucleus where it transactivates transcription of 
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target genes together with members of the Tcf/Lef1 transcription factor family (Huber et 

al. 1996; Behrens et al. 1996). However, Posthaus et al. has already showed that β-catenin 

is not required for proliferation of mouse epidermal keratinocytes suggesting although this 

pathway has capacity to induce proliferation in keratinocytes, it is not essential (Posthaus 

et al. 2002). Within the Gupta 2016 study β-catenin nuclear localisation was not found 

to alter, with only changes at the cell periphery being noted leading to the conclusion 

that stiffness induced proliferation was independent of this pathway. The increase 

pERK1/2 suggests the FAK-ERK pathway to be more important in transducing 

stiffness cues.   

These findings were observed in an earlier study by Wang et al 2012 whom again 

used PDMS substrates of differing Young’s moduli (stiffness) to investigate the 

relationship between substrate stiffness and proliferation/differentiation rates and cells 

migration. The group similarly found that an increased stiffness generated a 

proliferation advantage and promoted cell spreading. Flourescence flow cytometry 

suggested this increased proliferation to correlate with increased integrin-𝛽1 which 

signals via the FAK-ERK pathway (Y. Wang et al. 2012). 

The literature surrounding the mechanotransduction of matrix stiffness all agree that 

increased stiffness leads to increased proliferation and most likely via FAK-ERK1/2 

signalling. To understand better how substrate stiffness could be used to retain 

functionally distinct environments, the hair follicle provides an ideal model since the 

infundibulum, isthmus and suprabulbar regions are all abutted by structurally different 

dermal environment that will be investigated within this study. The follicle also 

retains both stem cell niches, transit amplifying cells and differentiating cells. Insight 

into substrate stiffness may point to new sources of tissue governance not previously 

considered. 

1.8 The Effects of Mechanical Force on Cell Nuclei 

In HaCaT cells the LINC complex has been found to impact upon nuclear size via 

interaction with both microtubules and F-actin. Disruption of F-actin resulted in 

shrunken and disfigured nuclei whilst disruption of microtubules caused enlarged 

nuclei. However, when both were disrupted the same phenotype as when F-actin 

alone is disrupted was returned implying F-actin and actin binding domains within the 

LINC complex to be dominant in nuclear dynamics. It is also well documented that 
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cells in interphase and S-phase exhibit an increase in nuclear volume (Black L 2019, 

Li Yang 1997, 23, 24). 

There is growing evidence that physical properties of the ECM modulate nuclear 

shape. The actin-myosin cytoskeleton transmits mechanical force from focal 

adhesions at the cell membrane/ECM junction to nuclear LINC complexes and the 

lamina (Friedl, Wolf, and Lammerding 2011), and the actin cytoskeleton was also 

shown to be important in coordinating nuclear shape with cell shape (Versaevel, 

Grevesse, and Gabriele 2012). Substrate stiffness on which NIH 3T3 cells were 

cultured modulated nuclear shape. Malleable substrates produced cells with round 

nuclei while stiff substrates led to flattened nuclei (Lovett et al. 2013). 

Intriguing interactions between lamin A levels, ECM stiffness, and cell differentiation 

have also recently emerged (Swift et al. 2013), as well as a novel role for keratin 

filaments in regulating nuclear shape (C.-H. Lee et al. 2012). K14 was recently shown 

to impact upon nuclear shape of cultured keratinocytes. K14 was noted to concentrate 

around the nucleus with K5 via a disulphide linkage. K14 knockdown produced 

severe nuclear aberrations. As K14 is only present in basal keratinocytes this could 

suggest a possible link between keratins, nuclear dynamics and chromatin 

remodelling. However, is more relevant to this study is that this study demonstrates a 

physical link between K14 and nuclear morphology and therefore forces transduced 

from the cell periphery can reach the nucleus via K14. 

Within this study, nuclear morphologies will be evaluated to delineate how forces 

generated during the shaving process are distributed along the hair follicle to 

understand how mechanically distinct environments within the dermis could have 

functional roles in follicle homeostasis. For example in regions where progenitors are 

known to be found it would be beneficial to ameliorate compressive forces while 

providing a low stiffness environment which have been shown to produce increased 

proliferation and terminal differentiation (Y. Li et al. 2011; Greiner et al. 2013; 

Raymond et al. 2005; Xu et al. 2014; Engler et al. 2006; Y. Wang et al. 2012).  
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1.7 Overall Aims and Goals 

This study aims to characterise how forces are distributed along the hair follicle by 

assessment of nuclear deformation (in the context of shaving), to reveal mechanical 

niches generated by collagen adjacent to the hair follicle using a combination of high-

resolution confocal microscopy and multiphoton microscopy. Once these collagen 

niches have been identified and characterised, they will be modelled in vivo using 

collagen hydrogels produced from isolated type 1 rat tail collagen. This will allow 

correlations to be drawn between matrix density, changes in nuclear morphology and 

proliferation/differentiation rates. This will inform upon the significance of 

differential collagen environments abutting the hair follicle and how these may aid in 

follicle homeostasis with respects to the propagation of anagen, and in epidermal 

homeostasis. 
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2.0   Materials and Methods 

2.1   Chemicals and reagents 

All chemicals and reagents used are of analytical grade and supplied from Sigma 

Aldrich UK or BDH Laboratory Supplies unless otherwise stated. 

2.2   Human Facial and Scalp Skin Preparation for Histological Analysis 

Human scalp and facial skin were supplied by Procter and Gamble and sourced by 

Caltag Medsystems. All tissues were stored and discarded in accordance with the 

Human Tissue Act 2004. All skin was screened for a panel of infectious diseases 

before receipt.  

2.2.1   3-D Printed Support for Biomechanical Studies 

To capture the dynamics of the follicular compression a custom rig was designed 

using free, open source compute aided design software (FreeCad: 

https://www.freecadweb.org/). Multiple iterations were tested until the platform 

below was produced.  0.5cm by 3cm sections of skin were cut from frozen skin 

explants, to avoid compression of structures. The skin would be left at room 

temperature to thaw for 30 minutes. During this period string would be glued to 

individual hair shafts and passed through the apertures of the skin cassette. The 

epidermis would run parallel to the apertures to ensure the force applied was 

perpendicular to the skin surface. The apertures were sufficiently small to prevent the 

prolapse of the tissue but large enough to ensure the natural movement of the skin 

surrounding the follicle during compression without the structures providing support 

to the follicles being pulled. This ensured the dynamics of the epidermis, dermis, 

hypodermis and pilosebaceous unit could be captured during the pull with the tension 

generated by the pull being distributed in a native manner i.e. without artificial 

support.  

For dynamic imaging the chamber is then filled with PBS to prevent drying out of the 

specimen. A glass coverslip would then be placed over the skin and held in place by 

the coverslip clamp (figure 2.1). The strings would be tensioned once the specimen 

was in place within the microscope. For non-dynamic imaging i.e. pull then fix, no 

coverslip is required. The cassette was place within a chamber filled with PBS and the 

string was tensioned for the required durations. After the allotted tensioning the PBS 

would be substituted for 4%PFA and left for a 24h period. Although a skin tensioner 

https://www.freecadweb.org/
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was incorporated into the design it was too larger source of variability to use e.g. It 

wouldn’t be possible to accurately tension all the skin with the equipment available. 

 

Figure 2.1: CAD design of the skin cassette. a) 3D padded model. b) 3D Wire frame 

model 
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2.2.2   The Compressive Force Generating Rig 

To simulate the forces generated as a result of shaving a 2g weigh was applied to 

individual follicles as pictured below (figure 2.2). The string was attached to 

individual hairs using a hot glue gun, and the weight gently loaded to prevent 

depilation. For static pulls (i.e. pull-hold-fix/ 0 min) the skin would be secured within 

the cassette which would then be anchored into a secondary chamber that would later 

be filled with 4% paraformaldehyde: 0.2% Glutaraldehyde made up in PBS and left 

for 24 hours. The weight would be applied prior to addition of the fixative to capture 

the dynamics of the pull.  

 

 

 

Figure 2.2: Hair-pulling rig. A retort stand was used to hold the low-friction pulley in 

place. The string that was pre-attached to the hair shafts was then passed over the 

pulley. Finally, a weight of 2g/follicle would be added.  
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2.3   Histology of Human Skin 

2.3.1   Sample Preparation 

Skin sample were fixed in 4% paraformaldehyde: 0.2% Glutaraldehyde: 95.8% PBS 

v/v/v. Samples were then taken through a dehydration series of 10%, 30%, 70%, 95%, 

100%, 100% ethanol: deionised water at 1h intervals. This would then be left over-

night followed by a further 6h for the final 100% ethanol. Samples would then be 

transferred to 100% xylene for 24h then 50% xylene:50% paraffin wax for 24 hours. 

Upon the addition of paraffin samples would be stored in a 50℃ oven. Finally, the 

sample would be incubated twice for 24 hours in 100% paraffin. Samples were then 

cooled to room temperature and stored. Specimens were sectioned to ~10μm using a 

rotary microtome. Thin sections were then floated onto 37℃ water prior to mounting 

on poly-L-lysine coated slides (Thermo Fisher). The slides were then heated to 40℃  

and incubated overnight to drive off moisture encourage adherence and decompress of 

the section. Samples would then be deparaffinized using xylene followed by a 

rehydration series of 100%, 100%, 95%, 70% 30%, 10%, 0%, 0%, ethanol: deionised 

water at 5-minute intervals. Following this samples were mordanted by heating to 

56℃ in Bouin’s solution to achieve better contrasts as a result of staining. Samples 

were then cooled to room temperature using a large water bath as opposed to running 

water to prevent loss of sections.  

For the Masson’s trichrome slides were first stained for 5 minutes in Weigert’s 

haematoxylin solution (mix equal parts of solution A: 5g haematoxylin in 500ml 

CH3CH2OH, and solution B: 5.8g FeCl3, 5ml HCl (concentrated), 495ml H2O) 

followed by a 5-miute wash in deionised water. Samples were then transferred to 

Scarlet-Biebrich acid Fucshin for 5 minutes followed by another wash in deionised 

water. Slides were then transferred to analine blue solution for 5 minutes followed by 

clarification in 1% acetic acid for 2 minutes. Slides were then be dehydrated by 10%, 

30%, 70%, 95%, 100%, 100% ethanol: deionised at 5-minute intervals. Finally, 

samples were cleared in xylene for 10 minutes and mounted in DPX-mounting media.  

For haematoxylin and eosin staining slides were deparaffinized and mordanted as in 

the Masson’s trichrome technique. After this the slides were placed in working 

Mayer’s haematoxylin solution (50g KAl(SO4)2·12H2O, 1000ml dH2O, 1g 

haematoxylin) for 5 minutes followed by a further 5-minute wash in deionised water. 



41 

 

Samples would then be differentiated for 5 minutes using 1% HCl:40% 

CH3CH2OH:59% H2O. After this samples would be washed for 3 minutes in 

deionised water followed by a 2-minute incubation in eosin solution. The sample 

would then be dehydrated and be mounted as described in Masson’s trichrome 

staining.  

2.3.2   Image Acquisition 

Images were acquired using a Leica DMI3000 B DIC fitted with a Panasonic 3CCD 

1080p HD Colour camera this allowed for the acquisition of 16-bit RAW images that 

could be analysed using imageJ. 
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2.3.3   Image Analysis 

 Images were imported into ImageJ as RAW files for which intensity plots were 

generated for regions of collagen adjacent to the follicle that coincided with the 

infundibulum, isthmus and suprabulbar region. An average of the pixel intensity for 

each box was calculated based on the blue channel to select for collagen staining 

(figure 2.3). Increased blue intensity would indicate increased fibres per unit area as 

the average intensity of each box was generated. The same size box was used to 

analyse collagen for each area excluding the dermal sheath and follicle. Values range 

from 0-256 as the images acquired were 8-bit (i.e. 28 possible variables). Parameters 

were adjusted to ensure only blue was analysed. Other channels were stripped away 

and images were compared against the original to ensure only the red features had 

been removed.  

 

Figure 2.3: Intensity plots for Masson’s trichrome staining. Representative of the 

infundibulum region of the follicle. 
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2.4   Immunofluorescence of Human Skin 

2.4.1 Sample Preparation 

Tissue was fixed as described in 2.3.1 then snap frozen in liquid nitrogen. Tissue was 

then transferred to a -15℃ cryomicrotome for 30 minutes before being embedded in 

optimum cutting temperature (O.T.C) compound before sectioning to 8 µm thick 

sections. Sections were then placed onto poly-L-lysine coated slides and brought to 

room temperature. Samples were then washed 3×10 minutes in 1X PBS followed by 

permeabilization in 0.2% triton x-100 for 30 minutes. Following this samples were 

blocked for 1 hour using 0.1% fish skin gelatine: 2% bovine serum albumin made up 

in PBS. Samples were then incubated overnight at 4℃ with either rabbit polyclonal 

anti-involucrin (ABCAM) or rabbit polyclonal anti cytokeratin-14 (ABCAM) at 1:100 

dilution made up in blocking buffer. For dual labelling samples would be incubated 

sequentially with each primary antibody at room temperature for 1 hour. After each 

primary antibody incubation samples were washed 3×10 minutes in PBS. After an 

overnight incubation samples would be permeabilised a second time followed by 

3×10 minutes in PBS. Samples were then incubated with AlexaFluor secondary 

antibodies (ABCAM) at a 1:500 dilution in blocking buffer for 1 hour. Samples were 

then washed for 10 minutes in PBS followed by a 40 minute incubation with 0.5ug/ml 

DAPI:PBS solution. Finally, samples were washed for 2× 10 minutes in PBS then 

mounted in VectaShield H-1000 (Vector Laboratories) soft set mounting solution 

before imaging. Slides were sealed using TiPex and kept in opaque containers prior to 

imaging to preserve fluorescence. 

2.4.2   Image Acquisition 

Images were acquired using a Zeiss LSM 880 with Airyscan. Image were exported as 

uncompressed CZI files. Identical filter sets, exposure times, gains, magnification, 

excitations, z-intervals were used for acquisition of images to ensure comparability 

between samples prepared at the same time and recorded to meta data for each image 

file.  

The zeiss 880 excites the specimen with lasers tuned to the excitation wavelength of 

the flurophores being analysed (DAPI: 405 nm, phalloidin: 488 Alexa Fluor: 594 

nm/488 nm). The laser was scanned across the specimen in rows with line averages 

taken to increase the signal to noise ratio with emissions being captured at 
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wavelengths 10 nm greater than the excitation wavelength. Emission spectre were 

prevented from overlapping through restricting detection using a dichroic mirror 

minimising excitation of non-target flurophores. 

2.4.3   Image Analysis 

Images were split into their composite channels and regions of interest created to 

enable analysis of nuclei corresponding to either involucrin positive cells (IRS) or 

K14 positive cells (ORS). Data relating to nuclear morphology was extracted from the 

images using the shape descriptors plugin built into the imagej (fiji) software. The 

image would be split into its composite channels and cropped to include only nuclei 

of either the IRS or ORS. Running the ‘particle analysis’ plugin within imagej would 

return information relating to the height (y-dimension), width (x-dimension) and 

depth (z-dimension). 

To ensure the orientation of the follicle does not impact this data all images were 

oriented such that the hair follicle trajectory would be perpendicular to the x-axis. To 

ensure only pulled hairs are quantified all hairs within the region to be analysed would 

be loaded with a 2g weight. 
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2.5   Multiphoton Microscopy of Human Skin 

2.5.1   Sample Preparation 

Skin was prepared as described in 2.3.1 and loaded into the cassette. The cassette was 

then placed under the objective and clamped in place (figure 2.5). The hair follicle 

pulling rig was used to generate the pulling force. Images were taken before the pull, 

at maximum pull and upon release of tension by unloading the weight. The length of 

skin used was great enough to prevent leakage of moisture through the apertures 

retaining the hydration of the skin during imaging. The epidermis of the biopsy was 

effectively still providing the barrier function to the dermis and hypodermis.  

 

Figure 2.5: Imaging follicle dynamics by multiphoton microscopy: *a-skin anchorage 

cassette, *b-skin biopsy, *c-microscope stage, *d-Sting, *e-objective, *f-stage, *g-

retort stand, *h-weight, *i-pulley. 
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2.5.2 Image Acquisition 

Images were acquired using a BioRad Microradiance 2000MP by a direct detection 

system equipped with a bandpass filter that allowed for signal detection within the 

range of 410 nm to 490 nm. Images were stored as 8-bit TIFFS. 

2.5.3 Novel Image Analysis of SHG Signal 

SHG is only possible in structures comprising molecules that are non-

centrosymmetric and arranged in highly repetitive arrays placing collagen as an ideal 

generator. Chapter 4 documents how it was possible to delineate a collagen derived 

SHG signal from any other form of SHG (e.g. background signals from smaller 

micromolecular structures) or TPEF. Once parameters to generate SHG of collagen 

had been established it was possible to use intensity plots to identify changes in 

collagen bundling. It was assumed that each peak represents the mid-point of a fibre 

i.e. the thickest and therefore brightest part of a bundle, the distances between peaks 

will therefore represent distances between collagen fibre bundles. As distance 

between peaks are being assessed the height of the peak is irrelevant ensuring all fibre 

thicknesses are considered. This will provide a good indication of collagen density. 

As each pixel will generate a value it is important to only retain peaks and the 

corresponding pixel number (figure 2.6). This can be carried out manually using the 

pixel profile plots generated in imagej (fijij) or by this novel logic argument in excel 

i.e.  =IF(AND(C5>C4,C5>C6),C5,FALSE). This bespoke argument ensures that 

values are only retained if they are greater than the values of the pixels directly 

abutting ensuring only peaks are retained i.e. maxima. Values that fall on inclines 

(figure 2.6) will only be as large as one of the adjacent pixels. Once the maxima 

intensities and corresponding pixel location have been identified, the pixel location 

values can be subtracted to return the distances between each of the peaks. These can 

then be averaged to give the average distance between fibres that intersect the line 

(figure 2.6). Pixel values can be later converted into microns in accordance with the 

pixel ratio used e.g. 4.3px/𝜇𝑚. The pixel ratio was calculated using a graticule as this 

data was not provided within the meta data of the images obtained. 
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Figure 2.6: Analysis of SHG images. An intensity plot (bottom) generated from an 

SHG sourced image (top). The yellow line drawn will generate a value at each pixel 

along the line producing both a line graph and a table of raw values corresponding to 

each of the pixels and its location on the line. 
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2.6 Polymerisation of Collagen 3D Gels 

To prevent premature polymerisation all solutions were placed on ice for 30 minutes 

before use. All pipette tips, plates and inserts were cooled in the -20 ͦC freezer 30 

minutes ahead of use and only removed from the freezer as required. All steps were 

executed on ice using sterile reagents inside a tissue culture hood. 

Collagen gels were polymerised from chloroform treated, isolated rat tail type I 

collagen, solubilised within a solution of acetic acid (First Link UK Ltd).  

In accordance with Artym & Matsumoto, 2010 collagen was neutralised by first 

adding 10X DMEM that ammounts to 1/6th the total volume of collagen inside a 

sterile pre-cooled 50ml falcon tube. The 10X DMEM contained phenol red to enable 

for approximation of pH. The collagen would then turn a straw yellow coulour 

indicative of an acidic pH. 

This was followed by the addition of 10X reconstitution buffer (table 2.6.1) that 

ammounted to 1/6th the total volume of collagen solution to be used.  

Table 2.6.1: Recipe for the produciton of 100ml of reconstitution buffer as described 

in Artym & Matsumoto, 2010. All solutions were filter sterilised using a 0.2um 

poresize filter to ensure removal f any microbial contaminants. 

Chemical Quantity 

Sodium carbonate 

(Na2CO3) 

2.2g 

HEPES 

(C8H18N2O4S) 

4.8g 

Distilled Water  

(H2O) 

100ml 
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Post additon of reconstitution buffer, collagen was mixed by pipetting as described 

above. A 1µl sample was then taken and applied to indicator paper to gain a more 

accurate indication of pH. Finally 2 molar sodium hydroxide is added dropwise with 

mixing between drops until a pH of 7.4 was achieved. The phenol red should turn 

from a yellow to a light pink as pH 7.4 is reched. To ensure both solutions have an 

equal pH frequent testing on indicator paper was carried out. The table below (table 

2.6.2) lists volumes used:  

Table 2.6.2: Constituents of HD and LD collagen matrices. The volumes can be 

scaled according to the total final volume required. I routeenly make an additional 

10% to account for collagen lost during pipetting post netralisation. 

Start mg/ml 

collagen 

Volume 

Collagen 

(ml) 

Volume of 

10XDMEM 

(ml) 

Volume of 

RC buffer 

(ml) 

Final 

mg/ml of 

collagen 

solution 

Total 

Volume 

of 

solution 

(ml) 

2.05 1 0.2 0.2 1.46 (HD) 1.4 

5 1 0.2 0.2 3.57 (LD) 1.4 

 

Note the collagen concentration (mg/ml) can be adjusted throuhg the addition of PBS 

however adjusting the salt level including potassium chloride (a component of PBS) 

has been shown to impact upon the stability of α-helices which may impact upon the 

structures formed (Kohn, Kay, and Hodges 1997). Therefore two batches of collagen 

were utilised to ensure the salt levels for each solution were equal with respects to 

potassium chloride levels. One at 2.05mg/ml and the other at 5mg/ml. 

Once a pH of 7.4 is reached the solution was left for a further minute to ensure 

equibrilum had been reached and a final reading would be taken. The tube would then 

be sealed and placed in a centrifuge pre-cooled to 2 ͦC and centrefuged at 300RCF for 

1 minute. This final step is essential to ensure there are no bubles left within the 

solution to prevent structural heterogeneties produced by air bubbles during 

polymerisation. 
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While samples were centrifuged the required number of 6-well plates were removed 

from the -20 ͦC freezer. It was essentail that the plates were cooled to prevent 

premature polymerisation at room temperature (22 ͦC) ensuring even spreading across 

the dish and structural consitency from one model to the next. 1.5ml of collagen was 

pipetted into each well using pre-cooled tips. The plates were tilted in order to evenly 

spread the solution across the base of the well and then sealed using micropore tape. 

The plates were then immediately placed at there target polymerisation temeperature 

for 24h. After a 24h period 2ml of 1X DMEM, pre-heated to 37℃ would be added. At 

this point models were ready to be seeded as needed. 

2.7  Scanning Electron Microscopy (SEM) of Collagen Models. 

SEM microscopy utilises a focussed beam of thermionically produced electrons from 

a tungsten cathode to generate information regarding surface topology and 

composition of a specimen. In this instance, it is the topological information that is 

required. As the beam of electrons is scanned across the surface of the specimen 

electrons will either be; inelastically scattered, incoherently elastically scattered, 

elastically scattered or transmitted. The inelastic and incoherent scattering result in the 

production of secondary electrons that are detected and amplified to generate a 

readable signal. The intensity of the secondary emitted electrons is converted into a 

grey scale. The secondary electrons emitted from a specific location within the sample 

will therefore be mapped onto a single pixel as a product of grey. In this way, the 

topological information can be translated into a 2D grey-scale image. 

As electrons are utilised instead of a light source a high vacuum was required for 

beam operation to prevent electrons being scattered or absorbed by atoms in the path 

of the beam that are not attached to the surface of the specimen. Therefore, the 

specimen needed to be completely devoid of water and substances that will evaporate 

or sublimate in a high vacuum. This presents significant issues in biological 

specimens since water is actively involved the structural integrity of many proteins 

including collagen (Brodsky and Ramshaw 1997; Rich, And, and Crick 1961; 

Brodsky and Persikov 2005). Specimens must therefore be well fixed prior to 

dehydration.  
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2.7.1   Fixation 

The first fixation was carried out using a 2% solution of glutaraldehyde made up in 

Sorenson’s buffer (table 2.6.1) for 2 hours. Glutaraldehyde is a fast-acting fixative 

that will keep components in their native positions during the secondary fixation. 

Sorenson’s buffer meanwhile offers far superior buffering capacity compared with 

PBS reducing the number of artefacts within the sample. 

Table 2.7.1: Recipe for 0.2M phosphate buffer with a pH of 7.4: 40.5ml of solution X 

was added to 9.5ml of solution Y to make to produce 50ml of 0.2M phosphate buffer 

with a pH of 7.4. 

Solution X Solution Y 

Na2HPO4.2H2O 35.61g NaH2PO4.H2O  

dH2O 1000ml dH2O 1000ml 

 

Post primary fixation the specimen was washed for 3×15mins and then a secondary 

fixative of 0.1% Osmium tetroxide (OsO4) made up in Sorenson’s buffer was applied 

for 1 hour. Osmium both heavily cross-links proteins and confers electron dense 

properties to organic components. This aided in the transmission of incoherently 

scattered electrons through the specimen reducing the noise produced by secondary 

emitted electrons resultant from incoherent inelastic interactions. 

2.7.2   Dehydration, Critical Point Drying and Sputter Coating 

Collagen models were taken through a dehydration series of 10%, 30%, 70%, 95%, 

100%, 100% ethanol for 15 minutes per concentration. Samples were then critical 

point dried to avid formation of artefacts or structural alterations as a result of surface 

tension. This process perfectly preserves collagen in its native configuration provided 

superficial fluid conditions are met. This required extreme pressure and high 

temperatures during the exchange of liquid dry ethanol for liquid carbon dioxide. 

Dehydrated collagen was then sputter coated with 4nm of chromium to give optimum 

resolution during secondary electron capture. Thinner coatings proved inadequate to 

prevent surface charging while thicker coating generated artefacts. Samples were 

stored under low vacuum prior to imaging to reduce oxidation and production of 

artefacts.  
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2.7.3   Image acquisition  

Images were acquired using a Hitachi S-5200 with a resolution limit of 0.5nm at 

30kV. Secondary electron mode was utilised to gain topological information of the 

collagen matrices. High magnification images were acquired at a voltage of 30kV 

with a focus depth of 2µm. These settings were optimised to reduce charging 

preventing deformation of the collagen structure during imaging. Quantification of 

collagen matrices at a higher resolution was impractical as the high kVs produced 

rapid surface charging resulting in movement and deformation of the specimen after 

only a few minutes of imaging. 
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2.7.4   Image Analysis 

The AnalyzeSkeleton plugin for imageJ (fiji) is an implementation of the 3D thinning 

algorithm by Lee et al, 1994. The program uses the algorithm to iteratively erode the 

surface of an object symmetrically to retain the medial points along the skeleton (T. 

C. Lee, Kashyap, and Chu 1994) . It will therefore retains the midline of every 

collagen bundle. 

Voxels/pixels composing the skeleton are classified into one of three categories; 

endpoint, junction and slab. End-point voxels have less than two neighbouring voxels, 

junctional voxels have more than two neighbouring voxels and slab voxels have 

exactly two adjacent voxels. With these criteria the program was able to render a 

skeletal image from in which voxels were color-coded and quantified. End-point 

voxels are blue, slab voxels are orange and junctional voxels are purple (figure 2.7).  

 

Figure 2.7: Micrographs processed by the AnalyzeSkeleton plugin in imagej. a) Is an 

SEM images of a collagen matix after removal of background using the rolling ball 

algorithm set to a pixel radius of 15 (i.e. larger than the larges fibre diameter). b) Is 

the binarization of the image in a). Pixels no longer have bit depth. They are simply 1 

(black) or 0 (white) now. c) The binarized image is then thinned using the plugin 

written by Ignacio Arganda-Carreras, 2008 ImageJ(fiji) (Valente et al. 2017). d) The 
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analysed skeleton returning colour coded branches; end-point voxels are blue, slab 

voxels are orange and junctional voxels are purple.  

The table of results displayed the number of branches (slab segments), the number of 

voxels of every type (slab, end, and junction), the number of actual junctions, the 

number of triple points (exactly three branches) and quadruple points (exactly four 

branches), and finally the average and maximum length of branches in corresponding 

units. This could have been problematic for a matrix in which the skeleton derived 

may have many interconnected loops and branches as the program may not be able to 

distinguish one branch from another. This could result in several branches being 

quantified as one. To overcome this cycle detection and pruning were implemented. 

In this instance where loops are detected pruning has been calibrated to sever the 

shortest branches. 

Within the plugin there is also options to provide detailed information producing a 

separate table of results detailing 3D coordinates of the extremes of the branch 

(vertices V1 and V2) and the Euclidean distance between those extreme points. Using 

the average of the Euclidean distances and average length of each branch it was 

possible to generate a value that indicated the tortuosity of the matrix. The arc-chord 

method is the simplest mathematical method for estimating tortuosity and can be 

applied to the data outputs from imageJ (fiji). Further to this the number of branch 

points and distances between branch points were assessed. Fibre widths were 

manually quantified using the line drawing tool. 

2.8   Cell Culture and Treatment of HaCaT Cells 

2.8.1 Culture of HaCaT Cells 

HaCaT cells were cultured between passage 8 and passage 40 in Dulbecco’s modified 

Eagle’s medium supplemented with 10% foetal calf serum  (Boukamp et al. 1988). 

Cells were obtained from a verified stock and cultured without antibiotics to allow for 

early identification of infection. Cells were passaged weekly and not allowed to grow 

beyond 70% confluency to ensure cells were retained within the log10 phase of 

growth. Cells were passaged typically at a 1:25 split ratio upon reaching 70% 

confluency in a T75 flask with filterer caps (SARSTEDT). Cells were passaged using 

a 1X trypsin solution of 1:250 made up in sterile 1X phosphate buffered saline (PBS; 

137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4). The 1:250 
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designation indicates the tryptic activity based on standardized testing. This ratio 

indicates that one-part trypsin will digest 250 parts casein in the United States 

Pharmacopeia activity assay. Cells were seeded at 10,000 cells per well in a 6 well 

plate to allow for the behaviour of individual cells to be studied at 24h prior to colony 

formation observed after a 5-day incubation period. 

2.8.2 Notes on Choice of System to Evaluate Proliferation and Differentiation Rates 

in Response to Changes in Collagen Density 

Primary keratinocytes culture in vitro at a low calcium concentration retain a basal 

phenotype, while addition of calcium (>0.1mM) triggers their differentiation, shifting 

the keratin profile expression pattern from basal (K5 and K14) to suprabasal (K1 and 

K10) with the concomitant production of involucrin (P. A. Coulombe, Kopan, and 

Fuchs 1989; Lloyd 1995; Ryle et al. 1989; Micallef et al. 2009; Murthy et al. 1993). 

There are two major draw backs regarding primary keratinocytes. The first is the need 

for large amounts of growth factors and the second is that once a cell undergoes a 

programme of terminal differentiation they rapidly die, preventing analysis of long-

term differentiation signals (Hennings et al, 1980). 

HaCaT cells however exhibit a capacity to switch freely between a differentiated and 

basal state depending on the calcium concentration. Critically the cells do not die and 

detach upon entering a programme of differentiation, they simply express elevated 

involucrin, K1 and K10 (Deyrieux and Wilson, 2007). To ensure the media was not 

the driving cause for differentiation low-calcium DMEM (<0.3 𝜇M) was used which 

has been shown to retain HaCaT cells within a basal, undifferentiated state provided 

cells are retained in a sub-confluent state. Therefore, any increase in differentiation 

potential would be attributed to changes in substrate and not as a result of media-

induced calcium signalling. 

2.8.3   Treatment of HaCaTs With Inhibitors 

Inhibitors were purchased from SelleckChem. All drugs were made up in 200X stocks 

(i.e. 200x working concentration) in dry DMSO such that a final concentration of 

0.5% DMSO with inhibitor could be achieved to control for cytotoxicity conferred by 

DMSO. DMSO was found to have no cytotoxic effects on HaCaT cells below 1% 

DMSO as determined MTT assay (P. Walsh, 2016).  
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Erk inhibition was carried indirectly by PD98059 (Erki) through inhibition of the 

upstream MAPK kinase MEK1. ERKi is a non-ATP competitive inhibitor with an IC-

50 of 2uM. It inhibits MEK1 specifically with no inhibition of either p38 or JNK 

MAPKs. Its effects have been noted after 1h at 10 uM in MCF-7 cells and 1h hour in 

HepG2 cells at 10 uM after one hour (Cybulsky and McTavish 1997; Gazel et al. 

2008; Zu et al. 1998). To ensure adequate levels of inhibition cells were continually 

exposed during each time course. 

SP600125 (JNKi) is a broad-spectrum JNK inhibitor for JNK1, JNK2 and JNK3 with 

IC50 of 40 nM, 40 nM and 90 nM in cell-free assays, respectively; 10-fold greater 

selectivity against MKK4, 25-fold greater selectivity against MKK3, MKK6, PKB, 

and PKCα, and 100-fold selectivity against ERK2, p38, Chk1, EGFR (Bennett et al. 

2001). Cells were treated with a with 10uM continually for each time course. The 

concentration was deemed non-cytotoxic by MTT assay (P. Walsh, 2016). 

The p38 inhibitor PD98059 (p38i) inhibits basal MEK1 produced by mutation of 

serine at residues 218 and 222 to glutamate (MEK-2E) with IC50 of 2 μM. p38i does 

not inhibit the MAPK homologues JNK and P38. p38i is highly selective against 

MEK, as it does not inhibit several other kinase activities including Raf kinase, 

cAMP-dependent kinase, protein kinase C, v-Src, epidermal growth factor receptor 

kinase, insulin receptor kinase, PDGF receptor kinase, and phosphatidylinositol 3-

kinase. p38i inhibits PDGF-stimulated activation of MAPK and thymidine 

incorporation into 3T3 cells with IC50 of ~10 μM and ~7 μM, respectively (Dudley et 

al. 1995). p38i potently prevents the activation of MEK1 by Raf or MEK kinase with 

IC50 of 4 μM, and weakly inhibits the activation of MEK2 by Raf with IC50 of 50 

μM. p38i does not inhibit the activation of MEK homologues MKK4 and RK kinase 

that participate in stress and interleukin-1-stimulated kinase cascades in KB and PC12 

cells, and the activation of p70 S6 kinase by insulin or epidermal growth factor in 

Swiss 3T3 cells (Alessi et al. 1995).  
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2.9 Immunofluorescence of Collagen Models Seeded with HaCaTs 

2.9.1 Sample Preparation 

Collagen models were fixed in a 4.0% paraformaldehyde: 0.2% glutaraldehyde PBS 

solution for 1 hour. Collagen models were then washed 3×10 minutes in 1X PBS 

followed by permeabilization in 0.2% triton x-100 for 30 minutes. Following this 

samples were blocked for 1 hour using 0.1% fish skin gelatine: 2% bovine serum 

albumin made up in PBS. Samples were then incubated at room temperature with 

either rabbit polyclonal anti-involucrin (ABCAM) or mouse polyclonal anti Ki67 

(ABCAM) at 1:100 dilution made up in blocking buffer. For duel labelling samples 

would be incubated sequentially with each of the primaries at room temperature for 

1h. After each primary incubation samples would be washed 3×10 minutes in PBS. 

After an overnight incubation samples would be permeabilised a second time 

followed by 3×10 minutes in PBS. Samples were then incubated with alexa fluor 

secondary antibodies at a 1:500 dilution in blocking buffer for 1 hour. Samples would 

then be washed for 10 minutes in PBS followed by a 40-minute incubation with 

0.5ug/ml DAPI dissolved in PBS. Finally, samples would be washed for 3× 10 

minutes in PBS then mounted in vectashield H-1000 (Vector Laboratories) soft set 

mounting solution before imaging. Slides were sealed with TipEx and kept in opaque 

containers prior to imaging to preserve fluorescence. Images were acquired as 

outlined in 2.4.2. 
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2.9.2   Image Analysis 

Ki67 expression was analysed by averaging the average pixel intensity of Ki67 per 

nuclei. Images were first separated into their composite channels then a mask was 

created from the blue channel (corresponding to DAPI) using the following macro 

constructed in imageJ (fiji): 

macro "MakeMask [F1]" { 

run("Subtract Background...", "rolling=150"); 

run("Smooth"); 

run("Make Binary"); 

run("Dilate"); 

run("Fill Holes"); 

run("Median...", "radius=9"); 

run("Watershed"); 

run("Analyze Particles...", "size=0-infinity circularity=0.00-1.00 show=Masks 

exclude"); 

run("Create Selection"); 

roiManager("Add"); 

roiManager("Split"); 

roiManager("Select", 0); 

roiManager("Delete"); 

} 
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In summary the macro subtracts all background based on the size of the largest nuclei 

using the rolling ball algorithm. This means that a continuous signal larger than the 

size of a nucleus would be removed, leaving only nuclei as active pixels. The nuclei 

would then be converted to a binary image and have the spaces within the nuclei filled 

to return a solid nucleus. The macro is then able to create a perimeter for each nucleus 

which is then converted into a mask which can then be overlaid onto the red channel 

(corresponding to Ki67) ensuring only Ki67 within the nuclei was quantified. The 

following macro constructed in imagej (fiji) was then applied to quantify the pixel 

intensity for each nucleus within the image: 

{ 

run("Subtract Background...", "rolling=90"); 

roiManager("Select", 0); 

n = 1 

roiManager("Select", n); 

for (i=0; i<=n; n++) { 

 roiManager("Select", n); 

 run("Measure"); 

} 

} 

The macro used the mask of nuclei stored within the ROI (region of interest) manager 

to remove background signal and quantify only Ki67 foci within the nuclei. 
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3.0 Exploring Mechanical Niches Within the Pilosebacious Unit 

To understand the biological significance of mechanical niches along the follicle it 

was important to consider how mechanical forces were transduced from cell to cell 

and cell to ECM. 

3.1   Keratin and Actin as Mediators of Mechano-Transduction to The Nucleus 

Cytoskeletal filaments provide tissues with the structural support required to cope 

with mechanical stress. However, their role extends well beyond this, being 

implicated in stimulation of MAPK cascades linked to modulating cellular 

proliferation and differentiation. These relationships posit questions surrounding the 

impact of compressive forces exerted along the length of the hair follicle during the 

shaving process. To understand the biological implication of these forces it is first 

worthwhile exploring the physical connections that enable the transduction of force 

from the external environment to the nucleus. 

3.1.1 Keratins, Hemidesmosomes and the ECM 

Cell-matrix adhesion is crucial to the governing of many biological processes 

including epidermal homeostasis, wound healing, inflammation and malignant cell 

progression (Ridley 2003). For epidermal cells, matrix adhesion is maintained by both 

actin-associated focal adhesions and keratin-associated hemidesmosomes. Much has 

been elucidated regarding the formation of focal adhesions and the interplay between 

actin, focal adhesions and MAPK signalling (S. Y. Li, Mruk, and Cheng 2013; Descot 

et al. 2009). Through the study of mutations and disease, increasingly more is 

understood surrounding the role of keratin in the formation of the stable, keratin-

associated hemidesmosomes and what implications keratin destabilisation and force 

transduction has on desmosomal formation, stability and signalling to elicit changes in 

cellular behaviour.  

Disruption of the keratin-associated hemidesmosome gives rise to a plethora of 

chronic diseases including epidermolysis bullosa (figure 3.1). This disease can arise 

as result of mutation in integrin-linked keratins K5 and K14 or mutations within the 

genes encoding hemidesmosomal proteins such as the linker protein plectin and 

transmembrane protein integrin α6β4 (Fine 2010; Sawant et al. 2018; Seltmann et al. 

2013; Litjens, de Pereda, and Sonnenberg 2006). The stability of hemidesmosomes is 

believed to be attributed to the stable interaction of integrin 𝛼6𝛽4 with the linker-



61 

 

protein plectin, which in turn connects the integrin cluster to the keratin intermediate 

filaments K14 and K5 (de Pereda, Lillo, and Sonnenberg 2009). 

 

Figure 3.1: Disorders and structural cellular changes associated with defects in the 

hemidesmosome-mediated ECM-cytoskeleton bridge (McGrath et al. 1995; Walko, 

Castañón, and Wiche 2015; Hamill et al. 2009; J. Koster, van Wilpe, et al. 2004; 

Valencia et al. 2013; Berditchevski et al. 2001; Spinardi et al. 1993; L. M. Sterk et al. 

2000).  

Plectin is able to interact with at least three sites to 𝛼6𝛽4 mainly through actin-

binding domains within the N-terminal domain of the protein (J. Koster, Van Wilpe, 

et al. 2004). Binding to keratin is mediated via the C-terminal plakin repeat domain 

imparting plectin with a duality where it can mediate both focal adhesion (actin-

associated) and hemidesmosomal (keratin-associated) dynamics (Andrä et al. 2003; 

Ozawa et al. 2010; Tsuruta et al. 2011). The association of 𝛼6𝛽4 integrin with plectin 

is essential for hemidesmosomal assemble (J. Koster, Van Wilpe, et al. 2004). The 
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transmembrane proteins BP130 and CD151 link to plectin and BP230 which act as 

adaptor proteins, connecting with keratin intermediate filaments, linking the keratin 

intermediate filament network to the extracellular ligand laminin-332 (Jones, 

Hopkinson, and Goldfinger 1998; Borradori and Sonnenberg 1999; L. M. T. Sterk et 

al. 2000). 

3.1.2   Cell-Cell Junctions: Desmosomes and Adherens Junction  

 

Figure 3.2: Desmosomes (left) and adherens junctions (right): DP, desmoplakin; Dsg, 

desmoglein; Dsc, desmocollin; PKP, plakophilin; PG, plakoglobin; E-cad, E-cadherin; 

p120, p120 catenin; β-cat, β-catenin; α-cat, α-catenin. 

Adherens junctions are vital cell-cell junctions that have roles in cell-cell adhesion, 

intracellular signalling and transcriptional regulation, and regulation of actin 

cytoskeleton dynamics. These junctions are therefore in a position to facilitate the 

transduction of mechanical cues to inform upon transcriptional changes that govern 

epidermal homeostasis. In addition adherens junctions establish cell-cell contacts 

prior to the formation of the stronger and more stable desmosomes and tight junctions. 

The transmembrane component is comprised by the cadherin superfamily, such as E-
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cadherin whilst the cytosolic components are made up from the catenin family 

members including p120 catenin, α-catenin and β-catenin. 

E-cadherin is a classical cadherin that mediates epithelial cell-cell contacts in a 

calcium (Ca2+) dependent manner similar to Dsc and Dsg (Gooding, Yap, and Ikura 

2004). Classical cadherins have five transmembrane repeats that mediate cadherin-

cadherin interactions and initiate weak cell-cell contacts leading to the formation of 

adherens junctions (Nanba, Hieda, and Nakanishi 2000). The formation of 

intracellular contact imitates clustering of cadherins which spread laterally increasing 

the strength of the contact (Adams et al. 1998; Ehrlich et al. 2002; Vaezi et al. 2002). 

Within they cytoplasmic domain there are two defined catenin binding domains that 

bind p120-catenin and β-catenin (Ferber et al. 2002; Aberle et al. 1994) with α-catenin 

complexing with β-catenin. 

The catenins connect the cadherin complex the actin cytoskeleton and signal 

transduction pathways (figure 3.2). p120-catenin (p120) is suggested as a stabiliser of 

E-cadherin at the plasma membrane during the formation of cell-cell contact as 

disruption of the p120-catenin-E-cadherin interaction using siRNA and mutational 

analysis (knock down and competitive expression of catenins) results in a loss of 

retention of the cadherin complex at the membrane (W. Zhang et al. 2006; Thoreson 

et al. 2000; Jamora et al. 2003; Birchmeier 1995). More recently however, the Src-

dependent phosphorylation of p120 catenin was shown to reduce E-cadherin at the 

membrane promoting cellular migration during wound healing. Inhibition of Src 

kinases greatly impeded cellular migration and retention of E-cadherin-p120 at the 

membrane. In this way p120 is more a regulator of E-cadherin having a capacity to 

both stabilise the complex and bring about its endocytosis and subsequent 

proteosomal degradation. 

The regulation of E-cadherin at the membrane can impact upon the proliferation and 

differentiation rates of cells through increasing the cytosolic pool of β-catenin and 

p120 catenin (Thoreson et al. 2000; Ferber et al. 2002). Regulation of the E-cadherin 

complex poses potential to affect proliferation and differentiation rates since the loss 

of E-cadherin would increase the pool of cytosolic β-catenin which would in turn 

produce an upregulation of the Lef/TCF transcription factor promoting proliferation. 

Further to this p120 depletion has been shown to result in overexpression of the 
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pluripotency factors Nanog, Oct4 and Sox2 (Li Li, Bennett, and Wang 2012; M. Lee 

et al. 2014). p120 has been shown to have an overlap in function with β-catenin 

through interaction with the Kaiso transcriptional repressor. It is believed that the 

interaction of p120 with Kaiso allows the β-catenin activated transcription factors to 

bind their targets (Park et al. 2005; del Valle-Pérez et al. 2016). 

A key member imparting tissue integrity for tissues that experience physical stress i.e. 

compression, expansion and torsion, is the desmosome (figure 3.2). Desmosomes 

bridge the plasma membrane, creating physical connections with adjacent cells via the 

desmoglein-desmocollin interactions in a calcium dependent manner (Garrod and 

Chidgey 2008). Desmogleins (Dsc) and desmocollins (Dsg) are in turn connected to 

desmoplakins via the linker proteins plakoglobin and periplakin (Kowalczyk et al. 

1998; Getsios, Huen, and Green 2004; Garrod and Chidgey 2008). It is the c-terminus 

of the desmoplakins that associate with the intermediate filaments allowing for the 

intercellular connection of intermediate filaments via desmosomal junctions 

(Broussard et al. 2017; Choi and Weis 2016; Favre et al. 2018). Dsc and Dsg are also 

classical cadherins that can associate with p120 and so the establishment of 

desmosomal junctions may well be a factor in attenuating β-catenin activation of 

transcription factors promoting quiescence over proliferation in cells.  

3.1.3 Keratins, Actin and Nuclear Dynamics 

The nuclear envelope links the cytoskeletal components to structural elements of the 

nucleus with implications in nuclear reorganisation, chromosome remodelling, cell-

cycle check points, apoptosis and cytoskeleton remodelling. This intrinsic connection 

between cell surface receptors, cytoskeletal components (actin and keratin) and 

nuclear architecture demonstrate the means by which the external environment of a 

cell could impact directly upon nuclear architecture which provides a pathway for the 

transmission of physical cues such as compressive forces to exert potential epigenetic 

control over cellular behaviour. 

The current model for the link between the cell cytoskeleton and nuclear cytoskeleton 

posits that KASH (Klarsicht, ANC-1, and Syne/Nesprin homology) proteins of the 

outer nuclear membrane link with the SUN (Sad1 and UNC-84) proteins of the inner 

nuclear membrane to form the linker of nucleoskeleton and cytoskeleton (LINC) 

complex (Crisp et al. 2006; Haque et al. 2010, 2006; McGee et al. 2006; Ostlund et al. 
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2009; Padmakumar et al. 2005; Khatau et al. 2009). This complex acts as a physical 

bridge between the cell cytoskeleton and nuclear lamins at the inner nuclear 

membrane. 

The giant mammalian proteins nesprin-1 and nesprin-2 are anchored to the outer 

nuclear membrane via a highly conserved C-terminal KASH domain whilst their N-

terminal domains bind F-actin (Daniel A. Starr and Fridolfsson 2010; Volk 1992; 

Nery et al. 2008; Schneider, Noegel, and Karakesisoglou 2008). Phenotypic analysis 

has shown Syne/Nesprin-1 and -2 anchor nuclei within the cell (Yu et al. 2006; D. A. 

Starr 2003; D A Starr et al. 2001; X. Zhang et al. 2007). There are currently two 

hypothesis suggesting the function of these large KASH proteins; 1) They form long 

filamentous extension for F-actin to associate with, tethering the outer nuclear 

membrane to actin filaments 2) They form filamentous, spectrin-like baskets 

surrounding and supporting the outer nuclear membrane (Sosa et al. 2012; Daniel A 

Starr 2011). 

Intermediate filaments have been long established as effectors of nuclear positioning 

and morphology. Vimentin is often associated with the nucleus with mutations in 

vimentin producing defects in nuclear architecture (Toivola et al. 2005). The plakin 

family protein plectin that crosslinks actin to intermediate filaments was found to 

interact with the KASH domain of nesprin-3 suggesting a physical link between actin, 

intermediate filaments and nuclear morphology (Wilhelmsen et al. 2005). An 

observation especially relevant to the study conducted here was the reorganisation of 

the nucleoplasm as a result of the mechanical pulling of beads attached to cells via 

adherens junctions (Maniotis, Chen, and Ingber 1997). This reorganisation 

demonstrates a clear link between cell junctions, actin and nuclear dynamics leading 

to the hypothesis that KASH and SUN proteins function in the mechanotransduction 

of physical inputs from the extra cellular matrix directly to chromatin (Jaalouk and 

Lammerding 2009; N. Wang, Tytell, and Ingber 2009). 

More recently a study demonstrated how the SUN protein UNC-84 is required only in 

force bearing cells to maintain nuclear envelope architecture (Cain et al. 2014). Large 

deletions within the luminal domain of the protein did not result in distortion in 

nuclear envelope for hypodermal and pharangeal cells of L1 C.elegans. Further to this 

UNC-84 mutant nuclei were indistinguishable from wild type nuclei of C.elegans 
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embryos.  The authors propose that either the LINC complex is not required for 

nuclear envelope architecture or that the majority of tissues do not experience 

sufficient force to disrupt the envelope in the absence of the LINC complex. Muscle 

cells revealed significant distortions of the outer nuclear membrane as a result of 

disruption of the LINC complex by mutations in UNC-84. These data would suggest 

that the nucleus its self is important in intermediate filament anchorage and by proxy, 

force transduction across the cell. In some ways this complex may be critical to 

providing cells with tensegrity.    

3.1.4 The Effect of Mechanical Force on Cell Nuclei 

In HaCaT cells the LINC complex has been found to impact upon nuclear size via 

interaction with both microtubules and F-actin. Disruption of F-actin resulted in 

shrunken and disfigured nuclei whilst disruption of microtubules caused enlarged 

nuclei. However, when both were disrupted the same phenotype as when F-actin 

alone is disrupted was returned implying F-actin and actin binding domains within the 

LINC complex to be dominant in nuclear dynamics (Lu et al. 2012). It is also well 

documented that cells in interphase and S-phase exhibit an increase in nuclear volume 

(Black L 2019, Li Yang 1997). The intrinsic relationship between adherens junctions, 

actin dynamics and nuclear shape make it pertinent to probe the relationship between 

nuclear dynamics and proliferation. But first it must be identified if mechanical forces 

are able to manifest as alterations in nuclear morphology within the hair follicle to 

establish if such a relationship would be relevant in the context of shaving. 

There is growing evidence that physical properties of the ECM modulate nuclear 

shape. The actin-myosin cytoskeleton transmits mechanical force from focal 

adhesions at the cell membrane/ECM junction to nuclear LINC complexes and the 

lamina (Friedl, Wolf, and Lammerding 2011), and the actin cytoskeleton was also 

shown to be important in coordinating nuclear shape with cell shape (Versaevel, 

Grevesse, and Gabriele 2012). Substrate stiffness on which NIH 3T3 cells were 

cultured modulated nuclear shape. Malleable substrates produced cells with round 

nuclei while stiff substrates led to flattened nuclei (Lovett et al. 2013). 

Intriguing interactions between lamin A levels, ECM stiffness, and cell differentiation 

have also recently emerged (Swift et al. 2013), as well as a novel role for keratin 

filaments in regulating nuclear shape (C.-H. Lee et al. 2012). K14 was recently shown 
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to impact upon nuclear shape of cultured keratinocytes. K14 was noted to concentrate 

around the nucleus with K5 via a disulphide linkage. K14 knockdown produced 

severe nuclear aberrations. As K14 is only present in basal keratinocytes this could 

suggest a possible link between keratins, nuclear dynamics and chromatin 

remodelling. However, is more relevant to this study is that this study demonstrates a 

physical link between K14 and nuclear morphology and therefore forces transduced 

from the cell periphery can reach the nucleus via K14. 

This chapter evaluated nuclear morphologies to delineate how forces generated during 

the shaving process were distributed along the hair follicle to identify the 

hypothesized mechanical niches. The emergence and characterisation of the 

mechanical niches posited new insight into how different mechanical 

microenvironments could potentially support homeostasis within different regions.  
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3.2   The Effects of Pulling Force on Nuclear Morphology 

Individual hair shafts within skin explants were loaded with a 2g weight as described 

in the materials and methods. To ensure only pulled follicle were evaluated post pull, 

all hairs within an explant would be loaded. While under tension the explant was 

submerged in a mixture of glutaraldehyde and formaldehyde to produce a “snap-shot” 

representative of the start of the hysteresis. This allowed for comparison of 

morphological changes occurring within the pilosebaceous unit and the surrounding 

dermis/hypodermis during follicular compression. From this it was possible to 

identify mechanically distinct units within the follicle. Alterations in nuclear 

morphology (figure 3.3) were used to visualise and quantify changes within the hair 

follicle. Nuclei were sampled from follicles in the anagen stage of the hair follicle 

cycle. Follicles were also imaged in real time by multiphoton microscopy to 

understand the more global changes occurring e.g. the interplay between the follicle, 

dermis and hypodermis during the pulling event. 

Figure 3.3: Defining the x, y and z axis of the follicle. (Left) A schematic of the hair 

follicle cross section with respect to the x, y and z dimensions. (Right) Shows a 

follicular compression in the direction of the white arrow by a 2g weight. All 

measurements were taken relative to the y-dimension determined by the longitudinal 

axis of the follicle. 
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3.2.1   Differential Pull Times Demonstrate Attenuation of Force within the 

ORS  

A 2g weight was loaded onto the follicle for an immediate ‘Release’, a 1-minute hold 

or a 10-minute hold to evaluate the impact of force on follicle morphology. The 

‘Release’ time point was executed by loading a 2g weight followed by an immediate 

release. The 0-minute (release) time point was utilised to illustrated how the follicle 

was able to recover while the latter time points formed the impression of how forces 

generated during the pull were distributed along the follicle, and the extent to which 

localised recovery can take place i.e. regions that will adjust to compensate for the 

increase in loading. Differences in nuclear compression would indicate potential 

heterogeneities within the extrafollicular dermis. 

3.2.2   K14 Staining Reveals Changes in The Tissue Architecture of The Outer 

Root Sheath. 

K14 labelling was utilised to delineate the ORS from the abutting tissues as it is not 

expressed in the adjacent dermal sheath (DS) or companion layer (CL) nor in the 

indirectly abutting inner root sheath (IRS) (Langbein and Schweizer 2005b; Langbein 

et al. 2010; L.-H. Gu and Coulombe 2007b)  Compressive forces acting upon the ORS 

produced wave-like compression within the infundibulum region as is evident from 

the K14 labelling (figure 3.4) indicating a reduction in length of the follicle due to 

compression. Interestingly the largest number of wave-like compressions was 

produced within the ORS of the infundibulum during the 1-minute hold and not the 

10-minute hold suggesting the tissues were compressing further down the follicle post 

pull after a 10-minute hold.  The No Pull (NP) (figure 3.4) images exhibited increased 

homogeneity in nuclear morphology compared with the subsequent time points which 

appear to exhibit a shift in morphology. The nuclei post 1-minute hold appear to 

become more elongated in the x-dimension and return to a more rounded morphology 

post the 10-minute hold time point which indicted alleviation of compression acting 

on the cells of the outer root sheath within the infundibulum. There also appeared to 

be a reduction in the y-dimension (i.e. along the direction of the pull) from NP to 1-

minute hold and then an increase from 1-minute hold to 10-minute hold. Upon 

visually seeing deformation of the ORS the next step was to quantify to what extent 

nuclei within this region are being deformed. 



70 

 

 

Figure 3.4: Confocal images of infundibulum. Representative of the ‘Release’, 1-

minute hold and 10-minute hold. Scale bars represent a 20 μm distance. The merged 

images (A) show both DAPI (blue) and K14 staining (red). K14 is a keratin specific to 

the ORS of the hair follicle. It is not expressed within the adjacent DS, CL or the 

indirectly adjoining IRS. (A) H-hair shaft; I-inner root sheath; C-companion layer; O-

outer root sheath; D-dermal sheath. (B) and (C) are images generated from excitation 

at 488nm and 405nm respectively. 
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3.2.3   Quantification of Nuclei Dimensions (x,y and z) Indicates a Recovery of 

Nuclear Morphology with Increased Duration of Pull Within the Infundibulum 

There was a significant increase in the x-dimension at the 1-minute hold and 10-

minute hold (figure 3.5) compared with the NP time point, indicative of nuclei being 

compressed. There was no significant increase from the 1-minute hold to the 10-

minute hold suggesting the level of x-deformation has reached a maximum or that 

there is a lessening in the forces being exerted on cells in the outer root sheath of the 

infundibulum between 1-minute and 10-minute holds. The 0-minute (release) time 

point exhibited no significant difference indicating sufficient elasticity for the 

structures to return to their native conformation. 

The y-dimension (figure 3.5) exhibited the converse trend with both the 1-minute hold 

and 10-minute hold having a significantly lesser y-dimension indicative of nuclear 

compression along the direction of the pulling force. However, the greatest difference 

in this instance is not between the 10-minute hold and the NP. It is instead between 

the 1-minute hold time point and the NP. Again, this suggested a reduction in the 

forces acting on the nuclei within the ORS of the infundibulum region from 1min hold 

to 10-minute hold duration. The significant decrease from NP to 0-minute (release) 

was greater than the decrease from 0-minute (release) to 1-minute hold indicating that 

the effects of the hair pull on nuclear morphology diminished with increased pull 

duration. This suggested a lessening of the intra follicle compression within the ORS 

of the isthmus region as pull duration was increased. 

The data for the z-dimension (figure 3.5) shows and initial increase at 0-minutes 

followed by a decrease from 0-minutes to 10-minutes. The initial increase followed 

by a decrease was again indicative of a lessening the forces acting on the nuclei 

within the outer root sheath of the isthmus as the duration of the compression was 

increased. Interestingly the 1-minute hold time point does not produce a significant 

deformation in the z-direction as is the case for the x-, and y-dimensions indicating 

the presence of two forces acting independently of one another. One acting 

longitudinally along the follicle and the other acting laterally to the follicle (figure 

3.5). 
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Figure 3.5: Dimensional changes of nuclei within the ORS of the infundibulum. a-c) 

Mean changes in length of the x-, y- and z-dimension with increased duration of pull. 

d) Illustrates how these dimensions translate to the follicle with x and y forming the 

cross-section plane and z extending through the cross-section plane, perpendicular to 

the direction of the pull and x-dimension. The error bars represent the standard error 

of mean with black bars highlighting groups significantly different from one another 

(n=10, P≤ 0.0167) as determined by anova and post hoc t-test. >30 nuclei per region 

analysed for each repeat. 
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Anova data for x-, y- and z-dimensions for nuclei within the ORS of the infundibulum 

region returned P-values of 1.68×10-6, 1.98×10-32 and 1.86×10-8 respectively. All were 

statistically significant (≤ 0.05) demonstrating that the duration of the pull had a 

significant effect on nuclear morphology with respects all three dimensions. To better 

resolve where these differences are a Tukey’s test was conducted with an adjusted 

critical value of 0.0167 to reduce the chances of a type-1 error occurring. These 

significant differences are highlighted within the respective graphs. 

3.2.4   K14 Labelling Reveals Pronounced Wave-Like Compressions Within 

the ORS of the Isthmus Region Compared with the Infundibulum Region 

Visually the isthmus region (figure 3.6) exhibited a similar pattern of ORS 

deformation to that of the infundibulum with the highest degree of ORS ‘ruffling’ 

evident at the 1-minute hold time point, and the 10-minute hold appearing to resemble 

the NP and ‘Release’ more closely than the 1-minute hold. The nuclei adopted a 

flattened morphology at the 1-minute time point and return to a more oval 

morphology at the 10-minute time point. This suggested that the tissue is able to 

readjust itself during a longer pull duration. The lack of deformation at 0-minutes 

(release) again could have been attributed to inherent elasticity within the system that 

enabled the nuclei to return to their native morphology. A notable difference between 

the infundibulum images occurred at the 1-minute time point where significant 

deformation in the form of ruffling was evident.  
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Figure 3.6: Confocal images of the ORS within the isthmus. Representative images 

of release, 1-minute and 10-minute pull durations. Scale bars span a 20 μm length. 

(A) Represents the combined image of (B) and (C) with K14 (red) and DAPI (blue) 

labelling; H-hair shaft; I-inner root sheath; C-companion layer; O-outer root sheath; 

D-dermal sheath. Columns (B) and (C) represent images obtained from excitation at 

488nm and 594nm respectively.  

 

 



75 

 

3.2.5   Changes in Nuclear Morphology Implicate the ORS of the Isthmus 

Region as The Most Compressed Region of The Follicle.  

The x-dimension exhibited a significant increase after a 1-minute hold and a 10-

minute hold compared with NP as was also the case for the infundibulum region 

(figure 3.8). This suggest the nuclei adopted a more flattened morphology due to 

compressive forces acting along the follicle length. 1-minute and 10-minute holds 

similarly produced a significantly longer x-dimensions compared with the ‘Release’ 

time point. This again supported observations made within the infundibulum region. 

Thus, as the duration of the pull increased so did deformation in the x-direction. There 

was no significant reduction in the x-dimension at the 10-minute hold time point 

compared with the 1-minute hold time point. The average x-length at 10-minute hold 

was less than the 1-minute hold which supported observations made in the 

infundibulum that compressive forces acting along the follicle are attenuated with 

time when a 2g weight is applied.  

Interestingly, the most profound change was evident in compression of nuclei along 

the direction of the pull (y-dimension) (figure 3.7). This was key as it implied a 

greater force acting within this region compared with the infundibulum resulting in 

immediate morphological deformation that was not present until the 1-minute hold 

time point for the infundibulum. The largest difference was observed for the 1-minute 

time point as was the case for the infundibulum. The 10-minute hold time point 

exhibited the least difference from the NP further supporting this lessening of 

compression acting on those specific cells between 1-minute hold and 10-minute hold. 

However, an important difference to note between the infundibulum and isthmus was 

the significant difference between the ‘Release’ and 10-minute hold that was absent in 

the infundibulum region. The 10-minute hold produced a significantly longer y-

dimension (figure 3.7) compared to the 1-minute hold which adopted a morphology 

more like the NP morphology indicative of a reduction in compressive forces acting 

on cells within the isthmus region of the ORS. 

The z-dimension implied an initial increase in follicle diameter at 0-minute (release) 

with subsequent decrease toward 10-minute hold (figure 3.7), not unlike the 

infundibulum. However, unlike the infundibulum the 10-minute hold produced a 

significantly lower z-length than the NP. The infundibulum returned to its original z-

length whilst the isthmus retreated further achieving a lesser z-length. 
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Figure 3.7: Nuclear deformations within the ORS of the isthmus generated by 

varying pull times a-c) Changes in length of the x-, y- and z-dimension of nuclei. d) 

Illustrates how these dimensions translate to the follicle with x and y forming the 

cross-section plane and z extending through the cross-section plane. The error bars 

represent the standard error of mean with black bars highlighting groups significantly 

different from one another (n=10, P≤ 0.0167) as determined by anova and post hoc 

t-test. >30 nuclei per region analysed for each repeat. 
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Anova data comparing all three dimensions of the nuclei within the ORS returned P-

values of 2.05×10-8 3.69×10-40and 3.59×10-15 respectively. As was observed in the 

infundibulum region of the ORS, all were statistically significant (≤ 0.05) 

demonstrating that the duration of the pull had a significant effect on nuclear 

morphology.  
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3.2.6   K14 Labelling Reveals a Lack of Compression and Thickening of the 

ORS within the Suprabulbar Region 

There was a distinct lack of deformation within the ORS of suprabulbar region (figure 

3.8) with the ORS showing a straight conformation versus the undulating 

conformations produced in the infundibulum and isthmus regions by the 2g pull. 

Further to this the ORS appeared thicker in this region compared with the two 

preceding regions. These images indicated the compressive forces acting along the 

follicle were more strongly resisted or dissipated in the suprabulbar region compared 

with the two preceding regions. 
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Figure 3.8: Confocal images of the ORS within the suprabulbar region. Images 

representative of ‘release’, 1-minute and 10-minute pull durations. Scale bars are 20 

μm long. (a) The merged images show both DAPI (blue) and K14 staining (red). 

Columns (b) and (c) are images generated by laser excitation at 488 nm and 405 nm 

respectively. (a) H-hair shaft; I-inner root sheath; C-companion layer; O-outer root 

sheath; D-dermal sheath. 
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3.2.7   Attenuation of Nuclear Compression Within the Suprabulbar Region of 

The Follicle 

A significant increase in the x-direction post 1-minute hold and a 10-minute hold 

(figure 3.9) was indicative of nuclear compression. There was also a significant 

decrease in x-length from 1-minute hold to 10-minute hold indicating attenuation of 

compression. The 0-minute (release) time point also exhibited no significant variation 

from the NP indicative of elastic properties of the ORS within this region which were 

also observed for both the infundibulum and isthmus regions of the follicle. 

Numerical analysis of nuclei within the suprabulbar region revealed a difference in 

nuclear compression between the cycling (suprabulbar region) and non-cycling 

portion of the follicle (infundibulum/isthmus). There was an initial increase at 0-

minute hold in the y-dimension suggesting the nuclei were being elongated along the 

length of the follicle (figure 3.9). The subsequent decrease from 0-minute (release) to 

1-minute hold showed the nuclei had become compressed as a result of the increased 

pull duration, in affirmation with the effects of the longer pull duration in both the 

infundibulum and isthmus region. The 10-minute time point exhibited a significantly 

longer y-length than the NP suggesting the nuclei were elongated again after the 1-

minute hold time point. The key difference here is the elongation aspect that occurs 

which pointed to an opposing pull acting on the base of the follicle. 

The z-dimension exhibited an initial increase at 0-minute followed by a decrease from 

0-minute hold to 10-minute hold. There was a significant reduction from 0-minute to 

1-minute hold and a lesser but still significant decrease from 1-minute hold to 10-

minute hold. These significant reductions indicated a reduction in follicle diameter 

with increased pull duration as was evident for finding in both the infundibulum and 

isthmus.  
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Figure 3.9: Nuclear deformations within the suprabulbar region of the ORS. a)-c) 

Changes in length of the x-, y- and z-dimension with increased duration of pull. d) 

Illustrates how these dimensions translate to the follicle with x and y forming the 

cross-section plane and z extending through the cross-section plane. The error bars 

represent the standard error of mean with black bars highlighting groups significantly 

different from one another (n=10, P≤ 0.0167) as determined by anova and post hoc 

t-test. >30 nuclei per region analysed for each repeat. 
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Anova data for x-, y- and z-dimensions for nuclei within the ORS of the isthmus 

region returned P-values of 5.55×10-21, 8.23×10-23 and 2.65×10-14 respectively. All 

were statistically significant (≤ 0.05) demonstrating that the duration of the pull had 

a significant effect on nuclear morphology with respects to the x-, y- and z-

dimensions.  

3.2.8   Differential Response to Pull Times Demonstrate Differences in 

Response to Compression Between Undifferentiated ORS Cells and 

differentiated ORS and IRS cells 

Having developed an understanding of the mechanics of the ORS it was interesting to 

investigate the IRS and differentiated cells of the ORS. This is the second thickest 

layer of the follicle after the ORS and directly abuts the hair shaft. It is separated from 

the ORS by a duel layer of cells that comprise the CL layer (Birbeck & Mercer 1957, 

Langbein & Schweizer 2005).  

3.2.9   Increased Pull Duration Widens the IRS Within the Infundibulum 

Region of the Hair Follicle. 

Increased pull duration caused cells within the IRS of the infundibulum to bunch as 

indicated by an increased region of involucrin expression (figure 3.10). Visually it 

was evident that as the compression within the ORS increases the bunching of nuclei 

within the IRS increased also. The level of bunching within the IRS of the 

infundibulum was less post the 10-minute hold compared with the 1-minute hold 

(figure 3.10). This was in accordance with observations within the infundibulum of 

the ORS. However, a difference can be seen in the orientation of nuclei. The nuclei 

did not appear to be changing shape i.e. going from a sphere to an ovoid and vice 

versa.  
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Figure 3.10: Confocal images of the IRS within the infundibulum.  Scale bars set to 

20 μm long. (a) Illustrates an overlay of involucrin (b) and DAPI (c) with green 

indicating involucrin and blue indicating nuclei. Note that involucrin occupies a 

broader cross section at 1min hold. (a) H-hair shaft; I-inner root sheath; O-outer root 

sheath; D-dermal sheath. 
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3.2.10 Nuclei of the Infundibulum Are Compressed During Pulling 

The x-dimension exhibited a significant increase after the 1-minute hold compared 

with the NP which was complimented by a significant decrease in the y-dimension for 

the corresponding time point indicating the nuclei were becoming compressed with 

respect to the z-axis (figure 3.11). Although a decrease within the z-dimension was 

observed, this was not found to be significant. This indicated a reduction of retraction 

of the hair shaft post the 1-minute hold and is also aligned with observations made 

within the ORS for the same timepoint further supporting the ORS and IRS work in 

unison up until the 1-minute hold. The conical shape of the hair shaft may be the 

driving force behind the latent retraction. There was also no significant change in the 

x-dimension compared with NP after the 0-minute (release) (also observed within the 

ORS) solidifying the unified relationship between the IRS and ORS up until the 1-

minute hold at the level of the infundibulum (figure 3.11,). Where the x-dimensional 

changes within the IRS differentiated from those within the ORS was post the 10-

minute hold, where within the IRS the x-dimensions returned to the unloaded length 

unlike nuclei within the ORS that retained an elongated x-dimension.   

When considering the y-dimensional changes in relation to the x- and z-dimensions it 

appeared the nuclei were being rearranged around the z-axis (figure 3.10). There was 

a transition from an elongated conformation to a flattened conformation from 0-

minute to 1-minute hold and then a return to a longitudinal conformation not 

significantly different from the NP (figure 3.11). This mode of action was similar to 

the ORS in that after a 10-minute hold the nuclei within the IRS also achieved an 

unloaded conformation.  

Changes within the z-dimension were similar to those made within the ORS of the 

infundibulum region which also demonstrated a significant increase after 0-minute 

hold followed by return to a resting z-length post the 0-minute hold supporting the 

premise that the ORS and IRS operate in unison as far as the 1-minute hold. The 

increase in z-length from the 1-minute hold to the 10-minute hold is again where this 

similarity ceased as although not statistically significant there was a notable increase 

in the z-dimension of nuclei within the IRS of the infundibulum post the 10-minute 

hold. This was the converse of what had been observed within the ORS suggesting the 

IRS and ORS behave independently of one another post the 10-minute hold.  



85 

 

Combined these findings implicate the IRS and ORS as co-operators until the 1-

minute hold as the changes in nuclear orientation within the IRS correspond to 

nuclear morphological changes within the ORS until this time point. After the 10-

minute hold there was evidence that the IRS behaved independently of the ORS. The 

effects of pull duration on nuclear morphology were substantiated by the anova (P≤

0.05) outcomes: x-dimension P=7.22×10-11; y-dimension P=7.08×10-11; z-dimension 

P=1.61×10-7. The post hoc t-test (Tukey’s test) illustrated how only two dimensions 

are being significantly altered in support of a rotation around an axis as opposed to 

compression and loss of volume which was observed for nuclei of the ORS (figure 

3.11) 

 

 

 



86 

 

 

Figure 3.11: Nuclear morphology changes within the IRS of the infundibulum. (a)-(c) 

represent changes in nuclear morphology in the x-, y- and z-dimension respectively 

which can be interpreted in relation to the pull direction and follicle orientation (d). 

The error bars represent the standard error of mean with black bars highlighting 

groups significantly different from one another (n=10, P≤ 0.0167) as determined by 

anova and post hoc t-test. >30 nuclei per region analysed for each repeat. 
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3.2.11   Involucrin Labelling Indicates the Isthmus of the IRS Reveals a Lack 

of Wave-Like Compressions 

The nuclei within the isthmus exhibited a more spherical morphology across all time 

points compared with those of the infundibulum making it is difficult to visually 

discern any changes in orientation or morphology (figure 3.12). A striking difference 

between the infundibulum and isthmus region was that the crumpling of the ORS 

within this region was not mirrored by the IRS (figure 3.12). This suggested the IRS 

to be more resistant to compressive forces or that these forces were attenuated by the 

properties of the ORS. 
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Figure 3.12: Confocal images of the IRS within the isthmus region of the follicle for 

the respective time points and the control (NP). Scale bars set to 20μm long. (a) Is the 

product of a two-channel overlay produced by excitations at 488nm (b) and 504nm (c) 

indicative of involucrin and nuclei. (a) H-hair shaft; I-inner root sheath; C-companion 

layer; O-outer root sheath; D-dermal sheath. 
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3.2.12   Compression of The Isthmus Region Within the IRS 

The nuclei within the isthmus region of the IRS exhibited volumetric changes as 

indicated by significant changes across all three dimensions for both the 0-minute 

(release) and 10-minute holds. The outcome of the anova demonstrated the duration 

of the pull to have a significant impact upon the morphology of the nuclei within the 

IRS of the isthmus region for the x-, y- and z-dimension. 

During the 0-minute timepoint the initial increase in x-length length showed a 

significant decrease (figure 3.13) suggesting the nuclei were becoming elongated. 

However, the corresponding y-value was significantly less (figure 3.13) indicting the 

nuclei were not stretching along the y-axis but instead are being stretched around the 

circumference of the hair shaft. The significant increase in z-length produced by the 

0-minute time point (figure 3.13) supported this model of change. Combined these 

three data points indicated an increase in diameter of the IRS within the isthmus 

region which was also observed within the ORS of the isthmus region demonstrating 

these two layers behave as one during the 0-minute time point. 

The significant decrease in the y-dimension after the 1-minute hold combined with an 

increased z-dimension suggested the nuclei to be rotating around the x-axis. 

(figure3.13). This indicated the compressive forces were attenuated during the 1-

minute hold which was also observed within the ORS as a lessening of change in both 

the x- and z-dimension. However, there was a clear difference in that the nuclei within 

the ORS experienced considerable deformation post the 1-minute hold whilst those of 

the IRS exhibited only a change in orientation. This suggested that the ORS and IRS 

behave independently of one another post the 1-minute hold or that the compressive 

forces within the IRS were ameliorated by conformational changes within the ORS. 

The 10-minute hold revealed a significant increase in the x-dimension combined with 

a significant reduction in both the y- and the z-lengths (figure 3.13). This implied the 

nuclei were being flattened along the x-axis. This same pattern of deformation was 

observed for nuclei within the isthmus region of the ORS suggesting the expansion of 

the ORS in the x-direction accommodates for expansion of the IRS in the x-direction. 

It should also be noted that expansion in the x-dimension within the IRS was delayed 

compared to that of the ORS demonstrating the IRS and ORS behaved independently 

while still having a functional impact upon one another.  
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When the findings here are considered in relation to those of the ORS a parallel can 

be drawn as the isthmus region also exhibits the highest degree of nuclear 

deformation suggesting this region may act as a force dissipation region, relieving the 

compressive forces experienced by nuclei within the infundibulum and suprabulbar 

region of the follicle. Both the IRS and ORS exhibited significant compression within 

the isthmus region.  
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Figure 3.13: Changes in nuclear morphology within the isthmus region of the HF. 

Average change in the x- (a), y- (b) and z-direction (c) for each time point indicate 

clear volumetric changes occurring within the isthmus region. The schematic in (d) 

shows how change in the x-, y- and z-direction relate to the direction of the pull and 

follicle orientation. The error bars represent the standard error of mean with black 

bars highlighting groups significantly different from one another (n=10, P≤ 0.0167) 

as determined by anova and post hoc t-test. >30 nuclei per region analysed for each 

repeat. 
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3.2.13   Involucrin Labelling Shows a Homogenous IRS within the Suprabulbar 

Region of the Follicle 

Involucrin staining revealed no obvious differences between the different pull 

durations and the NP (figure 3.14) indicating the nuclei were subjected to a lesser 

compression compared with the previous regions. This further supports the idea of the 

isthmus region as a force-dissipating region, alleviating compressive forces acting 

within both the infundibulum and suprabulbar region. This could also point to 

possible forces opposing the pull generated via dermal and hypodermal attachment to 

the follicle.  
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Figure 3.14: Confocal images of the IRS within the suprabulbar region. Combined 

images (a) produced by an overlay of channels (b) and (c), indicate a far greater 

proportion of ORS to IRS when compared with the above isthmus and infundibulum. 

(c) Illustrates a lack of ruffling within the IRS of the suprabulbar region. Scale bars 

set to 20μm length.  
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3.2.14   Compression within the IRS of the Suprabulbar Region is Alleviated 

During the 10min hold Indicative of an Opposing Pull During Follicular 

Compression. 

The anova data indicated that the duration of the pull had significantly impacted upon 

the x-, y-, and z-dimension. However, the post hoc t-tests demonstrated a significant 

recovery from the 1-minute hold to the 10-minute hold, manifested as an increase 

within the y-dimension and a decrease in both the x- and z-dimensions, indicative of 

nuclear elongation (figure 3.15). The preceding 1-minute hold produced a clear 

nuclear compression as indicated by a sharp increase in x- and z-length and a decrease 

y-length. The transition from the compression to elongation suggested an opposing 

pull. The source of this pull cannot be determined from changes within the follicle 

and so it must be considered that attachments between the follicle and surrounding 

dermis/hypodermis could be responsible for an opposing pull. 

The lack of compression at 0-minute as indicated by no significant changes in x-

length or y-length compared with NP (figure 3.15) supports the earlier conclusion of 

the isthmus region acting as a compression relief region.  
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 Figure: 3.15: Nuclear morphology changes within the IRS of the suprabulbar region. 

a)-c) Show the average changes of nuclei shape in response to different pull durations 

for the x-, y-, and z-dimension respectively. The error bars represent the standard 

error of mean with black bars highlighting groups significantly different from one 

another (n=10, P≤ 0.0167) as determined by anova and post hoc t-test. >30 nuclei 

per region analysed for each repeat. 
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3.2.15   Multiphoton Microscopy Reveals Attachments to the Bulb Region of 

the Follicle 

The opposing pull indicated by the elongation of nuclei within the suprabulbar region 

of the follicle and the return of nuclei to an NP-like morphology with increased pull 

duration prompted investigation into the dynamics of the surrounding 

dermis/hypodermis during a pull. The MP approach allowed for a non-invasive means 

of imaging the dermal and hypodermal structures of non-fixed, whole mount skin in a 

pre-pull and maximum pull conformation (Figure 3.16).  

Initial images illustrated a fibrous attachment at the base of the follicle that extends 

into the hypodermis (figure 3.16). At maximum pull with a 2g weight the follicle 

reaches a peak extension that coincided with invagination of the collagenous 

attachment further into the hypodermis in the direction of the pull (figure 3.16). This 

highlighted a clear point of attachment to the basement membrane within the 

hypodermis preventing follicular prolapse during loading of the hair shaft. 

 

Figure 3.16: MP images of whole mount skin. Scale bars are 500 μm. The orange 

arrow indicates both the follicle and direction of the pull. The maximal pull clearly 

demonstrates attachment as implied by the strong signal generated.  
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Of the 35 hairs assessed during a 2 g pull none exceeded a movement of over 2200 

µm with a range of movement from 1300 um to 2200 µm prior to depilation of the 

follicle (figure 3.17). The depilation beyond this was not due to failure of the fibrous 

attachment which was retained in post pull images. This suggesed a failure within the 

follicle as indicated by delamination between the ORS and IRS through putative 

failure of the CL. When the maximum extension is reached it is possible for regions 

within the compressed follicle to also experience extension, such as those within the 

suprabulbar region for which crumpling of both the IRS and ORS was absent. In 

addition, nuclear elongation was observed supporting this hypothesis. 

Considered in conjunction with morphological changes occurring within the 

infundibulum, isthmus and suprabulbar region of the follicle with time, this fibrous 

anchorage could explain the elongation of nuclei with increased pull duration. 

However, it does not explain how the nuclei appeared to return to an NP conformation 

post the 10-minute pull nor does it explain how the hair shaft retracted back into the 

follicle post pull.  

 

Figure 3.17: Follicular displacement during loading. The histogram shows the 

distanced moved by follicles pulled with a 2g weight. The overlying normal 

distribution illustrates the parametric nature of the distribution as well as the average 

(apex) and standard deviation (point of inflection). n=35. 

 

Distance (µm) 
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To better understand other components involved in retraction of the follicle scans at 

an excitation wavelength of 740 nm were also performed to identify regions rich in 

elastin (figure 3.18). At higher magnifications and different z-depths through the 

cross-section of the follicle. A rich collagen matrix that sheaths the follicle with 

filamentous attachments emanating from the bulb of the follicle out into the 

hypodermis was identified (figure 3.18). 

 

Figure 3.18: MP images of a follicle under tension. Putative collagen and elastin 

composite attachment was evident at the base of the follicle. The asterisks mark the 

hair shaft. HS-hair shaft, SG-sebaceous gland. 

The excitation of the fibrous attachments perpendicular to the follicle could provide 

the kinetic energy required to retract the follicle post pull (figure 3.19). Figure 3.19 

demonstrates how the fibrous structures become taught upon loading of the follicle 

indicative of their role in follicular anchorage.  
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Figure 3.19: MP images of pre-pull vs maximum pull. An example of how 

collagenous and elastin fibres change conformation during loading, transforming from 

loose undulating fibres to taught compact fibres aligned with the pull vector. Images 

taken at an excitation wavelength of 720 nm excite putative elastin while those taken 

at 840 nm generate SHG within collagen bundles. HS-hair shaft; SG-sebaceous gland. 
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3.3.1   The Outer Root Sheath Has Mechanically Distinct Compartments 

Corresponding to the Infundibulum, Isthmus and Suprabulbar Region 

Nuclei within the isthmus experienced a reversal of pulled morphology to NP-like 

morphology post the 10-minute pull indicative of a force acting in the opposite 

direction to the pull (figure 3.20). From 0-minutes to 1min hold there was a reduction 

in the y-dimension and an increase in the x-dimension. At 0-minutes the nuclei 

become more flattened and broader. This is then followed by an increase in the y-

dimension and a reduction in x-dimension from 1-minute hold to 10-minute hold 

indicative of a reduction in compressive forces acting on nuclei within the ORS of the 

isthmus region.  

 

Figure 3.20: 3D representations of changes in nuclear morphology for the 

infundibulum. The boxes are the average x, y, and z length for a nucleus after each of 

the pulls carried out using a 2g weight. the x, y plane forms the cross-sectional area 

for the follicle spanning the epidermis (pink) dermis (red) and hypodermis (yellow).  

The graphical interpretation of the numerical data obtained for the nuclei within the 

ORS of the isthmus clearly shows how the nuclei exhibited an increasingly flattened 

morphology up until 1-minute hold followed by a return to an NP-like morphology at 

10-minute hold (figure 3.21). The z-dimension exhibits an initial expansion at the 0-

minute hold followed by a compression from the 1-minute hold to 10-minute hold. 

Both trends have also been found to be present within the infundibulum with two key 

differences. The first is a lesser return to an NP-like morphology within the isthmus at 

the 10-minute hold time point with respects to the x- and y-dimension. The second is 

the reduction in z-length to below that of the NP. This would suggest the nuclei are 

elongating along the y-axis i.e. in-line with the direction of the follicle. The 

observations are similar to that of the infundibulum in that increased duration of pull 
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diminished the level of compression experienced by cells within this region. These 

changes suggest there are forces acing within the isthmus region that resist the 

compressive forces generated by the 2g weight. 

The crucial factor is the length of time after pulling that changes in nuclear 

morphology are observed. If there were a linear distribution of force along the follicle 

the changes in nuclear dynamics should correlate with respects to timing. The 

segregation observed leads to the conclusion that the follicle comprises mechanically 

distinct units. Thus far it would seem the isthmus region behaves as a shock-absorber 

that allows for the dissipation of compressive forces acting on nuclei within the 

infundibulum. 

Interestingly this characteristic is restricted to the permanent part of the follicle i.e. the 

non-cycling portion. The biological significance of this could be to preserve cellular 

tensegrity in stem cell niches. Alterations in nuclear tensegrity via mutational analysis 

and mechanical manipulation has been shown to produce alterations in cellular 

behaviour with respect to proliferation, differentiation, migration and apoptosis 

(Greiner et al. 2013; Plikus et al. 2008; Stefan Kippenberger et al. 2005; Yano et al. 

2004; Sawada et al. 2001). In the case of stem cells slow-cycling would be beneficial 

in preservation of genomic fidelity reducing the probability of developing deleterious 

mutations and pre-cancerous lesions that would be inherited by all subsequent 

progeny. 

For mechanically distinct regions to exist there must be structural heterogeneities that 

exist between the different regions of the follicle. These could be derived from the 

cells that make up the ORS or from the tissues that abut the ORS. Intracellular aspects 

to consider would be keratin expression profiles for cells of the different regions since 

different keratins confer different structural integrities to cells which in turn have 

epigenetic ramifications (Pierre A Coulombe and Lee 2012; Russell 2004; L.-H. Gu 

and Coulombe 2007b; L. Levy et al. 2000). For example basal keratinocytes express 

high levels of cytokeratin-14 which is important in cell-cell and cell-extracellular 

matrix adhesion at the basement membrane (Seltmann et al. 2013).  Mutations and 

knockouts of K14 cause a variety of skin blistering disorders and also depletion of 

epidermal stem cell niches (Chan et al. 1994; Pierre A Coulombe and Lee 2012; 

Loschke, Homberg, and Magin 2016; Waikel et al. 2001; Alam et al. 2011). A more 



102 

 

recent study utilising siRNAs demonstrated the epigenetic ramifications of K14 

knockdown in epithelial cells which exhibited reduced proliferation and delayed cell-

cycle progression with the concomitant increase of involucrin and K1 indicative of 

terminal differentiation (Alam et al. 2011).  

Although this data cannot pinpoint the specific biological significance of these 

observations it is abundantly clear that extracellular forces are transferred cell-to-cell 

via the nuclear lamin network as indicated by the altered nuclear morphologies. This 

network is critical for dissipating forces across a tissue and could be instrumental in 

preservation of cellular integrity and tissue homeostasis. Lamin staining revealed no 

differences along the length of the follicle for cells of the ORS. This would suggest 

extrafollicular collagen to be an important factor in generating the mechanically 

distinct environments. If cells experience tension from cell-to-cell via the nuclear 

lamins this could be a potential route by which cells can sense changes in their 

physical environment. In the same way that cells at the leading edge of a closing 

wound migrate toward the area of high-tension cells of a basement membrane could 

similarly detect when a cell need replacing via the same mechanism. The mechanism 

by which they sense this could present new target for combatting hyperproliferative 

epidermal disorders and skin cancer (see Ge & Fuchs 2018 for review).  

 

 

 

Figure 3.21: 3D representations of changes in nuclear morphology for the isthmus. 

Boxes representing the average x,y and z dimensions for nuclei after each pull.  
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To summarise the morphological changes of nuclei within the ORS of the suprabulbar 

region, there is an initial expansion at 0-minute followed by a compression at 1-

minute hold. The nuclei then return to an NP-like morphology at the 10-minute time 

point with more elongated nuclei (figure 3.22). The increase at 0-minute suggested 

there to be an opposing force acting in the direction of the pull which may well be 

attributed to the dermal collagen attachment identified at the base of the follicle. This 

would also explain the return to an NP-like morphology after a 10-minute pull. 

However, if there was an opposing pull it seems unusual that nuclei within this region 

would still exhibit a compressed morphology at the 1-minute mark.  

This can be explained by considering the nuclear dynamics with the infundibulum and 

isthmus regions. First it must be assumed that at the instance of force application the 

compressive forces are distributed linearly along the follicle. This is evident from 

time point 0-minutes where all regions experience a mild compression of nuclei. 

Upon extending the pull to a 1-minute duration there was a divergence in nuclear 

morphological changes through to the 10-minute pull duration. The wave-like 

compressions within the isthmus becomes evident at 1-minute and 10-minute pulls 

and were more pronounced after a 10-minute long pull. When combining these 

findings, it would appear that prior to the wave-like compression within the isthmus 

region, forces are transferred in a more linear fashion from the infundibulum, through 

the isthmus and into the suprabulbar region.  

These observations converge upon a new hypothesis that postulates the ORS within 

the infundibulum is a means to limit nuclear deformation of cells in a region where 

stem cells important for follicle regeneration, wound healing and epidermal 

homeostasis can be found (Snippert et al. 2010; Lough et al. 2013; Mayumi Ito et al. 

2005, 2004; Heidari et al. 2016; Lin and Yang 2013).  
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Figure 3.22: 3D representations of changes in nuclear morphology for the 

suprabulbar region.  Boxes representing the average x, y and z-dimensions of nuclei 

within the suprabulbar region of the follicle after each pull.   

3.3.2   The Outer Root Sheath May Help Protect against Nuclear Deformation 

As already outlined, the nuclei within the ORS all exhibited a return to the NP 

morphology after a 10-minute pull indicative of the mechanical protections evolved to 

prevent nuclear deformation. The biological significance of the location of wave-like 

compressions is that it corresponds with a region where LGR-5 and LGR-6 positive 

cells can be found (Lough et al. 2013; Snippert et al. 2010; Jaks et al. 2008). LGR-5 

stem cells have been identified as crucial for the regeneration of the follicle after 

catagen (Lough et al. 2013; Jaks et al. 2008), whilst LGR-6 cells have been identified 

as important during the wound repair of the interfollicular dermis (Jiang et al. 2017; 

Snippert et al. 2010). There is much debate as to whether or not the LGR-6 positive 

cells also contribute to epidermal homeostasis with a recent paper using lineage 

tracing as a means of demonstrating the incorporation of LGR-6 derived cells into the 

interfollicular epidermis (Füllgrabe et al. 2015). Contrary to this an earlier paper 

showed how ablation of LGR-6 had no effect on intermolecular epidermal 

homeostasis (Jiang et al. 2017).  

Links between mechanical compression of nuclei have been shown to elicit apoptosis, 

mediate by upregulation of ERK1/2 signalling while in another study the upregulation 

of ERK1/2 signalling was related to increased rates of proliferation (Z. Zhang et al. 

2018; García Lopez et al. 2009; X.-J. Wu et al. 2014). This highlights the highly 

analogue nature of ERK signalling with different degrees of stimulation producing 

very different outcomes. To this end attenuating the effects of compression may well 
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have links with reducing ERK1/2 stimulation below the threshold necessary for an 

apoptotic phenotype to manifest. As the ORS cells are epidermally derived it may be 

possible to investigate the relationship between ERK, nuclear morphology and 

proliferation rates using epidermally derived cells. In particular this could look at how 

structural properties (considering mechanically distinct niches) could impact upon 

nuclear morphology and how this correlates with proliferation and differentiation 

rates. Before this can be addressed it is first necessary to identify and characterise 

these hypothesized niches.  

The intrinsic relationship between the cytoskeleton, nuclear morphology and nuclear 

lamins mean that forces experienced at the cell membrane will be transmitted to the 

nucleus via intermediate filaments and microfilaments. It must therefore be 

considered that protecting against nuclear deformation will similarly safe-guard 

against cellular compression and potential destabilisation of intermediate keratin 

filaments and F-actin which in turn could result in dissociation of these filaments 

from focal adhesion, hemidesmosomes and the nuclear LINK complex. Such large-

scale cytoskeletal organisation can have an array of implications on cellular 

proliferation, differentiation and apoptosis.  

Cyclic strain experiments have been shown to induce proliferation in keratinocytes 

through stimulation of ERK1/2 via activation of EGFR by a calcium influx (Yano et 

al. 2004). Protecting against such cell-cycling cues is essential in regions where stem 

cells reside to retain slow cycling. The isthmus region of the ORS has adapted to limit 

nuclear deformation within this region while also reducing nuclear deformation in the 

adjacent suprabulbar region. 

Protecting against nuclear deformation would also protect against chromatin 

remodelling and potential large transcriptional changes. Within the nucleus 

heterochromatin appears to be anchored at the periphery with euchromatin being free 

within the nucleoplasm (Kourmouli et al. 2000). Nuclear envelope transmembrane 

(NET) proteins have been well documented as anchors of heterochromatin with 

lamin-B receptor (LBR) being implicated in the anchorage of heterochromatin to 

lamin-A (Solovei et al. 2013). This intrinsic link of chromatin anchorage with the cell 

cytoskeleton poses a potential means for epigenetic modification of the functional 

chromosome pool by physical force transduction. However, it is still unclear whether 
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chromosomal dissociation from the inner nuclear membrane drives transcriptional 

changes or if it is the result of stimulation of transduction cascades though other 

means such as calcium signalling and filament reorganisation during compression. 

The specific phenotypes observed by nuclear envelopathies may suggest a 

dysregulation of normal cellular processes through chromosomal disruption as has 

been postulated for nuclear envelopathies such as Familial partial lipodystrophy (Tu 

et al. 2016; Vouillarmet and Laville 2016). As the mutations within these 

laminopathies produce such global protein dysregulation it is strikingly interesting 

how tissue specific these disorders can be. This may well be explained by the 

mutations coinciding with regions essential for binding euchromatins containing 

genes relevant to the tissue.  

3.3.3 Cell Stretching Within Suprabulbar Region Could Drive Both 

Proliferation and Differentiation 

Hemidesmosomes mediate the cell-cell connection of cytoskeletal components 

allowing for the transfer of force from one cell to the next via the nucleus as has been 

demonstrated though atomic force microscopy (Haase and Pelling 2015; Vielmuth et 

al. 2018). The opposing force is presumably generated by the hypothesized elastin and 

collagen fibres that produce stretching of nuclei within the suprabulbar region. This 

would suggest that cells within the bulb region would also experience stretching. This 

stretching could elicit stimulation of the ERK1/2 via Ras activation through EGFR 

elicitation by Ca2+ influx (Centuori et al. 2016; Hong et al. 2014; Raymond et al. 

2005; Greiner et al. 2013; Gazel et al. 2008) as has been documented in systems 

studying the effects of cyclic strain. 

Further to elicitation of ERK1/2 and propagation of proliferation, force induced 

nuclear deformation has been linked to increased nuclear stiffness through changes in 

lamin A architecture. The wider effects of this are induction of matrix driven 

differentiation via chromatin remodelling (Solovei et al. 2013; Y. Li et al. 2011; 

Ostlund et al. 2009). It is interesting that stretching of nuclei is observed within a 

region of the follicle where cells are terminally differentiating i.e. above the line of 

Auber. In this respect follicular compression could be a potential means of driving 

terminal differentiation of hair matrix derived cells. 
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3.3.4   Continuity between Nuclear Dynamics of the ORS and IRS within The 

Suprabulbar Region 

The changes in nuclear morphology observed within the suprabulbar region of the 

IRS closely mirrored those of the ORS for the same region with an initial elongation, 

followed by a compression with a return to an NP-like morphology after a 10-minute 

pull. Without repeating what has already been mentioned the transmittance of 

physical force to the matrix derived cells could drive proliferation through induced 

calcium influx and subsequent stimulation of the ERK1/2 cascade while driving 

differentiation by the opposing forces generated by the collagen/elastin attachment at 

the base of the follicle (Yano et al. 2004; Centuori et al. 2016; Micallef et al. 2009). 

3.3.5 Follicular Compression Could Provide A Route to Propagate Anagen 

A recent study highlights how TGFβ2 can propagate anagen through transient 

stimulation of the hair follicle stem cells, bulge cells (Oshimori and Fuchs 2012). Two 

observations from this study have particular relevance when considering the impact of 

follicular compression on hair growth cycles: 1) TGFβ2 acts in a proximal manner i.e. 

its stimulatory effects and hence propagation of anagen are diminished exponentially 

with distance; 2) That TGFβ’s are able to influence how a stem cell responds to 

stimulation from BMP’s (Oshimori and Fuchs 2012; Peters et al. 2005).  

TGFβs are generated by the dermal papilla and are able to diffuse into the 

surrounding tissue. The immediate environment of this protein is rich in fibrillins that 

pertain TGFβ binding sites (Yadin et al. 2013) that could act as a reservoir for the 

molecule that when mechanically stimulated, undergo conformational changes that 

cause their release (Robertson et al. 2015; Hyytiäinen, Penttinen, and Keski-Oja 2004) 

. This could allow for attenuation of the BMP signalling within the bulge cells, 

driving the anagen phase in place of either catagen or telogen (Kobielak et al. 2003; 

Oshimori and Fuchs 2012). Binding of TGF-βs to fibrillins can occur directly via an 

8-Cys domain of via latent TGF-β binding proteins which similarly contain the 8-Cys 

domains (Massam-Wu et al. 2010; Ramirez and Rifkin 2009). In this way follicular 

compression could cause spiking of TGFβ molecules within the dermis which may 

provide sufficient signalling to counterbalance BMP signalling within the bulge stem 

cells or bulge derived stem cells that form the matrix cells that eventually differentiate 

into the concentric layers of the follicle (Clavel et al. 2012; Ming Kwan et al. 2004).  
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In support of this hypothesis a recent study has demonstrated how mechanical 

compression of dermal papillae via head massages resulted in upregulation of hair 

follicle cycling genes NOGGIN, BMP4 and SMAD4 and a decreased in hair-loss 

genes including IL6  as identified by RT-PCR and microarray analysis (Koyama et al. 

2016). The upregulation of pro-cycling genes was accompanied with an increased hair 

follicle density across the massaged region, indicative of increased anagen follicles. 

Upregulation of NOGGIN is particularly important in propagation of anagen over 

telogen as it antagonises BMP2 signalling through its 15 fold affinity for the BMP2 

receptor BMPR1  which in turn blocks phosphorylation of SMADS 1/5/8 preventing 

their complex with SMAD4 and subsequent translocation to the nucleus allowing for 

cell cycle progression in follicle stem cells (Lange et al. 1998; Takeda et al. 2004; 

Yang, Wang, and Yang 2009).  
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4.1 An Introduction to Collagen and Multiphoton Microscopy 

In the first results chapter collagen was implicated as a potential effector of cellular 

tensegrity and has also been suggested as important in explaining the pattern of 

nuclear deformation observed within the follicle during compression. This pointed to 

potential heterogeneities within the extra follicular collagen. Taking this further it was 

therefore essential to probe the collagen structures abutting the follicle to identify if 

mechanically distinct compartments existed at levels consistent with the 

infundibulum, isthmus and suprabulbar region. This chapter lays the foundations to 

model the heterogeneities and investigate how the varying collagen matrices impacted 

upon cellular behaviour identifying new roles for collagen in follicle homeostasis and 

potentially epidermal homeostasis. 

Collagen hydrogels offer a solution to study how matrix stiffness impacts cell 

behaviour. By controlling the conditions under which the hydrogels are polymerized 

from the purified rat tail type 1 collagen it is possible to generate matrices of different 

stiffness and density (Roeder et al. 2002). The resultant matrices provided a defined 

substrate against which novel multiphoton microscopy technique can be calibrated 

against before being applied in more in vivo unknown systems such as human skin. 

This system ultimately provided the foundations required to evaluate collagen 

bundling within intact human skin. 

Once conditions had been established that allow for the reliable reproduction of two 

structurally distinct matrices it was then possible to observe the effects of a stiff vs a 

less stiff matrix on nuclear morphology and to correlate this against proliferation and 

differentiation rates (chapter 5). Many earlier approaches focussed on dynamic forces 

that produced alterations in nuclear morphology. A static system allowed for 

assessment of a more in vivo like scenario, accounting for how the ECM derived 

tensegrity governs the overlying and adjacent cells. This aided with understanding the 

biological significance of different collagen environments abutting the follicle.  

4.1.1   Second Harmonic Generation in Collagen 

Non-linear microscopy techniques emerged as a powerful optical tool that allowed for 

optical interrogation far beyond the limits of conventional linear techniques (e.g. 

confocal microscopy). This technique enabled for label free imaging to depths well 

beyond those achievable by linear techniques in optically turbid samples. Non -linear 
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microscopy also lends a high degree of spatial resolution in both the x, y and z plane 

without the need for a pinhole. Second harmonic generation (SHG) and two photon 

excitation fluorescence are two such techniques for which our microscope can 

perform. The ability to deliver high-resolution information regarding biological 

structures at depth make this an ideal technique to image collagen matrices and 

human scalp skin. 

Two photon emission occurs when two photons are absorbed by a fluorescent 

molecule in the same quantum event. The photons can only interact with the 

fluorophore if their sum energy is identical to the energy gap between the molecules 

ground state and a vibrational level of the excited electronic state (Göppert-Mayer 

1931). This means visible light and UV fluorescence can be elicited with far red light 

reducing the effects of photobleaching by the incident light beam and enabling for 

deeper penetration of the incident beam (So et al. 2000). 

The necessity for photons to combine enables for optical sectioning through excitation 

of sub-femto litre volumes of the sample at any one time. This characteristic also 

removes the need for a pinhole as only light within the focal plane will produce 

excitation of the fluorophore (Roth and Freund 1979; Cicchi et al. 2013; Mazza et al. 

2008). This restriction is due to the lack of convergent photons above and below the 

focal plane preventing two photons being incident on fluorophores outside of the 

plane within one quantum event. The time restriction of the quantum event is dictated 

by the time-energy uncertainty principle which in our system translates to 10-16 

seconds (Aharonov and Bohm 1961). 

Conventional microscopy methods encompass linear phenomena such as reflection, 

absorption, fluorescence and scattering.  In these instances, the relationship between 

the strength of the electrical field of incoming light and the induced polarisation of the 

object is linear. In the instance of an incoming oscillating field with a non-resonant 

frequency (such that it is not of a frequency absorbed by the molecules of the 

material), the optical response can be approximated to be a first-order response: 

P ̃(t)=ϵ_0 X^((1) ) E ̃(t) 

P ̃(t) is the laser power, ϵ_0 is the dielectric constant of the vacuum, X^((1) )is the 

linear susceptibility of the specimen and E ̃(t) is the electric field strength. Non-linear 

phenomena elicited by high power intensity, are not linearly dependent on the applied 
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electric field. SHG is one such phenomenon in which light is coherently scattered at 

twice the optical frequency (Kirsch et al. 2008). The non-linear response can be 

written as: 

P ̃(t)=ϵ_0 (X^((1) ) E ̃(t)+X^((2) ) E ̃^2+X^3 E ̃^3…) 

The first left term relates to the linear scattering (i.e. two-photon excitation 

fluorescence, the second to SHG and the third to third harmonic generation and so on. 

Because fields are vectors in the above equation (i.e. they have both magnitude and 

direction), each atom will oscillate in a dipole radiation pattern (So et al. 2000). The 

radiation phase among an enormous number of atoms, such as those comprising 

collagen, must be in sync with one another to induce constructive interference (Denk, 

Strickler, and Webb 1990; Bancelin et al. 2014). Constructive interference is when 

one or more waves matched the phase of another, thus creating the effect of one wave 

that is the sum of the two or more waves in magnitude (figure 4.1). Deconstructive 

interference is when the waves are out of phase resulting in the reduction of 

magnitude or in the case of a Pi shifted wave (figure 4.1) one would cancel out the 

other. This constructive interference is the reason why only molecules that exhibit a 

specific symmetry (e.g. non-centrosymmetric materials such as collagen) can 

originate SHG (Roth and Freund 1979). 

SHG can therefore only occur if certain criteria are fulfilled. First there must be the 

presence of electron donors and electron acceptor moieties connected by a π-

conjugated system, enabling for the vibrational excitation of electrons to higher 

energy states. The second is the structural organisation of the molecular emitters 

within the focal volume. Both conditions are achieved in anisotropic molecules such 

as collagen making this technique well suited to the imaging of collagen and probing 

of its organisation (So et al. 2000; Tilbury et al. 2014; ‘Second Harmonic Generation’ 

1990; Roth and Freund 1979). 
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Figure 4.1: Depiction of constructive and deconstructive interference. The red wave 

represents the squared fundamental excitation with the blue waves representing SHG 

from thin and thick specimens. The forward waves show faze matching and thus 

produce constructive interference whilst the backward waves illustrate loss of phase 

in thick specimen procuring deconstructive interference.  

4.1.2: Characterisation of Collagen Structures by SEM and MP Microscopy 

Advanced imaging techniques enable the interrogation of protein macromolecular 

assemblies including collagen fibrils. Scanning electron microscopy provides a means 

to asses properties of structures that go beyond the resolution limit of light; a light 

wave can only be used to visualise something that is greater than the half the 

wavelength of the incident wave which for visible light is 0.4-0.7 𝜇𝑚 . However, that 

is not to say light-microscopy is not capable of imaging below this limit as techniques 
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have been developed (super resolution microscopy) to achieve resolutions on the 

angstrom scale. Super resolution microscopy was available to use for this study but 

was deemed not necessary since the Hitachi SEM produced superior resolution to 

asses collagen fibres with fewer complications. 

SEM principally involves illuminating the surface of a desiccated specimen, coated 

with an electron dense material, by a beam of electrons, emitted from a tungsten 

filament. The electrons are funnelled into a beam by a series of powerful orbital 

magnets with the whole process taking place in an ultra-low vacuum to ensure the 

path of the electrons is not affected by air molecules. As electrons exhibit particle-

wave duality, as a wave they exhibit a far lesser wavelength compared with light and 

can therefore produce a resolutions less than a nanometre (see Frank Krumeich for 

review). For this reason, SEM will be used to characterise collagen fibre diameter and 

bundling against which variations in MP signal will be compared allowing mapping 

of MP signal properties onto collagen matrix properties. 

The electron beam incident upon the specimen will interact either elastically or 

inelastically with the specimen. The former interaction is the foundation for SEM 

image generation. As electrons penetrate an electron cloud they are attracted by the 

positive potential of the nucleus while simultaneously being repelled by the electron 

cloud, and its path is deflected toward the nucleus as a result. The closer the electron 

travels to the nucleus the greater the deflection and in the most extreme cases, 

electrons are deflected back toward the electron source. These are known as back 

scattered electrons and their angular distribution can be used to calculate the 

topography of the specimen. For this reason, it is beneficial to coat specimens in 

chromium or carbon. These electron dense materials increase the production of back 

scattered electrons versus uncoated biological material which may not be sufficiently 

electron dense to produce an image (Kuo 2008; Stick and Goldberg 2010). 

The disadvantage of scanning electron microscopy is that it only enables for 

topological analysis making it difficult to analyse specimens in an in vivo like 

environments. To overcome this issue light microscopy techniques come into play, 

specifically multiphoton microscopy which allows for the imaging of specimens in a 

label free manner to depths exceeding 10,000 𝜇m (Yuryev, Molotkov, and Khiroug 

2014; Heuke et al. 2013; Jing Chen et al. 2014). However, increased depth of imaging 
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comes at the expense of resolution as light waves are increasingly scattered. For the 

same reason we cannot look through a 1 mm slice of ham nor can we image 1 mm 

into a slice of ham using visible light. To overcome this problem and mitigating 

lengthy and costly processing of specimens (fixation, clearing, sectioning etc) 

scientists began experimenting with femtosecond-pulsed lasers that excite specimen 

within the far-red end of the spectrum. The result is a light wave that does not interact 

with the specimen outside of the focal plane, allowing for signals to pass through 

several millimetres of turbid tissue. 

Scanning electron microscopy and multiphoton microscopy offer two very different 

ways of assessing collagen micro-structure and organisation. These techniques were 

used to complement each other with SEM acting as the gold standard against which a 

novel MP analysis was verified against. Upon Establishing how to interpret the MP 

signal using SEM data and defined collagen matrices, the MP technique was applied 

to evaluate collagen environments adjacent to the follicle within intact skin explants. 

The goal was to understand how established distinct mechanical environments 

abutting the follicle and epidermis may govern the homeostasis or functionality of 

different regions. Adding onto what has already been investigated this broadened our 

understanding of how the extrafollicular collagen also impacted upon the hair follicle 

mechanics during the shaving process and potential roles in governing tissue 

homeostasis. Ultimately this data allowed the development of an in vitro system to 

test how different collagen environments could impact upon proliferation and 

differentiation rates within keratinocyte derived cells. 
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4.2 Interrogation of Collagen Matrices and Human Scalp Skin Using Non-

Linear Optical Microscopy Techniques 

Two-photon microscopy is a non-linear imaging technique that enables for the label-

free imaging of structures composed from repeating units of non-centrosymmetric 

molecules including collagen. By characterising how variations in signal amplitude 

and intensity varied with changes in collagen density it was possible to use the 

technique to evaluate differential collagen environments abutting the hair follicle. 

Differences here demonstrated the discrete mechanical compartments of the follicle 

allowing us to hypothesize as to possible biological functions. 

4.2.1   SHG Generates a Signal Intensity Profile Distinct from TPEF 

To verify the generation of SHG purified rat tail type I collagen hydrogels were 

produced from either a 1.46mg ml-1 solution or a 3.54 mg ml-1 solution of purified rat 

tail type I collagen (Carlson et al. 2008; Stark et al. 2004)(figure 4.2). Collagen was 

excited using a mode-locked femtosecond-pulsed laser from 710 nm to 910nm 

excitation wavelength at 10nm intervals. For SHG signal generation occurs at exactly 

half the wavelength of the excitation wavelength allowing for discrete detection at a 

single wavelength (Roth and Freund 1979; Bancelin et al. 2014; Williams, Zipfel, and 

Webb 2005; Tilbury et al. 2014; Yew, Rowlands, and So 2014; Heuke et al. 2013; 

Cicchi et al. 2013; Bauman et al. 2014). Therefore, SHG should only be visible from 

820nm to 910nm in our system which detects all wavelengths between 410nm and 

490nm. As the MP system used had a broad-spectrum detector it was essential to 

investigate signals that were not SHG but exhibited overlap in emissions spectrum to 

identify where the cut off for TPEF occurred and what characteristics the different 

signals exhibited.  
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Figure 4.2.: Micrographs of collagen hydrogels a) Scanning electron micrographs of 

a collagen hydrogel illustrates fibril formation. Scale bar set to 1 µm b) Micrographs 

at key excitations where the switch from two-photon excitation fluorescence to 

second harmonic generation can be seen i.e.810 nm to 830. Scale bars set to 100 um 

c) The intensity plot for unlabelled, polymerised collagen, whole mounted and imaged 

via two-photon microscopy within the range of 410 nm-490 nm.  
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A characteristic of the plot in figure 4.3 that would not be the case if this was 

attributed to autofluorescence, was the sudden increase of intensity from 810nm to 

830nm. Fluorescence emission plots produce bell curves with a peak emission and an 

infinite number of variable emissions within the excitation range. Therefore, there 

should be multiple intensities between the peak emission and ground state which was 

absent from the plots generated. Further to this, at wavelengths above 830 nm there 

was a sustained plateau at the peak emission which again is uncharacteristic of 

fluorescence emission which should exhibit clear peaks and troughs suggesting the 

signal was SHG (figure 4.2).  

Detectable emission was first produced at 820 nm excitation at a much lower intensity 

compared with subsequent emissions produced from 830nm to 910nm excitations 

(figure 4.3). Within the 410nm-490nm detection range the optimal operating 

excitation wavelength was found to be at 840nm as this provided a good compromise 

between signal strength and laser power required. Excitations over 870nm required 

considerable increase in laser power to achieve an image of equal signal causing 

heating and eventual damage of the specimen. No signal was collected in the 

detection range 500nm-530nm for any of the trialled excitation wavelengths 

indicating demonstrating the detection of SHG only. 

When intensity profiles across a range of excitation were considered there was a clear 

separation between those generated from excitation at 710nm-810nm and those 

generated from excitation at 820nm-910nm (figure 4.3). Those generated from 

710nm-810nm exhibited only background levels of intensity indicating the lack of 

TPEF elicited in the collagen that is detectable between 410nm and 490nm. Any 

residual background was most likely attributed to autofluorescent amino acid residues 

within collagen and possibly by autofluorescent species that have been trapped by the 

collagen matrix. These include paraformaldehyde, glutaraldehyde, co-purified 

collagen binding proteins, NADH and FAD. Therefore, signal produced at a level that 

is greater than the background must be SHG. The average intensity of profiles 

generated by excitation from 710nm-810nm was subtracted from each individual 

profile generated by excitation in the range of 820nm-910nm. All intensities remained 

positive further supporting the signals produced by the excitation range 820nm-

910nm as SHG when detecting within the 410nm-490nm detection range.  
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Figure 4.3 illustrate the average y-pixel intensity for each x-coordinate over a 30um2 

area within the image. The average intensity per column showed differences of 

intensity between the different SHG signals (excitation ≥820 nm) across the entire 

collagen lattice. The greatest intensity within the 820nm-910nm range was elicited by 

excitation at 870nm and the least at 820nm as was shown by the average intensity per 

image. This again suggest a lack of SHG emission between the excitations 710nm-

810nm as only basal intensities are generated for this range. The lack of peaks and 

troughs within the average y-pixel trace indicate a high degree of homogeneity within 

the collagen matrix. Large variations in fibre diameter and void sizes would be 

manifested as peaks and troughs across the y-pixel average. Although it is possible 

that large fibres and small fibres could effectively mask one another as a result of the 

averaging of y-pixels the consistency across the x-dimension suggests this not to be 

the case. 
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Figure 4.3: Average pixel intensity (8-bit) for collagen hydrogels. Each average is 

calculated at a different x-position on a constant y,z vector across three identical 

collagen matrices excited at range of wavelengths. This illustrates the TPEF to SHG 

transition and the homogeneity of collagen matrices.  

A second set of intensity profiles was generated to identify individual variations in 

pixel intensity resulting from different excitation wavelengths. This allowed for a 

clearer distinction between SHG and TPEF as in SHG the same pixels should 

illuminate with slight variation in pixel intensity as indicated by the y-pixel averages 

and frame averages (figure 4.3). TPEF however should illustrate variations due to the 

varying autoflurofores excited from 710 nm-810 nm. This method of analysis also 

clarified the excitation ranges that produced TPEF and SHG.  

If the wavelength is altered autofluorescent species would be expected to exhibit a 

peak at a specific wavelength, producing a maximum intensity peak, with all 

subsequent excitations being of lower intensity the further from the excitation maxima 
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the wavelength moves. For this specific reason a pixel that represents an 

autofluorescent species was hypothesised to exhibit greatly reduced intensity for 

excitations that do not match the peak excitation. Therefore, if the intensity of that 

pixel for a given wavelength is plotted against the pixel intensity for the same pixel 

from an image of the same sample excited at a different wavelength, each subsequent 

wavelength will show a reduced correlation as the excitation wavelength moves either 

side of the peak excitation (i.e. the position illuminated at a different wavelength will 

produce a variation in intensity for TPEF). SHG excitation produces a plateau at 

emission as depicted earlier and thus intensity values will correlate almost perfectly as 

the wavelength is altered within the SHG generation range. This analysis more 

definitively shows the TPEF and SHG ranges.  

Correlation analysis was carried out comparing pixels from the same locations in each 

image to those generated by each excitation wavelength for the three collagen gels 

(figure 4.4). A value of 1 indicates an identical pixel profile i.e. matched intensities 

across different excitations, and values less indicating divergence. Excitation at 820 

nm generates a profile with a correlation greater than 0.8 with pixel intensities 

resulting from excitations above 820 nm. This suggests the 820 nm intensity profile is 

at the intersection of SHG and TPEF generation since TPEF wavelength typically 

share a correlation of 0.2 or less with the putative SHG profiles. In summary the 

profiles generated by excitations from 820 nm to 910 nm share a 0.8 and over 

correlation coefficient with one another. This correlation demonstrates SHG since the 

pattern of excitation i.e. where each bright pixel falls, is close to identical for profiles 

generated by excitation wavelengths of 820 nm and over. Slight decay in correlation 

within the SHG range may be explained by subsequent images produce heating of the 

specimen causing movement of fibres meaning the pixel position intensity is affected 

by the. As a result, a slightly different region of collagen is excited which results in 

the slight deviations of intensity.  

TPEF profiles (<820 nm excitation) only exhibit a correlation of 0.8 with profiles 

generated within +/-20 nm of the lowest wavelength of the comparison. i.e. The 

profile of 780 nm has a correlation of over 0.8 with those generated by 760 nm and 

800 nm but considerably less for those outside of this range, indicative of emission 

spectra produced by varying fluorophores within the collagen matrix, not SHG. If this 
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were SHG the same pixels would be illuminated at each excitation and as is indicated 

by the correlation matrix plot (figure 4.4), this is not the case. 

 

 

 

 

Figure 4.4: Pixel correlation analysis. Pixel intensities were correlated as the 

wavelength of the emitted beam was increased from 720 nm to 910 nm. What this 

matrix illustrates is a clear correlation between pixels excited via SHG and not for 

those excited by TPEF. This confirms the production of SHG at 820 nm-910 nm. 
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4.2.2   Spectral Analysis of Skin Allows for Distinction of Fibrillar Collagens 

from other Dermal Proteins 

After establishing the imaging parameters of SHG in purified collagen and how to 

interpret the varying signals generated these criteria were applied to images of human 

skin to evaluate the collagen environments abutting the hair follicle. As human skin 

contains a plethora of proteins that are capable of TPEF and SHG generation a 

spectral scan was carried out to establish the boundaries of TPEF and SHG signal 

production ensuring correct intensity profiles could be analysed.  

Figure 4.5 illustrates the presence of TPEF alone, TPEF and SHG, and SHG only at 

the longest wavelength of 900 nm. At 740 nm and 810 nm excitation of the keratinous 

hair shaft was evident indicative of TPEF. This structure was visible all the way to 

900 nm excitation wavelength suggesting both SHG and TPEF are elicited at least 

between 820-900nm excitation wavelength. Figure 4.3.1 provides a summary of 

excitation and emission maxima for some characterised autoflurophores elicited by 

TPEF. Keratin produces emission spectra by TPEF with a peak excitation of 

approximately 725 nm tailing off at as high as 950 nm which overlaps with the SHG 

excitation range (Pena et al. 2005; Heuke et al. 2013; Jianxin Chen et al. 2009). Thus, 

both SHG and TPEF will be present. 

The filter set utilised (410 nm-490 nm and 500 nm-530 nm) in the MP microscope 

allowed for collagen, elastin and keratins to be excited and detected simultaneously 

(figure 4.5). The challenge was therefore not in generating an image but generating 

images in which collagen and TPEF profiles can be identified, segregated and 

analysed to reveal information regarding collagen density. 
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Figure 4.5: MP spectral scans of scalp skin. These illustrate the change in visible 

structures with changing excitation wavelengths. The orange lines illustrate the 

direction of the hair follicle. Excitation at 740 nm to 810 nm appears to excite 

keratinous structures including the medullar of the hair shaft but gradually as the 

wavelength is increased beyond 810nm collagen bundles become mere clearly defined 

until 900nm where only collagen bundles are viable.  Scale bars represent 100 µm. 
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Table 4.3.1 Characterised autoflurofores and their peak excitations and emissions (Na 

et al. 2000; Tilbury et al. 2014; Laiho et al. 2005). Note that NADH, and Flavine are 

not likely to be present in notable amounts in the dermis due to the high 

ECM:fibroblast ratio. Keratin is also only weakly autofluorescent as seen in figure 

4.3.1 

Fluorophore Location 
Absorption 

maximum (nm) 
Fluorescence 

maximum (nm) 

NADPH All layers 710 470 

Elastin Dermis, subcutis 730 495 

Collagen Dermis, subcutis 730 525 

Keratin 
Epidermis, hair 

follicle 
760 475 

Melanin Epidermis 800 620 

Flavine All layers 730 525 
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Figure 4.6: MP intensity plots for a region of dermis excited at 10 nm intervals from 

720 nm to 910 nm. The two detection ranges were determined by the available filter 

cube sets and highlight the production of SHG from 830 nm to 910 nm with TPEF 

only from 720 nm to 820 nm. These figures illustrate how the 410 nm to 490 nm filter 

set detect SHG i.e. a signal at half the excitation wavelength whilst the 500 nm to 530 

nm filter set detects only TPEF i.e. at a much lower intensity as the emission is not at 

a single wavelength but spread over a spectrum. 
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To evaluate signals derived from TPEF and SHG in human skin, intensity profiles 

produced from spectral scans over the 710 nm to 900 nm range at 10 nm intervals 

were compared (figure 4.7). The intensity maps represent a comparison of pixel 

intensity from the same locations within the dermis (with respect to x, y and z 

coordinates), excited by different wavelengths. The excitations were calculated for 

each pixel intersecting a line drawn from the collagen adjacent to the follicle out into 

the interfollicular dermis. This further supported the production of SHG in the 

excitation range from 820nm-900nm with TPEF being the only signal present outside 

of this range as the 820nm-900nm excitation exhibit a high similarity of pixel 

intensity across the varying wavelengths. Low correlation would be indicative of a 

bell curve of emission produced by fluorescent species and hence as the wavelength is 

altered the pixel intensity would decrease away from the peak emission. SHG 

however produces a plateau emission. Therefore, altering the wavelength within the 

SHG range should not affect pixel intensity. The peaks of excitation evident from the 

excitation range 750 nm-800 nm may be indicative of the presence of elastin known 

to have an emission peak at 780 nm (Jianxin Chen et al. 2009; Huang, Heikal, and 

Webb 2002; Zoumi et al. 2004).  
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Figure 4.7: Heat maps illustrating pixel intensity (i.e.0-255) from MP micrographs. 

This illustrates a co-localisation between TPEF and SHG but also shows a clear 

increase in signal strength when SHG is elicited indicative of a collagen rich 

environment. Pixel positions correspond to pixels that intersect the line from the 

follicle into the interfollicular dermis covering a 25 µm distance. Panel a) range 

deomonstrates the SHG excitation range (830nm-900nm) with panel b) illustrating the 

TPEF range (710-820nm). 
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When cosidering intensity profiles directly there are two distinct profiles with peaks 

for each occouring at different location indicative of two biologiaclly distinct 

structures (figure 4.8). A line was drawn perpendicular to the direction of the collagen 

bundle through dermis only, avoiding follicles and non-dermal structures with pixels 

intersecting the line being quantified. Figure 4.8 therefore provides information 

relating to distances between bundles, bundle thickness and the proportion of collagen 

to elastin (and other fluorescent species). The TPEF intensity profiles exhibit larger 

varitions in profile pattern indicataive of different endogenous flurophores with 

different excitation peaks. The excitation wavelength of 780nm also coincides with 

the region of highest intensity spanning pixel lengths exceeding 2µm in the pixel 

intensity map further suggesting the structure to be fibrous rather than diffuse (figure 

4.8). Diffuse endogenous flurophores are represented by the lower more ubiqitous 

intensites. Panel b) also shows the charachteristic homogenity of traces across the 

SHG excitation range showing the plateu of emission versus the peak emission and 

tailing off produced by TPEF. It was therefore possible do distinguish between SHG 

and TPEF. SHG traces will be of greater intensity and consistent across a range whilst 

TPEF traces will exhibit varying peak heights across an excitation range.  
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Figure 4.8: MP intensity profiles taken perpendicular to the collagen abutting the 

follicle (3.5 pixels µm-1). a) Heterologous TPEF traces produced from a variety of 

colocalising flurophores. Large broad peaks imply a bundled structure such as elastin 

fibres whilst small shallow peaks will most likely be attributed to small ubiquitous 

fluorophores such as tryptophan amino acids. b) Traces derived from excitations in 

the SHG range. Peak widths are indicative of collagen bundle size. 
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To quantify the homogeneity of the SHG signal and heterogeneity of the TPEF signal 

correlation analysis was carried out (figure 4.9). As was the case with purified type-1 

collagen the correlations fell into three major groups representing SHG, TPEF and 

both TPEF and SHG. The SHG signals produced by excitation wavelengths ranging 

from 820nm to 900nm all exhibited a correlation coefficient of ≥0.8 indicative of 

high degree of similarity in intensity profiles. Unlike isolated type I collagen there is 

the emergence of two further sub-categories of SHG correlation 820 nm-860 nm and 

870 nm-900 nm suggesting the contribution of TPEF (although only small) in the 425 

nm-475 nm emission spectrum cause variations in the lower peaks of the SHG trace.  

The 710 nm-810 nm excitation range exhibited decreasing correlation indicative of 

spectral emission (figure 4.9). Although a flurophore may have multiple excitation 

peaks these peaks will correspond to multiple emissions peaks that are stokes-shifted. 

As detection was carried out within a range it is possible, multiple peak emission were 

collected for a fluorescent species. However, as a peak emission is passed or falls 

outside of our detection range it was hypothesized a lower intensity signal would be 

collected reducing the correlation between signals. Thus, each emission profile 

generated within the 710nm-810nm range only had a correlation coefficient of over 

0.8 with intensity profiles generated at +/- 20 nm e.g. 780 nm has a reducing 

correlation across the wavelengths.  
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Figure 4.9: Pixel correlation analysis of dermal collagen. Correlation of signal 

intensities for a defined group of pixels. The pixels represent emissions as a result of 

excitation from 720 nm to 900 nm. The emissions generated from a defined region of 

the image are then compared to subsequent images of the same sample and same 

regions, as the excitation wavelength is altered. The correlation coefficient is an 

indicator of similarity between pixel intensity at one excitation wavelength to those 

generated by the same pixel for another wavelength. A value of 1 would indicate 

identical intensities. Values descending from one indicate increasingly less similarity.  
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4.2.3   The Ratio of Collagen to Non-collagenous proteins Implies Differential 

Collagen Densities within the Dermis Adjacent to Hair Follicles 

The Masson’s trichrome stain was utilised as histological method to visualise the 

collagen environment encompassing the pilosebaceous unit (figure 4.10). This was 

suggestive of a reduction in abundance of collagen as you pass from the infundibulum 

through to the suprabulbar region of the follicle prompting MP analysis to asses the 

ratio of collagen to elastin within the different regions.  

 

Figure 4.10: Masson’s trichrome staining of human scalp skin.  Fixed in 4% 

paraformaldehyde with 0.2% glutaraldehyde for 24h followed by snap freezing and 

sectioning to 8µm using a human tissue designated Leica cryostat. Blue indicates 

collagen and nuclei with red indicating keratins, cytoplasm and muscle.  
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To clarify the differential collagen environments and inspect if the change in the 

amount of collagen corresponded with increased non-collagenous fibrous structures, 

the ratio of collagen to non-collagen was evaluated (figure 4.11). To do this 8µm 

thick facial skin sections (unlabelled) were excited at 720nm to ensure elastin fibres 

were excited and at 840nm to generate SHG within collagen only. The intensity of the 

TPEF and SHG signal are subtracted then divided by the sum of the two. In this way 

we get a ratio SHG described as a single value. In this instance an increased ratio 

would indicate a higher proportion of collagen to non-collagenous proteins whilst a 

reduced ratio would indicate a more equal proportion of collagen to elastin. This 

suggested the isthmus region to have the highest proportion of collagen to elastin and 

the suprabulbar region to have the lowest proportion of collagen to non-collagenous 

protein.  

 

 

 

Figure 4.11: The ratio of SHG to TPEF in extrafollicular dermis.  An increase ratio 

represents an increase in the proportion of collagen. Error bars indicate the standard 

error of mean, n=10.  
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4.2.4    Distances between Intensity Peaks Implies a Reduction in Collagen 

Fibre Density along the Region of Dermis Corresponding to the Infundibulum 

to Suprabulbar Region of the Follicle 

Through use of a novel logic arguments in Microsoft Excel (e.g. 

IF(X)>OR=(Y)AND(Z), (X)) it was possible to calculte the distances between 

intensity peaks generated for pixels intersecting with lines drawn perpendicular to the 

follicle. As SHG is only generated in collagen the peaks generated are representative 

of collagen fibres with troughs being the regions between bundles (figure 4.12). 

Distances between peaks were therefore indicative of the density of collagen fibre 

bundles adjacent to the different regions of the follicle.  

Figure 4.12 demonstrates two different collagen environments with the infundibulum 

and isthmus regions exhibiting a higher density of fibres when compared with the 

suprabulbar region. The traces also highlight a change in the collagen organisation 

from the suprabulbar region with larger broader excitations indicative of larger 

bundles compared with the smaller more frequent peaks of the infundibulum and 

isthmus. This was indiative of a finer more densly packed network of collagen fibres 

at a level consistent with the infundibulum and isthmus.  
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Figure 4.12: Example intensity plots for dermal tissue excited at 840 nm with 

subsequnet detection at 410 nm- 490 nm. Plots represent pixels intersectin lines drawn 

perpendicular to the direction of the follicle. a) Infundibulum b) Isthmus c) 

Suprabulbar 

In resting skin, there was a significant diffence in density between the collagen 

environment at the level of the isthmus and infundibulum. However, there was no 

significant difference between the isthmus and suprabulbar region. Figure 4.13 would 

suggest there was a reduction in collagen fibre density adjacent to the follicle as you 

move from the infundibulum through to the suprabular region.  

Post-loading of the hair shaft with a 2g weight the collagen envirmonents adjcent to 

the infundibulum to suprabulbar regions exhibit homogenity with one another (figure 

4.13). This implies rearrangemnt as a result of loading which may be related to the 

function of collagen in follicle anchorage and retraction of the follicle back into the 

skin post relesing of the weight from the hair shaft. The homogenity of collagen 

identified post-pulling indicated the fibres to have become taught which suggest they 
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had a degree of extension capacity to accommodate for the follicular compression 

during loading of the hair shaft.  

 

 

Figure 4.13: Average distances between collagen bundles adjacent to the follicle. 

Distances calculated from distance between intensity peaks. a) The average distance 

between peaks pre-loading of the follicle b) The average distance between peaks post-

loading of the follicle. Error bars are +/- the standard error of mean with * denoting 

significant differences compared with the infundibulum (P<0.05 for n=10). There 

was no other significant difference calculated between the infundibulum and isthmus 

or the suprabulbar region and isthmus pre-pull. No significant differences were found 

post-pull. 
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4.2.5 Temperature of Gelation and Concentration of Collagen in Suspension Affect 

the Density of the Resultant Collagen Matrix 

To elucidate how physical differences in collagen environments impact proliferation 

and differentiation rates of epidermally derived cells, high-density (HD) and low-

density (LD) collagen hydrogels were developed and characterised. The matrix 

properties are affected by the concentration of collagen (mg ml-1) and the temperature 

of gelation. Matrices were evaluated using a combination of SEM and MP. The MP 

approach allows interrogation of structures at depth in addition to assessing the 

overall homogeneity of the matrices produced. SEM on the other hand provides 

detailed topographic information to verify results obtained by MP microscopy. 

Combining these approaches was used to demonstrate that structural properties of the 

matrices can be manipulated to produce HD and LD matrices. 

One of the unique properties of two-photon microscopy is that at any one time only a 

sub-femtolitre volume is excited sufficiently to produce either TPEF or SHG 

consequently giving excellent three-dimensional resolution compared with linear 

techniques that require pinholes and software to remove out of focus light. It is 

therefore possible to interrogate the three-dimensional structure with high precision 

identifying changes within localised volumes that can give insight into the structure’s 

morphology and composition. In this instance back scattered SHG has been used as a 

means of assessing localised changes in collagen density and fibre orientation.  

Initial observations of the 3D reconstruction (figure 4.14) show the increase in 

temperature of gelation and increased concentration of collagen used generate a 

brighter signal which could be indicative of increased diameter of collagen fibres. The 

increased fibre diameter as a result of increased concentration of collagen is illustrated 

in (figure 4.14). Further to this the higher concentration collagen produced larger 

collagen fibre nucleation sites as indicated by the large white dots spread throughout 

the matrices. The 3D cross-section suggests the matrices polymerised at lower 

temperature (4℃) form more compact matrices whilst those polymerised at the upper 

temperature (37℃) produce matrices with larger void sizes. This was indicated by the 

homogenous grey observed within the matrices polymerised at the lower temperature 

whilst those at the higher temperature exhibited a mottled heterogenous grey intensity.  
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Figure 4.14: 3D reconstructions of SHG in collagen hydrogels taken at 1um intervals 

over a 200µm distance. The left pane represents the maximum intensity projection 

looking top-down whilst the right pane represents a cross-section of the z-plane. Scale 

bars are 100 µm. 
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Figure 4.15: SHG micrographs taken 50 µm from the surface of each collagen 

matrix. The increased concentration is linked to increased void size as suggested by 

the larger distances observed between the white collagen fibres. Scale bars are 10 μm. 

When considering how the SHG intensity changes with depth (z-axis) morphological 

differences become more apparent as a result of the increased temperature of gelation 

and increased concentration of collagen used (figure 4.16). Average intensity over a 

200 µm distance would suggest the matrices polymerised at 37 ℃ to have less densely 

packed fibres as the signal decay is lower compared with those polymerised at 4 ℃.  

However, the effect of increased concentration of collagen appeared to have two 

different effects depending on the temperature of gelation. At 4 ℃ the increased 

concentration resulted in a reduction of intensity which implied the formation of a 

denser matrix. The converse was the case for matrices polymerised at 37 ℃ which 

exhibited an increase in intensity with increased concentration of collagen suggestive 

of a less dense matrix. With this paradoxical situation it became imperative to 

consider what components comprise density. There are two key features that will 

affect the collagen density: 1) The thickness of the collagen fibre bundles 2) the 

number of collagen fibre bundles per unit area. Therefore, increased fibre size as a 
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result of increased temperature of gelation was hypothesized to produces a less tightly 

packed matrix whilst at low gelation temperatures were expected to generate a larger 

number of thin fibres per unit area producing a denser matrix. 

 

Figure 4.16: The average SHG intensity over a 200 μm depth. Error bars represent 

the standard error of mean.  

Assuming the signal decay is a function of fibre thickness and how densely packed 

the fibres are the percentage change at 2 𝜇m intervals over a 200 µm distance were 

analysed (figure 4.17). The largest percentage change is indicative of a more densely 

packed matrix (i.e. more fibres per unit area) and vice versa. Figure 4.17 suggests that 

altering the collagen concentration only impacts upon collagen density when 

polymerised at 4 ℃. This suggests that the temperature of gelation is the key 

controller of matrix density. However, this assumes that there is no difference in 

collagen fibre bundling as larger collagen fibre bundles would generate a greater 

signal but would also produce increased scattering of the backscattered SHG. Thus, 

the rate of change of SHG from the surface would be far greater than in a matrix with 

smaller bundles. The average percentage change over 200 µm depth figure 4.17 

suggest that the increased concentration of collagen at both temperatures of gelation 

results in increased fibre bunding as indicated by a greater reduction in back scattered 

SHG over a 200 µm depth. 
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Figure 4.17: SHG signal decay in collagen hydrogels a) Rate of change over a 200 

µm depth of collagen. The steeper the gradient the greater the rate of change. b) The 

average percentage change of SHG over 200 μm (n=3). 
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Figure 4.18: SEM micrographs of collagen hydrogels produced at varying 

temperatures and from different concentrations of collagen solution.  10 μm scale 

bars. 

Figure 4.18 illustrates how the increased temperature of gelation produces matrices 

with fewer fibres per unit area with the increased concentration of collagen having a 

greater number of fibres per unit area. To quantify the number of fibres per unit area 

straight line distances from one intersection of a collagen fibre to the next (Euclidean 

distance) and the length of the region of the fibre spanning the distance between to 

intersections (branch length) have been quantified (figure 4.19). A denser matrix was 

hypothesized to have a higher number of intersections. The Euclidean distances are 

indicators of collagen fibre thickness with thicker fibres exhibiting less tortuosity (i.e. 

increased Euclidean distance and branch length). A high density (HD) matrix should 

exhibit a longer branch length and a low Euclidean distance which would indicate an 

increased length of fibre per unit area and vice versa for a low density (LD) matrix. 
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Figure 4.19: Arch-chord characteristics of collagen fibres. The Euclidean distance (a) 

represents the straight-line distance from one end of a collagen fibre spanning two 

intersections/branch points, to the other. The branch length (b) is the actual length of 

the collagen fibre that spans the two intersections/branch points. The error bars 

represent the standard error of mean (n=3). 

The change in concentration had two effects dependent upon the temperature of 

polymerisation as was also evident from the multiphoton analysis. At 4℃ the 

increased concentration of collagen produced a significant increase in both Euclidean 

distance and branch length implicit of reduced fibres per unit area in line with 

findings from multiphoton analysis. Increased concentration would therefore be of a 

lower density.  
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When polymerised at 37℃ the collagen fibres exhibit a significant increase in both the 

Euclidean distance and branch length. The effect of increasing the concentration of 

collagen has the converse effect to that observed at 4℃ with concomitant increase in 

both Euclidean distance and branch length (figure 4.19). The increased Euclidean 

distance and branch length implies a reduction in the number of collagen fibres per 

unit area indicative of a less dense matrix as was also observed within the multiphoton 

study.  

There was no significant change in branch length for the 1.46 mg ml-1 with increased 

temperature. However, there was a significant increase in Euclidean distance 

indicative of a decrease in the number of fibres per unit area and an increase in void 

size. 

As previously demonstrated when understanding collagen density both the number of 

fibres per unit area and the fibre diameter must be considered. The diameter of 

collagen fibres and bundles of fibres have been quantified within the different 

matrices produced. Figure 4.21 demonstrated the increased bundling of fibres at the 

3.75 mg ml-1 collagen matrices for gelation temperatures of both 4℃ and 37℃ 

compared with their 1.46 mg ml-1 counterparts. Increasing the temperature of gelation 

significantly increased the bundle width for 1.46 mg ml-1 matrices but not for 3.57 mg 

ml-1 matrices. 
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Figure 4.20: High magnification SEM micrographs of the collagen fibres produced 

by each of the different gelation conditions detailed. When considering fibre diameter 

bundled fibres have also been quantified as a single fibre since these will increase the 

surface area of collagen available to an overlying cell. 1 µm scale bars. 

 

Figure 4.21: Average width of collagen fibre bundles quantified from high resolution 

electron micrographs. Error bars represent the standard error of mean for each 

condition. Error bars represent the standard error of mean (n=3). 
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Therefore, to achieve an equivocally high-density matrix it was deemed essential to 

have a high number of fibres per unit area and small bundles to reduce the void size, 

increasing the availability of collagen substrate to the cell. Increased fibre diameter 

correlated with increased void sizes as indicated by the increased Euclidean distances 

for unchanged branch lengths. In summary, polymerisation at 37℃ produced a high-

density (HD) matrix at a lower concentration collagen and a lower density (LD) 

matrix with a higher concentration of collagen.  
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4.3 Discussion 

4.3.1   Analysis of Intensity Peaks Generated by SHG Provides a Novel Means of 

Assessing Collagen Matrix Density 

Probing collagen organisation by MP microscopy is a highly complex process 

requiring specialised sensors and filters capable of detecting both backward and 

forward emitted SHG. SHG radiation patterns are a product of the spatial extent of the 

emission source (Williams, Zipfel, and Webb 2005). Such methods have been able to 

interrogate the periodicity of collagen fibres through analysing the angular 

distribution of polarised light (Tiaho et al. 2007.; Su et al 2011). The real problem 

though is that SHG is entirely theoretical. That is to say that like all microscopy 

techniques it relies on theoretical physics that predicts particulate interactions 

(Sheppard et al. 1977; Denk, Strickler, and Webb 1990; Laiho et al. 2005). Therefore, 

there is a need to both characterise and verify the signal being collected when applied 

to a biological system. Use of a limited filter set and only capacity for only backward 

detection (i.e. in the direction opposite to the direction of the excitation light source) 

make this characterisation and verification difficult for two key reasons. The first is 

that there is a potential overlap between SHG and TPEF emission and the second is 

the inability to  assess change in forward versus backward scattered SHG to inform 

upon collagen density.  

The quantum nature of non-linear techniques requires the interactions of parcels of 

energy within a miniscule time scale (i.e. 10-16 seconds) (Tilbury et al. 2014; 

Vielreicher et al. 2017; Sheppard et al. 1977). To increase the chances of such an 

event occurring the pulsed laser is focussed into a sub-femto litre volume (i.e. less 

than 1 cubic micron). This allows for the defining of fine structures through analysing 

intensity differences between regions from one focal volume to the next. The 

configuration utilised to analyse skin produced a resolution limit of approximately 1 

micron. This resolution allowed for the identification of collagen fibre bundles and 

crucially the distances between these bundles that contribute to the different collagen 

densities.  

Recent studies identified the papillary and reticular dermis as having collagen bundle 

sizes of 38 um and 80um respectively. The authors posit that the smaller fibres 

diameter of the papillary dermis allows for tighter compaction providing a stiffer 

environment that confers mechanical support to the epidermis while the larger fibres 
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are interwoven with elastic fibres to form a microfibrillar network (Hellström et al. 

2014; Naylor, Watson, and Sherratt 2011). The evidence within this study 

corroborates these findings and hypothesis as a high-density collagen environment has 

been identified adjacent to the infundibulum (which would fall within the papillary 

dermis) and in a low-density collagen environment has been identified in a region 

adjacent to the suprabulbar region (which coincides with the reticular dermis). SHG 

and TPEF image have also identified collagen-elastin composite structures within the 

reticular dermis.  

4.3.2   Identification of Collagen Gradient within the Dermis Elucidates Potential 

Roles for Collagen in Skin Homeostasis and Follicle Homeostasis 

The collagen gradient that runs from high to low from the papillary dermis to the 

reticular dermis may well have significance beyond just differential mechanical 

support. High-density collagen matrices have been identified as restricting cell 

migration whilst low density collagen environments have been found to promote cell 

migration (da Rocha-Azevedo, Ho, and Grinnell 2013). The high-density collagen 

surrounding the upper non-cycling portion of the follicle could have a role in 

polarising the directional growth of the follicle. It could be considered that if the 

matrix density were analogous to that of the lower cycling portion there would be 

potential for lateral outgrowth of the follicle into the surrounding papillary dermis. 

Equally the low-density papillary dermis could invite downgrowth of the anagen 

follicle. Evidence of cell polarisation toward regions of lesser tensegrity is evident in 

wound healing with cells at the edge of wounds undergoing elevated programmes of 

proliferation in the direction of the wound. Cells within the skin surrounding the 

wound do not experience elevated proliferation demonstrating the importance of 

physical cues (in this case cellular tensegrity) in directing cellular proliferation 

(Tscharntke et al. 2007; Takeo, Lee, and Ito 2015; Zeltz and Gullberg 2016). 

When considering the lack of crumpling of the ORS and IRS within the infundibulum 

region it must also be considered that lateral opposition to follicular expansion could 

be conferred from the high collagen density. Further to this increased collagen density 

is known to promote increased integrin binding and formation of actin stress fibres 

that in turn produce increased cell stiffness (Barry et al. 1997; D D Schlaepfer and 

Hunter 1997; Dans et al. 2001; L. Levy et al. 2000; Elbediwy et al. 2016; Dupont 
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2016; Miralles et al. 2003; C. Gu et al. 2010; Wen et al. 2014). However, whether or 

not such connections would made via the dermal sheath have not been explored. 

It is interesting that the stem cells of the hair follicle are also located in a collagen 

dense environment. The increased collagen network would be capable of binding a 

large number of diffusible cues such as such as TGF-𝛽, noggin and BMP4 and BMP7 

reducing the dermal papilla derived cues that promote proliferation and terminal 

differentiation, retaining the cells of the upper bulge in a state of quiescence. It is 

interesting how studies have found proliferating cells to emanate from the base of the 

bulge i.e. a region in lower density collagen, and not the upper (Snippert et al. 2010; 

Merrill et al. 2001; Rebecca J Morris et al. 2004; Greco et al. 2009; Plikus et al. 2008; 

Y.-C. Hsu, Pasolli, and Fuchs 2011a). Although it has been suggested that this is due 

to the diffusion limit of cues derived from the dermal papillae it must be considered 

that collagen is a limiting factor in diffusible cue migration (Vehviläinen, Hyytiäinen, 

and Keski-Oja 2009; Oshimori and Fuchs 2012; Foitzik et al. 1999; Philpott, Green, 

and Kealey 1990).   

Turing back to the physical properties of collagen it has been noted that thicker fibres 

exhibit greater stiffness compared with thinner fibres as does increasing the number of 

fibres per unit area (Bauman et al. 2014; Voorhees et al. 2015; Haase and Pelling 

2015). This increased stiffness has been found to increase pre-tensioning and promote 

exit from cell cycling through reduced histone H3 acetylation at the promotors of 

serum response factor genes, FOS and JUNB leading to the suppression of stem cells 

maintenance genes LRIG1, TP63 and ITGB1 in keratinocyte derived cells (Connelly 

et al. 2011; S. C. Wei et al. 2015). Increased pre-tensioning of fibroblast will also 

allow for faster sensing of damage though disruption of hemidesmosomes and focal 

adhesions causing an upregulation of ERK signalling promoting collagen biosynthesis 

and rearrangement (da Rocha-Azevedo, Ho, and Grinnell 2013; Pankov et al. 2000; 

Dutta et al. 2015; Brooks et al. 1996; Voorhees et al. 2015; Akasaka et al. 1995; 

Keely et al. 1997; El Azreq et al. 2016; Osmanagic-Myers et al. 2006). 

Increased fibre bundling promotes increased adhesion of fibroblasts where low 

bundling produces reduced adhesion allowing for cells to migrate (da Rocha-

Azevedo, Ho, and Grinnell 2013; Rouillard and Holmes 2012; S. A. Ibrahim, Hassan, 

and Götte 2014). This could effectively promote migration of fibroblast toward the 
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hypodermis away from the epidermis reducing physical stresses experienced by cells 

while protecting against deep tissue lacerations. An alternative way to consider this is 

the high-density collagen promotes increased integrin binding (Ilić et al. 1995; 

Makino et al. 2009; da Rocha-Azevedo et al. 2013; S. A. Ibrahim, Hassan, and Götte 

2014) which prevents fibroblast migrating away from the upper dermis where they are 

needed to provide growth factor cues to the overlying epidermis to balance quiescence 

against proliferation in SCs. 

4.3.4   Putative Elastin Opposes Follicle Elongation-implications in follicle 

homeostasis and the propagation of anagen.  

Elastin confers the ability of skin to retain its normal morphology after deformation 

by external forces (Tzaphlidou 2004; Muiznieks and Keeley 2013; Tilbury et al. 

2014). This study highlights a potential role for elastin in follicular retraction though 

attachment at the base. The significance of this is it keeps the dermal papilla proximal 

to the bulge region. This could be important in preventing overstimulation by 

diffusible cues such as the BMP2/4 antagonist noggin. Noggin has been shown to 

deplete bulge SC’s through stabilisation of 𝛽-catenin that drives upregulation of the 

Lef/TCF transcription factors, that drive proliferation and differentiation (Plikus et al. 

2008; Botchkarev et al. 2001; Song et al. 2018; Merrill et al. 2001; Behrens et al. 

1996; Kobielak et al. 2003). It would be interesting to identify if the elastin 

attachment is retained through-out follicle cycling as the mechanical pulling could 

also be important in directing follicle down growth.  
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5.0 Manipulating Collagen Matrices to Provoke Changes in the 

Proliferation and Differentiation Potential of HaCaT Cells 

To uncover more about how mechanical sensing can impact upon cellular behaviour, 

characterised collagen matrices were developed to evaluate how altering the number 

of fibres per unit area will influence the proliferation and differentiation potential of 

the overlying epidermically derived HaCaT cells. 

5.1 Introduction to Collagen-Integrin Signalling Mediated by MAPKs; 

ERK1/2, JNK and p38 

Keratinocytes form focal adhesions and hemidesmosomes with the ECM via integrin 

clusters. Integrins are transmembrane proteins that act as receptors for the ECM being 

able to form ligands with fibronectin, laminin and collagen (Tsuruta, Hopkinson, and 

Jones 2003b; Christopher S Chen, Tan, and Tien 2004; Gupta et al. 2016; Raghavan, 

Vaezi, and Fuchs 2003; Čabrijan and Lipozenčić; Rabinovitz and Mercurio 1997; 

Nikolopoulos et al. 2005). Recent studies demonstrated that the type of ligand with 

respects to collagen, fibronectin, laminin and PDMS substrates was inconsequential to 

proliferation and differentiation rates and so it would appear that integrin ECM 

interactions are promiscuous (Gupta et al. 2016; Connelly et al. 2010; J. G. Wang et 

al. 2005; Greiner et al. 2013). This is significant as it suggests that it is not the ligand 

composition that impacts upon proliferation and differentiation but instead the number 

of integrin-ECM interactions the cell is able to make based on availability of the 

ligand or the ability of the cell to interact with those ligands determined by substrate 

stiffness.  

In support of this hypothesis an earlier study demonstrated how increased integrin 

clustering resulted from increased contact with the substrate, naming substrate 

stiffness as the key mediator of integrin clustering and therefore matrix derived 

signalling cues (Gallant, Michael, and García 2005). However, alternate studies 

counter that the density of substrate is not the deciding factor and instead posit that it 

is substrate availability that is key (Connelly et al. 2010). However, this study has one 

major oversight when making this claim which is not to address how variations in 

substrate stiffness (a product of the substrates density) could impact upon 

proliferation rates through altering the number of contacts the cell can make with its 

substrate per unit area. Secondly it is not clear whether an upper or lower boundary 
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for sensitivity to ligands was explored. If the lowest boundary for ligands per unit area 

were already above the saturation point for that matrix stiffness altering the number of 

ligands would be inconsequential. Combining these findings and considering the 

differing contexts, the former carried out on PDMS substrates and the latter on 

micropatterned islands with a protein resistant background, this may suggest there is a 

spacial limit to the number of focal adhesions able to form per unit area and so an 

important factor in increasing this would be the proportion of membrane that is able to 

contact the membrane with increased contact leading to increased proliferation. The 

factors affecting this could therefore be collectively described as density in the 

context of biological substrates such as collagen, where increasing the number of 

fibres per unit area would both increase the number of ligands and the matrix stiffness 

for a defined fibril diameter.  

Collagen hydrogels offered a solution to this. As demonstrated in chapter 4 they can 

be manipulated to change ligands per unit area and stiffness by way of altering the 

level of collagen bundling. To understand how the physical properties of collagen 

impact upon this consider the behaviour when under tension generated by the 

overlying cells. It is conceivable that a less stiff matrix would form increased contacts 

with a cell membrane as the tension generated by the cells cytoskeleton would cause 

the flexible matrix to curl up around the edges of a cell more, when compared with a 

stiff, inflexible substrate enabling for increased integrin-ECM interactions (figure 

5.1). This could in turn produce increased focal adhesion formation which accounts 

for elevated levels of FAK activity as one integrin binds to the collagen substrate, 

promoting integrin clustering at that site (L. Levy et al. 2000; Q Chen et al. 1996; 

Paszek et al. 2009). 
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Figure 5.1: A depiction of how substrate stiffness affects integrin-mediated 

signalling. Matrix stiffness may also impact upon substrate availability. An increased 

stiffness would produce a reduced substrate area whilst a flexible substrate (right) 

would produce an increase in substrate availability. The tension generated by the cell 

cytoskeleton may draw the substrate in the direction of the nucleus which in turn 

produces increased FA formation resulting in increased FAK activation. 

This mechanobiology could potentially be explained by the MAPKs ERK1/2, JNK 

and p38. Although p130cas phosphorylation of β-catenin has been posited as a 

potential route to stimulate proliferation via activation of the LEF/TCF transcription 

factor this was recently shown to be redundant by JNK signalling (Soucy and Romer 

2009; Guasch et al. 2007; Oshimori and Fuchs 2012; Huelsken et al. 2002; Park et al. 

2005; Gazel et al. 2008; Ke et al. 2010; Sun et al. 2015; Gazel et al. 2006; D D 

Schlaepfer and Hunter 1997). Keratinocytes have been shown to exhibit increased 
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rates of proliferation when cultured on stiffer PDMS substrates with the proliferation 

advantage being mitigated in the presence of ERK1/2 inhibitors but not in the 

presence of Wnt inhibitors (Yano et al. 2004; Posthaus et al. 2002). If Wnt signalling 

is blocked then β-catenin is phosphorylated by the CK1𝛾-Axin-GSK-3-APC complex, 

targeting it for ubiquitination, preventing its translocation to the nucleus and 

subsequent activation of the LEF/TCF transcription factors. In the absence of 𝛽-

catenin, the transcriptional co-repressors, CTBP, HDAC and Gro bind and block the 

TCF/LEF transcription factor (Yano et al. 2004; Mehic et al. 2005; Zenz et al. 2005a; 

Behrens et al. 1996). This would suggest proliferation cues to be derived 

independently of the canonical Wnt signalling pathway. However, many studies have 

reported on elevated β-catenin and LEF/TCF activity to coincide with increased 

proliferation rates which suggest Wnt signalling to be redundant to integrin-mediated 

signalling via ERK for keratinocytes (Tscharntke et al. 2007; Zenz et al. 2005b; Clark 

and Hynes 1996; Gazel et al. 2008; Posthaus et al. 2002).   

ERK signalling may well be an important pathway in mediating transduction of 

matrix stiffness and was therefore a good target for this study to address its 

significance in transducing differences in collagen density/stiffness to elicit a 

proliferation advantage. If ERK1/2 proves to be a key transducer it would suggest that 

substrate composition with respects to fibronectin, laminin and collagen is 

inconsequential to cellular behaviour and that it is the physical properties of the 

substrates that affect change in proliferation rates since earlier studies using PDMS 

substrates of varying stiffness have already shown this to be the case (Gupta et al. 

2016). 

Both ERK1/2 and JNK are activated by focal adhesion kinase (FAK) via the Ras-Raf-

MEK pathway (S. A. Ibrahim, Hassan, and Götte 2014; Ishida et al. 1996; Clark and 

Hynes 1996; D D Schlaepfer and Hunter 1997; Nikolopoulos et al. 2005; Mainiero et 

al. 1997; Gazel et al. 2008). The literature has also shown increased ECM stiffness 

has produced elevated JNK signalling in conjunction with increased proliferation rates 

in carcinomas but reports little on keratinocytes (Schrader et al. 2011; Gallant, 

Michael, and García 2005; Paszek et al. 2009). Much of the literature surrounding 

keratinocytes elucidates only that elevated proliferation occurs in conjunction with 

elevated JNK (Nikolopoulos et al. 2005; Gazel et al. 2008; Sun et al. 2015; Dupont 

2016; Xu et al. 2014). JNK has been shown to target the G0/G1 checkpoint proteins 
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p53, for ubiquitination enabling cell cycle progression. In this way JNK can signalling 

can be seen as instrumental in propagating proliferation but by no means is the only 

player (Sun et al. 2015; S. Y. Fuchs et al. 1998; Serge Y. Fuchs et al. 1998; Shi et al. 

2014). JNK binds to and phosphorylates c-Jun which activates the AP1 transcription 

factor (T Kallunki et al. 1994; Minden, Lin, Smeal, et al. 1994). This is significant 

since the AP1 transcription factor is known to act upon genes important for 

inflammation, apoptosis, proliferation and differentiation (Mehic et al. 2005; Zenz et 

al. 2005a; Balasubramanian, Efimova, and Eckert 2002; Connelly et al. 2011). Further 

to this c-Jun activation is essential for the G1/S transition making JNK a key 

component in propagating cell cycle progression (Jiao et al. 2008; Sabapathy et al. 

2004; Medhurst et al. 2008). Studies in keratinocytes have also shown how inhibition 

of JNK has led to terminal differentiation as indicated by elevated involucrin 

promotor activity (Gazel et al. 2006; Bennett et al. 2001; Ke et al. 2010; Efimova et 

al. 1998; Balasubramanian, Efimova, and Eckert 2002). The decision was hterfore 

taken to combine variations in collagen matrix density with JNK inhibition to discern 

whether JNK signalling is independent of collagen density/stiffness and to what 

extent JNK signalling is important in communicating matrix derived proliferation 

cues.    

p38𝛿 is a key regulator of hINV gene expression. Phosphorylation of p38 produced 

increased binding of the AP1 transcription complex to the AP1 binding site of the 

hINV promotor, secession of proliferation and increased formation of the cornified 

envelope in keratinocytes (Balasubramanian, Efimova, and Eckert 2002). However, 

the same study that demonstrates p38 as a regulator of hINV expression also 

demonstrated elevated c-Jun activity, the component of the AP1 complex that is the 

downstream effector or ERK1/2 and JNK signalling (J. S. Gutkind 2000; X.-J. Wu et 

al. 2014; E. K. Kim and Choi 2010). This could suggest an interplay between the 

three MAPKs with p38 opposing the effects of ERK and JNK. As all three MAPKs 

act upon the AP1 complex it should be noted that the MAPKs activate different 

composite components of the homo-/heterodimer which impacts upon its target. In 

this way the AP1 transcription factor can fulfil opposing roles; facilitating both 

proliferation differentiation.  
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Figure 5.2: MAPKs roles in governing proliferation and differentiation of 

keratinocytes. ERK is essential for the G1/S transition and suppression of 

antiproliferative genes whilst p38 exhibits a duality being involved in both exit from 

quiescence (when bound to JNK) and propagation of AP-1 binding the hINV 

promotor, driving differentiation. JNK is essential the G0/G1 transition and has been 

suggested as a counterbalance to p38. Further this JNK has also been noted to 

facilitate the G1/S transition in keratinocytes.  

Evidence from scratch assays conducted on keratinocytes has also been used to 

demonstrate how ERK signalling is critical to wound closure whilst p38 inhibition 

only leads to delayed wound closure (Balasubramanian and Eckert 2007; X.-J. Wu et 

al. 2014; Vollmar et al. 2002). This suggests ERK1/2 signalling to be the dominant 
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pathway by which cellular proliferation is instigated and may suggest the p38 

signalling is important in promoting cell migration which is supported by several 

other studies (E. K. Kim and Choi 2010; X.-J. Wu et al. 2014; J. G. Wang et al. 2005; 

Mishima, Inoue, and Hayashi 2002; Sharma, He, and Bazan 2003). p38 inhibition has 

also been shown to prevent keratinocyte outgrowth from skin organ cultures (Stoll, 

Kansra, and Elder 2003). In psoriatic skin both p38 and ERK1/2 are elevated. This is 

perhaps a good scenario to support the opposing roles leading to thick calluses; ERKs 

promoting proliferation and p38 driving differentiation (figure 5.2). There is this issue 

of context that greatly impacts upon the function of MAPKs which imposes the 

importance of investigating the function of MAPKs in communicating matrix derived 

proliferation and differentiation cues.  

A later study demonstrates the importance of JNK in retaining the proliferative 

potential of keratinocytes. Inhibition caused terminal differentiation evident from 

increased involucrin gene expression (microarray analysis) with a concomitant 

increase of involucrin as indicated by western blot analysis (Balasubramanian, 

Efimova, and Eckert 2002; Gazel et al. 2006). This may suggest that active JNK is 

able to negatively regulate p38 which was suggested in a later study where 

dimerization of JNK and p38 was evident in the presence of active JNK. This could 

prevent the phosphorylation of AP1 components that would target the AP1 

transcription factor to the hINV instead targeting the transcription factor to genes 

linked with proliferation.   

Involucrin is an ideal marker to use in assessment of whether or not a cell is 

undergoing terminal differentiation as its production is also accompanied by an exit 

from cell cycle progression and production of the cornified envelope as demonstrated 

across several studies (Balasubramanian and Eckert 2007; Watt 1983; Azuara-Liceaga 

et al. 2004; Eckert et al. 2004). Further to this it will inform on whether the hINV 

gene expression is modulated via MAPKs in the context of collagen matrices. This 

could potentially point to new roles for ERK, p38 and JNK in determining AP1 

specificity for cell cycle promoting genes vs cell cycle exit genes.  

This chapter aimed to address how collagen density and therefore stiffness impacted 

upon proliferation rates and differentiation rates within keratinocyte derived cells. 

This would then be applied to understand how differential collagen environments 
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identified along the hair follicle may aid in the functionality of cells within the locale, 

and whether MAPKs are instrumental in transducing matrix derived cues. Initially 

defined matrices were used to identify the relationship between collagen 

density/stiffness and proliferation and differentiation rates. Further to this nuclear 

morphology was also characterised in each scenario to see if any correlations between 

nuclear morphology, matrix stiffness and proliferation/differentiation rates were 

present. Following this the three MAPK families, ERK, JNK and p38 were inhibited 

individually to inform on the extent to which each is involved in propagating matrix 

derived cues and whether they may also influence nuclear dynamics. Combined these 

experiments aimed to address how static forces that exist within the epidermis and 

follicle drive either proliferation or differentiation. 

 

5.2   Investigating the Role of MAPKs in Communicating Collagen Derived 

Proliferation and Differentiation Cues  

Initially it was necessary to first establish the relationship between matrix stiffness 

and proliferation and differentiation rates. Once this had been established the different 

MAPKs were inhibited to assess their roles in communicating these cues. 

5.2.1 Reduced Ki67 Expression in HaCaTs on Low-Density Matrices Implicates 

Collage Density as a Mediator of Proliferative Cues 

To understand how cells interact on an individual basis with the different collagen 

substrates cells were initially cultured at low seeding volumes (1000 cells cm-1). 

Distances between cells were anticipated to reduce the paracrine influence of 

surrounding cells ensuring conclusions drawn to be from cell-substrate interaction 

rather than cell-cell interactions.  

Images in figure 5.3 demonstrate increased Ki67 expression for cells on the HD 

matrices compared with cells on LD matrices. This increase in Ki67 expression was 

accompanied by changes in cell morphology with nuclei appearing larger and 

elongated compared with cells on the LD matrices after a 24h period. The actin-

cytoskeleton appeared to be exhibiting polarity i.e. a spread along a specific vector, on 

the HD matrices after 24h and return to a more globular appearance after a 120h 

incubation. The converse appeared to be the case for the LD matrices which appear 

spherical after a 24h period and exhibit a more spread morphology after120h.  
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The interplay between cell-cell interactions and cell-substrate interactions to produce 

changes in cell behaviour, was evaluated. Cells were seeded onto their respective 

substrates and cultured for 120h allowing for colonies to form. Initial observations 

showed little difference in Ki67 expression generated by cells on the different 

substrates (figure 5.3). However, colonies produced on collagen appeared to be 

smaller compared with those cultured on LD matrices. This could indicated that a 

reduction in substrate density affected cell cycle progression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: HaCaTs 24h and 120h after seeding onto LD or HD hydrogels. F-actin 

(green), Ki67 (red) and nuclei (blue). HD-Cells seeded on high-density collagen; LD-

Cells seeded on low-density collagen. Scale bars represent 10 μm. 
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LD collagen hydrogels exhibited a significantly lower expression of Ki67 compared 

with the HD matrices after both a 24h and a 120h incubation indicative of either a 

proliferation advantage conferred by higher density collagen matrix. (figure 5.4). 

 

Figure 5.4: Average Ki67 expression in HaCaTs after 24h on HD and LD matrices. 

This was taken as a proportion of the total number of nuclei analysed for 24h (n=3, 

>25 nuclei/n) and 120h (n=3, >100 nuclei/n) after seeding onto the respective 

substrates. Error bars represent the standard error of mean. Horizontal bars represent 

P<0.05 between groups as determined by the students t-test. 
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5.2.2 Collagen Reduced Terminal Differentiation Independently of Collagen 

Density  

 

 

Figure 5.5: HaCaTs 24h and 120h after seeding onto LD or HD hydrogels. F-actin 

(green), Ki67 (red) and nuclei (blue). HD-Cells seeded on high-density collagen; LD-

Cells seeded on low-density collagen. Scale bars represent 10 μm. 
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HaCaT cells were almost entirely devoid of involucrin expression after 120h 

incubation on either HD or LD matrices suggesting collagen may have been driving 

the observed proliferation advantage. As the availability of collagen fibres was 

restricted through reducing the number of fibres per unit area, cells expressed 

significantly lower levels of involucrin (i.e. more than 2-fold less compared with the 

24h time point). There was no significant difference between levels of involucrin for 

cells culture on the two different densities of collagen suggesting that terminal 

differentiation rates are reduced by collagen substrates in a density independent 

manner (5.6). Involucrin levels were also evaluated after a 24h incubation to indicate 

if the lower levels of Ki67 expression observed on the LD matrices is attributed to 

cells cycle arrest or cells being driven toward terminal differentiation. Figure 5.6 

shows a clear increase in involucrin expression with restriction of access to substrate; 

LD to HD. Visual inspection of the images suggested unconvincing expression of 

involucrin in cells on either density of matrices. However, analysis of fluorescence 

intensities would suggest the collagen to have an impact on involucrin expression 

though not statistically significant.  

Figure 5.6: Average involucrin expression in HaCaTs 24h and 120h on LD and HD 

matrices. This was taken as a proportion of the total number of nuclei analysed 24h 

(n=3, >25 nuclei/n) and 120h (n=3, >100 nuclei/n) after seeding onto the respective 

substrates. Error bars represent the standard error of mean. Horizontal bars represent 

P<0.05 between groups as determined by the students t-test. 
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5.2.3 Inhibition of Either p38, ERK or JNK Reduced Ki67 Expression 

HaCaTs exhibited a density-dependent response by way of increased density of 

collagen leading to elevated proliferation rates compared with its lower density 

counterpart. The MAPKs presented interesting targets to address, as many studies 

have already identified ERK and JNK signalling as being important in communicating 

ECM derived proliferation cues in relation to substrate stiffness (Dupont 2016; 

Chaudhuri et al. 2014; Schrader et al. 2011; Gupta et al. 2016). P38 although not 

addressed as potential transducer of ECM density/stiffness, is important in enabling 

cell cycle progression via its interplay with JNK and its role in cells exiting 

quiescence (Rodríguez-Berriguete et al. 2016; S. Liu et al. 2017). Therefore, to 

address the potential involvement of communicating the putative low-stiffness (HD 

matrices) and putative high-stifness (LD matrices) p38, ERK or JNK were inhibited 

for either a 24h period or a 120h period. The two timepoints also address in part the 

extent to which the cell-ECM and cell-cell-ECM interactions are dependent on these 

pathways to govern proliferation and differentiation rates.   

***HaCaT cells were cultured for either a 24h period or 120h period on collagen 

hydrogels during which time they were exposed to one of the three MAPK inhibitors 

(p38i; SB203580, ERKi; PD98059 or JNKi; SB600125). 
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Panel A: 

HaCaT cells 

24h after 

seeding on 

collagen. 
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Panel B: 

HaCaT cells 

120h after 

seeding on 

collagen. 

Figure 5.7: 

Confocal images 

of HaCaTs 

labelled for 

Ki67, cultured 

for 24h or 120h 

on collagen 

hydrogels pre- 

and post-

treatment (Panels 

A-B). 
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Figure 5.8: 

Ki67 Expression 

in HaCaT cells 

after either a 24h 

or 120h 

treatment. 

Horizontal bars 

represent 

p<0.0005 

between groups 

as determined by 

the students t-test 

(n=3 with >25 

nuclei/n at 24h 

and >100 

nuclei/n at 

120h).  
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Visual inspection of images was relatively unhelpful other than to establish whether 

the labelling process was a success (figure 5.7). The true difficulty lied in analysing 

the mage in a manner that was unbiased. Despite following the same protocol, due to 

the great many steps, variations in antibody stock, variations in temperature during 

antibody incubations and pipetting error (although small) all contribute to variations 

in levels of background and so to separate the ‘wheat from the chaff’, a macro was 

developed that would distinguish ‘true signal’ from background based on a threshold 

set. This method of analysis effectively removed human subjectivity and restored all 

signals to a base line allowing comparisons to be drawn between repeats with true 

variation being represented as is evident from the small standard error of means 

derived for each variable and very low P values (<0.005) where differences exist. 

Figure 5.8 clearly demonstrates a reduction Ki67 expression after both the 24h and 

120h incubation in response to inhibition of p38, ERK and JNK with all exhibiting a 

significant difference to their untreated counterparts suggesting all three impact upon 

cell cycle progression. ERK inhibition produced the strongest reduction in Ki67 

demonstrating its importance in cell cycle propagation. However, neither p38 

inhibition nor ERK inhibition nullified the significant difference between the HD and 

LD matrices (i.e. p38i LD exhibited significant difference to p38i HD) after either the 

24h or 120h incubation implying the density-dependent proliferation advantage is 

only partly transduced by these MAPKS. JNK has been demonstrated as being a key 

player in communicating matrix derived proliferation cues with no significant 

difference being observed between JNKi HD and JNKi LD after both a 24h and a 

120h incubation. This abolition of the proliferation advantage produced by the 

HD/putative low-stiffness collagen matrix, and to a level significantly below the 

untreated counterparts, strongly placed JNK as a key transducer of collagen 

density/stiffness derived proliferative cues. 

For all the effects described they were exhibited at both the 24h time point and the 

120h time point suggesting MAPKs were central to cell-ECM interactions. The effect 

of p38 inhibition was lessened after a 120h incubation which suggested cell-cell 

adhesion attenuates the effects of p38 inhibition. A similar effect is also observed for 

JNK, however the effect of ERK inhibition if amplified which suggested a potential 

synergy between ERK inhibition and cell-cell adhesion. 
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Panel A: 

HaCaT cells 

24h after 

seeding on 

collagen. 
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Panel B: 

HaCaT cells 

120h after 

seeding on 

collagen. 

Figure 5.9: 

Confocal images 

of HaCaTs, 

labelled for 

involucrin, 

cultured for 24h 

or 120h on 

collagen 

hydrogels pre- 

and post-

treatment (Panels 

A-B). 
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Figure 5.10: 

Ki67 Expression 

in HaCaT cells 

after either a 24h 

or 120h 

treatment. 

Horizontal bars 

represent 

p<0.0005 

between groups 

as determined by 

the students t-test 

(n=3 with >25 

nuclei/n at 24h 

and >100 

nuclei/n at 

120h).  



171 

 

After a 24h incubation period involucrin significantly increased on the HD matrices 

for all treatments suggesting a role for all MAPKs in propagating the proliferation 

advantage conferred by HD matrices (figure 5.10). This was also echoed at the 120h 

time point for all treatments indicating an importance in mediating the cell-ECM 

interaction for HD matrices. However, the LD matrices showed varying patterns. p38 

exhibited a slight non-significant increase which suggests p38 to be important in 

mediating the density-dependent proliferation advantage via cell-ECM interactions 

but still retains a significant difference with p38i HD supporting earlier finding that 

also suggested this pathway to be acting in parallel with other pathways to achieve the 

matrix derived proliferation advantage. The reduction of involucrin with ERKi 

inhibition suggested cells have exited cell cycling and entered a state of quiescence. 

The retention of the significant difference between the HD and LD matrices post 

inhibition again suggest this was not the only pathway important in retaining the 

proliferation advantage over a programme of terminal differentiation. JNK inhibition 

exhibits no significant changes on the LD matrices suggesting the cells had entered a 

state of quiescence when considered in conjunction with the significantly reduced 

ki67 expression.  

After 120h a pattern emerged that was complimentary to the equivalents labelled for 

Ki67. All three treatments produced a significant increase in HaCaTs on both the HD 

and LD matrices demonstrating the importance of MAPKs in propagating cell cycling 

in HaCaTs over terminal differentiation in the context of collagen. Of particular note 

is the nullification of the significant difference between the HD and LD matrices 

when JNK is inhibited. Again this supports the premise of JNK being central to 

communicating matrix derived proliferation cues. 

A critical observation was that unlike for the Ki67 labelled cells where the same effect 

was observed at both the 24h and 120h for both HD and LD matrices this was only 

the case for the HD matrices. This suggests that the density-dependent proliferation 

advantage is mediated by all three MAPKs and that the differentiation potential is 

reduced by the cell-ECM interaction and furthermore by the cell-cell interactions. The 

reduction of involucrin expression in untreated cells after a 120h incubation and 

increase in treated cells suggest that the cell-cell interactions reduced the 

differentiation potential causing quiescence, and that this is mediated by all three 

MAPKs.  
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5.2.4 High-Density Matrices Produce an Increase in Nuclear Size and a Reduction in 

Nuclear Circularity 

The characteristics of nuclei with respects to circularity and dimensions were 

quantified to address how changes in collagen substrate impact upon nuclear 

morphology and how these characteristics correlate with proliferation and 

differentiation rates.  Alterations in nuclear morphology from circularity to size could 

indicate changes in nuclear stability/arrangement which in turn may have epigenetic 

impacts that affect rates of proliferation and differentiation. To summarise the finings 

so far it is clear that increased collagen density leads to increased rates of 

proliferation, whilst perturbing differentiation in a density dependent manner. 

After 24h of incubation there was a significant decrease in circularity of nuclei in cells 

on the HD matrices compared with the nuclei of cells grown on the LD matrices 

(figure 5.11). In conjunction there was also a significant increase in the area occupied 

by nuclei in cells grown on HD matrices. This could indicate an increase in 

cytoplasmic volume as cells are preparing to divide.  

After 120h on the respective substrates the same pattern as at 24h is observed with the 

highest density matrices exhibiting significantly larger nuclei compared with the LD 

matrices suggestive of increased cytoplasmic volume and cell spreading (figure 5.11). 

However, in contrast to the 24h time point the nuclei have increased significantly by 

three or more microns in both the x- and y-direction. When you consider that the 

average size of nuclei in HaCaT cells is 8um this increase is substantial. Combined 

with a reduction in circularity this data could implicate collagen as an extracellular 

cue that affects nuclear dynamics.   

Cells cultured on HD matrices exhibited a significantly higher expression of Ki67 

compared with those grown on the low-density matrices. Further to this, cells on HD 

matrices had significantly larger nuclei compared with those on the low-density 

matrices (figure 5.11). This further supports the idea of collagen as an extracellular 

cue that affect nuclear dynamics. When considered in conjunction with the increased 

levels of Ki67 expression a possible link emerges between cytoskeletal influence over 

nuclear morphology and the effect of collagen on proliferation.  
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Figure 5.11: Nuclear morphology descriptors for cells cultured on HD and LD 

matrices. HaCaTs were on either HD or LD matrices and evaluated after either 24h or 

120h. Horizontal bars represent a p<0.005 as determined by the students t-test. 
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5.2.5: MAPKs Inhibition Impacts Upon Nuclear Morphology 

A link emerged between collagen density, changes in nuclear morphologies and 

changes in rates of proliferation and differentiation. It has been established that the 

HD matrices produced increased rates of proliferation and generate significantly 

larger cross-sectional areas compared with HaCaTs grown on LD matrices. To 

evaluate how MAPKs may transduce cues that directly or indirectly impact upon 

nuclear morphology each of the three groups were inhibited for both a 24h and a 120h 

period in HaCaT cells cultured on either the HD or LD matrices. This was to establish 

the cell-ECM and cell-cell contact govern nuclear morphology by MAPK signalling. 
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Figure 5.12: Nuclear morphology descriptors for cells cultured on HD and LD 

matrices after MAPK inhibition. HaCaTs were cultured on either HD or LD matrices 

and evaluated 24h after the addition p38, ERK or JNK inhibitors. Horizontal bars 

represent a p<0.005 as determined by the students t-test. 
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Figure 5.12 shows a pronounced reduction in circularity in addition to significant 

increases in cross-sectional volumes 24h after p38 inhibition for cells on both the HD 

and LD matrices. This could imply an increase in cell spreading and a reduction in 

cytosolic volume. The greater loss observed in cells inhibited on the HD matrices 

further supported the hypothesis that parallel pathways to p38 may be at play in 

mediating collagen sensing. 

After a 24h incubation with ERKi cells cultured on both HD and LD matrices 

exhibited significant reductions in circularity (figure 5.12). The elongation of nuclei 

coincides with increased Ki67 expression in cells on both densities supporting earlier 

correlations noted between loss of circularity and increased rates of proliferation. The 

observed difference suggested the ERK attenuation to be working in synergy with a 

collagen density dependent mechanism not yet identified in this study. The loss of 

circularity is accompanied by an increase in cross-sectional area of nuclei and appears 

to coincide with increased Ki67 expression (figure 5.12). Interestingly the cells 

cultured on the LD matrices exhibit a larger increase in cross-sectional area compared 

the high-density matrices which also exhibits a larger increase in Ki67 expression. 

This suggested that increased nuclear volume is a characteristic of proliferating cells 

and that ERK signalling is an enabling factor in propagating cell cycling over terminal 

differentiation in a collagen density-dependent manner.  

After a 24h incubation in the presence of JNKi there was significant reduction in 

nuclear circularity for HaCaTs grown on both the HD and LD matrices (figure 5.12). 

This reduction in circularity would suggested JNK signalling to be a factor in 

modulating nuclear dynamics or in connecting nuclear dynamics with proliferation 

and differentiation. The significant reduction in circularity coincides with a reduction 

in Ki67 expression and increased involucrin expression demonstrating a link between 

nuclear morphology and cell behaviour i.e. cells entering terminal differentiation 

appear to experience reduced nuclear cross-sectional area and decreased nuclear 

circularity whilst cycling cells appear to exhibit an increase in nuclear cross-sectional 

area and increased nuclear circularity. Interestingly the JNKi produced a reduction in 

nuclear cross-sectional area on the HD matrices and an increase on the LD matrices 

with both LDi and HDi conditions generating nuclei with almost identical parameters. 

This suggested ERK to be key in modulating nuclear dynamics resulting from the 

density-dependent proliferation advantage. 
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Figure 5.13: Nuclear morphology descriptors for cells cultured on HD and LD 

matrices after MAPK inhibition. HaCaTs were cultured on either HD or LD matrices 

and evaluated 120h after the addition p38, ERK or JNK inhibitors. Horizontal bars 

represent a p<0.005 as determined by the students t-test. 
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After a 120h incubation the same pattern of reduced nuclear circularity is retained 

however there is a significant reduction in nuclear cross-sectional area as a result of 

p38 inhibition contrasting with the increased in nuclear volume observed at 24h 

(figure 5.13). This contraction of the nuclei also occurred as levels of involucrin were 

increased which implied the contraction to be symptomatic of cells becoming more 

differentiated as indicated by the increased involucrin expression. There was a 

significant decrease in nuclear volume in HaCaTs on both HD and LD matrices post 

treatment with the p38 inhibitor. There is a greater decrease observed in nuclei on the 

HD matrices (figure 5.13) and a significant difference between cells inhibited on the 

HD and LD matrices which implied the collagen density-dependent effect was 

mediated independently of p38 signalling. Notably this was also the case for increased 

involucrin expression in cells on the HD matrices. This indicated a link between 

reduced nuclear-cross sectional area and increased involucrin expression that is 

impacted upon by p38 signalling.  

After 120h incubation with the ERKi inhibitor, HaCaT cells exhibited significant 

increases in circularity (figure 5.13) on both HD and LD matrices. These significant 

increases correlate with the increased involucrin expression also associated with the 

inhibition of ERK suggesting increased circularity is associated with cells entering a 

programme of terminal differentiation. The cross-sectional area of nuclei was reduced 

in HaCaTs on both HD and LD matrices post treatment compared with their 

nontreated counterparts. The nuclei of treated HaCaTs on HD matrices exhibit a much 

greater reduction in nuclear cross-sectional area compared with those treated on LD 

matrices suggesting ERK signalling to be a factor in linking collagen sensing to 

nuclear rearrangement. The reduction in cross-sectional area with increased again 

correlates with increased involucrin expression suggesting that nuclear volume is 

reduced as cells terminally differentiate.  

After a 120h incubation with JNKi a similar correlation was evident with greatly 

reduced cross-sectional areas corresponding with significant increases of involucrin 

expression. The circularity however only shows a significant decrease in cells treated 

on the LD matrices. This suggest that JNK signalling is worked in parallel with other 

signalling pathways elicited by the collagen that similarly stimulate proliferation over 

differentiation. There is a negligible difference in cross-sectional area of nuclei in 
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HaCaTs post 24h treatment. This suggest ERK to be key in modulating nuclear 

dynamics resulting from the density-dependent proliferation advantage. 
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5.3 Discussion 

5.3.1 Collagen Matrix Density Spatially Restricts HaCaTs-Implications in 

proliferation and differentiation rates 

The evidence provided here demonstrates an increase in Ki67 positive cells with 

increased collagen fibres per unit area (figure 5.14). Contrary to finding in Connelly 

et al (2010), there is a clear correlation between the availability of substrate per unit 

area and Ki67 expression. However, it could be argued that the void sizes within the 

different matrices produce the same effect as increasing and decreasing the size of the 

type 1 collage islands. Interestingly the LD matrices elicited a decrease in nuclear 

cross-sectional area and increase in nuclear circularity indicative of cells undertaking 

a programme of differentiation. This was described in the Connolly study as cells with 

a “low shape factor” i.e. higher circularity, and similarly correlated with cells entering 

a programme of differentiation as indicated by involucrin expression. 

This led me to conclude that the LD matrices with larger voids provide cells with a 

differentiation advantage whilst HD matrices generate a proliferative advantage 

(figure 5.14). Corroborating the idea that LD collagen has a similar effect to reducing 

substrate area was the effects observed on the HD matrices which showed similar 

findings to those by Connely et al with increased rates of proliferation being 

accompanied by reduced circularity (or “high shape factor”) increased nuclear volume 

(figure 5.14).  

However, it should also be considered that the LD matrices were the result of 

increased bundling and therefore increased stiffness (Roeder et al. 2002). This would 

reduce the number of points of contact a cell is able to make with the substrate 

reducing the number of integrin-ECM interactions resulting in reduced proliferation 

rates (Gupta et al. 2016; Burns 2012; Schrader et al. 2011). This is perhaps a means of 

executing substrate restriction and therefore supports findings by Connely et al. To 

take this further there is a need to evaluate variations in integrin-ECM binding and 

correlate these against matrix stiffness as determined by atomic force microscopy. 

There are several hypothesized routes by which increased integrin binding could 

mediate increased cellular proliferation. Increased integrin clustering at the membrane 

has been noted to result increased FAK activity with subsequent increase in ERK1/2 

activity and LEF/TCF promotor activity (Lowry et al. 2005; Vuori et al. 1996; D D 
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Schlaepfer et al. 1998; Stefan Kippenberger et al. 2004; Kolch 2005; X. Wu et al. 

2006). Further to this calveolin that is sequestered to the integrin complexes elicit 

phosphorylation of ERK1/2 via p130 Cas (Aplin et al. 1998; Wary et al. 1998, 1996). 

The Connely study identifies actin polymerisation as a key driver of differentiation. 

Descot et al (2009) identifies a pathway where increased F-actin leads to a reduction 

in total cell G-actin which is linked to upregulation of MAL and increased promoter 

SRF leading to upregulation of Mig6/Erif1. Mig6/Erif1 inhibits EGFR activity which 

was found to reduce phosphor-ERK1/2 resulting in reduced TCF activity and loss of 

the proliferative advantage. Elevated SRF was also documented within the Connely 

study supporting this. It can be postulated that the increased availability of substrate to 

HaCaTs promotes increased activation of ERK via FAK, countering the inhibition of 

EGFR leading to a proliferative advantage on the HD matrices. The proliferative 

advantage was retained for cells on HD matrices up to 120h after seeding. To clarify 

the extent to which FAK and availability of G-actin counter one another it would be 

necessary to asses ERK1/2 activity and TCF/LEF activity in the presence of 

latrunculin-A and in the presence of a FAK inhibitor. ERK1/2 inhibition alone may 

allow for the actin driven differentiation advantage to take president. Additionally, 

inhibition of ERK1/2 in conjunction with latrunculin A may cause a cell to become 

quiescent as both proliferative and differentiating cues are being supressed. This 

would highlight FAK and actin as key regulators of cell proliferation and 

differentiation at the basement membrane. 

 

Figure 5.14: Phenotypic outputs manifested in HaCaTs as a result of LD and HD 

collagen. 
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5.3.2 p38 Inhibition Suggest Roles Maintenance of the Proliferative Advantage 

Conferred by High-Density Collagen Substrate in HaCaT Cells 

p38 inhibition gave rise to increased involucrin expression with a greater increase 

exhibited on high-density collagen matrices. In conjunction there was a reduction of 

Ki67 expression that was independent of collagen density. p38 stimulation produces 

increased Cyclin D1 activity which complexes with, and activates the cyclin 

dependent kinases CDK4 and CDK6, which have been demonstrated as important in 

the G1/S transition of the cell cycle (Schulze et al. 1996; Horsley et al. 2008; Zhu et 

al. 1996; Moreno-Layseca and Streuli 2014; Mateyak, Obaya, and Sedivy 1999). This 

suggests that the failure of the cell cycle transition produces a differentiation 

advantage over a proliferative advantage independent of integrin mediated ERK1/2 

induced proliferation. In this way p38 can be seen as important in maintaining the 

proliferative potential of cells. The fact that the Ki67 rates are reduced to the same 

level irrespective of collagen density may also suggest a role for p38 in collagen-

induced proliferation. This is in conflict with recent findings that utilised 

transcriptomics and proteomics to demonstrate how the MAPK phosphatase DUSP10 

specifically downregulated p38 imparting keratinocytes with increased colony 

formation capability (Mishra et al. 2017). However, it should be noted that DUSP10 

overexpression may well impact upon its specificity as many DUSPs have been found 

to have a capacity to dephosphorylate several MAPKs (Gazel et al. 2008; Mishra et al. 

2017).  

The findings here also contradict those made by Dashti et al (2001), whom 

hypothesized a central role for p38𝛿 as central to propagating proliferation. As the 

p38 inhibitor is not effective as a p38𝛿 inhibitor it would suggest that p38𝛼/𝛽/𝛾 is 

central to maintaining the hypothesized proliferative potential and not p38𝛿.   

The increased cross-section area and loss of circularity was also more prominent for 

cells on the HD matrices post p38 inhibition which alligns with a proliferation 

phenotype based on earlier findings. This data suggests the connection between 

nuclear dynamics and cell fate to be independent of p38 signalling. This may also 

suggest that ERK counterbalances p38 activity promoting proliferation in support of 

findings by Zhang et al (2001). As p38 is inhibited pharmacologically there may be a 

larger pool of phosphor-ERK1/2 available which produces the more extreme 

proliferation phenotype observed. What is noteworthy however is the initial increase 
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in Ki67 expression at 24h producing a phenotype that aligns with that produced by 

DUSP10 inhibition (Mishra et al. 2017). It may well be possible that integrin 

mediated stimulation of FAK produces the initial Ki67 expression which becomes 

attenuated with time through reduced G-actin. This could be verified though 

correlating F-actin abundance at different stages after seeding with phosphor-ERK1/2 

activity. The down regulation of ERK1/2 then causes a loss in the proliferative 

advantage allowing the differentiation advantage to take over in the absence of p38 

signalling. The large increase of involucrin after 120h lends support to this 

hypothesis.  

5.3.4 ERK Signalling Could Drives the Proliferative Advantage Gained from High-

Density Collagen Matrices 

ERK inhibition produced little to no effect on cellular proliferation rates compared 

with the untreated cells on equivalent matrices. This suggests that integrin mediated 

ERK signalling as non-essential in driving proliferation in HaCaTs as determined by 

Ki67 expression. However, when considering nuclear cross-sectional areas there is a 

notable decrease compared with untreated cells. This observation aligns with a recent 

study that demonstrates the importance of ERK signalling in cell growth via lack of 

activation of the transcription factor TIF-1A which is required for RNA Polymerase 1 

transcription (Zhao et al. 2003). A possible explanation is that ERK1/2 is 

phosphorylated by a MAPKK other than MEK1. This also aligns with the 

differentiation phenotype described in Connely et al (2010). This could suggest that 

nuclear dynamics are independent of cell-cycling status or that ERK signalling is 

important in linking the orchestration of nuclear dynamics with cell-cycle status. 

Involucrin expression was greatly increased as a result of ERK inhibition which has 

been noted in several studies involving osteoclasts, adipocytes, muscle stem cells and 

keratinocytes demonstrating the conserved roll of ERK signalling in propagating a 

proliferative advantage over a differentiation advantage (C. Ge et al. 2016; 

Michailovici et al. 2014). What was interesting is that cells incubated with ERKi on 

high-density collagen matrices exhibited a greater increase of involucrin expression 

compared with cells treated on low-density matrices. This suggest a collagen-

dependent mechanism that promotes a proliferative advantage over a differential 

advantage that is independent of ERK signalling.  
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The high-density matrices appear to attenuate the differentiation bias induced by ERK 

inhibition. This posits two interesting hypotheses. The first is that there may be ERK-

independent signalling that retains the proliferative advantage and the second is that 

the drug concentration used was insufficient to counteract the integrin-mediated 

stimulation of ERK via FAK/fyn pathway and the discoidin domain 1 receptor 

(DDR1) stimulated activation of ERK1/2 through collagen 1 binding as observed in 

lung fibroblast and, head and neck squamous cell carcinomas (Ruiz and Jarai 2011; 

Silva et al. 2018). What is clear is that in the absence of ERK signalling produces a 

differentiation advantage for HaCaTs in a collagen density-dependent manner.  

5.3.5 JNK Signalling Could Counteract ERK1/2 Mediated Proliferation in HaCaTs 

JNK1/2 has been found to ubiquitinate ERK1/2 resulting in proteasomal degradation. 

It has been implicated in downregulation of LEF/TCF transcription factor activity 

through loss of 𝛽-catenin by ubiquitination through lack of activation by ERK1/2. 

This produces a concomitant increase of involucrin expression indicative of loss of 

the proliferative advantage conferred by ERK1/2 signalling (Dashti, Efimova, and 

Eckert 2001; Tan et al. 2017). The reduced Ki67 expression and increased involucrin 

expression observed post JNK inhibition supports these findings. The collagen-

dependent increase of involucrin expression would further support its involvement in 

counterbalancing ERK1/2 activation of 𝛽-catenin resulting in reduced proliferation 

rates. More interestingly perhaps, is that the occurrence is collagen density-dependent 

supporting the hypothesis that increased collagen density could lead to increased 

integrin clustering at adhesion sites with the concomitant increase in ERK1/2 

signalling stimulated via increased FAK and p130Cas activity (Vuori et al. 1996; D D 

Schlaepfer et al. 1998; Qiming Chen et al. 1996; D’Souza-Schorey, Boettner, and Van 

Aelst 1998; Pozzi et al. 1998; Becerra-Bayona et al. 2018). 

The Connely, 2010 Study concludes that actin driven shape changes drive the 

terminal differentiation as inhibition of actin polymerisation prevented differentiation 

of keratinocytes on the smallest of islands. In conjunction with this it was noted that 

Rho kinase inhibition also prevented actin polymerisation, however MEK1 (JNK1/2 

kinase) inhibition did not impact upon differentiation rates suggesting shape induced 

terminal differentiation was independent of actin induced differentiation. Parallels can 

be drawn with findings here as JNK inhibition resulted in increased rates of involucrin 
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expression yet had no effect on nuclear circularity for cells exposed to JNKi on high-

density matrices compared with uninhibited cells on HD matrices. 
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6   Conclusions and Future Outlook 

Research into mechanical sensing presents an opportunity to uncover native ECM and 

cell sensing mechanisms that govern tissue homeostasis and dysregulation. As the 

field is extraordinarily broad these final conclusions will focus specifically on how 

findings within this study demonstrate governance of epidermal tissues through 

mechanical sensing and how structures have developed to maintain tissue 

homeostasis. 

At the basement membrane and the outer root sheath of the follicle there are three 

main groups of cells; stem cells, transit amplifying cells and cells undergoing 

programs of terminal differentiation (V. Levy et al. 2005; Snippert et al. 2010; 

Blanpain and Fuchs 2006b, 2009). Stem cells need to change between quiescence and 

cell-cycling depending on the demand for epidermal replenishment or stimulation of 

anagen, and transit amplifying cells need to undergo a finite number of divisions 

before entering a programme of terminal differentiation where they detach from the 

basement membrane and begin a programme of terminal differentiation (Connelly et 

al. 2011; Dupont 2016; Blanpain and Fuchs 2009). This implies the involvement of 

other cell-regulatory mechanisms that are independent of mechanical sensing. Such 

mechanisms include epigenetic modification as demonstrated thorough histone 

acetylation and nuclear envelope transmembrane (NET) protein binding with changes 

that correspond to chromatin remodelling (M De Ruijter et al. 2003; Y. Li et al. 2011; 

Ropero and Esteller 2007; X. Wong, Luperchio, and Reddy 2014). Chromosomal 

restrictions conferred by histone acetylation and chromosomal binding to NET 

proteins provide a possible explanation for how cells within a niche are able to 

diverge in cell commitments such as the basement membrane of the skin, bulge of the 

follicle and hair follicle matrix of anagen follicles. 

In understanding how, the different compartments of the hair follicle and dermal 

collagen contribute to the distribution of force exerted on the pilosebaceous unit 

during the loading of hair shafts there is opportunity to explore the effects on the 

propagation of anagen and interfollicular epidermal/dermal homeostasis. Findings 

presented here demonstrate physical mechanisms employed to prevent deformation of 

nuclei within regions of the follicle where stem cell populations localise to. Recently 

biophysical cues have been shown to impact upon histone deacetylase (HDAC) 
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activity. Mesenchymal stem cells were cultured on extensible silicone matrices. When 

subjected to stretching there was an increase in nuclear elongation that correlated with 

reduced HDAC activity and subsequent increase in histone acetylation. Knock-down 

of lamin A/C abolished mechanical abrogation of HDAC activity (Y. Li et al. 2011). 

This study demonstrates the importance of amelioration of nuclear deformation in the 

pilosebaceous unit to preserve stem cell niches. Other studies identified how 

mechanical stretching caused upregulation of the Ras-like protein Rap1 producing 

increased p38 activity whilst cellular contraction resulted in upregulation of Ras and 

upregulation of ERK1/2 and JNK activity (Sawada et al. 2001; Yano et al. 2004). A 

second study identified the upregulation of ERK1/2 in response to prolonged cell 

stretching and increased proliferation rates in HaCaT cells (Yano et al. 2004; S 

Kippenberger et al. 2000). There is a need to analyse the structural changes of lamin 

A/C as a result of cellular compression in conjunction with HDAC activity, ERK1/2 

activity and expression of pro-meiotic genes to unify these theories under the 

umbrella hypothesis that mechanical compression can drive proliferation through 

nuclear remodelling and subsequent chromatin remodelling.  

The role of the interfollicular collagen may have greater importance other than in 

follicular anchorage and providing structural integrity that were discussed earlier. An 

emerging theory is that cellular tension plays a key role in modulating cellular 

dynamics and, such tensions are conferred by the stiffness of the extracellular matrix 

(Gosline et al. 2002; Greiner et al. 2013; McBeath et al. 2004; Freeman et al. 2017; 

Sawada et al. 2001; Raymond et al. 2005). In the case of cells at the basement 

membrane and non-cycling portion of the dermis there is a rich network of which key 

structural components comprise collagen and elastin (Muiznieks and Keeley 2013; 

Tilbury et al. 2014; Gosline et al. 2002). The structural stiffness of these matrices has 

been shown to alter formation of focal adhesion and formation of actin-stress fibres 

both of which impact upon cellular proliferation rates and differentiation rates (O. V. 

Kim et al. 2017; Olson and Nordheim 2010a; Connelly et al. 2010; David D. 

Schlaepfer et al. 1994; Raymond et al. 2005; J. Koster, Van Wilpe, et al. 2004; Q 

Chen et al. 1996; Soucy and Romer 2009; Elbediwy et al. 2016; Dupont 2016; Hao et 

al. 2014). The cell tensioning allows for cells to rapidly sense alterations in their 

physical environments. This tensioning is also essential for maintenance of 

homeostasis governing proliferation and differentiation of stem cells. Matrix stiffness 
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is well established as a means of altering fate of mesenchymal stem cells with specific 

stiffnesses producing differentiation into osteoblast, fibroblasts, chondrocytes and 

adipocytes to name a few (Engler et al. 2006; Huebsch et al., n.d.; D. Li et al. 2011; 

Palomares et al. 2009).  Loss of tensioning in the skin could therefore have 

implications in stem cell renewal and differentiation in the hair follicle and epidermis. 

Little is understood regarding the mechanisms by which stiffness affects cell fate 

decision and proliferative potential.  

Within this study there is a correlation between nuclear size, circularity and 

proliferation rates. That is that colonies with a higher proportion of proliferating cells 

exhibit nuclei that on average are at least 30% larger and exhibit a reduction in 

circularity. As the collagen matrices manufactured do not exhibit a common fibre 

orientation, cell spreading should be non-directional leading to circular morphologies 

if the nuclear dynamics are governed by reorganisation of the actin cytoskeleton 

dynamics (Y. Li et al. 2011; C S Chen et al. 1997; Connelly et al. 2010). This 

suggests cells a larger proportion of polarised cells indicative of mitosis, 

corroborating the effect of high-density collagen on proliferation rates as also found in 

other studies i.e. increased density (points of contact) produces elevated Ki67 

expression (Connelly et al. 2010; Morishima 1999; Olson and Nordheim 2010b; K. K. 

Lee et al. 2002; Crisp et al. 2006; Osorio and Gomes 2014; Good 2015). The 

biological importance of this is evident when considering the nucleus contains several 

meters of genetic material within a volume that could range from 512 um3 to over 

1,728 um3 (based on the upper and lower limit of nuclear size recorded within this 

study). It therefore utilises histones and NETs to carefully fold chromosomes to create 

sufficient space for transcription to occur during normal cell homeostasis. As cells 

specialise, they only requires access to a specific subset of genes to perform their 

function which dictates which genes can be transcribed. During cell division the 

genome must be replicated in its entirety required de-condensation of chromosomes. 

To accommodate for the unfolding of several meters of genetic material there is a 

need for nuclear expansion as is implied by findings here. It therefore stands to reason 

that proliferative cues derived from mechanical sensing must have a capacity to 

initiate changes in nuclear dynamics and chromosomal remodelling. Further 

understanding of the interplay between physical cues and epigenetic modification will 

provide new targets to combat gene dysregulation in a tissue specific manner. The 
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role of NETs in chromosomal organisation are being characterised more and more as 

having tissue specific organisations and expressions (X. Wong, Luperchio, and Reddy 

2014; Murao et al. 2006; Huh et al. 2003). 

The findings here that increased collagen density leads to an upregulation of 

proliferation in a collagen density-dependant mechanism mediated by p38 and ERK 

would encourage pursuit of how these particular MAPKs are regulated by 

hemidesmosomes. This could lead to the uncovering of new targets to combat 

squamous cells carcinomas that frequently experience dysregulation of 

hemidesmosomal proteins including plectin and β4 integrin. Plectin is a cytoskeletal 

linker protein that has also been shown to interact with MAPKs via the 

α6β4/FAK/p38 pathway (Almeida et al. 2015). 

Where the application of understanding cellular behaviour on different densities of 

collagen is most applicable to technical advancement in the medical field is in wound 

healing. In understanding how to produce environments that promote cellular growth 

presents a potential solution to the development of bio-scaffolds and hydrogels that 

could greatly improve recovery times for patients with large wounds and persistent 

wounds. This study has succeeded in defining some characteristics that are conducive 

to propagating cellular proliferation i.e. A high-density matrix. By identifying 

biosimilars that are synthetic or naturally derived which can be more easily 

extracted/developed it may be possible to develop new wound healing solutions. The 

next logical step would be to use atomic force microscopy to define the stiffnesses of 

the high-density and low-density matrices to understand how these characteristics 

may also impact upon the phenotype elicited. 

At the core of this study is the application of advanced bioimaging. The techniques 

used, and methods of analysis utilised have a far wider application that has been 

explored within this thesis. Automated analysis of protein localisation presents a high-

throughput screening method to asses protein expression across tissues that could aid 

greatly in the fields of diagnosis of tissue specific diseases enabling for the use of 

more targeted treatments. This technique has since been utilised in assessing the 

homologous recombination potential of ovarian cancer cells (data not yet published) 

to evaluate the mechanism of potentiation to targeted treatments.  The novel means by 

which SHG signal has been analysed within this thesis provides a new gateway into 
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characterising of collagenous structures and biological and synthetic structures 

comprising repeating units that exhibit non-centrosymmetry. This would be highly 

applicable to industries wanting to characterise matrices for optimal cellular growth, 

in particular where constructing skin-like models.  
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